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The comparison and detection of the commonalities and differences in multiple structural ensembles is an
important step in the use of molecular simulations to gain insight into the conformation and dynamics of
complex biomacromolecules. While the average structure is often employed as the representative of an
ensemble of structures in such comparisons, dynamic molecular systems with multiple conformational
substates call for a more accurate representation that captures the complete dynamical range of the ensemble.
We present a probability analysis procedure based on the root-mean-square differences among the structural
ensembles that efficiently and accurately performs the relevant comparison.

INTRODUCTION

Molecular dynamics (MD) computer simulation is now
capable of providing computational models of DNA oligo-
nucleotides in solution that compare reasonably well with
corresponding experimentally determined structures from
crystallography or NMR spectroscopy.1 These studies are
typically based on one or at most several individual MD
trajectories. Recent developments in high performance
computing now make it possible to generate many trajectories
in a single study for more extensive comparisons required
for validation of MD force fields and other methodological
aspects of simulation.2 Such comparisons to date have relied
on reduced measures of difference, particularly the root-
mean-square deviation (RMSD) of one structure from another
computed following optimal structural alignment. When
comparing different MD simulations, the ensemble average
is typically taken as representative of the individual structural
(snapshots) generated in the trajectory. However, in the case
of highly flexible structures such as DNA, we have noted
that the ensemble average structure may not be adequately
representative of the ensemble. In this article, we demonstrate
the nature of the problem and propose an alternative method,
“RMSD probability analysis”,P(RMSD). Results are pro-
vided that indicate this is more informative way of comparing
MD simulations, particularly when the native dynamical
structure involves substates.P(RMSD) analysis also obviates
the problem of treating MD distributions with a statistical
parameter derived from normal distributions when their
behavior is not in fact normal.

The simulations used to test theP(RMSD) approach are
on the DNA sequence d(CGCGAATTCGCG)2 at room
temperature. We have recently reported an MD of∼100 ns
of MD on this sequence including explicit solvent and using
an AMBER (AM) force field.3 A 3 ns MD trajectory was
made available on the same sequence using the recent
CHARMM (CH) force field for DNA.4 Results on the
comparison of AM and CH MD models of DNA with each

other and with experiment are provided. In addition, we have
performed several new MD simulations on this sequence
using various Generalized Born (GB) methods for ap-
proximating solvation and use this as a basis for comparing
MD on DNA based on an explicit solvent model versus a
continuum dielectric model. The demonstrations here all
involve MD on DNA, but the ideas are generally applicable
to all simulations on biological macromolecules.

BACKGROUND

The most common current method of comparing any two
structures involves the optimal alignment of either full
structures or prescribed substructural elements using a least-
squares fit procedure, followed by computation of the RMSD
for some or all corresponding atoms.5,6 In the analysis of
MD, ensemble averaged structures are obtained by optimally
superimposing a representative set of structural snapshots
and calculating mean values from the arithmetic sum of each
of the Cartesian coordinates for each atom divided by number
of structures. The comparison of results from two different
MD trajectories on the same molecule involves calculating
the RMSD between the ensemble averaged structures of the
two trajectories.

The hidden assumption in comparing ensemble averaged
structures from MD is that the averaged structure is a
sufficiently good representation of the ensemble. One
problem is that the representations obtained from this process
are not guaranteed to conform to the basic physical and
chemical constraints of molecular structure. This problem
is readily addressed numerically by simple application of a
few cycles of energy minimization, letting the force field
parametrized on proper physical models of molecules take
care of the problem. However, there is still no guarantee
that such an average structure is really representative of the
ensemble, especially if the system being studied is highly
flexible and exhibits non-Gaussian distributions and/or
features multiple conformational substates. The problem is
exemplified in Figure 1, which presents the RMSD of a 3
ns long DNA trajectory with reference to the average* Corresponding author e-mail: dbeveridge@wesleyan.edu.
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structure derived from the trajectory. The plot on the right
presents the frequency profile of this RMSD data. The data
presented here shows that in comparison to the statistical
concept of a mean, in fact none of the snapshot structures
coincide with the average and the distribution profile of the
RMSD values is clearly non-Gaussian.

A calculated RMSD is essentially a radial vector in
structure space with a lengthr given by the absolute
magnitude of the RMSD. The nature of a radial problem is
that the larger the radius, the more volume of configurational
space there is between a givenr andr+dr. At larger, both
similar and quite different structures can be captured by the
same value of RMSD, and useful information about com-
parisons is compromised. Methods which rely on relatively
small RMSD values provide a more reliable measure of
difference. Another important problem with regard to the
use of RMSD comes up when two or more structural
substates are present as a result of the intrinsic flexibility of
the molecule. One needs a method that can represent these
dynamical aspects in a reliable manner without losing
information.

Given this concern, the specific questions we address in
this article are the following: (a) What is a proper approach
to comparing two (or more) MD simulations based on the
actual structural data rather than average structures? (b) How
does this apply in the comparison of MD results based on
two (or more) force fields or physical models? (c) How can
this approach be useful in comparing the results of MD
simulation with experiment? The analysis procedure de-
scribed here has been used extensively in recent research
efforts to identify the effect of sequence context on the
dynamical structures of the 10 unique dinucleotide steps in
DNA.2 In particular, the project called for a rigorous
comparison of structures from multiple trajectories involving
the 136 unique tetranucleotide sequences to estimate the
effect of the flanking base pairs on the structural behavior
of the central dinucleotide of each of the tetranucleotides.
Apart from providing insight on the occurrence of structural
substates, the method also helped us to quantitatively classify
the large data set on the basis of differences in structure and
flexibility.

CALCULATIONS

MD Simulations. The AM MD trajectory on d(CGC-
GAATTCGCG)2 DNA including explicit solvent used for
analysis in this project is described in detail by Ponomarev
et al.7 The system for simulation comprised of the dodecamer
DNA solvated with 3949 TIP3P water molecules8 together
with 22 Na+ cations9 in a rectangular cell with periodic
boundary conditions. Long-range electrostatic interactions
were treated by particle mesh Ewald.10 The simulation was
performed using the AMBER 7.0 suite of programs11 and
the parm94 force field.3 The starting point for the simulation
was the canonical B-form structure. The reported simulation
was performed in an NPT ensemble at 300 K for a total of
60 ns. A full description of the dynamical structure of the
DNA based on this force field has been provided by
Cheatham and Kollman12 and Young et al.13

The CH all atom explicit solvent trajectory on d(CGC-
GAATTCGCG)2 DNA sequence was provided to us by Prof.
Alex MacKerell, and the simulation is described in the
literature by MacKerell and co-workers.4,14,15 This CH
trajectory is based on simulation protocol similar to the one
used with AM. The system for simulation comprised of DNA
and TIP3P water molecules8 together with 22 Na+ cations16

in a rectangular cell with periodic boundary conditions. The
starting point for the simulation was a canonical B-form
structure of d(CGCGAATTCGCG)2. The simulation was
performed in an NPT ensemble at 300 K for a total of 3 ns
with the long-range electrostatics being treated using the
PME17 in the CHARMM suite of programs18 with
CHARMM27 force field4 for DNA. The detailed structural
analysis of this MD is reported in the original articles.4,14,15

Since the total length of the available AM MD (60 ns) and
CH MD trajectories (3 ns) differ, we have based this analysis
on 3 ns and use a segment of the AM MD from midway
through the trajectory. Our previous analysis7 of the con-
vergence profile of the AM DNA simulation has shown that
all the internal structural parameters of DNA converge
rapidly within the time scale of about 500 ps leaving most
of the trajectory well equilibrated for production analysis.
MacKerell et al.4,14,15 indicate that the CH trajectory we
employ is also equilibrated.

Recently, the idea that MD on DNA might be carried out
efficiently using a model in which the solvent water is not
treated explicitly but represented as a polarizable dielectric
continuum (implicit solvent) has been advanced.19 A number
of formulations for molecular simulations using implicit
solvent based on the Generalized Born (GB) model are
currently available. This topic has been reviewed by Bashford
and Case.20 There have been few papers on the performance
of GB MD on DNA, although a comparison with regard to
proteins has been published recently.21 One of the objectives
of GB MD is to offer a computationally efficient model
approximating to all-atom MD. Comparison of trajectories
obtained from the GB and explicit solvent simulations is thus
a point of validation, and we provide some leading results
on this matter. We consider three different parameter sets
implemented in AMBER version 8. The GB methods are
all based on the Hawkins, Cramer, and Truhlar model.22,23

IGB1 is based on parameters of Tsui and Case,19 and IGB2
and IGB5 are based on different sets of empirical parameters
developed by Onufriev, Bashford, and Case.24

Figure 1. Plot to the left presents the RMSD of a 3 nslong MD
trajectory of the d(CGCGAATTCGCG)2 sequence with reference
to the average structure of the same trajectory. The graph to the
right presents the normalized probability distribution of the RMSD
data. The straight line passing through 1.4 Å in the two graphs is
the numerical average of the RMSD data.
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P(RMSD) Calculations. We investigate in this project an
analysis procedure basedonly on the actual snapshots
generated in the MD ensemble. This involves an RMSD
comparison of every structure in the trajectory with every
other structure in the same trajectory, i.e., performing
n*(n-1)/2 RMSD comparisons wheren is the number of
snapshots in the trajectory. Similarly, the comparison of two
different MD simulations would involve comparing every
structure of the first trajectory to each snapshot in the second
and so on. The elements of the analysis we pursue is
presented in a matrix form and has been referred to as a
2D-RMSD.25 The characteristics of a 2D-RMSD plot have
been useful in the identification of substates.26

RMSD calculations as described up to this point are based
on the Cartesian coordinates of two structures. However the
basic idea may be readily extended to derived structural
parameters. An RMSD comparison of DNA structures in
terms of conformational angles can be calculated as

where the summation runs over all the positions (i) in the
two strands (j) of the DNA, θ is any of the sugar phosphate
backbone conformational angles of DNA, and the subscripts
1 and 2 denote the corresponding values of the angle in
structures 1 and 2, respectively. The value ofn in the
denominator is the total number of variables included in the
RMSD calculation i.e., the product of the number of positions
(i), the number of strands (j), and the number of angular
parameters considered. In the context of proteins, one could
execute such an analysis in terms of the backbone and side-
chain conformational angles. In such reduced descriptions,
one could easily deconvolute the origin of the differences
in the structure at the individual parameter level. Angular
RMSD are useful in comparing the results of explicit solvent
MD with MD using a GB solvent to pinpoint any differences
in the dynamics.

The particular form of analysis we emphasize in this article
involves the generation of a plot of the probability of
observing a given RMSD between all pairs of snapshots in
the MD simulation, which we call an RMSD probability
analysis,P(RMSD). It is of interest to distinguish two cases
at this point: (a) the “Pintra(RMSD)” in which the RMSD of
all structures with all other structures in a single MD
trajectory are analyzed and (b) the “Pinter(RMSD)” in which
the structures from one MD ensemble are compared with
those of another. Inspection ofPintra(RMSD) plots provides
information on the extent of thermal motions or dynamical
range of the MD model. The presence of multiple confor-
mational substates in the trajectory would show up as
multimodal distributions ofP(RMSD). For two simulations
in which the thermal fluctuations and flexibility are similar,
the P(RMSD) distributions should be similar if both the
trajectories have converged.

Determining an index of the similarity of two MD
simulations involves application of statistical inference in
the comparison of the respectiveP(RMSD) distributions,
using statistical tests to determine the confidence level with
which it may be inferred that the two sets of structures have
been drawn from the same general population. The standard
statistical test for the similarity of two distributions is theø2

test.27 The calculatedø2 values express the confidence level
at which the null hypothesis that the twoP(RMSD) distribu-
tions are equivalent is regularly true. Theø2 test is ideally
applicable to a categorical data set while theP(RMSD)
distributions are not of that genre. An alternative, more
rigorous information theoretic approach applicable in the case
of such complex distributions is to calculate the “Kullback-
Liebler (KL) Distance”28 DKL, which is a measure of the
divergence between a “true” probability distribution,p, and
a “target” probability distribution,q. For discrete probability
distributions,p ) {p1, ..., pn} andq ) {q1, ..., qn}, DKL is
defined as

The valueDKL is always positive and equal to zero only
if pi ) qi. DKL is not, in general, symmetric, and hence we
employ the mean ofDKL(p,q) andDKL(q,p). This equation
based on expected log likelihood ratio between the two
distributions is a metric of the relative entropies and can be
viewed as the bits of information required to convert one
distribution to another. Such an approach to compare the
RMSD probability distributions provides a single index for
examining the difference between two MD results and avoids
the necessity of working with possibly problematic average
structures. We have adopted the KL method in the compari-
sons of DNA structures in this project.2

RESULTS AND DISCUSSION

P(RMSD) Comparison of MD on DNA based on
AMBER and CHARMM Force Fields . 2D RMSD plots
for the AM and CH simulations on d(CGCGAATTCGCG)
duplex used in this study are shown in Figure 2. Each map
represents a matrix of RMSD values between structures taken
at constant time intervals from 3 ns trajectories. Note that
the RMSD matrix is symmetrical in the upper and lower
triangle. The bar on the right defines high and low RMSD
values in gray scale. The self-comparisons of AM (bottom
left quadrant) and CH (top right quadrant) have relatively
low RMSD values in contrast to those comparing AM to
CH trajectory structures (top left quadrant) indicating, as
expected that the fluctuations of RMSD values between
individual structures of the same trajectory are relatively low
compared to those obtained from two different force fields.

The essence ofP(RMSD) analysis is to cast the 2D RMSD
results into probability distributions.P(RMSD) plots from
each quadrant of the 2D RMSD plot are shown in Figure 3.
The mean RMSD value for the AM structures compared to
other structures in the same trajectory, denoted AM/AM, is
2.0 ( 0.5 Å. The corresponding value for the “intra”
comparison of the CH DNA model, denoted CH/CH, is 1.8
( 0.4 Å. The minimum and maximum RMSD values for
AM/AM distribution are 0.7 and 4.3, while those for CH/
CH are 0.7 and 3.8, respectively. Thus both the mean and
width of the P(RMSD) distribution in the case of AM
trajectory is slightly larger than that for CH, indicating that
the dynamical range of structures in the AM MD of DNA is
larger than in the CH model. The distribution of RMSD
values for AM/CH cross comparison ranges from∼2.5 to
5.0 Å. This index indicates the extent to which the MD model
obtained from the AM simulation is significantly different

RMSD ) x1
n∑(θij1 - θij2)

2

DKL(p,q) ) ∑
i

pilog 2(pi

qi
)
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from that of CH. The value of the net RMSD per se does
not indicate exactly how the two models differ, but further
decompositions can reveal this. The broadening of the
P(RMSD) distribution and the presence of an incipient tail
is indicative of the presence of substates.

Figure 4 shows theP(RMSD) distribution curves based
on two AM MD trajectories of d(CGCGAATTCGCG)2, one
beginning with an A-form conformation in 85% v/v ethanol/
water mixture (denoted “eth”) and one from the B-form in

water (denoted “wat”). ThePintra(RMSD) of the A-form
structure in ethanol peaks around 1.5 Å RMSD, while the
Pintra(RMSD) for the B-form in water peaks about 2 Å. The
Pinter(RMSD) between the A and B forms peaks about 5 Å.
Notice a small population in the Pintra of the Aeth/Aeth

distribution near RMSD value of∼5 Å indicative of the
presence of a small population of B-type structures in the
A-form simulation. While the RMSD between the predomi-
nant state (A-form) and substate (B-form) is sufficiently
separated in this case to clearly observe the subpopulations,
this is often not so clear and manifests as a broadening of
the distribution. A better resolution ofP(RMSD) for substates
is found when the structures are described in the internal
coordinates rather than the Cartesian coordinates (see below).
Supporting the idea that the width and height of the
P(RMSD) distribution curve can be employed as a measure
of flexibility in the structural ensemble, we observeP(RMSD)
curve of the A-form structures to be more sharply peaked
and narrower than the B-form distribution, in accord with
the experimental observations that the A-form structures are
more compact and thus stiffer than B-form structures.29

We next address the issue of which of the two MD models
for d(CGCGAATTCGCG)2 is closer to experimentally
determined structures for this sequence from X-ray crystal-
lography and NMR spectroscopy. There are 6 different high-
resolution crystal structures of intact d(CGCGAATTCGCG)
duplex in the nucleic acid databases (PDB ID: 1BNA, 1FQ2,
2DAU, 355D, 2BNA, 428D).30-34 The P(RMSD) between
6 XRAY structures and all the AM MD structures is shown
in Figure 5a. Corresponding comparisons for CH are shown

Figure 2. 2D RMSD analysis of MD on DNA based on 3 ns trajectories using the AMBER and CHARMM force fields.

Figure 3. P(RMSD) analysis of MD trajectory on d(CGCGAAT-
TCGCG) duplex DNA: (a) AM/AM self-comparison (black
squares), (b) CH/CH self-comparison (grey circles), and (c)
comparison of results of AM with the CH force fields, AM/CH
(grey triangles).
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in Figure 5b. The results ofPinter for the AM/XRAY
comparison lies in the range of 1.5 and 4.7 Å, while the
dispersion in the CH/XRAY comparison ranges between 2.4
and 4.2 Å, with a more pronounced skew toward higher end
values. The AM/XRAY shows a slightly broader distribution
than CH/XRAY, and presents certain conformations of DNA
that are individually closer to the XRAY structures. The
mean difference is 2.8( 0.7 Å for AM/XRAY and 3.0(
0.3 Å for CH/XRAY, and the uncertainties indicate that the
difference is not sufficient to conclude one force field is
better than the other for this sequence. The values of skew
and kurtosis for AM/XRAY distribution are 1.298 and 0.656,

while those for CH/XRAY are 2.410 and 4.719, respectively.
The results do indicate that the AM MD model of DNA is
more flexible, i.e., exhibits a larger dynamic range of motion
than the CH model. We note that preliminary analysis
indicates that the flexibility of the DNA model obtained even
from an AM trajectory of a 30 base pair long DNA is not
enough to explain the high FRET efficiency observed in the
experiments of Weiss and co-workers35 (Dixit, S. B.;
Ponomarev, S. Y.; Beveridge, D. L. Eaton, W., unpublished
results).

NMR structure determinations on d(CGCGAATTCGCG)2

have been reported from several different laboratories in
recent years,36-38 the most recent being that of Bax and co-
workers38 using residual dipolar coupling (RDC) data. The
NMR structure determination is reported as an ensemble of
structures which fit the experimental data within a certain
tolerance and are refined with energy minimization. The
number of structures reported in such a study is arbitrary,
and the RMSD among the structures in the NMR ensemble
is usually very small,< 1 Å. The NMR ensemble defined
in this manner does not represent a Boltzmann distribution
but reflects an admixture of information on molecular
flexibility and experimental uncertainty in the NMR struc-
tures. AP(RMSD) comparison of results from the AM and
CH MD models with the 12 structures provided as the NMR
ensemble (PDB ID: 1DUF, 1GIP, 1NAJ) is shown in Figure
6. As in the comparison with crystal structure data, the
dispersion of RMSD from AM is much wider than that of
CH. The results of AM/NMR indicate a range of RMSD
values between 1.2 and 4.2 Å, while the corresponding range
of the CH/NMRP(RMSD) comparison is 2.2-3.5 Å. Thus,
as in the comparison with XRAY structures, the flexibility
of the AM structures permits DNA conformations that are
about 1 Å closer to the NMR data than the corresponding

Figure 4. NormalizedP(RMSD) curves based on the comparison of the A and B forms of DNA adopted by the d(CGCGAATTCGCG)2
sequence in ethanol and water. The solid curve presents thePintra(RMSD) of A form in ethanol, the dotted line isPintra(RMSD) of the
B-form in water, and thePinter(RMSD) between the DNA structures in ethanol and water is shown with the dashed line. Notice the small
population in theAeth/Aeth curve near RMSD of 5 Å, in the region of theAeth/Bwat distribution indicating the presence of a small subset of
structures similar to the B-form.

Figure 5. P(RMSD) analysis of AMBER and CHARMM MD
trajectories on the d(CGCGAATTCGCG) duplex DNA compared
to 6 different high-resolution crystal structures of the same
sequence: (a) AM/XRAY comparison (black squares) and (b) CH/
XRAY comparison (grey circles).
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closest CH structures. The distribution of the AM/NMR also
presents a more normal tendency with the skew and kurtosis
values of 1.6 and 1.4, respectively, in comparison to the CH/
NMR distribution which presents very high skew and kurtosis
values of 3.6 and 13.0, respectively. The mean of the AM/
NMR and CH/NMRP(RMSD) distributions are 2.6( 0.5
Å and 2.7( 0.2 Å, respectively, but given the non-Gaussian
nature of these distributions, especially the CH/NMR, the
overall distributions are clearly not equivalent. This point
would be obscured if only RMSD values were compared.

The calculated Kullback-Leibler distance between the
differentP(RMSD) distributions discussed above are given
in Table 1. The KL distance between the AM/AM and CH/
CH P(RMSD) distributions is 0.18 which is the average of
DKL(CH/CH, AM/AM) ) 0.20 andDKL(AM/AM, CH/CH)
) 0.16. The KL distance indicates that the AM/NMR and
AM/XRAY distributions are closer to the AM/AM in
comparison to CH/NMR and CH/XRAY distributions with
respect to the CH/CH data. This supports the earlier
observation that the set of XRAY and NMR structures are
slightly closer to the AM ensemble of structures than those
from the CH ensemble in this example. Other selective
studies of the relative performance of various force fields
for MD simulations of nucleic acids are the quantum
mechanical calculations of Hobza et al.,39 MD simulations
by Reddy et al.,40 de Souza and Ornstein,41 and the reviews
of MacKerell42 and Cheatham and Young.43

Comparison of All-Atom Explicit Solvent and General-
ized Born Solvent Models MD in AMBER. The General-
ized Born (GB) method is a procedure for replacing fully
explicit solvent in MD with an approximation based on
continuum electrostatics. Such an implicit description of the
solvent environment can save considerable time in the

production of a trajectory since the computation of non-
bonded interactions involving solvent molecules usually
constitutes the largest fraction of the calculations being
performed at every step of the MD simulation. The question
we address here usingP(RMSD) analysis is how well GB
approximates the explicit solvent results, and whether the
approximation is accurate enough to safely use GB MD in
subsequent applications. We test three GB variants readily
available with the AMBER8 software package,44 namely,
IGB1, IGB2, and IGB5.

TheP(RMSD) distributions comparing AM trajectory with
three Generalized Born trajectories (IGB1, IGB2, and IGB5)
are shown in Figure 7. The distribution of RMSD values
for IGB1/AM structures ranges from∼1.5 to 4.7 Å, having
the highest (out of three GB models considered here) mean
value of 3.1 Å with a standard deviation of 0.5 Å. The
distribution for IGB2/AM spreads out from 1.5 to 4 Å, and
the mean RMSD value in this case is 2.4( 0.5 Å, the

Figure 6. P(RMSD) analysis of AMBER and CHARMM MD
trajectories on the d(CGCGAATTCGCG) duplex DNA compared
to 12 different RDC NMR structures of the same sequence: (a)
AM/NMR comparison (black squares) and (b) CH/NMR compari-
son (grey circles).

Table 1. Calculated Kullback-Leibler Distance between Different
RMSD Probability Distributions

AM/
AM

CH/
CH

AM/
CH

AM/
NMR

CH/
NMR

AM/
XRAY

XH/
XRAY

AM/AM 0.0 0.18 0.83 0.53 0.64
CH/CH 0.18 0.0 0.83 1.23 1.06

Figure 7. P(RMSD) analysis comparing the MD trajectory on
d(CGCGAATTCGCG)2 duplex DNA in AMBER (AM) simulation
with explicit solvent to 3 different generalized Born based implicit
solvent models: (a) comparison of AM to 1GB1 model (black
squares), (b) comparison of AM to 1GB2 model (light gray circles)
and (c) comparison of AM to 1GB5 model structures (dark gray
triangles).

Figure 8. P(RMSD) analysis of the explicit solvent AMBER (AM)
simulation and the IGB2 generalized Born model in terms of buckle,
opening and propeller twist base pairing parameters of the DNA
structure. (left) Data for all the 12 base pairs in the dodecamer
DNA sequence and (right) data for the central 8 base pairs of the
duplex DNA are shown. Symbols used:PAM/AM (Intra AM): circles;
PIGB2/IGB2(Intra IGB2): squares;PIGB2/AM(Inter IGB2/AM): tri-
angles.
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smallest among the three GB models considered. The widest
distribution is seen for IGB5/AM: it stretches from 1.0 to
5.0 Å with a mean RMSD of 2.8( 0.7 Å. ThePintra KL
distance values of thePIGB1/IGB1, PIGB2/IGB2, and PIGB5/IGB5

compared toPAM/AM are 0.29, 0.11, and 0.06, respectively,
suggesting that the ensemble of structures obtained in the
IGB5 simulation is the closest of the three to the AM explicit
solvent simulation, closely followed by IGB2. ThePinter KL
distance ofPIGB1/AM, PIGB2/AM, andPIGB5/AM curves directly
compare the structures in the two different trajectories and

turn out to be 1.57, 0.39, and 0.67, respectively. This
indicates that although the flexibility and fluctuations in the
IGB5 simulation are representative of the AM simulation,
the ensemble of structures in the IGB2 trajectory is overall
closer to the AM trajectory.

The Generalized Born model IGB2 results are closest to
the explicit solvent in terms of theP(RMSD) distribution,
and we consider this MD for a closer comparison with the
explicit solvent trajectory based on the backbone and sugar
torsional angles and the helicoidal parameters defining the
base pairing geometries. A comparison ofP(RMSD) of the
three angular base pair parameters,45,46buckle, propeller twist,
and opening, for the DNA trajectories from the explicit (AM)
and implicit (IGB2) solvent simulations are provided in
Figure 8. These three parameters characterize base pair
fraying which is an important issue of concern in the GB
simulation of DNA. While the plot to the left in Figure 8
presents the data for all 12 base pairs in the dodecamer DNA,
the plot to the right presents the data for the central eight
base pair positions in the DNA. Note that while secondary
peaks indicating the presence of substates are observed in
these angularP(RMSD) plots, there was no hint of such
structural differences in Figure 7 which is based on Cartesian
coordinates. These differences in theP(RMSD) curves in
Figures 8 indicate that the terminal two base pairs on each
strand of the DNA in the generalized Born model exhibit a
high degree of structural changes, contributing to the large
RMSD values in the secondary peak observed in Figure 8.
The fraying of the terminal base pairs in the explicit solvent

Figure 9. P(RMSD) analysis of the explicit solvent AMBER (AM)
simulation and the IGB2 generalized Born model in terms of the
backbone conformational angles of the DNA structure. (Left) data
for all the backbone positions in the dodecamer DNA sequence
and (right) data for the central 8 nucleotide positions of the duplex
DNA. Symbols used: PAM/AM (Intra AM): circles; PIGB2/IGB2(Intra
IGB2): squares; PIGB2/AM(Inter IGB2/AM): triangles.

Figure 10. P(RMSD) analysis of individual conformational angles in the backbone of the d(CGCGAATTCGCG)2 sequence plotted for the
ensemble of structures in the explicit solvent simulation (PAM/AM (Intra AM): solid line) and the implicit solvent IGB2 generalized Born
model (PIGB2/IGB2(Intra IGB2): dashed line). The RMSD values along the ordinate are in degrees.
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simulation is much less. Figure 8(right) indicates that the
fluctuations in the base pair parameters for the central 10
base pairs are similar in the implicit and explicit solvent
simulations. This illustrates howP(RMSD) analysis of
internal coordinate data can distinguish small differences in
distribution.

We proceed to a comparison of the generalized Born
simulation with the explicit solvent trajectory in terms of
the backbone conformational angles of the DNA. The
P(RMSD) of the sugar-phosphate backbone conformational
angles for the DNA trajectories from the explicit and implicit
solvent simulations are shown in Figure 9. Figure 9(left)
presents the data for all the 24 backbone positions (12
nucleotides * 2 strands), and Figure 9(right) presents the data
for the eight central base pair positions in the DNA. While
the data here again shows the differences in the behavior of
the central eight base pair positions as against the complete
dodecamer sequence, this figure points to another important
distinction not captured in Figure 8. Although the base pair
parameters showed a good match for the explicit and implicit
solvent models in Figure 8(right), Figure 9(right) shows that
there are differences in the two trajectories in the eight central
nucleotide positions with regard to the backbone conforma-
tional angles. The DNA structures in the GB trajectory show
smaller RMSD within the ensemble in comparison to the
explicit solvent trajectory implying that the fluctuations in
this trajectory are less, resulting in a slightly more rigid

dynamics of the central eight base pairs. This is likely to be
a consequence of a lesser degree of solvation forces in the
GB model.

The origin of differences can be analyzed in detail at the
level of the individual conformational angles as shown in
Figure 10. Notable differences in terms of the RMSD are
observed in the case ofε andú and to a smaller degree in
the case ofR, â, γ, phase, andø. In comparison to the
normalized distribution of backbone conformational angles
shown in Figure 11, one can immediately notice the ability
of the P(RMSD) plots (Figure 10) to unambiguously
highlight the differences in the two trajectories. The dis-
similarities in theP(RMSD) of ε and ú is the result of
differences in proportion of BI and BII conformational
substates of DNA structure in the two simulations. The BI

to BII conformational transitions are described when the value
of ε/ú dihedral angles in the DNA backbone changes from
values around t/g- in the BI state to those about g-/t in the
case of BII. Such transitions between the BI and BII states
are often observed in crystallographic structures,47,48 and it
is believed that such conformational changes could be an
important component of the protein-DNA recognition pro-
cess. Extensive MD simulations with explicit solvent have
shown that transitions between the BI and BII states occur
reversibly, and the BI and BII populations constitute ap-
proximately 92% and 6% of the backbone states, respec-
tively,2 while the analysis of crystal structure data indicates

Figure 11. Normalized probability distribution of backbone conformational angles in the explicit solvent AMBER (AM) simulation of the
DNA sequence (solid line) compared to the values in simulation with the IGB2 generalized Born model (dashed line). The angular parameters
along the ordinate are in degrees.
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that the BI and BII population ratios might be as high as 79%
and 18%, respectively.47 Given this high accessibility of BII
conformations and their potential significance in the protein-
DNA recognition process,47 a force field capable of thor-
oughly sampling these less probable conformational states
may be considered more efficient. Figures 10 and 11 show
that the GB model samples the values ofε and ú corre-
sponding to the BII state to a much smaller extent than the
simulation with explicit solvent. A different kind of crank-
shaft motion involves conformational changes inR and γ
dihedrals which are observed in the explicit solvent simula-
tion but not in the simulation with the GB model. These
backbone conformational substates are also observed in
crystal structures of DNA bound to proteins.

SUMMARY AND CONCLUSIONS

The MD average structure typically utilized for the
comparison of MD results with experiment and of one MD
model with another is not necessarily a reliable index of
difference. In response, an analysis based on the probability
distributions of RMSDs between all snapshots in the MD
trajectory is proposed. The procedure was tested on com-
parisons of MD on DNA based on the AM and CH force
fields with experiment and the results of MD with an implicit
generalized Born solvent model against all-atom explicit
solvent model simulation. The average RMSD of individual
snapshots from AM and CH MD simulations are within
thermal uncertainty, but the AM model exhibits a larger range
of dynamical motion. The AM trajectory overlaps better than
CH trajectory with the experimentally observed structures
in both XRAY and NMR, but overall the difference is not
sufficient to make firm conclusions. Among the generalized
Born models assessed here, the best agreement between the
implicit solvent and the explicit solvent AM trajectory was
for the IGB2 model proposed by Onufriev et al.24 The
difference in results from all-atom MD compared to GB MD
is significant. While the terminal base pairs in the GB model
exhibit large unnatural fraying, the base pairs in the center
of DNA present much less dynamic range of motion. The
GB trajectory also does not present much sampling of the
less populous but possibly significant conformational sub-
states of DNA structure.
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