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Toward a Dynamical Structure of DNA: Comparison
of Theoretical and Experimental NOE Intensities

JANE M. WITHKA, S. SWAMINATHAN,* JAYASHREE SRINIVASAN,
Davip L. BEVERIDGE, PHILIP H. BoLTON

Comparisons of experimental and calculated interproton nuclear Overhauser effect
(NOE) buildup curves for duplex d(CGCGAATTCGCG), have been made. The
calculated NOE:s are based on molecular dynamics simulations including counterions
and water and on the single-structure canonical A, B, and crystal forms. The calculated
NOE effects include consideration of the motions of individual interproton vectors and
the anisotropic tumbling of the DNA. The effects due to inclusion of anisotropic
tumbling are much larger than those due to the local motion, and both improve the
agreement between calculated and experimental results. The predictions based on the
dynamical models agree significantly better with experiment than those based on either
of the canonical forms or the crystal structure.

HE FIRST DETERMINATION OF THE
structure of DNA was based on dif-
fraction data on fibers (1); subse-
quently, higher resolution structural infor-
mation was obtained by crystallography on
oligonucleotides (2). A number of crystal
structures in the A, B, and Z families have
been reported (2-5). The analysis of these
structures has revealed further evidence for
sequence-dependent fine structure and
bending. However, the applicability of these
observations to the structure of DNA in
solution has not been determined, because
the solution structure per se is not accurately
known.
Studies of DNA in solution based on
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extensive molecular dynamics (MD) simula-
tions including counterions and water (6)
have recently been reported from this labo-
ratory. A theoretical prediction on the struc-
ture of duplex d(CGCGAATTCGCG), in
solution (Fig. 1) exhibits qualitatively, if not
quantitatively, the propeller twist in the base
pairs and local axis deformations at or near
the GC/AT interface seen in the crystal
structure of Dickerson and Drew (2). How-
ever, the calculations involve approxima-
tions at the level of the intermolecular force
field and assumptions in the simulation pro-
tocol (7-9), and the accuracy of the predic-
tions based on MD simulation of DNA
structure in solution has not yet been fully
validated. A detailed comparison of theoret-
ical and experimental results for DNA in
solution is required to determine the quality
of the MD results that are obtained in the
absence of any artificial energy constraints.

NOE data provide, in principle, extensive
information on interproton distances in
molecules (10-12). However, structures
cannot be determined directly from the
NOE data because of a number of factors,
which include information on the short-
range interproton distance (<5 A), spin
diffusion effects, and the internal motion
and anisotropic tumbling of the DNA mol-
ecules (13-16). We have recently described a
procedure for obtaining the NOE intensities
directly from the trajectories of MD simula-
tion (15). This method includes consideration
of anisotropic tumbling of the duplex and the
orientation of the 'H-'H vectors to the
symmetry axis of the duplex and the extent of
local motion of the *H-'H vectors. These
features along with the interproton distances
can be used to determine the experimentally
observable "H-'"H NOEs (13-15).

The orientation of the 'H-'H vectors to
the helical symmetry axis is important be-
cause a duplex dodecamer DNA, an asym-
metric molecule with a length about twice
that of the diameter, undergoes anisotropic
tumbling in solution (13-16). Therefore, a
'H-'H vector pointing along the symmetry
axis will have an effective correlation time
longer than one perpendicular to the helical
axis because the tumbling of the DNA helix
in solution will be faster about the symmetry
axis than about the axis perpendicular to the
symmetry axis. The local motion of a 'H-
'H vector, of extent 6, is about the average
orientation, B, of the YH-'H vector to the
helical axis (Fig. 2).

Kaptein and co-workers recently included
some aspects of internal motion in conjunc-
tion with internuclear distance constraints in
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modeling DNA (17). The calculation of the
experimental NOEs from the trajectories
involves all of the magnetization transfer
pathways, which is especially important in
DNA because spin diffusion occurs even at
the shortest accessible mixing times (13-15).
Analysis of NOE buildup curves shows that,
even at the shortest accessible mixing times,
the slopes are not proportional to the in-
verse sixth power of the internuclear dis-
tance (15, 18).

This report describes the determination of
the time evolution of NOE intensities for
d(CGCGAATTCGCG), and a detailed
comparison of the observed results with
those calculated on the basis of MD simula-
tions and the single-structure canonical and

Fig. 2. Schematic depiction of duplex DNA as a
cylinder. The orientation of a 'H~'H vector to
the symmetry axis is described by the an%lc B. The
extent of the internal motion of the "H-TH vector
is described by the angle 6.
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Fig. 1. A sequence of snap-
shots of the structure of
d(CGCGAATTCGCG),
from the WC/B molecular
dynamics trajectory. Struc-
tures in the top row (left to
right) were obtained at 0,
20, and 50 ps, and those in
the bottom row (left to
right) at 80, 110, and 140
ps. The helical axis is depic-
ted in yellow, the backbone
of the duplex in pink, and
the orientation of the bases
in blue.

crystallographic forms. Two-dimensional
NOE data were obtained with a Varian
Unity 500-MHz spectrometer for mixing
times of 25, 50, 75, 100, 150, and 200 ms
on a 3 mM sample of d(CGCGAAT-
TCGCG), in 0.1 M NaCl at pH 7.0 and a
temperature of 30°C (19). The peak assign-
ments in the dodecamer spectra were made
by sequential methods (10, 11) and were
found to be consistent with those previously
reported (20, 21). A total of 217 resolvable
'H-'H NOE correlations were obtained for
each strand of the symmetric duplex. The
nuclear magnetic resonance (NMR) results
show that the structure of the dodecamer in
solution falls into the DNA B form family
on the basis of the aromatic to ribose NOE

Fig. 3. (A) Dials that depict A
the orientation, B, of "H-
'H vectors relative to the
helical axis as a function of
the time of the trajectory. H2'
The start of the trajectory is

at the center of the dial and B

connectivities and intensities (11, 20, 21).

The MD simulations (6) involve the do-
decamer duplex, 1927 water molecules, and
22 Na* counterions carried out in three
different forms: (i) the ES/B model, with a
canonical B form initial structure and the
GROMOS 86 force field (8), (ii) the WC/B
model, essentially the ES model including
harmonic distance restraints between the
atoms involved in base pair hydrogen bond-
ing, and (iii) the WC/X model, utilizing the
force field of the WC model described above
starting with the x-ray crystal structure. The
ES/B model leads to a disruption of Watson-
Cirick base pairing at the G4-C21 base pair
that, on the basis of base-pair exchange
rates, is considered to be unphysical (6,
22-24). Thus, the WC restraints were intro-
duced to maintain base pairing in accord
with experiment. Moreover, the comparison
of the WC/B and WC/X simulations on the
dodecamer provides information on the sen-
sitivity of the results to the initial structure.

The MD simulations were carried out for
140 ps in the case of WC/B, 140 ps for
ES/B, and 200 ps for WC/X. The dynamical
description of the "H-"H vectors from the
simulation is then used in the determination
of the theoretical NOE intensities. The
cross- and autorelaxation rates are obtained
by using the "H-"H distances and motional
parameters to predict the NOEs (13-15,
25). The inclusion of anisotropic tumbling
and local motion in the description leads to
differences in effective correlation times for
each of the various "H-'H vectors accord-
ing to the procedures described elsewhere
(13-15). These relaxation rates are used to
construct the simultaneous differential equa-
tions that describe the evolution of magne-
tization as a function of mixing time. The
differential equations are solved by numeri-
cal integration (15).

the end of the trajectory at z 20

the circumference. The dials 2 1.5+
are shown for several proton é 1.0
pairs involving the H6 pro- w )
ton of cytosine 3 in the Q0574
WC/B trajectory. The resi- 0.0

due numbering is 5'(C,G,- '

C3GuAsAT;TCoG1C -
G,;)3' and for the comple-

= T
0.00 010 0.20

S
0.00 0.10 0.20
Seconds

0.00 010 0.20

mentary strand 5'(C,3G4C,5G 6A17A,8T19T20C21G22C53G4)3". The internal motion of each inter-
proton vector is the root-mean-square fluctuation about the average orientation to the helical axis, 6.
(B) Theoretical (solid line) and experimental (x) NOE buildup curves for the H6 to H2' pair of
cytosine 3. Theoretical (dashed line) and experimental (O0) NOE buildup curves for the H6 to H2" pair
of cytosine 3. The leftmost plots were calculated with neglect of orientation and local motion effects, the
middle plots with inclusion of orientation effects, and the rightmost plots with inclusion of both

orientation and local motion effects.

SCIENCE, VOL. 255



Fig. 4. (A) R values between the

experimental and calculated NOE
data for the single-structure models
of A form, B form, and the crystal
structure shown from left to right,
respectively. The calculated NOE
data include orientation effects. The

AT FRTL FATA AAL A >

O = NwWwbHoO

Wt

R values were determined from the
results at all six mixing times. (B) R

R factor

values for the dynamical models of
WC/B, ES/B, and WC/X are shown
from left to right, respectively. The
calculated NOE data include orien-
tation and internal motion effects.

vl W

O = NWHO

Calculated R values for the dynami-
cal structures were determined from
the results at all six mixing times.

(=]

We use “dials” to show the motion of
'H-'H vectors during the time course of
the MD trajectory for an illustrative case
(Fig. 3A) (15, 26). Represented in each dial
is the angle of a 'H-'H vector to the
symmetry axis of the DNA duplex with the
start of the trajectory at the center of the dial
and the end at the circuamference. The mo-
tion of the *H-'H vectors is analyzed to
determine the average angle to the symme-
try axis, B. This orientation is important
because a dodecamer duplex DNA is an
anisotropic molecule. The internal motion is
modeled as a damped libration, which is
given by the root-mean-square fluctuation 6,
about the average orientation (13-16).

The calculated NOE buildup curves for an
illustrative case are shown in Fig. 3B, which
shows a comparison of the calculated and
experimental intraresidue NOEs for selected
YH-'H pairs with the use of only the (r3)
average distances (left), of the average dis-
tances and the orientation of the 'H-'H
vectors (middle), and of the extent of mo-
tion as well as the average distances and the
orientation of the "H~'H vectors (right).
The inclusion of the overall anisotropic mo-
tion and the local motion effects in the
model significantly improves the agreement
of the theoretical and experimental results.
The improvement in agreement due to in-
clusion of anisotropic effects tends to be
much larger than gains due to inclusion of
the rapid local motion both for NOEs aris-
ing primarily by direct magnetization trans-
fer and for those connected by diffusion of
magnetization.

One can determine the overall fit of the
theoretical and experimental results by com-
paring the R values between calculated and
observed NOE intensities (27) of each resi-
due for the different models. Results are
presented for the duplex DNA modeled as
the canonical A form, the canonical B form,
and the crystal form (single-structure mod-
els), as well as by the ensemble of structures
comprising the dynamical model obtained
from MD (Fig. 4). The comparisons for the
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three single-structure models, including the
effects of anisotropic motion, are shown in
Fig. 4A. The crystal structure yields a better
fit than the canonical B form structure, and
both, as expected, are better than the results
based on the canonical A form. However,
none of the single-structure models gives a
particularly good fit to the experimental
data.

The corresponding results for the WC/B,
ES/B, and WC/X dynamical models, includ-
ing the effects of anisotropic and internal
motion, are shown in Fig. 4B. Each of the
simulations leads to a significantly better
agreement than any of the single-structure
models, canonical or crystallographic. The
dynamical model intraresidue results are
within experimental error, and the interres-
idue results tend to correspond to internu-
clear distances of no more than 0.2 A less
than the observed values. Therefore, the
dynamical structure results agree significant-

" ly better with experiment than any of the
single-structure models. With respect to R
values, the three distinct MD models all
have about the same overall quality of fit to
the corresponding observed results, but de-
tailed inspection reveals results that differ in
the fit from site to site.

The improved agreement between the
theoretical and experimental results includ-
ing 'motional considerations demonstrates
that both the anisotropic tumbling and local
motions of the DNA need to be explicitly
included for accurate modeling of DNA in
solution. The improved agreement obtained
from the MD results over that of single
structures indicates that the dynamical mod-
els, particularly WC/B and WC/X, provide
the best description of this dodecamer struc-
ture in solution quantitatively documented
to date. The overall quality of fit of the
experimental and theoretical data has been
obtained without the introduction of inter-
proton NOE constraints, which may lead to
distorted structures and dynamics. The R
values obtained for our free dynamical mod-
els are in fact comparable to those obtained

by the use of artificial internuclear con-
straints (17, 25).
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