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ABSTRACT We present the results of molecular dynam-
ics simulations on d(C-G-C-G-A)-d(T-C-G-C-G) with fully
charged phosphates with and without inclusion of counterions.
The average structures found in the two simulations are simi-
lar, but the simulation with counterions does give an average
helix repeat, tilt, and twist in better agreement with those
found in the x-ray structure of d(C-G-C-G-A-A-T-T-C-G-C-
G)2. The average sugar pucker phases and amplitudes are in
qualitative agreement with those found in NMR studies of dou-
ble-helical DNA, and a number of examples of sugar repucker-
ing from C2' endo to C3' endo carbon conformations in the
sugar ring are found. The hydrogen bond correlations as well
as torsion correlations are analyzed, and some interesting
long-range correlations between dihedral angles are found.

Molecular dynamics simulations have been shown to give
interesting insights into the nature of protein and peptide
flexibility (1), water structure (2), and solvation of small mol-
ecules in water (3). Fewer applications of dynamics have
been made to nucleic acids than to proteins. However, re-
cently there have been three studies of nucleic acids with
molecular dynamics that have begun to remedy this deficien-
cy. Prabhakaran et al. (4, 5) have studied transfer RNA and
have found that the overall shape and exposed surface area
of this molecule remains near the x-ray-determined one for
32 ps of simulation. Tidor et al. (6) have carried out harmon-
ic normal mode analysis and 60 ps of molecular dynamics on
base-paired deoxyhexanucleoside pentaphosphate d(C-G-C-
G-C-G)2. The magnitude of the motions found for base, sug-
ar, and phosphate show general accord with x-ray results.
Finally, Levitt (7) has carried out the most extensive study
of DNA dynamics, with 90-ps simulations on d(C-G-C-G-A-
A-T-T-C-G-C-G)2 and dA24-dT24. Levitt characterized fluc-
tuations in hydrogen bonds, torsional angles, and their corre-
lated motions; analyzed the overall bending and twisting of
these large helices; and found an example of a "kinked" dou-
ble helix in the dA24-dT24 simulation. The significant torsion-
al correlations found were, encouragingly, those also found
in the analyses of the x-ray structure of d(C-G-C-G-A-A-T-
T-C-G-C-G)2 (8).
The two previous studies of DNA dynamics, those of Ti-

dor et al. (6) and Levitt (7), suggest that one can obtain inter-
esting and useful results via molecular dynamics simulations
of DNA. However, the two approaches differ substantially
in computational detail, with Levitt omitting electrostatic
partial charges from his model and Tidor et al. including par-
tial changes but reducing the anionic phosphate charge from
-1 to -0.2 and using a distance-dependent dielectric con-
stant. When Levitt carried out simulations with electrostatic
charges and a dielectric constant of 1.0, the DNA unwound
within 50 ps. The two studies took different approaches to

circumventing the fact that DNA exists in the presence of
counterions and water, but their full inclusion would make
the molecular dynamics simulation, in general, 1 or 2 orders
of magnitude more time-consuming.
Below we present molecular dynamics simulations of the

base-paired pentanucleoside phosphate d(C-G-C-G-A)-d(T-
C-G-C-G) using fully anionic phosphates with and without
large "hydrated" Na' counterions. Our goals are 3-fold: to
characterize the hydrogen bonding, sugar puckers, torsional
angles, helix parameters, and overall motion as a function of
base; to analyze the effect of counterions on the DNA struc-
ture and dynamics; and to "set the stage" for parallel studies
of mismatched base pair analogs of the above sequence and
for dynamics studies of the same sequence with counterions
and water using a dielectric constant E = 1.

METHODS
Two molecular dynamics simulations used the program AM-
BER (9) and were carried out on d(C-G-C-G-A)-d(T-C-G-C-
G), one with and one without large "hydrated" counterions.
We evaluated the energy and forces of the system using the
molecular mechanical parameters reported by Weiner et al.
(10) with a distance-dependent dielectric model, e = Rij. The
only additional parameters required were the nonbonded
terms to represent the cation, where we used a charge of
+ 1.0, a van der Waals radius R = 5.0 A, a well depth of E =
0.1 kcal/mol (1 cal = 4.184 J), and a mass of 131 atomic mass
units corresponding to hexahydrated Na+. This large radius
was designed to mimic the effect of aqueous hydration of
Na+ and phosphate anion and to keep "contact" ion pairs
from forming.
We started with the B-DNA geometry of Arnott et al. (11)

and energy-refined it for 500 cycles with conjugate gradient
minimization. In the simulation with counterions, the coun-
terion was initially placed along the P02 bisector and 6 A
from the phosphorus, but no restraint was placed on any at-
oms during the simulation.
The simulations were begun by assigning random veloci-

ties that followed a Maxwellian distribution at 298 K to the
atoms and then equilibrating the system for 3 ps by using a
temperature-coupling parameter of 0.5 ps-1 (12). A further
equilibration of the system for 9 ps used a coupling parame-
ter of 0.2 ps-1. The simulations were then continued with 0.2
ps'1 temperature coupling for 83 ps, and the results reported
are averages over this time period. The time step of the
dynamics was 0.001 ps, and a Verlet "leap-frog" integrator
algorithm (12) was used to solve the equations of motion by
numerical integration. The temperature during the simula-
tion fluctuated around 298 K by + 10 K, and the change in
the total energy was <0.02 kcal/mol for each time step.
The first 12 ps of the run without counterions was carried

out without a nonbonded cutoff and with a nonbonded cutoff
of 12 A. The similarity of the results of the two simulations
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led us to continue the remaining calculations with a 12-A cut-
off, with the nonbonded list updated every 0.2 ps.

AVERAGE STRUCTURAL PARAMETERS
Table 1 contains the average dihedral angle values for 83 ps
of simulations of d(C-G-C-G-A)d(T-C-G-C-G) with and
without counterions. An analysis of the first 45 ps of dynam-
ics of the molecule with counterions led to similar average
dihedral angles as the average over 83 ps, so we report only
the full 83-ps average. As one can see, the average dihedral
angles from the two simulations are within the standard devi-
ations of each other, particularly when the terminal base
pairs, which undergo conformational transitions, are re-
moved from the average.
A detailed examination of the individual dihedral angle av-

erages and a visualization of the dynamics trajectory re-
vealed significantly larger distortions in the end base pairs
(see below) in the simulation without counterions. Much of
this greater distortion could be attributed to the fact that,
during the simulation without counterions, the 5' OH groups
on both strands moved to form hydrogen bonds with the
nearest phosphate on each strand. Such hydrogen bonds did
not form in the simulation with counterions.

In both simulations, there were a number of "conforma-
tional transitions" during the dynamics, involving mainly
those dihedral angles near the end of the chain. In Fig. 1 we
present for the simulation with counterions the time course
of the thymine 4Y' (sugar pucker), which stays near the C2'
endo conformation throughout the first 55 ps of the simula-
tion and then undergoes a rapid conversion to the C3' endo
conformation.
The standard deviations of each of the dihedral angles also

give insight into the inherent flexibility of each angle, since
the averages are not only over different angles but also, for
each angle, are over all the time steps (in measurements of
0.1 ps). By factoring out those terminal base pairs that have
undergone conformational transitions, w' is the most "flexi-
ble" of the five backbone single-bond dihedral angles, and 4,
is the least flexible (independent of simulation model). The
other three such angles, 4/, 4, and w, are intermediate.
These results are in qualitative agreement with molecular
mechanics calculations on longer sequences (13) and with
standard deviations in the x-ray structure (8) of d(C-G-C-G-
A-A-T-T-C-G-C-G)2.
The angle involving the sugar ring, 4', and the glycosidic

angle X for the pyrimidine bases differ most between the two
simulations, but their respective standard deviations still
overlap.

Table 1. Average dihedral angles*
Angle With counterions Without counterions

4) 58.5 ± 9.2 (58.1 ± 8.9) 54.8 ± 18.9 (58.4 ± lO.0)t
A' 131.5 ± 17.4 (132.7 ± 16.1) 136.9 ± 14.2 (143.1 ± 10.8)f
do 185.7 ± 10.9 196.4 ± 21.8 (184.3 ± 10.7)§
w' 260.6 ± 20.5 255.1 ± 18.0
w 288.2 ± 12.4 287.4 ± 12.2
4 177.1 ± 12.1 175.4 ± 16.6 (179.0 ± 13.2)¶
XPur 59.4 ± 14.4 61.7 ± 14.4
XPyr 56.6 ± 15.8 52.2 ± 20.1 (69.4 ± 15.8)"
Pur, purine; Pyr, pyrimidine.

*Average excluding angles of T1', which undergoes sugar pucker.
tAverage excluding 4) of T1', which undergoes G-G -. G-T transition
as well as sugar repuckering.
tAverage excluding A' of C1 and T1', which undergo sugar repucker-
ing.
§Excluding the 4' between T1' and C1' and C1 and G2, both of which
undergo a T -- G- transition.
Excluding the 4 between T1' and C1' and C1 and G2, both of which
have much larger standard deviations than the other angles.
IlExcluding the T1' and C1, which undergo sugar repuckering.
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FIG. 1. Value of q'(C5'-C4'-C3'-03') of T1' (Thy-13) in simula-
tion with counterions as a function of time.

A more detailed examination of sugar conformation for the
simulation with counterions is given in Table 2 using the q,

W notation of Cremer and Pople (14). Both simulations gave

results consistent with expectations based on the energy pro-

file for deoxyribose sugars: these are two local minima, C2'
endo and C3' endo, with a low barrier (1-2 kcal/mole) be-
tween them via 01' endo and a higher barrier (3-4 kcal/
mole) over 01' exo/Cl' endo. In both simulations, for those
sugars that remain near C2' endo, the sugars tend to move
toward 01' endo rather than 01' exo conformation. Because
of the limited sampling of conformational space in these sim-
ulations and the necessity to traverse a barrier to get from
C2' endo to C3' endo, we cannot derive a value for the aver-

age relative population of C3' endo and C2' endo sugars. The
average q value in both simulations, 0.35 A, is reasonably
consistent with recent experiments, which suggest that a val-
ue nearer 0.35 A than 0.40 A fits the solution NMR data
better (unpublished data).

It is of interest to examine whether the dihedral angle mo-
tions are correlated, as molecular mechanical and prior mo-
lecular dynamical simulations suggest that they are. Thus,
we have done a systematic analysis of dihedral angle correla-
tions throughout the helix, considering all possible dihedral
angle correlations of 4,, 4,', 4', a', a, 4, and X and report
these for the simulation with counterions in Table 3. We di-
vide (Table 3) the correlations into those involving the glyco-
sidic bond, those involving only backbone angles, and "long-
range" correlations involving angles separated by more than
three bonds.
The correlations involving the glycosidic bond, X, are

quite similar to those found by Levitt (7), although of some-
what smaller magnitude. We found negative correlations
with 4', 4,, and 0' and positive correlations with 4,' and 4.

Table 2. Sugar pucker profiles for simulations with counterions

%C3' %O1' %C2' %O1' %C1'
Base q endo endo endo exo endo

C1 0.31 ± 0.08 1.33 24.33 74.21 0.12 0.00
G2 0.35 ± 0.06 0.00 30.27 69.73 0.00 0.00
C3 0.35 ± 0.08 0.00 16.10 82.20 1.69 0.00
G4 0.35 ± 0.05 0.00 12.71 83.41 3.87 0.00
A5 0.37 ± 0.06 0.00 35.11 64.41 0.48 0.00
T1' 0.35 ± 0.07 17.19 19.37 63.44 0.00 0.00
C2' 0.34 ± 0.06 0.00 30.87 66.83 2.30 0.00
G3' 0.37 ± 0.07 0.00 6.42 93.10 0.48 0.00
C4' 0.33 ± 0.07 0.00 35.71 61.38 2.91 0.00
G5' 0.36 ± 0.07 0.00 7.26 91.77 0.97 0.00

C3' endo implies W = -18 to 54; 01' endo, W = 54 to 126; C2'
endo, W = 126 to 198; 01' exo, W = 198 to 270; Cl' endo, W = 270
to 342. The notation in this and subsequent tables is to number the
bases beginning with the 5' end and to use primes to denote the
bases on the second strand; positions of residues are indicated by
subscripts, whereas positions of atoms are on line.
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Table 3. Dihedral angle (DA) correlations for simulations with counterions

Correlation coefficients*

r involving X

XqY 0.42 (0.20 to 0.65) (0.6)t
x.4' -0.12 (-0.56 to 0.20) (-o04)t
kx -0.27 (-0.53 to -0.01) (_0.3)t
Xc' -0.27 (-0.59 to 0.15) (-0.4)t
'kx 0.32 (-0.03 to 0.64) (0.3)t

Large r involving DAs separated by
more than one angle

k'sk -0.32 (-0.49 to 0.01)
',i -0.49 (-0.16 to -0.73)

DAs with the most long-range
correlations

C3W'-3
C3cv-3
T1'i/'-10

G3'w'-4
C414Y-'3

r involving neighboring DAs

41k,c

c() ,W

04,I

41 4'

-0.28 (-0.11 to 0.46)
-0.36 (-0.75 to 0.06)
-0.16 (-0.47 to 0.37)
-0.33 (-0.57 to 0.02)
-0.22 (-0.53 to -0.01)
0.07 (-0.52 to 0.20)

r involving DAs separated by
one angle

q',w' -0.35 (-0.77 to 0.28) (_0.5)t
O',w -0.19 (-0.27 to -0.06)
cw',s -0.07 (-0.34 to 0.37)
w, -0.27 (-0.03 to -0.37) (-0.4)t
0,1' 0.37 (0.08 to 0.72) (0.3)t
4i,' 0.02 (-0.05 to 0.11)

*Correlation coefficients (r) involving changes in each dihedral angle from its average value through-
out the simulation. The value in parentheses next to the average gives the range of coefficients for all
angle pairs of this type throughout the structure.

tCorrelations found by Levitt (7).

No correlations involving neighboring dihedral angles
were noted by Levitt, but we found a number of significant
ones, in each case with a negative coefficient. Some of the
correlations involving dihedral angles separated by one bond
are also significant, and the largest ones found are the same
as those noted by Levitt, with q., w' and &v, qi negatively
correlated and X, qi positively correlated.
A search for dihedral angle correlations involving dihedral

angles separated by two, three, and four bonds and correla-
tions involving neighboring f', X', and cw' both intrastrand
and across-strand revealed only two that had significant cor-

Table 4. H-bond fluctuations and correlations for simulation
with counterions

H bond Length (min, max)* Angle (min)t

C1N4-H ..O6G5' 1.917 ± 0.116 (1.70, 2.36) 158 ± 12 (126)
CjN3'..H-N1G5' 1.865 ± 0.071 (1.67, 2.10) 165 ± 8 (136)
C102 ..H-N2G5' 1.895 ± 0.087 (1.71, 2.22) 162 ± 9 (133)
G206 ..H-N4C4' 1.883 ± 0.088 (1.71, 2.25) 162 ± 9 (130)
G2N1-H ..N3C4' 1.876 ± 0.080 (1.67, 2.27) 164 ± 8 (132)
G2N2-H*..02C4' 1.888 ± 0.099 (1.67, 2.21) 161 ± 9 (136)
C3N4-H..06G3' 1.925 ± 0.147 (1.69, 2.71) 160 ± 10 (122)
C3N3 ..H-N1G3' 1.895 ± 0.089 (1.66, 2.15) 162 ± 8 (136)
C302 ..H-N2G3' 1.883 ± 0.102 (1.69, 2.27) 157 ± 10 (115)
G406..H-N4C2' 1.912 ± 0.110 (1.69, 2.28) 161 ± 12 (119)
G4N1-H**.N3C2' 1.855 ± 0.074 (1.68, 2.09) 167 ± 7 (145)
G4N2-H ..O2C2' 1.884 ± 0.095 (1.67, 2.37) 163 ± 9 (135)
A5N6-H ..04T,' 1.861 ± 0.087 (1.68, 2.26) 165 ± 8 (134)
A5N1..H-N3T,' 2.024 ± 0.158 (1.69, 2.69) 157 ± 11 (124)

Correlation coefficientst
Neighboring H bonds 1-3 H bonds

1-2 0.33 8-9 0.24 1-3 -0.05
2-3 0.24 10-11 0.23 4-6 -0.07
4-5 0.23 11-12 0.08 7-9 -0.12
5-6 0.22 13-14 0.06 10-12 -0.15
7-8 0.39

*H-bond length and standard deviations in A. The minimum and
maximum values are given in parentheses.
tH-bond A-H ..B angle in degrees, with minimum value in parenthe-
ses.
tCorrelation coefficients between selected H bonds.

relations in both simulations, one involving 4' and and the
other involving cv', if. The former angles both terminate at
the phosphate, and the latter involves two of the more flexi-
ble dihedral angles.
We also analyzed the "long-range" correlations (r > 10.51),

and those angles whose motions were "long range" correlat-
ed with many others and are listed in Table 3. In the simula-
tion with counterions, there are only five angles with three
or more long-range correlations, with the thymine Y' (which
undergoes a repucker transition) correlating with far more

angles than any other. In the simulation without counterions,
there are many more long-range correlations and the largest
number of these involve the residues (T1', and C1; note that
residue positions are subscript to differentiate residue desig-
nations from on-line atom position designations and that
primes denote bases on the second strand) that undergo a
sugar puckering transition. In both simulations, c' is exten-
sively represented in the "long-range correlation" list.

Table 5. rms deviations of atoms in simulation with counterions

Sugar phosphate rms distance with counterions*, A
backbone Purines Pyrimidines

H 2.08 N9 0.84 N1 0.86 (0.79)t
05' 1.08 (0.93)t C8 0.86 C2 0.79 (0.76)t
CS' 1.06 (O.95)t N7 0.84
C4' 0.98 (0.89)t C6 0.75 N3 0.88 (0.80)t
01' 1.00 (0.93)t CS 0.77 C4 1.00 (0.88)t
Cl' 0.89 (0.84)t C4 0.76 CS 1.14 (0.96)t
C2' 0.94 (0.85)t N3 0.79 C6 1.06 (0.91)t
C3' 0.98 (0.86)t C2 0.75 02 0.79 (0.81)t
03' 1.11 (0.96)t N1 0.76 H3 1.00
P 0.97 06 0.87 04 1.58
OA 1.19 H1 0.77 N4 0.97
OB 1.19 N2 0.78 N4 HA 1.10
Na+ 2.65 N2 HA 0.77 N4 HB 0.96

N2 HB 0.87 C7 2.36
N6 0.90
N6 HA 0.93
N6 HB 1.10

*rms distance from the structure at the beginning of simulation (after
equilibration for 12 ps).
tExcluding values from terminal A-T base pair.
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FIG. 2. rms motion of atoms in A as a function of atom number
in simulations with counterions.

In Table 4 we present the distances and angles for the hy-
drogen bonds and their correlation coefficients for the simu-
lation in which counterions were included. All of the hydro-
gen bonds are of reasonable average length. There is a corre-
lation between H-bond length and standard deviation, as
noted previously by Prabhakaran et al. (4, 5); neighboring H-
bond lengths are generally positively correlated (7), and the
external H-bonds in G-C base pairs are negatively correlated
(7), although the correlation coefficients are rather small.
The H-bond angles average -161-162°, similar to what is
found in liquid water, with some rather large exclusions from
the "ideal" value of 180°. Similar results were found in the
simulation without counterions.
One can also analyze the rms motion of the various atoms

Table 6. Helix parameters

Base or With Without
base pair counterions X-ray* counterions

Twistt
C1*G5' 22.4 ± 8.6 27.1, 14.8 27.8 ± 12.2
G2-C4' 24.2 ± 11.0 22.1, 17.3 29.0 ± 12.4
C3'C3' 13.0 + 7.6 6.3, 6.4 20.5 ± 8.0
G4'C2' 14.4 + 6.6 22.2, 21.6 14.8 ± 8.0
A5-T1' 21.6 ± 11.3 24.2, 24.6 41.6 ± 15.7

Average 19.1 20.4, 16.9 26.7

Tilt:
C1 26.1 ± 11.5 12.6, 37.6 35.6 ± 13.6
G2 12.1 ± 7.1 6.4, 9.1 9.2 ± 4.4
C3 11.6 ± 5.6 7.5, 8.5 11.5 ± 5.0
G4 10.5 ± 5.5 8.9, 10.9 8.4 ± 4.0
A5 13.1 ± 6.5 16.0, 15.3 11.2 ± 5.9
T1' 21.1 ± 8.0 9.2, 9.0 26.8 ± 12.1
C2' 18.5 ± 10.4 12.7, 13.6 25.2 ± 11.0
G3' 8.7 ± 4.5 1.1, 2.2 11.9 ± 5.2
C4' 9.1 ± 4.7 20.8, 22.1 11.7 ± 4.7
G51 10.8 ± 7.0 4.8, 11.7 12.6 ± 9.5

Average 14.2 10.0, 14.0 16.4

Helix repeat§
ClG5'-G2'C4' 36.5 ± 4.5 35.0, 36.6 43.4 ± 4.0
G2'C4'-C3-G3' 34.8 ± 5.7 41.7, 39.3 35.7 ± 2.7
C3-G3'-G4'C2' 38.8 ± 6.8 28.7, 30.4 42.9 ± 5.2
G4C2'-A5'Tl' 33.8 ± 4.7 42.3, 38.0 41.1 + 4.3
Average 36.0 36.9, 36.1 40.8

*Values calculated using the structure reported in ref. 8.
tThe angle that the two base pair planes make with each other (in
degrees).
tThe angle that bases make with the helix axis defined by the phos-
phate groups.
§The angle made by the successive Nl(N9)-Nl(N9) vectors project-
ed onto the helix axis.

around their mean value. Such an analysis is presented in
Table 5. Both simulations give a comparable picture: phos-
phate motions including the four oxygens to P and C5', av-
erage 1.0-1.2 A; sugars, 0.9-1.1 A; and the base atoms, 0.7-
0.9 A. These values are qualitatively similar to those found
by Tidor et al. (6) and are in the same order as the motions
inferred from x-ray temperature factors. Fig. 2 presents the
average movement from the 0-ps structure as a function of
atom number in the system for the simulation including
counterions. One can see some areas of larger movement in
such a picture, involving mainly phosphates and counter-
ions.

All of the above indices give one a sense of local motions.
What does the DNA helix look like during these simulations?
We have calculated a number of the average helical parame-
ters in both simulations (Table 6). Twist gives the average
dihedral angle between H-bonded bases, "tilt" gives the av-
erage angle each base makes with the helix axis defined by
the phosphate atoms, and "helix repeat" gives the relative
angle neighboring glycosidic bonds make with each other
when projected normal to the helix axis. The twists of the
bases are quite similar in the two simulations for the COG
base pairs, although the values are larger for the simulation
without counterions. The average twist for the terminal base
pairs, particularly the thymine, in the simulations without
counterions is very large, as is clear from a visualization of
the dynamics trajectory using computer graphics techniques.
The base tilts relative to the average helix axis are similar
and average ;10° except for the terminal base C1 and bases
T1' and C2', where the tilts are larger. These are also larger
in the simulation without counterions than for the simulation
with counterions. The helix repeat is the only parameter that
differs in a "systematic" way in the two simulations. The
simulation with counterions has an average repeat of 10 base
pairs per turn, and that without counterions has an average
repeat slightly less than 9 base pairs per turn. This result is
consistent with the phosphate repulsion forcing the phos-
phates further apart in the absence of counterions and the
structure remaining at a more DNA-like repeat when the
phosphates are neutralized.
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FIG. 3. (a) Helix repeat angle (G2-C4'-C3-G3') plotted as a func-
tion of time for the simulation with counterions. (b) Same as a for
angle C3-G3'-G4-C2'.
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A comparison with the values of twist and tilt found in the
top and bottom base pairs in the crystal structure of d(C-G-
C-G-A-A-T-T-C-G-C-G)2 (8) reveals that the average dynam-
ics values are close to that found in the crystal, even though
the individual values differ. Most surprising is the fact that in
both simulations the central 2-base-pair steps have the oppo-
site difference found in the x-ray values, suggested to be due
to Calladine's rules (15, 16), involving steric interactions of
the exocyclic base groups in the major and minor grooves of
DNA. Such steric effects should be represented in our force
field but may be modulated by the electrostatic effects and
the rather primitive way long-range electrostatic effects are
handled.

Fig. 3 presents the time course of the helix repeat for these
central two-base steps and makes clear that they both vary
over a wide range during the simulation. Over certain time
periods, base step 2 is larger than step 3, so perhaps longer
averaging would reverse the trend observed in the average
step value. It is also essential to carry out the simulations
with longer sequences and with and without explicit solva-
tions to come to more firm conclusions on this point.

In the simulation with counterions, the cations on each
chain behave similarly. Beginning with the 5' end of the
DNA, cations 1, 2, and 3 bifurcate between phosphates 1 and
2, 2 and 3, and 3 and 4 and fluctuate near this position
throughout much of the simulation. The cation on the 3' end
of each chain begins near phosphate 4. In the case of the first
chain, this phosphate remains near this position for much of
the simulation, but in the last 10 ps moves to a position in the
minor groove equidistant from phosphates on each chain.
Cation 4 of the second chain moves toward a position bifur-
cating phosphates 3 and 4, while cation 3 moves away from
cation 4 but still bifurcates the phosphate positions, leaving a
charge configuration like - + -; after '50 ps, this cation 4
returns to its terminal position near only phosphate 4. View-
ing the motions of the cations with computer graphics allows
one to visualize their motions and notice the tendency of the
cations to avoid each other-namely, one can view this as -

T - i - X -, where the minuses are the phosphate posi-
tions and pluses are the cations.

DISCUSSION AND CONCLUSIONS
We have presented a molecular dynamical simulation of dou-
ble-helical DNA with fully anionic phosphates with and
without counterions. Prior models have neglected electro-
statics (7) or reduced the charge on the phosphate group (6).
Nonetheless, the calculations presented here are primitive
because explicit solvation by water has not been included
and long-range electrostatic effects have been damped by us-
ing a distance-dependent dielectric constant (17) and a non-
bonded cutoff of 12 A.
The simulation of monovalent cations with artificially

large radii has shown a good deal of flexibility in counterion
positions around DNA. Clementi and Corongiu (18) have
studied DNA in the presence of water and (normal size) Na'
cations using Monte Carlo methods, keeping the DNA fixed.
The Na+ ion fluctuations they report (figure 2 in ref. 18) are
significantly smaller than ours (Table 5), but this could be
due to the presence of "real" H20 molecules in their simula-
tion. It is unlikely that either their or our simulations have
sufficiently "converged" to definitively deduce counterion
structure.

It is interesting to compare the simulations presented here
with those of Levitt (7), given the fact that our models (par-
ticularly that without counterions) probably exaggerate elec-
trostatic effects and Levitt's model neglects them. Given
these differences, as well as the fact that Levitt studied

much longer sequences than we did, it is encouraging to note
the areas of agreement between the calculations, including
average torsional angle values, dihedral angle correlations
(although we find more than he), H-bond lengths and fluctu-
ations, and base pair tilts and twists, as well as the qualita-
tive agreement with crystallographic values.
The major differences between the simulations are two.

First, we do not find evidence for the periodic large-scale
motion noted by Levitt (7), although this may well be due to
the fact that our sequence is so short. Second, Levitt's simu-
lations find average helix repeats of =11-12.6; our simula-
tions without counterions find 9.0 and with counterions find
a repeat nearer 10.0. This is consistent with the neglect of P-
P anionic repulsions that allow too small a helix repeat angle,
an inclusion of these repulsions without compensating coun-
terions causing a too-large (=40°) angle and the simulation
with counterions giving a reasonable balance.
We emphasize that our long-range goal is to compare the

properties and dynamics of normal DNA with mismatched
sequence analogs, covalently modified (e.g., thymine dimer
or mitomycin cross-linked sequences) and noncovalent (in-
tercalative or nonintercalative) drug-DNA complexes; this
goal and our limited computer resources have led us to begin
with shorter base sequences than Levitt; a 5-base-pair se-
quence such as we have chosen is very close to the single-to-
double-strand transition point at 298 K. Nonetheless, for
such short-time simulations, we expected (and found) the
structure to remain B-DNA-like.
Our study presents a detailed analysis of the sugar pucker

properties in double-stranded DNA, and the results are in
encouraging agreement with NMR experiments (15), with
predominantly C2' endo but examples of C3' endo sugar
puckers and q values averaging -0.35 A.
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