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Abstract: A generalized Born (GB) model has been applied to molecular dynamics simulations of the A- and
B-forms of a duplex DNA d(CCAACGTTGG)and the corresponding duplex RNA r(CCAACGUUGG)
resulting in good agreement with simulations using explicit water solvent in terms of both structure and
energetics. In particular, the A B energy differences derived from GB trajectories for both DNA and RNA
closely match those obtained earlier using explicit water simulations and finite-difference Pdssdtamann
calculations. A GB simulation starting from A-form DNA converges to B-DNA within 20 ps, more than 20
times faster than the transition from A- to B-DNA in explicit solvent simulations. For B-form d(CCAACGT-
TGG), fluctuations about the mean are highly correlated between GB and explicit water simulations, being
slightly larger in the former, and the essential subspaces found from principal component analysis overlap to
a high degree. Hence, for many purposes this parametrization offers an alternative to more expensive explicit
water simulations for studies of nucleic acid energetics and structure.

1. Introduction of around 3000 water molecules for a 10-base pair duplex
DNA.13n addition to increasing calculation time, complications
also arise from the need to fully equilibrate these molecules
and any counterions in the system. Even with today’s powerful
computational facilities, these simulations can be lengthy and
costly.

The electrostatic effects of a solvent of high dielectric, such
*as water, can be approximated by a continuum electrostatics
X : . _ e model**~1¢ This model has been extensively studied, mostly
RNA hybrids, triplex nucleic acids, and RNA hairpin 100ps,  16,gh numerical solutions of electrostatic equation in a
can be elucidated through these MD studies. multiple dielectric model. The generalized Born (GB) météP

To accurately represent the environment, such simulations provides an approximate solution to the sotuselvent elec-
generally are carried out in the presence of explicit solvent trostatic polarization termAGyg). This model is often able to
molecules. The box of solvent molecules must be large e”OUQhreproduce the solvation energies given by the Poisson
to minimize electrostatic interactions between periodic images goltzmann (PB) continuum solvent model for a variety of
of the solute, generally leaving at least 10 A between each edgeniomolecules, without the costly computations of the numerical
of the box and the closest solute atom. This results in a systemgg|utions to Poisson’s equati?.28 Furthermore, an extension
to the GB model to account for salt effects in the linearized

Studies of nucleic acids using molecular dynamics simulations
have shown considerable progress during the past five y&ars.
With the use of particle-mesh Ewald to treat long-range
electrostatics, stable trajectories of DNA and RNA molecules
up to several nanoseconds have been obta@néddetails of
the structural and dynamical properties of various nucleic acids
ranging from conventional DNA and RNA duplexes to DNA:
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Debye-Huckel approximation has been shown to give good
agreement with PB resulf8 Although many early applications
of this model considered the energetics of a relatively small
number of conformations (such as snapshots from explicit
solvent simulations}?23.2%-32 jts use as an effective solvation
model for MD simulations is a natural extension of this earlier

work, and some studies for peptides, proteins, and nucleic acids

have appearetf:33:34

Here we apply the GB model, using a pairwise descreening Cramer, and Truhlai36

approximation introduced by Hawkins et &l.to simulations
of a 10-base pair duplex of DNA and RNA in A- and B-form

helices. The resulting structures show good agreement with

corresponding structures from explicit solvent simulations, in

both structures and energetics. We also show that unconstrained

A-DNA converges to B-DNA within 20 ps of the GB simula-
tion, compared to 500 ps for an explicit solvent simulafién.
The results provide a parametrization of the GB model that
should provide an effective substitute for explicit solvent
simulations for many types of investigations of nucleic acid
structure.

2. The Generalized Born (GB) Model

The GB model has been discussed extensively in earlier work.

Tsui and Case

Table 1. Optimized Parameters for GB-MD Simulatiéns

atom R(A) Sy atom R(A) Sy

o 0.80 0.85 (e} 1.50 0.85
HN 1.20 0.85 N 1.55 0.79
HC 1.30 0.85 P 1.85 0.86
C 1.70 0.72

2 hoiiset is —0.13 A (see eq 4).

which uses a pairwise descreening
approximation (PDA) to estimatg from a sum over atom pairs:

Z g(rH i Pis pj

=l

®3)

Here p; is an intrinsic radius for atorm andg() is a positive
function, so that the effective radius is greater than the
intrinsic radiusp;. The functiong depends on the positions and
sizes of the atoms, but not on their charges. These general
characteristics apply not only to the Hawkins et al. model used
here3536put also to related approaches such as AT&nd the
“fast analytical” method of Qiu et &P-24 For the PDA model
used here, the explicit form @f( ) is given by eq 13 in ref 35;
this model, including exact derivatives of all terms, has been

The form used here contains a modification that incorporates aincorporated into version 6 of the Amber pack&gend into

Debye-Huckel term to account for salt effects at low salt

concentrationg?
erGB)
<12

where g and g; are atomic partial charges, is the solvent
dielectric constani is the Debye-Huckel screening parameter,
and the double sum runs over all pairs of atofag.depends
on the effective Born radius; and the distance; between
atoms:

a9

1
AGPO, - 5(1 - (1)

fGB

fos = [rj + o exp(-Dy)] @

where(xij = (O.i(lj)llz and Dij = rij2/(2(1ij)2- As rij - 0, fGB - Q,,

version 4 of Nucleic Acid Builde?®

The final piece of this prescription for approximate electro-
statics is to establish a prescription for the intrinsic radiFor
each atomic sphere (here characterized by its Bondi r&ljus
the contribution of all other spheres to dielectric screening is
calculated from an analytical formula for two (possibly overlap-
ping) spheres. One complication arises from the overestimation
of the Born radius, and thus underestimatioisg, when these
neighboring spheres overlap each other. A linear scaling of the
R values can approximately account for this effédiere the
intrinsic radiusp; of atomi, used to compute effective Born
radii, becomes

pi = S(R + Byrsed (4)

the effective radius that establishes the self-energy of charges,There are clearly many combinations $f R;, and bosset that

which arises from polarization of the surrounding dielectric
medium. Thdgg function can be thought of as an interpolation

could be used. We began with the Bondi set of édir R
(based on good experience in earlier numerical Poisson

formula that reduces to these self-energy terms at short distancesBoltzmann calculations¥-44 adopted3 values from the tinker

and to a DebyeHuckel screened Coulomb interaction at large
distances.

The effective Born radii roughly describe the average distance

packagé>*6 (shown in Table 1), and made minor adjustments
(discussed below) to optimize agreement with finite-difference
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from a charge to the dielectric boundary, and depend on the ;55 1982419839,

positions and volumes of all other atoms in the solute. The
original formulatiort® estimated this from a numerical integra-

tion procedure, and more recently, several analytical approxima-

tions to determining these self-energies (and hence;)eave
been proposetf:20-35Here we adopt the method of Hawkins,
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Figure 1. Plot of GB vs PB energies. Details on the calculation of these energy terms are described in the Appendix. Energies are plotted for 100
snapshots from each of the following explicit solvent simulations: A-RNA and B-RNA (left), A-DNA and B-DNA (right).

Poisson-Boltzmann calculations. The resulting parameters are individual energy terms in the two simulations pointed to the
shown in Table 1. 2'-hydroxyl hydrogen atoms of the RNA. We thus treated the
The linearized DebyeHuckel approximation used here in  hydrogen atoms as three different groups based on their
conjunction with GB has been shown to successfully reproduce covalently bonded partners: the hydroxyl hydrogens, the amino
the salt dependence of PoisstBoltzmann calculations. The  hydrogens, and the aliphatic hydrogens. Upon optimization of
Debye-Huckel screening parameteiin eq 1 is multiplied by these hydrogen radii against relative PB energies for various
0.73 to account for the overestimation of salt effects, as conformations of DNA and RNA, we arrived at 0.8 A for
described earlie® Addition of salt contribution to the GB  hydroxyl hydrogens, 1.2 A for hydrogens bonded to nitrogen,
simulations did not affect the structures greatly; out of the and 1.3 A for hydrogens bonded to carbon. The order of sizes
parameters examined below, the most prominent improvementis reasonable considering the electronegativities of their bonding
came in thex-displacement, whose average shifted toward the partners, and matches the order of hydrogen sizes used in the
explicit solvent values by about 0.5 A in both the A-RNA and Cornell et al. force field being used for the gas-phase portion
B-DNA simulations upon adding 0.2 M salt. (Structures carried of our energy function (i.e. H&G HN > HO).#8 Adjustment of
out with either 0.1 or 0.2 M salt concentrations were almost bggsetto —0.13 A allowed the absolute GB energies to reproduce
identical.) Because of minor shifts of thedisplacement and  those of PB for a variety of RNA and DNA conformations,
inclination parameters toward explicit solvent values, the GB taken from snapshots of the explicit solvent simulations (Figure
simulations in this study were performed at 0.2 M salt 1). For the 200 RNA structures analyzed, the correlation
concentration, with a solvent dielectric of 78.5 and a solute coefficient and rms error between GB and PB energies were
dielectric of unity. The explicit water results were taken from 0.999 and 5.029 kcal/mol, respectively. For the 200 DNA
published work, and the GB simulations carried in a standard structures analyzed, the correlation coefficient and rms error

fashion; full details are given in the Appendix. between GB and PB energies were 0.999 and 3.884 kcal/mol,
) ) respectively. The final parameters used are summarized in Table
3. Results and Discussion 1. While it is clear that other combinations of parameters might

3.1. Adjustment of Parameters. In our earlier studies also work well, this set has the advantage of simplicity, using
applying the generalized Born model to snapshots from explicit the well-established Bondi radii, modified only to make
water simulationg?we had used the PARSE radii set of Sitkoff hydrogen atoms bonded to carbon slightly larger and hydrogens
et al*” to define the dielectric boundary between solute and Ponded to oxygen slightly smaller.
solvent, along with the original value diyser Of —0.09 A, 3.2. Comparison between GB and Explicit Solvent Simu-
suggested by Still et &8 These parameters gave good results lations. 3.2.1. Average Structures.The GB simulations
for the energy difference between B- and A-form helices, but remained stable throughout the 2 ns simulation time, as can be
preliminary MD simulations of B-DNA resulted in dissociation ~ seen in the heavy-atom RMSD plot of the A-RNA and B-DNA
of the two strands within 100 ps. We hypothesized that this trajectories from the mean structure of the simulations (Figure
might arise from too great a weakening of the Wats@nick 2). This also shows that the fluctuations of the GB structures
hydrogen bonds due to solvent screening, and attempted aabout their own mean (solid lines) are nearly the same as the
second round of simulations, increasing the hydrogen atom deviations from the mean of the explicit water simulation
radius from its value of 1.0 A in the PARSE set to the value of (dashed lines). Tables 2 and 3 compare the mean structures from
1.2 A that appears in the Bondi radfi(This is one of the largest ~ the GB and water simulations to each other and to “canonical”
differences between the PARSE and Bondi radii sets.) This helical structures derived from fiber diffraction. The RMSDs
change in radii produced stable trajectories of double-strandedbetween the GB and explicit solvent simulations are 1.00 A for
nucleic acids. The relative GB energies between various A-RNA and 0.88 A for B-DNA, calculated for the inner eight
conformations of the 10-base pair DNA matched those of PB base-pairs. The RMSDs are larger between GB and explicit
calculations fairly well; however, those of the RNA were less solvent B-RNA (1.14 A) and A-DNA (1.78 A), most probably
successful in reproducing the PB results. An analysis of the

(48) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
(47) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Chenil994 98, 1978~ M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
1988. Kollman, P. A.J. Am. Chem. S0d.995 117, 5179-5197.
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3 : . . remains in the C2endo conformation throughout the trajectory.
A-RNA Comparing the pseudorotation angles of A-RNA with B-DNA,

a, 0 . we also see that the range of the sugar conformations adopted
ol b T ; I,‘,:".I,‘H“. W is smaller in A-RNA than in B-DNA. In both GB and explicit
iy AL Lt b ety e ) B solvent simulations, the B-DNA sugars occasionally sample the
AR AR 1 R S A R northeast conformations, while the A-RNA sugars generally

remain in the north to northeast conformations. In addition, the

crankshafté, v: g—,g+ to t,t) transition observed in the explicit

solvent simulation at the CpG step was retained in the GB
simulation of this A-RNA sequence while the other steps
maintained the gauche gauche- conformations, consistent in
B-DNA both simulations of the A-RNA (data not shown).

3.2.2. Fluctuations about the Mean.In comparing MD
results from different solvation models, it is instructive to look
not only at the average structures, but also at fluctuations about
the mean. Figure 5 plots RMS fluctuations about the mean for
each atom in the central eight base pairs of B-form d(C-
CAACGTTGGY). Itis clear that there is a very high correlation
between the two simulation methods, with the mean fluctuation
being slightly higher (1.23 A vs 1.15 A) in the GB model. The
95 200 1000 1500 2000 same trend is seen in the A-RNA simulations where the average

Time (ps) fluctuation for atoms in the central eight base pairs is 1.11 A

Figure 2. Root-mean-square deviation (RMSD) over the course of for GB and 0'9.6 A for explicit solvent. BOth GB and.e,Xp“C't
the 10-base pair A-RNA (top) and B-DNA (bottom) GB simulations. Solvent simulations show A-RNA to be slightly more rigid than
RMSDs were calculated for all residues with respect to the mean B-DNA, in accord with previous simulations and with the
structures of the respective GB simulations (solid line) as well as to expected consequence of the extra steric bulk of Hig@roxyl
the mean structures of the respective explicit solvent simulations (dashedgroup.
line). The data have been smoothed by performing a running average  F|yctuations can also be compared to performing a quasi-
over 25 ps. harmonic or principal component analysis, obtained by diago-

) o . nalizing the second-moment matrix of fluctuations about the
because of the different methods used to maintain the nuclemmean, as described in the Appentf®0Figure 6 shows a close
acids in thesg less favorable conformatlor_ls: ar_t|f|C|aI sugar- 5greement between the quasiharmonic frequency distributions
pucker restraints were used for the GB simulations (see the yerived from GB and from explicit water simulations. As is
Appendix), whereas a mixed alcoholater solvent environment ye|l_known, most of the fluctuation amplitude arises from a
was used for the explicit simulations. Although each simulation fairly small number of “essential” modé&:5! Figure 7 shows
method evolves to its own average structure, overall the \/_aluesthe overlap of the five highest amplitude modes from the explicit
support the use of the "A” and “B” nomenclature for the various  ater simulation, with subspaces derived from various numbers
structures. o o of modes from the GB simulation. Each of the water modes

This conclusion is further justified by the results in Figures overlaps to greater than 0.8 with a subspace formed from the
3 and 4, which compare selected helical parameters for B-DNA st 40 GB modes. This is similar to the behavior that would
and A-RNA. Although there are large fluctuations about the e seen from independent simulations in the same force3feld,
means in all of the simulations, the averages shown in circles g supports the notion that the nature of fluctuations seen for

exhibit similar trends for GB and explicit water, especially in  {he GB simulation has a character very similar to that from the
the rise and twist parameters. For B-DNA (Figure 3), the rise explicit water reference simulation.

between base pairs adopts the same pattern in both simulations
with higher rise in the center and the two ends of the DNA.
The high twist values in the center of the explicit solvent
structures, however, are not observed in the GB structures. Upo
examination of the explicit solvent trajectory, the high average
twist at steps C5-G6 to G6-T7 arises partly from the high twist
in the first 200 ps, where it has an average twist~af0°.
Otherwise the mean helical parameters for GB B-DNA are
nearly identical with those from the explicit water simulations.

This correlation of relative helical parameters between base
pairs is even more evident when comparing GB and explicit
solvent structures of A-RNA (Figure 4). The GB simulations
do, however, lead to structures with slightly higher values of
rise between base pairs and lower values of helical twist; again
the pattern along the sequence (e.g. with low inclination in the
middle) is the same for both methods. The sugar pucker
pseudorotation angles of the GB structures replicate those of  (49) Karplus, M.; Kushick, J. NMacromolecules1981, 14, 325-332.
explicit solvent structure, with the exception of a few end 17(3?)2'_AT2a5dei,A.; Linssen, A. B. M.; Berendsen, H. J.Roteins1993
n_ucleot_ldes. 'I_'he residue 10 sugar ring in theexphcn solvent (51) Case. D. ACUIT. Opin. Struct. Biol1994 4, 285-290.
simulation switches back and forth betweer-€8do and C2 (52) Amadei, A.; Ceruso, M. A.; Di Nola, AProteins1999 36, 419
endo conformations; in the GB simulation, this sugar pucker 435.

RMSD (A)
w

' Similar conclusions can be drawn from the analysis of helical
parameters shown in Figures 3 and 4. In general, the standard
deviations, especially those of thalisplacement, are modestly

nnigher in the GB structures. This observation is correlated with

the increased fluctuations in the implicit solvent model. The
end base pairs of B-DNA have the largest standard deviations,
as expected. In fact, openings of the end base pairs were
observed occasionally in the GB B-DNA simulation, although
these disruptions were transient, and the base-pairs would
soon reform their WatsonCrick hydrogen bonds. Many
fewer excursions of this sort were seen in the explicit water
simulation.

3.2.3. EnergiesTo compare the relative energetic contribu-

'tions between the B-form and A-form of RNA and DNA, GB
simulations of B-RNA and A-DNA were carried out with
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Table 2. Structural Comparisons for d(CCAACGTTGS)

A-DNA B-DNA AD_wat BD_wat AD_GB BD_GB
A-DNA 5.46 1.50 3.81 2.10 3.73
B-DNA 4.54 5.18 2.75 4.19 3.31
AD_wat 1.31 4.37 3.69 1.98 3.72
BD_wat 3.46 2.15 3.37 2.16 0.93
AD_GB 1.71 3.43 1.78 2.09 2.33
BD_GB 3.29 2.71 3.34 0.88 2.10

A-DNA: Canonical A-DNA generated by nucgen, a module of AMBER 6

B-DNA: Canonical B-DNA generated by nucgen, a module of AMBER 6

AD_wat: Mean structure of 100 snapshots of explicit solvent simulation of A-DNA at 10 ps intervals
BD_wat: Mean structure of 100 snapshots of explicit solvent simulation of B-DNA at 10 ps intervals
AD_GB: Mean structure of 100 snapshots of GB simulation of A-DNA at 10 ps intervals

BD_GB: Mean structure of 100 snapshots of GB simulation of B-DNA at 10 ps intervals

aShown are heavy-atom root-mean-square deviations (haRMSD) between the specified stflithaegpper triangle represents haRMSD fit

(in A) calculated for all nucleotides. The lower triangle represents haRMSD fit calculated for the internal 8 base pairs d(CAACGETG)
residues 2 to 9 and 12 to 19.

Table 3. Structural Comparisons for (CCAACGUUGS)

A-RNA B-RNA AR_wat BR_wat AR_GB BR_GB
A-RNA 5.16 1.82 3.44 2.48 4.32

B-RNA 4.33 4.90 3.19 5.56 2.41

AR_wat 1.84 3.95 2.62 1.22 3.62
BR_wat 3.26 2.59 2.33 3.06 1.49
AR_GB 2.38 4.58 1.00 2.76 3.96

BR_GB 3.85 2.08 2.96 1.14 3.34

A-RNA: Canonical A-RNA generated by nucgen, a module of AMBER 6

B-RNA: Canonical B-RNA generated by nucgen and leap, modules of AMBER 6

AR_wat: Mean structure of 100 snapshots of explicit solvent simulation of A-RNA at 10 ps intervals
BR_wat: Mean structure of 100 snapshots of explicit solvent simulation of B-RNA at 10 ps intervals
AR_GB: Mean structure of 100 snapshots of GB simulation of A-RNA at 10 ps intervals

BR_GB: Mean structure of 100 snapshots of GB simulation of B-RNA at 10 ps intervals

@ See captions for Table 2.

structural restraints. Unlike explicit solvent simulations, B-RNA GB/SA (surface area) model has been implemented in version
did not remain stable in the simulation time; instead, the bases6 of Amber?” and further studies on the effects of the
became distorted and lost Watse@rick interactions, while the ~ hydrophobic term on various systems will be published else-
sugar pucker stayed in the south conformation. The overall where.
energies of these distorted conformations are higher than As can be seen in Tables 4 and 5, the individual terms as
those of A-RNA conformations, indicating that the structures well as the relative (B-A) energies compare well between GB
were trapped in the midst of adjusting away from the B-form and explicit solvent structures. The gas-phase Coulomb interac-
conformations. With the addition of structural restraints as tion energyEeedlis known to be strongly anti-correlated with
described in the Appendix, the B-RNA and A-DNA simulations the electrostatic solvation termEggl] such that the total
produced stable trajectories with helical parameters com- electrostatic energi€®eiec i are closely matched between GB
parable to those of explicit solvent simulations (data not and explicit solvent structures. THEOvalues for both GB
shown). and explicit solvent favor A-form helices for RNA and B-form
Tables 4 and 5 list the average energy terms for the helices for DNA; a detailed analysis of these differences has
simulations along with their standard deviations. The explicit been presented earli€ The internal energies of B-RNA and
solvent structures are the same as the ones analyzed byA-DNA are higher in GB than in the explicit solvent simulations.
Srinivasan et al., and the average internal energy, van der WaalsThis could be due to the structural constraints leading to
energy, and Coulomb energy terms were published previdasly. adjustments to satisfy these constraints while making sacrifices
The GB energies were re-computed for these explicit solvent in the internal energies. These may also be structural adjustments
structures using the set of parameters described above, withmade to lower the van der Waals energy while causing increase
0.2 M salt concentration. Here the hydrophobic energy, which in the internal energy, as can be seen in the van der Waals
can be approximated by a term proportional to the solvent- energy terms of B-RNA and A-DNA.
accessible surface ar&®3>47is excluded from these energy 3.3. Transition from A-DNA to B-DNA. In addition to the
analyses as well as from the GB MD simulations. Previous A-DNA simulation performed with distance and torsion angle
studies found that the A- versus B-form duplex DNA and RNA restraints, we also carried out GB simulations starting with
have very similar surface areas, such that the hydrophobic termA-DNA without any structural restraints. Using explicit solvent
has negligible contributions to the relative conformational MD with PME, unconstrained A-form DNA was shown to
energies? This may not be true for more drastic conformational converge to B-form within 500 p'S.Because of the increased
changes, such as those involved in strand separation, and wenobility in GB simulations, in which the solute is free to move
cannot predict from the present results how well our models without any readjustment of water structures, we set out to test
would work for such large conformational changes. The ability if A-DNA would convert to B-DNA at a faster rate using GB
to carry out molecular dynamics simulations using a combined with MD simulations.
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Figure 3. Plots ofx-displacement, inclination, rise between base pairs Figure 4. Plots ofx-displacement, inclination, rise between base pairs
(rise), helical twist (twist), and sugar pucker vs nucleotide step for the (rise), helical twist (twist), and sugar pucker vs nucleotide step for the
GB (blue circle) and explicit solvent (red diamond) simulations of the GB (blue circle) and explicit solvent (red diamond) simulations of the
B-DNA d(CCAACGTTGGY). Average values and standard deviations A-RNA r(CCAACGUUGGY). See Figure 3 for explanations of param-
and standard deviations are plotted for 100 snapshots taken at 10 psters.

intervals for the last nanosecond of the trajectory. The values are

presented traversing the helix from thet 3 direction, i.e., residue d(CCAACGTTGG),

11 represents the' ®nd of the second strand (ClXydisplacement

and rise are expressed in A; inclination, helical twist and sugar pucker 4
are expressed in degrees.

fluctuations for central 8 base—pairs
T T
/

Figure 8 shows the propagation of average sugar pucker and
minor groove width for the first 50 ps of the trajectory, starting
at the beginning of the simulation without harmonic constraints.
Within 5 ps after the harmonic constraints are turned off, the
sugar pucker has already converged with the simulation starting
with B-DNA. The quick transition can also be seen in the rapid
decrease of the minor groove width from a value close to the
canonical A-form minor groove width (18.8 A) to the width of
the B-DNA simulation. This speed of transition is more than
20 times faster than the transition seen in explicit solvent
simulations, in which both the average sugar pucker and the
minor groove width took 500 ps to reach the B-form values
using the same 10-base pair sequence.

The process of this transition is represented in Figure 9 as
four snapshots from the first 20 ps of the trajectory, starting
with a structure close to the canonical A-form DNA (0.46 A 0 . :
RMSD for all residues). At 5 ps, the change in the structure is 0 v o2 8

. . . . . explicit water simulation
already obvious, with a decrease in the minor groove width
accompanled by an oper"ng Of the major groovel The structure Figure 5. Atomic fluctuations of the Central 8 base pairs of d(C-
is further stretched out to adjust itself. It adopts a somewhat CAACGTTGG) about the mean. Fluctuations of each atom computed
distorted structure at 10 ps, but is quickly relaxed to the well- from the generalized qur_l snmulatl_on are plotted against fluctuations

: . computed from the explicit water simulation.

converged structure at 20 ps, which remains stable for the
remainer of the 1 ns simulation. The structure at 20 ps has anstructure at O ps. The mean structure of the 1 ns simulation has
end-to-end length of 31.6 A, close to the length of the canonical only a 0.38 A all-residue RMSD from the mean structure of
B-form (30.4 A) and stretched out from the 25.4 A long A-form  the GB simulation starting from B-DNA, illustrating the ability

generalized Born simulation
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1000 . . : - 7 are reported for simulations carried out with 2, 4, 8, and 16

p -
J(CCAACGTTGG), % processors. The efficiency, calculated here as

|  GB vs. water quasiharmonic frequencies . .
800 (time using 2 processors) 2

(time usingny, o) X Nyoe

(5)

efficiency=

is also reported for the various runs. Generalized Born simula-
77 tions are approximately 5 times slower than vacuum simulations
400 7 and 7 times faster than explicit solvent simulations. As can be

~ seen in Table 6, these GB simulations are efficiently parallelized.
~Z This speedup will allow studies of longer pieces of nucleic acids
200 f 27 ] within a reasonable simulation time, and will expand the abilities
a of MD simulations to produce longer trajectories of larger
7 molecules.

400 600 800 1000
water frequency

GB frequency
N\

0 2(I)0
4. Conclusions

Figure 6. Plot of frequencies of quasiharmonic modes calculated from

the GB simulation of d(CCAACGTTGGJersus those calculated from We report here the results from 2 ns MD simulations of a
the explicit solvent simulation, for the lowest 1077 modes with 10-base pair B-DNA, A-RNA, A-DNA, and B-RNA, using the

frequencies below 1000 crh (solid line). The dotted line indicates ~ generalized Born (GB) model to approximate the electrostatic
the ideal case of identical frequencies. contribution to the free energy of solvation. Using the GB
parameters presented in Table 1, optimized to give close
agreement with finite-difference PoisseBoltzmann calcula-
tions (Figure 1), the pairwise descreening approximation to the
GB mode?® resulted in stable trajectories whose structures,
fluctuations, and energetics are quite similar to those seen in
parallel explicit solvent simulations.

It is worth noting that it is not trivial to obtain such behavior.
In addition to the GB simulations described above (where strand
dissociation was seen with smaller hydrogen radii), we also
performed a variety of vacuum simulations on the 10-base pair
B-form DNA, d(CCAACGTTGG). As described in the Ap-

d(CCAACGTTGG),

1 T T T

o
©

overlap with a water mode
o
(=]

©
S

---- mode 3
=== mode 4
-—— mode 5§

pendix, simulations were carried out with distance dependent
dielectric function ¢ldd) as well as a constant dielectric of 78.5.
Both structures resulted in distorted DNA. THed structures

were characterized by narrow minor grooves, very low inclina-
tion, and high twist. The constant dielectric structures at first
dissociated into single strands. After adding hydrogen bond
distance restraints, the strands stayed together but the helix was
mostly unwound. It is conceivable that adjusting the force field
of the nucleic acid could lead to a stable helical trajectory in an

0 10 20 30 40 50
number of GB modes used

Figure 7. Plot of the overlap of each of the first five quasiharmonic

modes calculated from the explicit solvent simulation of d(CCAACGT- It t . ¢ tant dielectri H
TGG), with modes calculated from the GB simulation. The overlap is alternate environment (constant dielectricdufd). However,

computed as the cumulative inner products of the specified water USing the well-established Cornell et al. force fileivhich has
eigenvector with the GB eigenvectors, and it is plotted as a function been shown to produce numerous successful PME simula-
of the number of GB modes used in the calculation. tions)31358 these results show that the generalized Born
solvation term plays an important role in driving the nucleic
acid toward reasonable structures. It is known that even explicit
solvation simulations of duplex nucleic acids are sensitive to
conditions of the simulations (such as how long-range electro-
static interactions are treatetff so that the present results
represent an impressive first test for the use of the GB model
to account for solvation effects in MD simulations.

The GB simulations produced stable trajectories, resulting
in structures that matched well with corresponding structures
from explicit solvent simulations. Some small systematic
deviations were observed for both the DNA and the RNA, such
as higher rise between base pairs and lower helical twist values
of the GB structures, and these deviations could represent the
structural properties most sensitive to the effects of interactions
with explicit water molecules. The energy terms of the 10-base
pair DNA and RNA structures from GB simulations compared
well to the energies calculated from explicit solvent structures,

0.2

of GB to produce rapidly convergent structures starting from
different conformations.

This accelerated transtion from A to B is most likely due to
the lack of solvent frictional effects in the GB model. This is
both an advantage (in that conformational transitions and
equilibration can take place more rapidly) and a disadvantage
(in that the time dependence of dynamical behavior is incorrect).
We are exploring the use of Langevin equations in conjunction
with the GB model for studies where a more correct dynamical
description is required.

3.4. Performance.The simulations used Amber version 6
on a Cray T3E-900 computer. Table 6 lists the performance
results of 0.1 ps simulations of the 10-base pair B-form DNA,
d(CCAACGTTGG), using vacuum, generalized Born, and
explicit water models. Both the vacuum and generalized Born
simulations were carried out wita 1 fstime step and 15 A
cutoff. The explicit solvent simulation udea 1 fstime step
with a 9 A nonbonded cutoff for the direct-space interactions, (53) Cheatham, T. E., Il Kollman, P. A. Am. Chem. S0d4997, 119,
and the PME method for the reciprocal space portion. Timings 4805-4825.
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Table 4. Energy Term&for d(CCAACGTTGG)?

Tsui and Case

B-DNA A-DNA B—-A

GB WAT GB WAT GB WAT
E(int)d 859.0+ 15.1 860.5+ 19.2 895.1+15.1 867.5+- 16.9 —36.1 —7.0
E(vdw)O —172.3£9.2 —166.8+ 8.5 —183.3£ 7.7 —159.1+ 8.7 11.0 —7.7
[E(elecy] —140.0+£ 41.5 —88.9+ 33.1 92.4+ 42.9 204.4+ 56.8 —232.4 —293.3
[E(GB)O —4633.4+ 37.6 —4688.4+ 29.2 —4866.8+ 40.4 —4979.2+ 54.9 233.4 290.8
[E(elec_totl] —4773.4£10.1 —4777.3£9.0 —4774.4£ 9.7 —4774.8+ 8.6 1.0 —25
[E(tot)d —4086.7+ 12.6 —4083.6+ 17.9 —4062.6+ 12.6 —4066.4+ 16.9 —24.1 —19.7

aEnergies were calculated from 100 structures in each of the GB and WAT simulations. Average and standard deviation are reported in kcal/
mol. ° [E(int)[J internal energyE(vdw)[] van der Waals energyE(elec)] Coulomb energyE(GB)L] generalized BornE(elec_tot)] E(elec)+
E(GB). [E(tot)[] E(int) + E(vdw) + E(elec)+ E(GB).

Table 5. Energy Term&for (CCAACGUUGG)"

B-RNA A-RNA B—A

GB WAT GB WAT GB WAT
E(int)0 959.7+ 15.4 944.0+-17.8 926.4-15.2 926.4+ 19.0 33.3 17.6
[E(vdw)O —174.4£9.0 —149.4+11.3 —182.7£ 9.0 —168.1+ 9.3 8.3 18.7
[E(elec —270.0£42.3 —333.4+£37.1 —96.5+ 43.7 —66.5+ 50.4 —173.5 —266.9
[E(GB)J —4723.2+ 38.5 —4658.8+ 33.2 —4875.4+ 40.2 —4908.3+ 45.3 152.2 249.5
[E(elec_tot)] —4993.2+ 9.8 —4992.2+ 10.8 —4971.9+ 9.9 —4974.8+ 9.4 —21.3 —17.4
[E(tot)d —4207.9£ 12.4 —4197.6£17.4 —4228.2+12.3 —4216.5+ 18.1 20.3 18.9

2 See caption for Table &.[E(int)[] internal energyE(vdw)L[] van der Waals energyE(elec),] Coulomb energyE(GB)L] generalized Born.
(E(elec_tot])] E(elec)+ E(GB). [E(tot)[] E(int) + E(vdw) + E(elec)+ E(GB).

and for larger systems, than can reasonably be expected with

150.0 : : ; ;

vl W , A current explicit solvent methodologies.
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Appendix: Simulation Details

1. Poisson-Boltzmann (PB) Calculations.To obtain the electro-
static component to the solvation free energy using PB, we followed
the protocol outlined in Srinivasan et?lusing the Delphi-Il program.

The charges and radii are the same as for the GB calculations. Linear
solutions to the PB equations were computed for a solvent dielectric
of 78.5, and a solute dielectric of 1, for comparison with GB results.

2. Molecular Dynamics Simulations. The explicit solvent MD
simulations with particle mesh Ewald (PME) have all been published
elsewhere. These include the A- and B-form DNA d(CCAACGT-

Width

Time (ps)
Figure 8. Plots of average sugar pucker (pucker) and minor groove TGGY> and the A- and B-form RNA r(CCAACGUUGGJ? all using

width (width) over the course of the GB simulations starting from the Cornell et al. force fieft} that forms the gas-phase portion of the
A-DNA and B-DNA. The sugar pucker at each snapshot is averaged Present results. For each of the above four simulations, 100 snapshots
over all residues. The minor groove width at each snapshot is averaged@t 10 ps intervals were used to compare their helical parameters and

over the following inter-strand phosphate distances: C5-G20, G6-G19, €nergy terms with those of GB simulated structures. These are the same
T7-T18, T8-T17, G9-G16, and G10-C15. structures used by Srinivasan etZlwhere a summary and analysis

of the simulations can be found.

giving relative energies between A- and B-form helices similar ~ 2.1. A-form r(CCAACGUUGG), and B-form d(CCAACGT-
to those of explicit solvent simulations. TGG),. The starting structures for the GB simulations were first

The unconstrained simulation of A-DNA converged to minimized by 100 steps of conjugate gradient minimization. The relaxed
B-DNA within 20 ps using GB. This is more than 20 times structures were then subjected to 40 ps of MDhwt1 fstime-step,
faster than the transition of A- to B-DNA in explicit solvent, ﬁraduall_y heati?g _thte strutchture flrotm to tt?] 300 tK ¥Yith 5t kca;l/(nﬁﬁ) J
which took~500 ps without special sampling techniques. This 'armonic constraints on the soiute to their starting structures, and a

- - - - . time constant for heat bath coupling of 0.8 ps. SHAKE was tsted

raplq_convergence |s_correlate.d with the. pverall INCrease N . strain bonds involving hydrogen atoms. This was followed by
moblllty of GB simulations relative to explicit solvent S'_ml,“a' another 40 ps of MD at 300 K, decreasing the force constant of the
tions, and is most probably because of the lack of frictional parmonic restraints to 1 kcall(mé®?), then to 0.1 kcal/(meh?).
forces introduced by the water molecules, and the lack of a needFina”y7 20 ps of fully unconstrained MD was carried out with a
for re-organization of water molecules to balance changes in temperature coupling constant of 2.0 ps on the solute at 300 K. After
solute structure. This observation also implies that shorter GB these equilibration procedures, the production runs of 2 ns MD
trajectories may be sufficient to cover the sampling achieved
in a longer explicit solvent S|mulqt|on of the corresponding Natl, Acad. Sci. U.S.ALO97 94, 9626-9630.
molecule. These developments point the way to a new genera- (ss) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJGComput. Phys.
tion of simulations for nucleic acids, both at longer time scales 1977 23, 327-341.

(54) Cheatham, T. E., lll; Crowley, M. F.; Fox, T.; Kollman, P.Rroc.
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Figure 9. Stereo plots of snapshots at 0, 5, 10, and 20 ps of the unconstrained GB simulation with A-DNA as the starting structure.

Table 6. Timings for 0.1 ps Simulations of d(CCAACGTTGE)

no. proé@ total (s) eff.
Vac 2 4.74 1.00
4 2.50 0.95
8 1.36 0.87
16 0.83 0.71
GB 2 30.82 1.00
4 14.79 1.04
8 8.24 0.94
16 4.47 0.86
Wat 2 179.56 1.00
4 104.43 0.86
8 56.11 0.80
16 32.60 0.69

a Number of processors of Cray T3E-900l otal non-setup time in
seconds.

simulations were performed with constant total energy dynamics. No
cutoff of nonbonded interactions was used in these simulations.
2.2. B-form r(CCAACGUUGG), and A-form d(CCAACGT-

H3'—H6, H3—H8, H6—H8, H2—H2, and H8-H8 distances, represent-
ing measurable sequential NOEs of B-form nucleic a8asith 0.3 A

plus the internuclear distance measured in a canonical B-form RNA as
the upper bound. Because the B-RNA sugar pucker remained in the
C2-endo position within the simulation time, no torsion restraints were
added to enforce the sugar conformations.

The structural constraints used to maintain the A-form conformation
of the DNA include 44 protortproton distance restraints, 52 Watson
Crick constraints, and sugar pucker restraints in the form of 100 torsion
angle restraints, with a force constant of 20 kcal/(#8) on the
distance restraints and 20 kcal/(nrakP) on the torsion restraints. The
proton—proton restraints consisted of sequential' H35, H1 —H5,
H1'—H6, H1—H8, H2—H5, H2—H6, H2—H1', H3 —H6, H3—HS8,
H6—H8, H2—H2, and H8-H8 distances, representing measurable
sequential NOEs of A-form nucleic aci#swith 0.3 A plus the
internuclear distance measured in a canonical A-form DNA as the upper
bound. The sugar puckers were constrained with a lower bound of 0
and an upper bound of 8@ising 5 torsion angle restraintgy( v1, vz,
vs, V4, andws) for each nucleotide.

The equilibration steps were similar to those of the A-RNA and

TGG).. These starting structures were taken from snapshots of the B-DNA simulations, except the distance and torsion restraints were
explicit solvent simulations of the corresponding nucleic acids. Because maintained throughout the simulations, and no harmonic constraints

the B-form RNA and A-form DNA are not the preferred conformations

were imposed. The starting structures underwent 100 steps of conjugate

of these nucleic acids, structural restraints were placed to keep themgradient energy minimization, followed by 40 ps of MD, increasing

in these conformations for comparison of energetics.

The structural constraints used to maintain the B-form conformation
of the RNA include 58 protonproton distance restraints and 52
Watson-Crick hydrogen-bonding constraints, with a force constant of
20 kcal/(motA?). The protor-proton restraints consisted of sequential
H1'—H5", H4'—H5", H1'—H5, H1 —H6, H1'—H8, H2—H5, H2 —H6,

the temperature from 0 to 300 K. SHAKE was used to constrain bonds
involving hydrogen atoms, and the temperature coupling constant was
0.8 ps. This was followed by 20 ps of MD with an increased temperature

(56) Saenger, WRrinciples of nucleic acid structureéSpringer-Verlag:
New York, 1984.
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coupling constant of 2.0 ps on the solute at 300 K. The production simulation, the details of which are summarized in Srinivasan €t al.
runs of 2 ns MD simulations were performed with a 2.0 ps temperature Canonical A- and B-form nucleic acid structures were generated from
coupling constant on the solute, rather than at constant total energy,standard fiber diffraction mode?§.

because of the addition of structural restraints. 4. Principal Component Analysis.Quasiharmonic analyses were
3. Structural and Energetic Analysis. The helical parameters of carried out usingjuasih a module of AMBER 6, for both the explicit

RNA atr;]d BN'IA‘ for 30\}\? Séat'c s'tr?ctfures tang tr?g;;(’”esf were analyzed g, ent and GB simulations of B-form d(CCAACGTTGG$napshots
using the Lials an Indows Intertace to L.ur € minor groove of the DNA (not including counterions or water molecules), saved at
widths were reported as selected inter-strand phosphate distances,

Structural parameters for each of the GB trajectories were calculated évery 0.2 ps for a total of 1 ns, were superimposed on the inner eight

from 100 snapshots taken at 10 ps intervals for the last nanosecond Orgasrf-pialrr]S.ﬂTh(té re;isurlltlngl:;irajecr':olri); V\t/?‘?us?dt;? C?ant)rLij)t(e It hg Tat:ﬁ( of
the simulations. The explicit solvent structural parameters were artesian fluctuations. biagonalization o s ma ed fo the

calculated from 100 snapshots taken at 10 ps intervals for each duasinarmonic frequencies and directishs.

(57) Ravishanker, G.; Swaminathan, S.; Beveridge, D. L.; Lavery, R.;
Sklenar, H.J. Biomol. Struct. Dyn1989 6, 669-699. JA9939385



