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1H NMR (CDCl3, 360 MHz) of this mixture showed a doublet (J = 2.1) 
at d 4.86 and a complex multiplet at d 4.44-4.57 ppm. The integrated 
areas of these peaks were in the ratio 5.76:1, corresponding to a 70:30 
ratio of axial to equatorial attack. Capillary GC analysis (DB-17 col
umn) revealed the presence of two products in the ratio 69:31. In the 
cases of substrates other than 7c and 8c, the ratio of equatorial to axial 
products was determined by 1H NMR analysis of the reduction product 
mixture prior to acetylation. The ratios determined in this way were in 

I. Introduction 

Molecular dynamics (MD) simulation is a powerful theoretical 
and computational approach to the study of the structure and 
molecular motions of macromolecules,1 and several free dynamics 
simulations have now been reported for DNA2"11 and RNA12 

systems. The MD method together with a prescription for the 
molecular force field, a means of treating hydration and ion 
atmosphere effects, and a particular simulation protocol combine 
to produce a "dynamical model" of a DNA oligonucleotide on a 
picosecond level time scale. An accurate dynamical model for 
DNA can provide a general theoretical basis for understanding 
sequence-dependent fine structure and flexibility in DNA, and 
for subsequent studies of important drug-DNA and protein-DNA 
interactions. The issue currently at hand is the stability and 
accuracy of the various possible dynamical models of DNA ob
tained from MD simulation. 

The treatment of environmental effects in the simulation dif
ferentiates dynamical models into two broad classes: in vacuo 
and solvated models. In vacuo models leave out explicit consid
eration of water and in some cases counterions as well. Some of 
the effect of water can be reintroduced by means of a distance-
dependent dielectric screening of coulombic terms in the force field, 
counterions are included either explicitly4 or implicitly by use of 
either reduced coulombic charges on the anionic phosphates of 
the DNA backbone2,3 or a salt-dependent potential of mean force 
between phosphates.13 The net dimensionality of the problem 
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good agreement with those determined by capillary GC analysis after 
acetylation. 
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is thus considerably reduced in an in vacuo simulation model, and 
the calculations become feasible in a computer workstation en
vironment. However, in the absence of water the model structure 
typically undergoes a contraction. Distortions affecting partic
ularly residues on the surface, only a small fraction of a globular 
protein but nearly all of a DNA molecule, are also a possible 
problem. 

The solvated models include water and counterions explicitly 
in the simulation, and thus provide a more realistic physical 
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Abstract: A theoretical study of the dynamical structure of the DNA dodecamer d(CGCGAATTCGCG) based on 140 ps 
of molecular dynamics simulation including water and counterions is reported. The simulation involved the dodecamer and 
1927 water molecules and 22 Na+ counterions treated under periodic boundary conditions in a hexagonal prism elementary 
cell. The force field for the simulation is GROMOS supplemented with a restraint potential for maintaining Watson-Crick 
base pairing. Extensive Monte Carlo equilibration of the solvent was necessary to prepare the system in a suitable state to 
perform a stable dynamical trajectory. The structure at the termination of the trajectory resides clearly in the B-DNA family, 
2.3 A root-mean-square deviation from the corresponding canonical form. The analysis of the simulation reveals good accord 
with a number of features seen in the X-ray crystal structure of the dodecamer, including local axis deformation near the 
GC/AT interfaces in the sequence and large propeller twist in the base pairs. The narrowing of the minor groove in the AT 
region of the crystal structure is not observed over the time course of the simulation, but it may be a crystal-packing effect. 
The DNA base pairs show a consistent inclination in the simulation, in accord with the interpretation of results obtained from 
flow dichroism studies of DNA in solution. A comparison of the calculated dynamical structure with a recently proposed 
NMR structure of the dodecamer in solution is provided. In an additional simulation carried out without the Watson-Crick 
restraint function, more pronounced axis deformations and base pair openings are observed. A corresponding in vacuo simulation 
shows that explicit inclusion of the water molecules is necessary to properly support the major and minor groove structure 
of the DNA helix. 
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Figure 1. Calculated total energy, temperature, root-mean-square de
viation from canonical A72 (dashed line) and B80 forms (solid line),64'65 

and the crystallographic native dodecamer (dotted line)18 vs time for 140 
ps of MD on duplex d(CGCGAATTCGCG) including water and coun-
terions. 
representation of the system. However, these simulations are of 
such high dimensionality that they are currently feasible only in 
a supercomputer environment or on a large-scale dedicated pro
cessor. Because of the sensitivity of DNA structure to environ
mental effects, including solvent explicitly is likely to be necessary 
for the development of an accurate dynamical model. This paper 
describes the behavior of the molecular dynamics of a solvated 
oligonucleotide dodecamer including counterions and water carried 
out on a CRAY YMP machine. A detailed comparison of the 
calculated results with related experimental data on the system 
is provided, and some general considerations on the methodological 
issues involved in the calculations are given. Overall, the results 
so far indicate that a reasonable dynamical model has been ob
tained. 

The MD trajectories described herein for the dodecamer have 
been subsequently used by Withka et al.14 to calculate theoretically 
quantities of interest in NMR spectroscopy, in particular the time 
evolution of the interproton NOE's. Such calculations will sub
sequently provide a basis for further evaluation of this and other 
dynamical models from NMR data on the solution structure of 
DNA oligonucleotides. 

II. Background 

The DNA system chosen for study is the dodecamer duplex 
of sequence d(CGCGAATTCGCG), important in molecular 
biology since the central GAATTC tract is the recognition site 
for the restriction enzyme Eco RI endonculease15. It is well-known 
from the early fiber diffraction studies of Franklin and Gosling16 

that right-handed DNA falls into two distinct families of struc
tures, A and B. The A form is favored at lower humidity and 
the B form, similar to the double helix of Watson and Crick, is 
preferred at high humidity.17 The d(CGCGAATTCGCG) 
structure was solved by Dickerson and co-workers18 and found 
to be the first oligonucleotide to crystallize in the B form. Ten 
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crystal structures of dodecamers of this sequence have now been 
reported.18"30 Four of these involve bound drugs:24,26,28'29 one 
structure is given in a preliminary report of a protein bound 
complex27 and the others are free dodecamer under various con
ditions of temperature and derivatization.18""23 There are several 
recent papers dealing with the NMR spectroscopy of this se
quence,31"33 and a solution structure has recently been proposed 
by Reid and co-workers.34 Recently, the behavior of in vacuo 
models for d(CGCGAATTCGCG) based on the GROMOS,35 

AMBER36 and CHARMM37 force fields has been reported. 
Experimental Studies. The structure of the free, uncomplexed 

form of d(CGCGAATTCGCG) serves as the main crystallo
graphic point of reference for the theoretical calculations described 
herein. The first structure to be reported was based on data taken 
at 293 K18,19 and is currently known as the native form, the 
"Dickerson dodecamer", or as recommended recently by Dick
erson,38 the HD dodecamer structure. The structure is quite clearly 
in the B form, with the base pairs disposed symmetrically with 
respect to the helix axis and oriented perpendicular to the axis 
in the AT region and only slightly tilted in the GC region. Beyond 
this, the crystal structure shows a number of deviations from the 
canonical B-DNA form, which inspired the proposition that the 
sequence-dependent fine structure may form an intrinsic code for 
the recognition of DNA by regulatory proteins.39,40 Particularly 
notable is the propeller twist of the nucleotide pairs, larger in the 
AT then in the GC region (but neither negligible nor uniform in 
the latter), and inter-base pair hydrogen bonding in addition to 
the Watson-Crick base pairing at two places in the AATT region. 
There is a notable narrowing of the minor groove in the AATT 
region, which supports an ordered water network known as the 
"spine of hydration"x and a widening in the GC region consequent 
upon helix-helix crystal contacts. A sequence dependent in base 
pair roll is observed,41 which follows quite well a theory on DNA 
bending set forth by Zhurkin.42""44 Some degree of buckling and 
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Figure 2. A sequence of snapshots of the structure of d(CGCGAATTCGCG) at evenly spaced intervals along the 140-ps MD trajectory. The structure 
in the upper left hand panel is the canonical B8065 form used as a starting configuration. 
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Figure 3. A base pair step and designation of IUPAC conformational 
parameters71 used in conformational Dials analysis for nucleic acids. 

base pair opening is seen in the crystal structure, the latter par
ticularly in the AT region. The helix axis is observed to exhibit 
a local deformation at steps C3pG4 and to a lesser extent at 
C9pG10, termed the "roll points" by Dickerson and co-workers.22 

Independent structure determinations at 16 K23 and of 5-
bromocytosine derivatives at 20 K (MD20) and 7 K (MPD7)22 

have been reported, and show considerable fine structure homology 
with the native dodecamer. The helix axis of the MDP7 structure 
is somewhat straighter than the others, particularly at the upper 
roll point, indicating that the observed axis irregularities may be 
intrinsic to the DNA and not a crystal packing effect. Anisotropic 
refinement on the dodecamer was reported by Holbrook et al.45 

and provides additional detail on local atomic and group mo
bilities.46 

Examination of the structure of the drug- and protein-bound 
dodecamers27'47 in comparison with the uncomplexed forms reveals 
some small differences, but are more remarkable in their simi
larities. Axis deformations at or near the roll points persist in 
all structures. The localized ("annealed") bends are quite pro
nounced in the dodecamer-Eco RI endonuclease complex, where 
they have been termed "neo-kinks".27 

NMR studies of d(CGCGAATTCGCG) in solution led to the 
assignment of all proton resonances.31,32 NMR studies generally 
indicate that Watson-Crick base pairing is well-maintained in 
solution with hydrogen exchange occurring only infrequently with 
respect to the MD time scale.48 Ott and Eckstein33 assigned the 
individual 31P NMR resonances of the dodecamer. Anomalous 
chemical shifts at steps 3 and 9 were observed and interpreted 
as an indication of a break in conformation at these locations, 
which correspond to the roll points in the crystal structure. 

The use of MD simulation with 2D-NOESY restraints from 
NMR has been used in recent structural predictions for several 
DNA oligonucleotides.49"53 Recently, Nerdal, Hare, and Reid54 
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Figure 4. Conformational dials for the analysis of the dynamical behavior of strand 1 of d(CGCGAATTCGCG). The radical coordinate is the time 
axis, with 1 • 0 ps at the center and / = 140 ps at the circumference. The values assumed in the native HD dodecamer crystal structure" are indicated 
by solid lines. The shading indicates the sierically forbidden regions of conformational space as delineated by Olson.61 

have proposed a solution structure for d(CGCGAATTCGCG) 
at room temperature based on refinement of NMR derived dis
tance geometry structure and NOESY spectrum back-calculations 
on 155 interproton distances. The proposed solution structure 
appears to be somewhat different from those observed in the 
crystal. The position of the NMR resonances indicates perfect 
palindromic symmetry for the dodecamer in solution. The 
structures are not symmetric, even though the base pair sequence 
is self-complimentary, in the lower symmetry environment of the 
crystal. Evidence for kinks in the structure of the C3pG4 (and 
the symmetry equivalent position C9pG10) and A6pT7 junctions 
is described. The former involves an opening into the minor groove 
caused by base pair roll, and the latter involves slide and some 
opening into the major groove. The minor groove is narrowed 
in the AT region and broadened in the peripheral GC tracts. 

Nerdal et al. analyzed the structure and found it to be highly 
underwound with respect to either canonical A and B forms of 

(53) Metzler, W. }.; Wang, O j Kitchen, D. B.; Levy, R. M.; Pardi, A. J. 
MoI. Biol. 1990,2/4,711. 

(54) Nerdal, W.; Hare, D. R.; Reid. B. R. Biochemistry 1989. 28. 10008. 

DNA, and markedly so at steps C3pG4 and C9pG10. This 
anomaly was linked to an atypical sugar conformation at G4 and 
GlO, a consequence of a abnormally short NOE distance between 
H8 of A5 and H1 of G4. The kink at the A6pT7 step is linked 
to a high propeller twist and a reasonably large roll value combined 
with negative helical slide. The crystal structures of the dodecamer 
display corresponding roll points but to a lesser degree than that 
inferred from the NMR analysis. The axis deformations in the 
NMR and crystal structures lead to an indication of overall 
bending for the duplex Eco RI sequence, which is supported by 
data for polyacrylamide gel electrophoresis on related decamer 
sequences by Diekmann and McLaughlin.5S 

Theoretical and Computational Studies. Levitt2 first reported 
90 ps of molecular dynamics on the duplex d-
(CGCGAATTCGCG) and a dA-dT 24-mer with a vacuum 
boundary, omitting electrostatic terms in the nonbonded inter
actions. The simulation demonstrated an overall stability, but 
also large-amplitude bending and twisting, affecting the major 
groove anisotropically. Time-lapse structures were presented and 

(55) Diekmann, S.; McLaughlin, L. J. MoI. Biol. 1988, 202. 823. 
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considerable informative details of the motions and were analyzed 
and reported. Some estimates of electrostatic effects were made, 
but when charges were added to the model at an internal dielectric 
of unity the duplex unwound. Subsequently, there have been 
several proposals for MD force Fields with capabilities for treating 
nucleic acids, including AMBER, 3 6 G R O M O S " and 
CHARMM3 7 . Each of these has been used in specific studies of 
DNA with some degree of success, but little in the way of com
parative studies has yet been reported. 

We have been undertaking a series of computational studies 
aimed at comparing the performance of the various force fields 
proposed for DNA in MD simulation and characterizing the 
behavior of MD of DNA based on in vacuo and solvated models. 
To facilitate this, a format for the comprehensive analysis of duplex 
DNA structure and dynamics has been developed. The essential 
procedure for the analysis is based on the "Curves" algorithm 
developed by Lavery and Sklenar.56 The presentation of results 
is based on the computer graphics display called "Dials and 
Windows" proposed by Ravishanker et al.,9 and illustrated with 

an in vacuo study of d(CGCGAATTCGCG) based no the 
G R O M O S force field. This analysis procedure, subsequently 
referred to as "Curves, Dial and Windows" (CDW) is used ex
tensively in the study described herein. 

The behavior of an in vacuo model of d(CGCGAATTCGCG) 
in molecular dynamics simulation based in the AMBER force field 
has recently been described by Rao and Kollman" and by Sri-
nivasan et al.10 treating the DNA together with Na + ion with 
expanded radii representative of a "hydrated" counterion. We 
found that over the course of ca. 100 ps of MD simulation that 
the base pairs are nearly symmetric with respect to the helix axis 
as in B-DNA but have a net inclination similar to that of the A 
form. High-amplitude buckling and propeller twist are seen in 
the base pairs, with significant though oscillatory axis bending 
in the vicinity of the crystallographic roll points. Trajectories 
initiated at either canonical B-DNA or canonical A-DNA transit 
to the same intermediate structural form, and thus A- and B-DNA 
do not seem to be well-differentiated by in vacuo AMBER. 

Louise-May et al. have carried out a study of in vacuo models 

(56) Lavery, R.; Sklenar, H. J. Biomol. Sir. Dyn. 198«, 6, 63. (57) Rao, S. N.i Kdllman, P. A. Biopolymrrs 1990, 29, 517. 
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Figure 6. Helicoidal parameters of nucleic acids used in "Curves" analysis.67 

of A and B d(CGCGAATTCGCG) in MD simulation based on 
the C H A R M M force field.58 This force field supports well-
differentiated forms of A- and B-DNA, with oscillatory behavior 
exhibiting a generally narrower range of motion than in AMBER. 
Further studies and a detailed comparison of the results of in vacuo 
simulations on A- and B-DNA with use of the GROMOS, AM
BER, and C H A R M M force fields will be forthcoming.59 

However, it appears at this point that including solvent effects 
correctly will be essential to accurately describe the D N A dy
namics in solution, with hydration, ion solvation, and electrostatic 
shielding effects in a proper balance with the intramolecular forces. 

III. Calculations 

The simulations reported herein involve energy minimization, Monte 
Carlo calculations, and molecular dynamics simulation with use of the 
programs GROMOS35 and WESDYN60 implemented on the CRAY 
YMP supercomputer at the Pittsburgh Supercomputer Center. The force 
field and molecular topology were obtained from PROGMT of GRO-
MOS. We configure the system as the dodecamer duplex d-
(CGCGAATTCGCG) together with 22 Na+ counterions and explicit 
water in a hexagonal prism cell treated in the simulation under periodic 
boundary conditions. A total of 1927 water molecules was included, 
enough to provide in excess of two complete hydration shells for the DNA 
at an environmental density of ~ 1 g/cm3. 

The GROMOS force field with the addition of a harmonic constraint 
function (kK • 5 kcal/mol) for hydrogen bonds involved in Watson-

Crick base pairing was used for the DNA. The simple point charge 
(SPC) model,61 which reproduces the radial distribution and dielectric 
behavior of pure water reasonably well, was used for the solvent. 
Switching functions were used to make the nonbonded interactions of all 
types go smoothly to zero between 7.5 and 8.5 A, consistent with the 
parametrization of SPC water. To avoid artificially splitting dipoles, the 
nonbonded pair list was formed on a group-by-group basis where the 
groups correspond to sets of atoms comprising well-defined chemical 
subunits that on the basis of structural chemistry can be assumed to be 
electrically neutral. The Na+ are grouped with phosphates in these 
procedures, which assures that all mobile counterions will always be 
included in the pair interaction list. 

An initial configuration for the NaDNA complex was generated with 
the Na+ positioned 6 A from the phosphorus atom along the OPO bi
sector. A Monte Carlo Metropolis sampling of 1OK passes was applied 
to the Na+ in the absence of water, with the DNA structure fixed in the 
canonical B80 form. A restraint potential with a minimum at 4.5 A and 
a force constant of 25 (kcal mor')/A2 was used to tether the sodium ions 
during this step, aimed at simply positioning the Na+ in a reasonable 
geometry with respect to the DNA. The water molecules were then 
added to the NaDNA on a grid, and the water subjected to 10000 passes 
of MC equilibration. 

The Na+ restraint was next adjusted to a hemiharmonic form, which 
kept the sodium ions within 6 A of the PO2" but otherwise allowed them 
to move in the simulation. Another 1OK passes of MC equilibration were 
applied to the water and Na ions together. Finally, all restraints were 
removed and 5K passes of free MC equilibration were carried out on the 
water and counterions. The average total energy and the component 

(58) Louise-May, S.; Beveridge, D. L. Submitted for publication. 
(59) J. Srinivasan and D. L. Beveridge, manuscript in preparation. 
(60) Swaminathan, S. WESDYN; Wesleyan University: Middletown, CT, 

1990. 

(61) Berendsen, H. J. C; Postma, J. P. M.; van Gunsteren, W. F.; Her
mans, J. In lmermolecular Forces, Pullman, B., Ed.; D. Reidel: Dordrecht, 
1981; pp 331-342. 
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Figure 7. Helicoidal windows for the analysis of the dynamical behavior of axis-base pair parameters for d(CGCGAATTCGCG). The values assumed 
in the native HD dodecamer crystal structure" are indicated by dashed lines. The vertical direction is the time axis, with t = 0 ps at the bottom and 
/ = 140 ps at the top. 

solute-solvent and solute-solute and solvent-solvent were observed to be 
quite stable, and the solvent was considered to be well-equilibrated in the 
field of the DNA. 

Next, SO steps of conjugate gradient minimization were applied to the 
entire system, to relieve any residual clashes of atoms within the DNA. 
This was followed by 1.5 ps of heating of the system to ca. 300 K, 3.5 
ps of Gaussian equilibration at 300 K, and 35 ps of free equilbration at 
300 ± 4 K. A subsequent MD trajectory of 100 ps was then carried out. 
The MD steps required a total of 40 h on the CRAY YMP. The con
vergence profiles of total energy and temperature for the MD simulation 
steps are shown in Figure 1. The stability of the calculation is quite 
notable, indicative of a well-behaved simulation and a stable dynamical 
structure for the DNA. 

The above procedure was adopted after a considerable number of 
exploratory calculations, a brief description of which may be of interest 
to practioners. Initially, we tried a protocol in which the counterfoils were 
initially placed at the bisector of the OPO bond angle at a distance of 
3.5 A from each phosphate. The water molecules were added at random 
orientations on a uniform grid of the simulation cell. Initially, an un
restrained MD equilibration was attempted. Extensive counterion dif
fusion occurred, first away from the DNA to ca. 6-8 A and then back 
toward it. This process was very slow and time consuming, and a sat
isfactory equilibration was not achieved even after 40 ps of MD trajec
tory. We also observed considerable instability in the DNA conforma
tional structure. This led us to the revised procedure described above. 
The heating step for the other protocols that were tried led initially to 
a large hump in the total energy curve, indicative of a metastable solvent 
structure which was slow to dissipate, the MD heating step after the 
current extensive MC equilibration procedure lands the system directly 
at a total energy (and presumably structure) close to the final equili
brated value, from which the MD was found to proceed in a reasonable 
manner. 

Two additional simulations are provided as reference points. One was 
similar in all respects to that described above, except that the restraint 

on the Watson-Crick base pairing was removed leaving only the cou-
lombic effects of the net atomic charges to hold the base pairs together. 
The other19 was an in vacuo simulation using reduced charge on the 
phosphate of magnitude -0.25 and including "solvatons" of charge +0.25 
as counterions for electroneutrality. The former provides perspective on 
the effect of the restraints, and the latter on the effect of neglecting 
explicit consideration of water in the simulation. 

IV. Results 

A sequence of structures which represent the calculated dy
namical trajectory for d(CGCGAATTCGCG) is shown in Figure 
2. The double helix remains obviously intact over the course of 
the simulation. However, considerable irregularities develop in 
the dynamical structure as compared with canonical B. We 
proceeded using CDW analysis to investigate the nature of the 
calculated dynamical structure, with regard to both general 
questions such as the extent to which the dodecamer model 
maintains a B-form structure over the course of the simulation 
and specific details such as the conformational transitions, sugar 
repuckerings, and the nature of helicoidal variations observed in 
the trajectory. 

The conformational coordinates as used in the CDW analysis 
are defined in Figure 3. The conformational dynamics of this 
dodecamer are shown in Figures 4 and 5 for the two strands of 
the duplex, respectively. The conventions adopted in this analysis 
are fully described in a previous article by Ravishanker et al.' 
Briefly, each of the 206 backbone angles a, /3, 7, S, t, f and the 
exocyclic angle x is analyzed with use of a Klyne-Prelog62 con
formational dial. The sugar puckers P are analyzed with pseu-
dorotation dials." The layout of the dial system in the computer 
graphics is isomorphic with the structure per se, 5' to 3' on one 
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Figure 8. Helicoidal windows for the analysis of the dynamical behavior of intra-base pair parameters for d(CGCGAATTCGCG). The values assumed 
in the native HD dodecamer crystal structure18 are indicated by dashed lines. The vertical direction is the time axis, with t = 0 ps at the bottom and 
t = 140 ps at the top. 

strand, arbitrarily designated "left hand", and 3' to 5' on the 
"right-hand" strand. The order of the dials is based on a sequence 
which places the phosphodiester torsion angles (a and f) centrally 
within the dial system for a given nucleotide step. The phos
phodiester torsions for base pair steps on opposite strands thus 
appear in corresponding interior positions for the left- and 
right-hand set of dials. The radius of the conformational dials 
is taken as the 140-ps time coordinate of the dynamics, with the 
origin r = 0 at the center. Each dial thus contains a complete 
record of the dynamical trajectory of the corresponding structural 
parameter in the course of the simulation. The dashed line in each 
dial specifies the value of the corresponding parameter in the native 
HD dodecamer crystal structure. Shaded areas indicate the 
sterically forbidden regions for each conformational parameter 
predicted by Olson63 and for the sugar puckers by Dickerson.38 

Dials for the canonical A7264 and B8065 structural forms are given 
at the bottom of Figures 4 and 5 for reference. 

The Dials analysis of the MD trajectory for the dodecamer 
reveals the parameter 5 in the interior of the furanose sugar ring 
to be relatively stable over the time course of the simulation and 
oscillating freely in the sterically permitted region in the vicinity 
of (+)-anticlinal to (+)-antiperiplanar. The backbone parameter 
i is generally stable in the antiperiplanar region with the exception 

(62) Klyne, W.; Prelog, V. Experimentia 1960, 16, 521. 
(63) Olson, W. In Topics in Nucleic Acid Structure; Neidle, S., Eds.; 

MacMillan, Ltd.: London, 1982; Part 2, pp 1-76. 
(64) Arnott, S.; Hukins, D. W. L. Biochem. Biophys. Res. Commun. 1972, 

47, 1504. 
(65) Arnott, S.; Chandrasekeharan, R.; Birdaall, D. L.; Leslie, A. G. W.; 

Ratliffe, R. L. Nature 1980, 283, 743. 

of a transition t to g" at Cl, probably an end effect, and a transition 
t -*• (g") -*• t at A17, where the parentheses indicate a transitory 
form. This is correlated with a multiple transition g" -* (t) - • 
g" in the phosphodiester torsion £ at A17, which is otherwise 
reasonably stable in the region of a high g". The behavior observed 
in the simulation at Al7 is essentially a transient B1 to Bn tran
sition.66 

The phosphodiester torsions a and y show the most dynamical 
activity in the trajectory, with conformational transitions observed 
in 6 out of 24 cases. The transitions in a and y are highly 
correlated. The parameter /3 intervening between a and y is 
conformational^ stable, and oscillates with a narrow dynamical 
range in the antiperiplanar region, i.e. trans. The correlated 
transitions in a and 7, separated by /3, define a "crankshaft motion" 
of the conformational dynamics, in which compensatory changes 
in two individual torsion angles take place in such a way that the 
helix is conserved. 

For the sugar puckers, clearly the C2-endo structure typical 
of a B form of DNA gives way to C^-exo in the simulation. In 
a few cases, there is transient repuckering to the C3<-endo value 
characteristic of an A-DNA. The sugar puckering remains dy
namically active even at the termination of the trajectory. 

The definition of the helicoidal parameters involved in the 
analysis is given in Figure 6. Analysis of the dynamical evolution 
of the helicoidal parameters for the dodecamer is shown in Figures 
7-10. A set of 20 helicoidal parameters are involved and are 
divided into four groups; axis-base pair (4), intra-base pair (6), 

(66) Gupta, G.; Bansal, M.; Sasisekharan, V. Proc. Natl. Acad. Sd. US.A. 
1980, 77, 6486. 
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Figure 9. Helicoidal windows for the analysis of the dynamical behavior of inter-base pair parameters for d(CGCGAATTCGCG). The values assumed 
in the native HD dodecamer crystal structure18 are indicated by dashed lines. The vertical direction is the time axis, with t = 0 ps at the bottom and 
t = 140 ps at the top. 

inter-base pair (6), and axis-junction parameters (4). The helical 
axis is obtained in a Curves analysis by minimizing a function 
that describes simultaneously the change in orientation between 
successive nucleotides and the nonlinearity of the helicoidal axis. 
The optimal helicoidal solution produces the overall helical axis 
that best fits the conformation considered, with structural irreg
ularity distributed between changes in the axis-base pair param
eters and axis curvature. The results on helicoidal parameters 
pertaining to successive nucleotide base pairs are laid out in the 
graphics as "windows", defined on a suitable range of values for 
each parameter. The time axis is on the vertical, increasing from 
bottom to top in these figures. The dotted lines in each of the 
windows represent the corresponding crystal values for the native 
dodecamer. As with the dials, the layout of the windows represents 
the structure as viewed with the 5'-3' polarity of the left-hand 
strand running down the page. Full details on the helicoidal 
parameters are given elsewhere.9,56,67 

The results for the axis base-pair parameters X-displacement 
(XDP), Y-displacement (YDP), inclination (INC), and tip (TIP) 
are shown in Figure 7. The parameter XDP is critical in dif
ferentiating the canonical B form of DNA (-0.71 A) from the 
A form (-5.43 A). On the basis of XDP, the dodecamer definitely 
remains in the B range over the entire MD trajectory. The 
dynamical behavior of XDP is that of rapid oscillatory motion 
of the picosecond time scale with an apparent slower motion (grand 
cycle) superimposed toward the ends of the helix. The alternative 
possibility of an incipient instability in the helix cannot be ruled 

(67) Lavery, R.; Sklenar, H. J. Biomol. Struct. Dyn. 1989, <5, 655. 

out without extending the trajectory, but we consider it unlikely 
in light of the WC restraints and the number of other cases in 
which we have definitively observed grand cycle behavior in DNA 
simulations.58,59 The parameter YDP is stable. The parameters 
INC and TIP specify the orientation of the base pairs with respect 
to the helical axis. The INC parameter transits to an intermediate 
form between canonical B and A forms of DNA, particularly in 
the AT region. The parameter TIP is dynamically stable. 

The dynamical behavior of the intra-base parameters is shown 
in Figure 8. The distance parameters shear (SHR), stretch (STR), 
and stagger (STG) are all relatively stable. A large propeller twist 
in the base pairs (negative in the new convention68) is assumed 
quite spontaneously in the dynamical model, and stabilizes at 
values of ~30° . The value of PRP at C1G24 goes back to near 
zero, but this may be an end effect. The parameter OPN is 
marginally larger for AT compared with GC base pairs, a con
sequence of two hydrogen bonds in the former vs three in the latter. 
This is not, however, a pronounced effect. 

The dynamical behavior of the interbase pair parameters is 
shown in Figure 9. Shift (SHF), slide (SLD), and rise (RIS) 
parameters are oscillatory and stable. The parameter ROL shows 
evidence of a positive displacement at or near the axis deforma
tions, indicating an opening toward the minor groove. The base 

(68) Dickenson, R. E.; Bansil, M.; Calladine, C. R.; Diekmann, S.; Hunter, 
W. N.; Kennard, O.; von Kitzing, E.; Lavery, R.; Nelson, H. C. M.; Olson, 
W. K.; Saenger, W.; Shakked, Z.; Sklenar, H.; Soumpasis, D. M.; Tung, C. 
S.; Wang, A. H. J.; Zhurkin, V. B. EMBO J. 1989, S, 1. 

(69) Dougherty, A. M.; Causley, G. C; Johnson, W. C, Jr. Proc. Natl. 
Acad. Sci. U.S.A. 1983, 80, 2193. 
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Figure 11. Calculated helix axes for various d(CGCGAATTCGCG) 
dodecamers: (a) the helix axis of canonical B-DNA (straight dark line) 
and the HD dodecamer (other dark line); (b) superposition of helix axes 
from the MD snapshots, indicating the dynamical range of axis motion. 

pair RIS value in the dynamical structure remains in all cases 
at or near the value for canonical B-DNA. The values of TWS 
remain essentially in the realm of canonical B values, although 
an incipient underwinding can be discerned at or near the roll 
points. 

The axis parameters (Figure 10) are generally oscillatory, with 
obvious displacements in ATP occurring at the C3 and CI l steps. 
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Figure 12. Calculated path length of the helix axis, end-to-end distance, 
and the difference of these two functions plotted against time for the 
140-ps dynamical trajectory. 
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Figure 13. Calculated dynamical behavior of the major groove inter-phosphate distances (A) for the dodecamer at various points in the sequence as 
a function of time: (- - -) canonical B80 values; (•••) native dodecamer. 

V. Discussion and Further Analysis 

The dynamical model described above, as evidenced by the 
appearance of the snapshots of Figure 2, corresponds to an intact 
stable double helix of DNA over 140 ps of MD simulation. The 
root-mean-square (rms) deviations of the dynamical structure from 
canonical forms, Figure Ic, show the calculated structure at the 
termination of the trajectory to be located ~2.3 A rms from B80 
and ~6.2 A rms from A72, and thus clearly residing in the 
B-DNA family. The conformational parameters (Figures 4 and 
5) are essentially stable or else show correlated transitions such 
as crankshaft motion in a and y which conserve secondary 
structure in the helix. The observed conformational dynamics 
is consistent with the general ideas about backbone flexibility 
advanced some time ago by Olson,63 although which transitions 
actually occur in the simulation is new information. In the 
helicoidal parameters, the behavior of XDP as a function of time 
indicates that the dynamical model is essentially a B form of DNA 
with a tendency toward an inclination in the base pairs approaching 
that of an A-form structure. A large propeller twist (~ 30-40°) 
in the base pairs is uniformly present. Base pair rise and twist 
are generally consistent with B-form DNA values. Values of ROL 
in the region of the axis deformations indicate an opening toward 
the minor groove, coupled with a slight tendency of the helix to 
underwind from the canonical value of 36 to ~30°. 

The dynamics of the helical axis of the dodecamer is shown 
in Figure 11. The model shows a definite propensity for axis 
deformation in the vicinity of C3 and GlO. The axis dynamics 
is also represented by the difference plot of path length minus 
end-to-end distance in Figure 12. This shows the axis defor
mations in the model to be oscillatory with an estimated frequency 
of ~10 cm"1. 

The behavior of the major and minor groove widths of the model 
is shown in Figures 13 and 14, showing the groove widths to be 
dynamically stable. The major groove is observed to be slightly 

but significantly reduced as compared with that of the canonical 
form except at one place (P4-P15), where the widths are similar. 
The minor groove shows a slight narrowing at the upper roll point 
even though the base pairs roll open at this point. Everywhere 
else, the minor groove is consistently wider than that of the 
canonical form. 

The calculated dynamical structure resides at ~2.6 A rms 
deviation from the native HD dodecamer crystal structure, slightly 
but significantly further than it is from B80. The CDW analysis 
of the crystallographic dodecamer has been discussed in some 
detail in a previous article.9 The values of the conformational 
and helicoidal parameters for the HD dodecamer are given as 
dashed lines in Figures 4, 5, and 7-10. The («,6) pair of torsions 
are in the Bn form at GlO and C23 in the crystal structure. The 
calculation shows no tendency to transit spontaneously from B1 
to B|] values at these positions, but a stable Bu form occurs at 
Cl in the calculation and a B1 - • (Bn) - • Bi transition is seen 
at A17. The crystal structure shows uniform behavior in (a,y) 
of (g",g+) whereas the dynamical structure shows considerable 
correlated conformational activity at these positions in 25% of the 
cases. The rms deviation of the 183 conformation angles of the 
dynamical structure is plotted as a function of time with respect 
to B80, A72, and the crystal structure of the native HD dodecamer 
in Figure 15a. The calculated results lie virtually equidistant 
from the crystal structure and from B80 and well differentiated 
from A72. 

In the helicoidal parameters, the large negative propeller is a 
prominent feature of both the calculated and the crystallographic 
forms. The base pair inclination observed in calculated structure 
is not present in the crystal structure. There is however evidence 
from flow circular dichroism studies by Johnson and co-workers69 

that the DNA bases are tilted in solution. The rms deviation of 
the calculated helicoidal distances and angles from B80, A72, and 
the crystal structure is also shown in Figure 15. The dynamical 
structure is slightly closer to B80 than to HD based on helicoidal 
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Figure 14. Calculated dynamical behavior of the minor groove inter-phosphate distances (A) for the dodecamer at various points in the sequence as 

13 and 14. The narrowing of the minor groove in the AT region 
of the crystal structure is not reproduced spontaneously in the MD 
over the time scale studied. The minor groove in the crystal 
dodecamer is expanded in the GC region, where helix-helix 
contacts occur. The narrowing in the AT region could be simply 
a mechanical response, and thus an indirect effect of crystal 
packing. The simulation as configured here would thus not be 
expected to reproduce this behavior. Exactly what are and are 
not packing effects in oligonucleotide crystals remains to be 
definitively resolved.38 

The axis deformations observed in the crystal as the primary 
and secondary roll points are also quite spontaneous features of 
the dynamical structure, and there is close accord (Figure 11) 
between the calculated and crystallographic results. This lends 
strong independent support to the idea that the observed bending 
is structural feature intrinsic to the DNA dodecamer, and not 
simply induced by crystal packing or protein binding. The intrinsic 
propensity of the molecule to deform at these positions could easily 
lead to exaggerated deformations when packing effects or ligand 
binding are involved. The position of the axis deformation is 
primarily correlated with a slight but significant displacement in 
ROL (Figure 9), and thus what is seen in the simulation can be 
described as a "roll bend" with a slight contribution from TWS. 
This occurs at or near the roll points of the crystal structure. 
However, the roll opens the base pair step toward the minor groove 
in the calculation whereas the crystal structure shows ROL 
opening toward the major groove at the corresponding point, 
followed in the next step by a ROL opening toward the minor 
groove. 

The calculated dynamical structure for the dodecamer in so
lution shows little accord with that proposed by Nerdal,54 beyond 
of course the general loci of axis bending. Particularly there is 
no tendency for the DNA in the calculation to assume the highly 
underwound form indicated by the NMR data. A more detailed 
consideration of the solution structure of the dodecamer from both 

a function of time: (---) canonical B80 values, (•••) native dodecamer. 
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Figure 15. Calculated rms deviation of (a, top) conformational angles, 
(b, middle) helicoidal distances, and (c, bottom) helicoidal angles vs time 
for the 140-ps dynamical structure of the dodecamer. 

distances, but significantly closer to the HD crystal structure in 
the helicoidal angles. The parameter PRP is no doubt the sig
nificant factor here. 

The crystallographic values for the major and minor groove 
widths along the dodecamer helix are also indicated on Figures 
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Figure 16. A sequence of snapshots from the MD trajectory calculated for the dodecamer in solution in the absence of the Watson-Crick base pairing 
constraint function. 

Figure 17. A sequence of snapshots from the MD trajectory calculated for an in vacuo simulation of d(CGCGAATTCGCG), including the Watson-Crick 
base pairing constraint function.59 
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NMR and molecular dynamics will be forthcoming. 
The hydration70"72 and counterion atmosphere73,74 of the do-

decamer have been the subjects of ongoing studies in this group 
based on Monte Carlo simulation. The detailed analysis of the 
dynamical hydration and counterion structure will be the subject 
of a forthcoming paper. Briefly, the calculated hydration density 
of the minor groove of the dodecamer reveals an ordered water 
structure in the minor groove to be well-developed in the calcu
lation. The counterion density is seen to imply a structure where 
the counterions are arrayed in an irregular manner along the DNA 
backbone. No indication of a tendency of the counterions to 
penetrate the grooves of DNA was observed in the calculation. 
The counterion density is seen to imply a structure where the 
counterions are arrayed in an irregular manner along the DNA 
backbone. No indication of a tendency of the counterions to 
penetrate the grooves of DNA was observed in the calculation. 

Finally, we present two simulations which, in comparison with 
the study described above, convey an idea of the sensitivity of the 
results to certain aspects of the force field and the effect of solvent. 
The addition of a restraint function for Watson-Crick hydrogen 
bonds was introduced in the simulation to assure our model is 
consistent with the clear indication from NMR that base pairing 
is maintained in solution. Hydrogen exchange in base pairs occurs 
only in the range of once per millisecond,48 far beyond the pico
second time scale. We have explored what happens when this 
restraint is removed and there is only the electrostatic charge on 
the atoms to establish hydrogen bonding. The results of a 140-ps 
simulation carried out with no WC restraint function are shown 
in the series of snapshots given in Figure 16. The simulation 
retains B-form helical characteristics, but detailed analysis shows 
higher amplitude buckling of the base pairs. An exaggerated 
deformation (kink) of the helix is observed at C3pG4 due to a 
combination of displacement base pair OPN, SHF, and SLD. The 
WC base pairing is disrupted and significant expansion of the 
minor groove is observed when and where the kink occurs. These 
effects persist for the remainder of the trajectory. The coupling 
of axis bending and base pair opening has been noted elsewhere.75 

Due to the obvious deviation from available experimental data, 
we do not presume this to be an accurate dynamical model of 
DNA. In the previous WC simulation, we noted an increase in 
the restraint energy during the bending process, further evidence 
of a coupling between bending and base pair opening. 

An in vacuo simulation of 100 ps analogous to the in aquo case 
described above has also been carried out.59 This simulation is 
based on the GROMOS force field with WC restraints. A reduced 
charge of-0.25 was assigned to each phosphate, and 22 Na+ sized 
solvatons of charge +0.25 were introduced to establish electro-
neutrality. The results are shown in Figure 17. Here one obtains 
a well-defined B-form helix, but ~ 5 A from both the canonical 
B80 structure and the HD crystal structure of the dodecamer. 
The singular feature of this structure is a pronounced narrowing, 
almost a collapse, of the minor groove. The presence of water 
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in the simulation thus appears to be important in supporting a 
proper groove structure in the model DNA. Other features of 
interest are a uniform negative INC, higher amplitude BKL and 
PRP, and considerable sequence dependence in ROL and TWS. 
Charges of -1 on the phosphate and +1 on the counterions led 
to an unstable helix in a dielectric of« = 1, consistent with the 
results found earlier by Levitt.2 

A complete set of full size Dials and Windows for all three 
simulations reported here are available on request from the au
thors. 

VI. Summary 

The dynamical model of d(CGCGAATTCGCG) obtained in 
this study resides clearly in the B family of the DNA structure, 
some 2.0 rms deviation from the corresponding canonical B form. 
The analysis of the simulation reveals good accord with a number 
of features seen in the X-ray crystal structure of the dodecamer, 
including local axis deformation near the GC/AT interfaces in 
the sequence and large propeller twist in the base pairs. The DNA 
base pairs show a consistent inclination in the simulation, in accord 
with the result obtained from flow dichroism studies of DNA in 
solution. Some features of the crystal structure, such as narrowing 
of the minor groove in the AT region, are not seen over the time 
course of the simulation. It is not completely clear at this point 
in time which of these features are due to crystal packing and 
which are intrinsic to the DNA, and of course only the latter are 
expected to appear in the simulation described herein. The dy
namical structure shows little quantitative agreement with the 
NMR structure of the dodecamer in solution recently proposed 
by Reid and co-workers. Subsequent simulations show that 
without the Watson-Crick restraint function, more pronounced 
axis deformations are observed and explicit inclusion of the water 
molecules in the simulation is necessary to properly support the 
major and minor groove structure of the DNA helix. 

Overall, the model produced here exhibits quite reasonable 
behavior in light of what is known experimentally about DNA 
solution structure at this point in time, and is clearly worth further 
consideration. We are currently extending these simulations to 
other sequences for which experimental data are available and 
attempting a systematic study of DNA fine structure and bending 
on this basis. A companion paper76 presents the NOE buildup 
curves calculated on the basis of the MD trajectories described 
herein. 
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