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ABSTRACT An analysis of four 1-ns molecular dynamics trajectories for two different 15-bp oligonucleotides is presented.
Our aim is to show which groups of atoms can be treated as rigid bodies within a bead representation of DNA, independently
of the base sequence and for any conformations belonging to the A/B family. Five models with moderate intragroup
deformations are proposed in which the groups are formed of atoms belonging to a single nucleotide or to a complementary
nucleotide pair. The influence of group deformation in two of these models is studied using canonical correlation analysis, and
it is shown that the internal DNA dynamics is indeed dominated by the rigid motion of the defined atom groups. Finally, using
one of the models within a bead representation of duplex DNA makes it possible to obtain stretching, torsional, and bending
rigidities in reasonable agreement with experiment but points to strongly correlated stretching motions.

INTRODUCTION

The flexibility and internal dynamics of DNA are believed At a mesoscopic level, different simplified physical mod-
to play a major role in specific protein-DNA recognition. els have already been developed, in which double-stranded
However, while many experiments measuring rotationaDNA is treated as a long flexible filament, with the envi-
correlation times have provided evidence of DNA deforma-ronment reduced to simple continuum or stochastic effects
tions covering nanosecond (Wahl et al., 1970; Genest an(Schlick, 1995; Olson, 1996; Lafontaine and Lavery, 1999).
Wabhl, 1978; Hogan and Jardetzsky, 1980; Millard et al.,These models may be classed in two broad categories:
1988) to millisecond (Leroy et al., 1985; Guoa et al., continuous elastic rods (Barkley and Zimm, 1979; Schlick
1987) time scales, they have not provided an overall spatigind Olson, 1992) or strings of beads (Allison and McCam-
description of the internal motions. mon, 1984; Chirico and Langowski, 1994; Jian et al., 1998;

An alternative approach to such data is offered by mo-Tan and Harvey, 1989). They implicitly correspond to
lecular modeling techniques such as molecular mechanidseezing many degrees of freedom, but which degrees of
(Lavery, 1994; Packer and Hunter, 1998), Monte Carlofreedom are frozen is a choice generally based on a priori
(Zhurkin et al., 1991; Gabb et al., 1997) or molecularhypotheses, which are not fully under control. As an exam-
dynamics (MD) (Sprous et al., 1998; Feig and Pettitt, 1998ple, recent work by Chirico and Langowski (1994) uses a
simulations. Dynamic methods are able to describe strud2€ad model in which each bead is chosen to correspond to
tural fluctuations and transitions at the atomic level, as @ rigid 37-bp DNA segment. Such models are generally
function of base sequence, while taking solvent and counparameterized on the basis of a small number of experimen-
terion effects explicitly into account. However, such calcu-tal data, such as persistence length measurements or fluo-
lations are very time consuming, and only short oligonuclefescence anisotropy decay. However, these data are often
otides ~20—30 bp) can currently be simulated for periodsimprecise and do not cover finer effects, most notably those
of a few nanoseconds. For many purposes, such data afélated to base sequence. They are also only valid for
insufficient, and it is necessary to envisage models of largefelatively small deformations, which involve neither local
DNA fragments and simulations covering much longer pe-nor global structural transitions. Despite these restrictions,
riods. On the other hand, it is clearly possible to obtainbead and rod models of DNA are very important, at least
useful information on nucleic acids without always requir- because they allow long simulations on large systems with
ing atomically resolved detail. Both of these facts sugges@ Very limited number of variables. Dynamic simulations on
the importance of developing lower resolution models.  fragments with thousands of base pairs over millisecond
time scales thus become possible.

The present paper is an attempt to establish a bridge
between atomic and mesoscopic descriptions of the internal
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neglecting the residual deformations of these bodies have on All simulations were performed with the AMBER 4.1
the internal dynamics of a molecule (Genest, 1996, 1998program (Pearlman et al., 1995), using the Parm94 all-atom
Briki and Genest, 1995). These methods have been tested force field (Cornell et al., 1995). Each simulation was
two different double-stranded DNA sequences, an oc<arried out in a box of~4500 water molecules, and elec-
tanucleotide and a dodecanucleotide. It was found that eadhostatic neutrality was achieved by adding 28 Nians.
nucleotide could be satisfactorily modeled by three rigidElectrostatic interactions were treated with a particle mesh
bodies: the base, the sugar ring, and an extended phosph&te/ald summation (Darden et al., 1993; Cheatham et al.,
group (PQ + C%'). However, the generality of these results 1995). A 2-fs time step was used in conjunction with
was limited because 1) the MD simulations were shortSHAKE constraints (Ryckaert et al., 1977) on all bond
(200-250 ps), 2) they were restricted to fluctuations aroundengths involving hydrogen atoms, and overall translations
the B-DNA conformation, and 3) they were limited to a and rotations of DNA were removed. Configurations were
single force field (GROMOS 87; van Gunsteren and Be-stored every 0.5 ps, leading to a total of 1900 configurations
rendsen, 1986). It was also noted that although only one séer each trajectory.
of rigid bodies was tested, other solutions were possible.

In this study, we present a much more thorough investi-
gation for two new 15-bp sequences. The first one, GCGSearch for groups of atoms

TATATAAAACGC, includes a strong binding site e principle of searching for quasirigid atom groups is

(TATATAA,) for the TATA box binding protein (TBP), and  )aqed on an analysis of the matrix of the root mean square
the second one, GCGTAAAAAAAACGC (with two F>A g0 ations (RMSs) of interatomic distances (limited in this

mutations underlined), includes a weak binding site. Eac'?:\nalysis to all nonhydrogen atoms). Thus, two atoms, i and

sequence was simulated twice, using different initial struc- belong to the same rigid body if the RMS of separatipn
tures, and each simulation lasted 1 ns (Flatters et al., 1993ir§>1/z) is smaller than a fixed toleranae. Choosingr,

Flatters and Lavery, 1998). The simulations were performegl,axes it possible to build a Boolean decision mabifor
with AMBER, using the Parm94 force field (Pearlman et al.,\yhich each elemerd. is 1 if (r)¥2 < r_and 0 otherwise
i . . ij ij .

1995; Cornell et al., 1995), and with particle mesh Ewaldpjtterent procedures can then be used to determine which
summations to avoid short-range electrostatic cutoffs (Daryioms should be grouped (Gaudin et al., 1997). This leads to
den et al., 1993; Cheatham et al., 1995). During thesg reordered matrix, which can be displayed graphically.
simulations A< B transitions occurred for the central T4 maintain the notion of base sequence, we currently
segment of the oligonucleotides. focus on groups for which all of the atoms belong to a single

This much more extensive data set allows us to overcomgcleotide or to a complementary nucleotide pair. For gen-
the restrictions applying to our earlier analysis and to defingrgjity, we accept only those groups involving equivalent

a hierarchy of possible rigid bod_y models with known gtoms for each nucleotide (or complementary nucleotide
accuracy. We use one of the resulting models to construct gajr) within all of the trajectories studied.

bead representation of the oligomers studied and to extract

the torsional, bending, and stretching rigidities, which can

be compared with experiment. We also use the sequenggtom group dynamics
differences between the two oligomers to look at their

impact on the rigid-body models. Let {F,} be a frame bound to the molecule that is invariant

over the time course of a simulation, inasmuch as tumbling

and translational motions are suppressed. Let us consider

the first configuration of the trajectory, and Iel{?g} be the
METHODS frame defined by the principal axes of a chosen group of
atoms. The position of the center of mass and the orientation
of the axes are defined relative t&,{}. The first configu-
Four 1-ns trajectories are analyzed, corresponding to tweation of this group is now successively fitted to the other
different 15-bp DNA oligonucleotides (1: GCGTATATA- configurationsk of this group, using the superposition
AAACGC, 2: GCGTAAAAAAAACGC), each simulated method of McLachlan (1979). This corresponds to a trans-
twice with different initial configurations: 1) all sugars have lation of the center of mass of the rigid body and a rotation
B-like C2'-endo puckers and 2) with A-like CG&ndo puck-  defined by three Euler angles, movinﬁé{} into { Fg}. The
ers for eight central base pairs (with the exception of thecoordinates of each atom in the group at configurakican
3’-termini) in line with the conformations observed in the then be computed with respect tég}, thereby defining the
TBP-DNA complex (Kim et al., 1993). These two different deformation of the group. Time series of these coordinates
initial conditions are referred to as B and BAB, respectively.are also straightforward to calculate. We define the time
An analysis of these four simulations, relating dynamicseries of the center of mass of a group within the molecular
behavior to their known propensity for binding TBP, hasframe as

recently been reported (Flatters et al., 1997; Flatters and , )
Lavery, 1998). DEVeu(k) = [X¢ + i + Z]*? (1a)

Molecular dynamics simulations
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and of the mean atomic position within the rigid body frame{(1/n)Tr(R)}*? (Briki and Genest, 1994). In practice, the
as and m vectors are not the actual coordinates, but their
normalized deviation from the corresponding mean. If the
DEVa(K = [(IN)20€a+ Yeat Z "> (1b)  components of the vectors are taken at the same time as
those of than vectors for calculating the correlation matri-
ces, one gets an equal time correlation coefficient, whereas
. . . . if a time delay is introduced between the two sets of com-
conflgu.rauon and the atom label in the group. The sum 'nponents, a time correlation function may be calculated as a
Eq. 1bis over the atoms of the group< 1, ... ,Ny). X, , _function of the delay. Similarly, comparing one set of vec-

agd z aEre tlhe coorfd|rr]1 ates of th? ﬁenter of (;nz;ss g?éLnEd "ors with itself allows autocorrelation functions to be com-
{Frm} (Eq. 1a) or of the atoms of the group defined iRgt puted, while using two different sets of vectors leads to

In these expressionbl, is the number of atoms of a group.
The indicesk and a correspond, respectively, to th¢h

(Eq. 1b). . . cross-correlation functions.
The corresponding root mean square fluctuations are
given by

Parameters for the bead model

RMScy = {UN 2l 0% = (0 + (i — (W) Let us consider two consecutive base pairs to be represented
(2a) by two rigid beads linked by a virtual bond between their
1Y centers of mass C1 and C2. Let¥, v1, wi} and {u2, v2,
+ (2 — (@) ]} w2} be the principal axes of each bead calculated at the first
step of the simulation. Owing to the shape of the base pairs,
and the two first axes of each bead lie roughly in the mean
planes of the base pairs, while the third is perpendicular to
RMS,, = [(1/N)(1/N3)2k Ea{(xk,a_ D)2+ (Yiea— (Y2 these planes. As a consequence of rigid body motions,_ C1
and C2 translate and the axes rotate as a function of time.
1 (@D)  we define a local bending by the angdebetweerwl and
+ (Zea— (ZJ)Z}} w2, a local twisting by the angle between the planes
’ (C1C2, ul) and (C1C2 u2), and a local stretching by the

Equations la and 2a are related to the translation of thglstance |= |C1C2. According to an earlier bead model

groups, while Egs. 1b and 2b are related to their deformation.Chm(.:0 and Lapgowskl,_ 1994; Klenin et al., 1998) the
associated elastic potentials are

= —_ 2 i
Canonical correlation analysis U = (1/2)(B/lo)(B — po)” for bending (32)

As explained in the previous paragraph, the motion of each U, = (1/2)(Cllo)(7 — 70)* for twisting (3b)

group of atoms may be decomposed into a translation, a _ 2 :
rotation, and a deformation. The approximation of rigid U = (112)(So)(1 =~ lo)* for stretching (3¢)
groups is fully valid only if the deformation of any group where B, C, and S are the local bending, twisting, and
and the rigid-body motions of other groups are uncorrelatedstretching rigidities at the levels of the different beafls.
A method for quantifying this has recently been describedr,, |, are the equilibrium values ¢, , andl, respectively.
(Briki and Genest, 1994, 1995; Genest, 1996). Brieflynlet Relationships exist betweeB, C, and S and the RMS
andm (we assumer = m) be the number of coordinates fluctuations((AB)%*?, ((A1)?Y2 and{(Al)**? of B, 7, and
describing the various motions of two groups composed of, respectively, on the other hand:

N, and N} atoms, respectively (note,= m = 3 for trans-

lation and rotation, whilen = 3N, and m = 3N for B = 2 KTK(AB)?) (4a)
deformations). These two sets of coordinates can be con-

sidered adN-dimensional vectors (witN equal to the num- C = IKTK(Ar)) (4b)
ber of configurations) that define, respectivety,and m- S= I KTH(AI?) (4c)
dimensional subspaces. The correlation between the two

groups of vectors is related to the relative orientations of thérhe equilibrium values and the RMS fluctuations can easily
two subspaces. Let R11 be the correlation matrix for thebe determined from the time series of the center of mass and
first set of vectors, let R22 be the correlation matrix for thethe principal axes of the beads. TBeC, andSvalues that
second set, let R12 be the correlation matrix between veare presented in this work correspond to averages along the
tors of the first group and the second group, and let R21 beligomers studied.

the transpose of R12. We further define a square symmet- For Sa global value has also been calculated according to
rical positive definite matrix [R]= [R11]"* - [R12] -  two different procedures. In the firdg, and{(Al)?) in Eq. 4c
[R22] 1 [R21]. A canonical correlation coefficient can be are related to the distance between the first and last beads of
defined that is related to the trace (Tr) of [R] By = the sequence, while, in the second, they are related to the
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sum of the distances between consecutive beads, which is WABLE 1 Maximum interatomic distance (r,) RMS

fact the Iength of the DNA sequence. fluctuations (nm) of the groups for the different models and
simulations
Trajectory Modell Model2 Model3 Model4  Model 5
RESULTS
1-B 0.010 0.018 0.044 0.030 0.065
Models for rigid-body description 1-BAB 0.010 0.015 0.042 0.028 0.060
_ 2-B 0.010 0.015 0.026 0.028 0.070
Following the value chosen for the tolerance factor 2-BAB 0.012 0.020 0.044 0.028 0.070

different rigid-body models of DNA are generated. The
largest root mean square fluctuation among the full set of
interatomic distances is-0.45 * 0.05 nm for each of the (yodel 5). At this level, it is still impossible to group

four trajectories. Setting; to this value thus assimilates the together all atoms belonging to two consecutive nucleo-
entire oligomers as single rigid bodies. Decreasitg 0.15  tides. In addition, it is only possible to group together all of

nm allows us to extract six rigid bodies, each composed ofhe atoms of any given nucleotide when> 0.12 nm.
several nucleotides, either on the same strand or on different

strands of the oligomers. However, these intermediate level )
rigid bodies are not well defined, as different results areAtom group dynamics
obtained from the different trajectories studied. Decreasingq; each MD trajectory, the time series of the center-of-

re t0 0.1 nm increases the number of rigid bodies but doegy455 coordinates and of the Euler angles defining the po-
not improve their definition. _ _ sition and the orientation of each group framieky (see
We therefore turned to a systematic analysis of eachqthods) were calculated with respect to the oligonucleoti-
nucleotide and of each complementary nucleotide pair, tQea_pound axis systenF{.}. These time series describe the
look for general rules governing the definition of rigid rigid-body motions of each group within the molecule. The
groups of atoms. In this way, five different rigid-body {ime series of the atomic coordinates relative ek} of
models (see Fig. 1 and Table 1) can be constructed as &cp group were also computed, describing the internal
function of r.. For a very smallr, (=0.012 nm), every yetormation of the group during the simulation. It is there-
nucleotide can be described by foulr rigid groups: the basgqre hossible to compare the relative amplitudes of the rigid
the sugar ring, the phosphate, and @&odel 1). Wherm. 4y and internal fluctuations of any given group for a
reaches 0.020 nm, the Catoms can be regrouped with the o icylar trajectory. The amplitudes are defined by the
phosphate (model 2). Fog = 0.030 nm, paired bases €an RMS fluctuations of the center of mass and the mean atomic
be grouped together, while the sugars and thg PQCS"  pys fluctuation of the deformation (Egs. 2a and 2b). These
groups remain separated, leading to a total of five rigidgp g values, averaged over all equivalent groups, are pre-
bodies for each comp_le_mentary nucleotide pair (model 4)santed in Tables 2 and 3 for each trajectory. The groups
For r. = 0.044 nm, it is found that each sugar can beqqesponding to single bases are excluded because of their
grouped with its associated base, so that each nucleotide {3y sma|l deformations. It can be seen from these results
defined by only two rigid bodies (model 3). Finally, Iar=" ¢ the groups composed of a single sugar ring or of an
0.07 nm the sugar-base groups of a nucleotide pair can bgtanded phosphate group (P® C5') in models 2 and 4
coalesced, leaving only two backbone P® C5' groups  ngergo translational fluctuations that are at least an order
of magnitude higher than their deformation fluctuations. For
the other groups this ratio is reduced by at least a factor of 2.

PO4 SK SK In the case of models 2 and 4, which have particularly
small deformations, we have computed the time series of the

mean atomic position in the frame bound to the groups (Eq.

1b) and of their center of mass within the molecular frame

SU '—I BA | | SU I— BA SU + BA (Eg. 1a). Typical examples are given in Fig. 2. Two types of
behavior are observed. Some time series show a few distinct

MODEL 1 MODEL 2 MODEL 3 conformational transitions, while others exhibit fluctuations
around an average conformation or position. This second

type of time series was Fourier transformed, leading to the
: T data shown in Fig. 3. It is seen that low frequencies are only

| SU H BA .. BA I—l sU ' I SU-BA .. BASU l strongly represented in the position spectrum.
Correlated motions
MODEL 4 MODEL 5

To avoid end effects, only the nine central base pairs of the
FIGURE 1 Five models for quasirigid groups of atoms according to ©ligomers have been anal_yzed, and comparisons are “m't_ed
tolerancer.. SK, PQ, + C5’; SU, sugar ring; BA, base. to models 2 and 4 (the minor deformations of the bases in
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TABLE 2 Center-of-mass fluctuations RMS,, in nm (Eq. 2a) of the different groups within the molecular reference frame

Models 1,24 2,3,4,5 3 4 5

Groups SuU SK SU+ BA BA — BA SU—-BA...BA—-SU
1-B 0.090 0.110 0.076 0.068 0.068
1-BAB 0.073 0.096 0.061 0.055 0.070

2-B 0.096 0.116 0.084 0.073 0.075
2-BAB 0.078 0.098 0.066 0.060 0.060

model 2 are ignored). As mentioned above, the time seriepairs also reveal a small correlation (0.25-0.33), but a
of certain groups exhibits a small number of transitions thaproblem of accuracy may occur in this case (see below).
do not allow statistically accurate correlation coefficients to Examples of canonical cross-correlation functions be-
be obtained. In such cases it is still possible to detectween group deformations and the deformation or rigid-
correlations qualitatively by a visual comparison of thebody motions of other groups are shown over 100 ps in Fig.
corresponding time series. An example is given in Fig. 4 for5. It can be seen that a given group deformation has no
the translational motion of two adjacent sugar rings. How-effect on either the deformations or the rigid-body motions
ever, such cases concern less than 30% of all nucleotide®f other groups, even after a delay of 100 ps. This is true for
We first note that the equal time translational correlationany sugar or extended phosphate groups of models 2 and 4.
between different groups is large. The correlation decreasddowever, the rigid-body motions of different groups are
only slowly as the distance between the groups increase&und to be correlated over a time period-e40 ps (Fig. 6).
An average value of 0.88 is obtained for covalently linked
groups, against 0.50 for groups separated by six nucleotides.
Rotational motions show a similar behavior, although theRelationship with mesoscopic models

values are significantly lower (0.50 for linked groups andThig analysis has been performed with model 4 to formally
0.25 for distant groups). reproduce the bead models used by other authors (Allison

In sharp contrast, there is very little correlation betweengng McCammon, 1984: Chirico and Langowski, 1994; Kle-
the deformations of different groups, whatever their sepanjn et al., 1998). It is again limited to the nine central base
ration (~0.15). These findings are in good agreement withpairs to avoid oligomeric end effects. Each base pair is
previous studies (Briki and Genest, 1995; Genest, 1996). Ngssumed to be a single rigid bead. The sugar and extended
significant differences are found between nucleotides, bephosphate groups play the role of springs linking the beads.
tween the two oligonucleotide sequence, or between thghe configuration averaged values and the corresponding
trajectories. RMS fluctuations of local twist and bending angles and of

It is also interesting to note that the deformations of thethe distances between consecutive beads were calculated for
sugars or of the extended phosphate groups are only vegach base pair and each trajectory. Torsional, bending, and
weakly correlated with the translational and rotational mo-stretching rigidities were then evaluated. Although some
tions of other groups<{ 0.25) and consequently have no differences are observed between beads, it is not possible to
significant effect on the rigid-body motions of other groups. assign these to sequence or trajectory-linked effects in any
This result holds even between a sugar and its associatedliable way. The bead-averaged values are given in Table
base (model 2) or base pair (model 4). 4. These values are on the same order of magnitude as those

A somewhat different result is found for the equal time obtained experimentally, with the exception of the stretch-
correlation between the deformation of a sugar or of aring rigidity (mean value= 3760 pN), which is significantly
extended phosphate group and its own rigid-body motionshigher than values given by Cluzel et al. (1996) and by
Although no effect is seen on translation, a correlation ofSmith et al. (1996), which are on the order of 900-1100 pN.
~0.4-0.5is found between deformation and rotation. Equal Because experimental measurements of DNA stretching
time correlation coefficients between the deformation of agive global information on long, single molecules and not
base pair in model 4 and rigid-body motions of other basdocal information at the level of individual base pairs, we

TABLE 3 Average atomic fluctuations RMS_, in nm (Eq. 2b) of the different groups within a group-bound reference frame

Models 1,24 2,3,4,5 3 4 5

Groups SuU SK SU+ BA BA — BA SU-BA...BA —-SU
1-B 0.0062 0.0048 0.011 0.013 0.020
1-BAB 0.0067 0.0047 0.011 0.014 0.021

2-B 0.0055 0.0048 0.010 0.012 0.017

2-BAB 0.0073 0.0049 0.013 0.013 0.019
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FIGURE 2 Time evolution of the sugar ring T25 in 15 ]
simulation 1-B. & DEV,(k): mean atomic position
within the group frame (deformation)b) DEVy,(K): ‘
center of mass position within the molecular frame L ‘

(translation).
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have used two other procedures for calculating a mor®ISCUSSION AND CONCLUSION

macroscopiSvalue (see Methods). In the first, the average . . o )
distance and the corresponding RMS fluctuations are mealhis study provides a quantitative justification for five
sured between the two separated base pairs A4 and T1different rigid-body models of DNA. The models that rep-
while in the second, the sum of the interbead distances lyingesent each nucleotide or complementary nucleotide pair by
between A4 and T12 is calculated for each conformation of few beads are valid for oligomers with different sequences
the simulation, and its average and RMS fluctuations ar@nd for both A- and B-like helical conformations. These
used to determin& We find that these two procedures lead beads are closely related to chemical entities within the
to a decrease i6, by a factor of 2.5 in the first case (mean DNA molecule and can be expected to be valid for other
value 1530 pN) and by a factor of 1.7 in the second casdase sequences. Each model has a defined degree of accu-
(mean value 2260 pN). racy based on interatomic distance fluctuations. Models 1

FIGURE 3 Fourier transforms of the time series o ” -
shown in Fig. 2 for deformatioraf and translationky). 300 —m“
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FIGURE 4 Time series of the center of mass posi-
tions (DEVy,(K)) of the sugar rings of nucleotides A5
(a) and A6 p) in simulation 1-B.
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and 2 defined here are identical to those reported earlier ogentation, sugar or extended phosphate deformations will
the basis of two short MD simulations (200-250 ps) limitedbecome rotations during the fitting process and implicitly
to B-DNA (Gaudin et al., 1997) and using a different force affect the dynamics of other beads.
field. The present work increases the generality of these In contrast to the backbone beads, base deformations in
definitions and lays a firm foundation for the formulation of models 1 and 2 are too small to have significant effects.
mesoscopic models of DNA, lying in the relatively unex- With base pair beads (model 4), however, we have seen a
plored area between atomic and elastic rod representationsioderate correlation (0.25-0.33) with the rigid-body mo-
and enabling sequence-dependent effects to be maintainettbns of other base pairs. However, in this case we need to
The rigid-body models we define can be divided into two question the accuracy of the calculations. The number of
categories: 1) models 1, 2 and 3, where beads contain atornariables n describing internal dynamics is three times
belonging to a single nucleotide, and 2) models 4 and 5higher for an AT base pair (57 variables, without hydro-
where certain beads contain atoms from complementargens) than for an extended phosphate group (18 variables),
nucleotides. The precision of the models decreases in thend the number of available conformatiaddss only 1900
order 1, 2, 4, 3, 5. In all models, the bases, the sugar, and tHer each trajectory. Increasing the number of variables
phosphate group can be treated as rigid. Although it istrongly affects the accuracy of the correlation matrix ele-
possible in some models to assimilate a sugar and a base wrents, which is not compensated for by an increase in
a base pair within a single rigid body, the phosphate grougampling. Although the uncertainty of the canonical corre-
bead cannot be extended beyond the adjacenta@sn. lation values is difficult to estimate, it certainly does not
For models 2 and 4 we have used canonical correlatioscale far from fYN]*? (Girshick, 1939).
analysis to determine whether freezing internal degrees of The most appropriate model for subsequent studies will
freedom within a bead can influence the rigid-body mo-depend on the property to be investigated. It is clear that
tions. These two models share backbones divided into sugione of the models proposed can be used for structural
ars and extended phosphate groups. We have been abledetermination from NMR or x-ray data, because this re-
show that the deformation of these beads is uncorrelatequires atomic resolution. It should also be noted that our
with the dynamics of the other beads (including between anodels do not resolve sugar ring puckering. However, we
sugar and the associated base) or with the bead’s owran specify the generic use of the various mesoscopic
position. However, there is correlation with the bead’s ori-representations:
entation, leading to indirect correlations with the motions of Model 2 (and, a fortiori, model 1) is appropriate for
other beads. Consequently, in our mesoscopic DNA repreanalyzing the dynamic behavior of double-stranded DNA
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FIGURE 5 Canonical cross-correlation functions

between the conformation of the sugar ring of T26 and
(a) the conformation of the extended phosphate group
of T26, (b) the orientation of the base T26, arg) the o |- 4
position of the base T26. Shown for simulation 1-B.
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sequences, using the inter- and intrabase or base pair helicadlid assumption for the simulation of double-stranded
parameters defined at the EMBO meeting in CambridgeDNA sequences when the relative motions of individual
(Dickerson et al., 1989). These parameters describe thieases within a pair can be neglected and could reasonably
orientation and the position of single bases or of compleapply to long DNA fragments at room temperature for
mentary base pairs. This information is conserved in modeberiods in the nanosecond range. This model can still be
2 because we have shown that no correlation exists betwearsed for studying interbase pair parameters, because the
the deformation of the extended phosphate or of the sugasrientation and position of individual base pairs are, at most,
puckering conformations and the rigid-body motions of thevery weakly coupled to any other rigid bodies, but its use
bases. Thus using three rigid objects per nucleotide in placeaturally implies that intra-base pair parameters can no
of an all-atom representation should not cause any loss dbnger be monitored.
accuracy in the determination of the helical parameters. It Models 3 and 5 correspond to rougher approximations.
should be noted that model 2 (or model 1) should beAlthough we have not calculated the correlation between
applicable to both single- and triple-stranded helices andhe internal deformations of the corresponding rigid bodies
that, provided the effective force fields are appropriateand their translation and rotation (because the ratio of the
nothing opposes base pair disruption in these models.  number of configurations to the number of variables is too
Model 4 is more restrictive, as it implies that comple- small), one can expect that as the distance between two rigid
mentary bases always remain hydrogen bonded. This is odies increases, this correlation decreases. Therefore it is
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FIGURE 6 Canonical cross-correlation functions ©-©
between 4) translational motions of bases A25 and
T26 and b) rotational motions of bases A1l and A12.
Shown for simulation 1-B.
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certainly possible to use these models for simplifying thein contrast to nearly all present models, this approach makes
calculation of long-range interactions. This also impliesit possible to conserve sequence-dependent features.
force-field simplifications, such as the use of multipole Interbead potentials remain to be calculated, but several
expansions for treating the electrostatic interactions begeneral remarks can again be made. First, a simple, spher-
tween distance beads. ically symmetrical, united-atom model for each bead is
It is finally remarked that it is perfectly feasible to com- certainly not appropriate, because it excludes the anisotro-
bine several of these models in a “reaction center” approaclpic effects due to shape and to charge distribution. Simi-
using either an all-atom representation or the more refinethrly, a refined treatment of the interaction forces and
bead models (1, 2, or 4) at the point of interest, combinedorques between two linked rigid bodies cannot be reduced
with more approximate representations (models 3 or 5) antb harmonic potentials. We return to this point shortly.
correspondingly simplified force fields (harmonic?) for By extracting data corresponding to the base pair bead
more distant nucleotides. model 4 from our all-atom dynamics, we have calculated the
The quality of simulations using a bead model dependdocal twisting, bending, and stretching rigidities of DNA.
both on the validity of freezing internal degrees of freedomExperimental estimations of rigidities are roughly 1x4
of the beads and on the treatment of the interbead interad0 *° ergcm (Barkley and Zimm, 1979; Thomas et al.,
tions. A number of authors have used the notion of beads t@980; Millard et al., 1988) for twisting and 2-8 10 *°
study long DNA filaments, especially the hydrodynamics ofergcm (Barkley and Zimm, 1979; Millard et al., 1988) for
supercoiled DNA (Tan and Harvey, 1989; Chirico andbending. Our values are in reasonable agreement with these
Langowski, 1994; Jian et al., 1998; Klenin et al., 1998).results. In contrast, the stretching rigidity resulting from the
However, most authors used a priori defined beads, makingxperiments of Cluzel et al. (1996) and Smith et al. (1996),
it difficult to predict whether the associated errors can be~1100 pN, is more than three times smaller than the aver-
safely ignored for a specific application (although some ofage value we obtain at the level of individual base pairs
these models correspond to our results, as, for example, {8760 pN). However, it should not be forgotten that the
the case of the Tan and Harvey (1989) base plane approaexperimental value refers to the overall stretching of long
and our model 4). Our study shows how this difficulty can DNA polymers, while our computation refers to an average
be overcome. In the discussion above we are able to specifgcal value between two successive base pairs. We exam-
where models 1, 2, and 4 can be used safely, with naned this point by considering more distant base pairs for
significant loss of accuracy in the determination of helicalcomputing S with Eq. 4c. By using either the distance
parameters due to the introduction of beads. In addition, antdetween the first and the last base pairs analyzed or the sum

TABLE 4 Stretching (S), bending (B), and torsional (C) rigidities of the bead model calculated from model 4

Property 1-B 1-BAB 2-B 2-BAB
I, (nm) 0.361 0.390 0.366 0.362
(A1) (nmP) 5.5x 1074 45x%x 107 5.8x 1074 3.7x 1074
S (pN) 3605+ 1486 4022+ 1630 2746+ 756 4007+ 456
(AB?) (rac®) 7.92x 1072 6.73x 1072 6.43x 1073 8.13x 1072
B (x10 % erg- cm) 45+19 5.4+ 2.0 52+ 1.7 49+23
(Ay?) (racP) 15.00%x 102 7.23x 1072 11.00x 1073 6.79x 1073
C (X10 *erg- cm) 1.20+ 0.55 2.65+ 0.82 1.53+ 0.44 2.78+ 1.0

I, is the average (over the configurations and over the beads) distance between the centers of mass of two consecutive basé\fRiis, thed
corresponding RMS fluctuation (nmAB?) and(Ay?) are, respectively, the equivalent average RMS fluctuations of the bending and torsion angles between
two base pairs.
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of the interbead distances (a better estimate of the length ¢fig, M., and B. M. Pettitt. 1998. Structural equilibrium of DNA repre-
the DNA filament), we obtain a significant decreaseSn _ sented with different force field8iophys. J.75:134-149.

. Flatters, D., and R. Lavery. 1998. Sequence-dependent dynamics of
(1530-2260 pN). If we had studied a longer DNA fragment’ " x4 pox binding sitesBiophys. J75:372-381.

we could re'asonably hope t_o approaph the experiment@)agers, D., M. A. Young, D. L. Beveridge, and R. Lavery. 1997. Con-

result. The important point is that this decrease clearly formational properties of the TATA-box binding sequence of DNA.

reflects a negative correlation between the stretching of J- Biomol. Struct. Dyn14:757-765.

successive interbead distances. This correlation will be to320: H: A, C. Prevost, G. Bertucat, C. H. Robert, and R. Lavery. 1997.
. T . Collective-variable Monte Carlo simulation of DNA. Comp. Chem.

tally absent in a priori bead models that are parameterized at 18:2001-2011.

the interbead level to reproduce macroscopic elastic propsaudin, F., G. Lancelot, and D. Genest. 1997. Search for rigid subdomains

. . . e 15:357-367.
relat_ed to the arbitrary choice of beads, are again difficult toGenest, D. 1996. How long does DNA keep the memory of its conforma-
predict. tion? A time-dependent canonical correlation analysis of molecular

We intend to use the rigorous bead definitions set out dynamics simulationBiopolymers38:389—-399.
here for future studies of DNA’s elastic and hydrodynamiCGenest, D. 1998. Motion of groups of atoms in DNA studied by molecular

properties. For this, model 4 should be appropriate and dynamics simulationEur. Biophys. J27:283-289. )
| d t 6.5 ti ducti in th b (?enest, D., and P. Wahl. 1978. Fluorescence anisotropy decay due to
already represents a .o umes reduction In the NUMBET O (otational Brownian motion of ethidium intercalated in double strand

variables compared to an all-atom simulation. Force-field DNA. Biochim. Biophys. Acté52:502-509.
development, including sequence effects, will Certainly re-Girshick, M. A. 1939. On the sampling theory of roots of determinantal
quire denser sampling of all-atom trajectories. Long simu-_9uationsAnn. Math. Stat10:203-224.

lati | . tant h bv th Il del g:u’e’on, M., M. Kochoyan, and J. L. Leroy. 1987. A single mode of base
ations are also 1important, as shown by the small aelaye pair opening drives imino proton exchandéature.328:89-92.

Corr.elation between bead deformation and the .rigid'bOdY-!ery, S., D. Genest, and J. C. Smith. 1998. X-ray diffuse scattering and
motions of other beads observed on the basis of short rigid-body motions in crystalline lysozyme probed by molecular dynam-
simulations (Genest, 1996), but they are absent here. The/¢s simulation.J. Mol. Biol. 279:303-319.

. . . L Hogan, M. E., and O. Jardetzsky. 1980. Internal motions in deoxyribonu-
resulting models will be appropriate for energy minimiza- "~ i acid Il Biochemistry 19:3460—3468.

tion an_d Mont? Carlo S'mUIajt!onS an_d can be extended tgian, H., T. Schlick, and A. Vologodskii. 1998. Internal motion of super-
dynamics studies by the addition of viscous solvent effects. coiled DNA: Brownian dynamics simulations of site juxtaposition.
J. Mol. Biol. 284:287-296.
Kim, Y., J. H. Gieger, S. Hahn, and P. B. Sigler. 1993. Crystal structure of
a yeast TBP/TATA-box complexNature.365:512-520.
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