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Conformational Deformability of RNA: A Harmonic Mode Analysis

M. Zacharias* and H. Sklenar®
*Institute for Molecular Biotechnology, 07745 Jena, and TMax Delbriick Center for Molecular Medicine, 13125 Berlin, Germany

ABSTRACT The harmonic mode analysis method was used to characterize the conformational deformability of regular
Watson-Crick paired, mismatch- and bulge-containing RNA. Good agreement between atomic Debye-Waller factors derived
from x-ray crystallography of a regular RNA oligonucleotide and calculated atomic fluctuations was obtained. Calculated
helical coordinate fluctuations showed a small sequence dependence of up to ~30-50%. A negative correlation between
motions at a given base pair step and neighboring steps was found for most helical coordinates. Only very few calculated
modes contribute significantly to global motions such as bending, twisting, and stretching of the RNA molecules. With respect
to a local helical description of the RNA helix our calculations suggest that RNA bending is mostly due to a periodic change
in the base pair step descriptors slide and roll. The presence of single guanine:uridine or guanine:adenine mismatches had
little influence on the calculated RNA flexibility. In contrast, for tandem guanine:adenine base pairs the harmonic mode
approach predicts a significantly reduced conformational flexibility in the case of a sheared arrangement and slightly
enhanced flexibility for a face-to-face (imino proton) pairing relative to regular RNA. The presence of a single extra adenine
bulge nucleotide stacked between flanking sequences resulted in an increased local atomic mobility around the bulge site
(~40%) and a slightly enhanced global bending flexibility. For an adenine bulge nucleotide in a looped-out conformation a
strongly enhanced bulge nucleotide mobility but no increased bending flexibility compared to regular RNA was found.

INTRODUCTION

Many biological processes involve the participation of RNA  The method of normal mode (NM) analysis, although
molecules either in complex with proteins or as the soldimited to the local motion in the vicinity of one stable
functional unit. The number of experimentally determinedenergy minimum structure, is computationally less demand-
three-dimensional (3D) RNA structures has grown rapidlying and does not suffer from the convergence problems of
in recent years. Besides the detailed atomic resolution strugnolecular dynamics simulations (Case, 1994). The NM
ture an understanding of the mobility and conformationalmethod can be useful to obtain a first impression of the
deformability of RNA structures is important for interpret- flexible degrees of freedom of an RNA molecule and how it
ing its function. Currently, only some aspects of the con-may change when part of the molecule is replaced with a
formational mobility of nucleic acids can be measured ex-noncanonical structural motif. Results of a normal mode
perimentally. In particular, the relation between analysis could also serve as a guideline for studying nucleic
conformational deformability at the nucleotide or even theacids by more accurate methods such as MD.
atomic level and global motions of nucleic acids can be The harmonic mobility of DNA has been studied using a
difficult to investigate experimentally. Theoretical ap- description of the nucleic acid molecule in terms of Carte-
proaches based on a model energy function describing th@an coordinates (Tidor et al., 1983; Irikura et al., 1985;
atomic interactions could be helpful for gleaning at leastGarcia and Soumpasis, 1989; Kottalam and Case, 1990;
some hints about possible motions of RNA molecules. Zacharias and Sklenar, 1999a) and using torsion angle vari-
A useful computational method for studying the dynam_ables (Ha Duong and Zakrzewska, 1997a,b; Lin et al., 1997;
ics of RNA is the molecular dynamics (MD) method, in- H& Duong and Zakrzewska, 1999; Matsumoto and Go,
cluding explicit solvent and ions (Beveridge et al., 1994;1999). Most related to the present approach are the studies
Cheatham et al., 1997; Auffinger and Westhof, 1998). How-PY Ha Duong and Zakrzewska (1997a) and Matsumoto and
ever, rather long simulation times are often necessary for th€© (1999). In both studies the global flexibility of DNA has
study of global motions and to relax various conformational?€€n analyzed for periodic DNA sequences, d(Ce)d
degrees of freedom and the solvent and ion atmosphefd{TA)n respectively, using the normal mode method in

around a nucleic acid molecule (Feig and Pettitt, 1998). torsion angle space (includi-n.g sugar pucker flexibility).
The conformational mobility of tRNAs has also been

investigated using NM analysis in torsion angle space (Na-
kamura and Doi, 1994; Matsumoto et al., 1999). However,
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number of RNA molecules. In contrast to normal modes,Force field

only the elgenveCtO.rS of the second derlvatl\{e malrix of th_erhe Amber4.1 force field within Jumna consists of the pairwise additive

energy function with respect to the coordinates used ifsoyiomb.-type electrostatic and 6-12 dependent Lennard-Jones potential

Jumna have been considered (termed harmonic modes). terms complemented by harmonic valence angle terms and cosine dihedral
In the first part of the paper calculated atomic mobilities barriers (including terms for the dependent dihedral angles):

are compared with Debye-Waller factors from x-ray crys- 1

tallography of a RNA structure determined at high resolu- v = > S K6 - 00>+ 2 Ky(1+ cogne — §))

tion. The purpose of this comparison is to get an impression angles torsions

of the precision and usefulness of the harmonic mode ap-

proach. The second part of the paper gives a detailed anal- +> &2 _ % %Y (1)
P ; ; 12 6 4 G(I’--)I’--

ysis of helical as well as global fluctuations of several i\ i Fi el

periodic RNA model structures (in A-form geometry) and
A-DNA. ltis possible to study and interpret the mechanism!t tumed out that to achieve good agreement of energy-minimized struc-
. . . . tures with available experimental RNA structures, the choice of electro-
of RNA bendmg n ter_ms of hellcal Coordmé_ue changes a_tstatic parameters is most critical. A distance-dependent dielectric function,
the base-pair level. It is also possible to estimate the Cha'E(rij), with a sigmoidal distance dependence (Lavery et al., 1995) of the
stiffness and twist flexibility of double-stranded RNA dielectric constant (slope 0.2, ¢, (dielectric constant at zero distance)
within the harmonic approximation. The calculation of the 2.0. €wa: (dielectric constant of watery= 78.0) and a scaling of the
covariation of helical coordinate changes along the seP!osPhate charge by 0.33, gave good agreement of energy-minimized
. ; structures with a standard A-form RNA (for the definition of the standard

quence gllows. us tg get an idea of the interdependence Qffoim, see below):
base-pair motions in RNA and how fast a small confor-
mational deformation at one position relaxes along the e(r
sequence.

Finally, in the last part, the deformability of RNAs that
contain single mismatches, tandem GA mismatches, or an
extra adenine bulge nucleotide are compared to canonic@br example, with the above parameters EM of the high-resolution x-ray

dsRNA. structure of an RNA with the sequence (CCCCGG&(EYli et al., 1996)
results in a structure with an all-atom rmsd (Cartesian root mean square
deviation) of<0.8 A from the x-ray start structure. In case of a recently
published high-resolution x-ray analysis of a G:U wobble containing RNA

i) = €nar ~ o (€nar — €0)f(sloper;)® + 2(sloper;) + 2}

- expl( — sloper;) 2

MATERIALS AND METHODS (Mueller et al., 1999), energy minimization of either a standard A-form
RNA (with the G:U pair) or the x-ray structure leads to the same energy
Energy minimization minimum structure with an rmsd 0£0.7 A (from the x-ray structure).

Energy minimization (EM) and harmonic mode calculations have been

carried out using a modified version of the Jumna (junction minimization Generation of RNA model structures

of nucleic acids) program (Lavery et al., 1995; Flatters et al., 1997) and the

Amber4.1 force field (Cornell et al., 1995). In Jumna each nucleic acidAll structures were generated using Jumna (Lavery et al., 1995). An
strand is considered as a chain dfrBonophosphate nucleotides that are A-form starting structure (Xdisp= —5.28 A, Ydisp= 0.01 A, Rise= 2.56
placed in space using helicoidal coordinates. These are three translationdl Inclination = 20.7°, Tip= —3.77°, Twist= 32.7°; backbone dihedral
variables (Xdisp, Ydisp and Rise) and three rotational variables (Inclina-2ngles around CEC4" bond: 59°; C4-C3’: 78°; C3-03": —155° O3-P:

tion, Tip and Twist) obeying the Cambridge convention for nucleic acids ~67°; P-O8: =75 O5-CS: —179°) was used for energy minimization of
(Dickerson et al., 1989). In addition, the internal flexibility of each nucle- double-stranded RNA, DNA, or RNA with central non-Watson-Crick base
otide is described by dihedral angles around the glycosidic sugar base inRA"S: Energy minimization of regular RNA as well as RNA with single

and the phosphodiester backbone dihedral anglesound C3-03 bond) mismatches resulted in structures close to the A-form starting geometry
and £ (around OZP bond). The sugar rings are broken at the-O4 (rmsd< 1.5 A). The periodic Watson-Crick paired RNA model structures

bond, leading to a linearized sugar with five degrees of freedom (theConSIStecj of 18 bp with the sequences (C(RNA and A-DNA), (UA),,

dihedral anglesrl: O1-C1'-C2'-C3', 72: C1-C2-C3'-C4’; and three C(GGCC)G, and U(AAUU)‘A' - . .
| les: OL1-C2 C1-C2-C3 d C2-C3-C4). Val In the case of a single guanine:uridine (G:U) mismatch (CGCG&C
valence angles. -C2, C1-C2-C3, and C2-C3-C4). Valence . ce6/cGCGUGCGCG, mismatch in bold) the hydrogen bonding

angles outside the sugar ring and all bond lengths except for the Conneaioé]eometry was similar to the geometry observed in a recent high-resolution
between nucleotides and the ‘G@4' bond are fixed at their optimum x-ray structure (Mueller et al., 1999). For the single G:A mismatch
value. The constraints on the sugar ring and internucleotide connections ABGCCAGGCGCG/ICGCGBGCGCG) a face-to-face (or imino proton)
imposed via harmonic penalty terms (maximum deviatie.05 A and  pajring was assumed with a G(anti):A(anti) orientation, as observed in an
<1° for bonds and angles, respectively, from the optimum geometryix_ray structure of single G:A mismatches (Leonhard et al., 1994). In the
Lavery et al., 1995). The independent variables for each nucleotide are thgase of tandem G:A mismatches the backbone geometry as observed in the
six helicoidal variables, five dihedral angles, and three valence angle§jMR structures of a sheared (N7-amino, amino-N3 pairing; Santalucia
(within the sugar ring). All other variables are dependent and are deterand Turner, 1993) and a face-to-face G:A pairing (imino hydrogen-bonded;
mined by the closure conditions between nucleotides (one bond and twgvu and Turner, 1996), respectively, were used. In the NMR studies a
valence angles) and the sugar ring (Sklenar et al., 1986; Lavery et alsequence context @AG was found to stabilize the sheared mismatch
1995). arrangement (SantalLucia and Turner, 1993), anG& G context resulted
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in a face-to-face pairing (Wu and Turner, 1996). However, to be consistenand frequencies and can be used to describe the vacuum dynamics of the
with the sequence context of other mismatches of the present study, onimolecule. However, in the present study we are only interested in the
one sequence context (CGCGBGCGCG) for both arrangements was equilibrium probability for any deformation of a structure around an energy
considered. minimum in the harmonic approximation. The assumption is that all
An RNA structure with an extra adenine bulge base stacked betweemotions are overdamped and the eigenvalues of each harmonic mode are

flanking dsRNA was built using Jumna starting from regular A-form RNA only a measure of the deformability (harmonic force constant) of the
with a central A:U base pair. The uridine nucleotide of the central base paistructure in the corresponding harmonic mode. Any possible difference in
was removed, and the structure was energy minimized (CGCGthe diffusional relaxation of the various modes has not been considered.
CAGCGCG/CGCGCGCGCG). All backbone torsion angles of the result-Cartesian displacements of each atom with respect to the position in the
ing structure are within the range observed for regular A-form RNA. Theenergy minimum structure for harmonic mode deformations were calcu-
bulge structure with the bulge base in the looped-out form was built basethted after superposition of the deformed structure on the energy minimum
on the torsion angle pattern observed in the x-ray structure of a singletructure (Kabsch, 1976; Levitt et al., 1985) and are given as rmsd (in A).
adenine bulge in a chimeric RNA/DNA structure in A-form geometry The mean square fluctuation of atomic Cartesian coordingtes), is
(Portmann et al., 1996). calculated by summing over all harmonic mode contributions (each HM

excited by an energy 6fkTg). The crystallographic atomic Debye-Waller

(B) factors were calculated using
Harmonic mode calculation

87
Calculation of the harmonic modes at an energy minimum of a given B.= (3 <Ar§) @)
nucleic acid structure requires the calculation of the second derivative of

the conformational energy with respect to the coordinates. This seconflgjical coordinate variations and changes in the global geometry upon
derivative matrix was calculated numerically following an approach by geformation in the harmonic modes were calculated using an approach by
Levitt et al. (1985): Ha Duong and Zakrzewska (1997a). Each structure deformed ksthévi

9%E 1//0E oE (excited with a thermal energy &tkTg) was analyzed using the CURVES
G=Clo+d g=q

- program (Lavery and Sklenar, 1988a,b). The CURVES program general-
aq a0

izes the calculation of a global helical axis to irregular nucleic structures.
o The helical axis segments defining the globally curved helical axis are
calculated by minimizing the sum of variations given by the changes in the
helical axis and in the associated axis-base parameters (Xdisp, Ydisp,
Inclination, Tip) between successive nucleotides (see Lavery and Sklenar,
(F=AhY=0 4 1988a,b). The program outputs the helical nucleotide and base pair de-
scriptors with respect to the global axis or with respect to a local dinucle-
a set of eigenvector¥ (harmonic modes) and corresponding eigenvaluesotide step description. In the case of the present RNA structures the
\; were calculated. The harmonic modes form a complete set of orthogonalalculated global axis is almost linear and follows thaxis if the RNA
directions to describe any deformation of the given energy minimumbhelix is aligned along the axis. The difference of a given helical coordi-
structure. For small deformations the energy change is a quadratic functionate,R; ,, between the deformed structure and the energy minimum struc-
for the deformation in any harmonic mode direction independent of othetture AR, ,) for the given HM was calculated. This is the contribution of the
HM deformations: kst HM to a given helical or global coordinate change. The square of these
contributions summed over all HMs is the (thermal) variance of the

Fij:m_s

The paramete® was chosen to be sufficiently small that the matrix
elements do not dependent 6nBy solving the eigenvalue equation,

1 5 selected coordinate, and in the following the square root of this variance,
AE(AYi) = 5 /\i(AYi) (5) Rssd (root summed square deviation), is called the (thermal) harmonic
fluctuation of the selected coordinate:
Thermal coupling of the molecule to the environment leads to deformations
of the energy minimum structure in each HM direction (due to collisions RSSdR) = \Ekzl,N(ARi,k)z (8)

with other molecules). At equilibrium the form of the energy function (Eq.

5) implies a Gaussian probability distribution for a given HM deformation Some of the helical coordinate fluctuations are correlated. This correlation
with varianceo; = kT/\; (k, Boltzmann constant, selected temperature). is characterized by the covariation between two selected coordinates (e.g.,
This variance corresponds to the square of an elongation in the HMR, R). A contribution from thekst HM is given by the produdiR, (AR .
direction that results from exciting the HM with an energy %kT. The sum of these products over all HMs gives the covariance of the
Because for small deformations every HM contributes at every time poinfluctuation of the two coordinates:

independently (each HM represents one degree of freedom of the mole-

cule) to the variance of a selected coordinate, one can calculate the mean U(Ri’ R;) = E ARi,k : ARj,k (9)

(or total) variance by summing over all HM contributions (excited by k=1,N

¥2kTg, Tk = 298 K). Note that the HM directions can differ from so-called

normal-mode coordinates that are the eigenvectors of the eigenvalue

equation RESULTS

(F=AMIHY=0 (6) Comparison of experimental and calculated

: . . , _ atomic B-factors
This equation results from a solution of the equation of motion for the

molecule, andM is the mass matrix (or kinetic energy matrix) of the |n addition to atomic coordinates, x-ray crystallography can
molecule under study (Brooks and Karplus, 1983; Brooks et al., 1995). '”also provide some information about the thermal fluctuation
the case of Cartesian coordinatbjs diagonal, and then HMs and NMs

have the same directions (only the eigenvalues differ by a constant). In th(é)f each ato_m of a structure. The Debye-V_V_aIIer or B'fa_Ctors
general caséVl is nondiagonal, and HM and NM directions might be @€ proportional to the mean square position fluctuation of

(slightly) different. Normal-mode analysis provides vibrational coordinateseach atom in the crystal structure. Atomic mean square

Biophysical Journal 78(5) 2528-2542



RNA Flexibility 2531

fluctuations can also be calculated using the calculated
harmonic modes for an energy minimum close to the crystal
structure. Because the present approach is approximate with
respect to the model energy function and assumes a nearly
guadratic energy function around the energy minimum, it is
interesting to see the degree to which experimental atomic
B-factors can be reproduced. It should also be mentioned
that the present HM approach does not include bond length
and bond angle flexibility (some angles are included; see
Materials and Methods), although such flexibility is present
in real molecules. However, there is evidence that inclusion
of bond length and bond angle flexibility contributes only a
few percent to the total atomic fluctuations (Lin et al.,
1997). Note also that the calculations are performed on
isolated molecules and not in the context of the crystal.

An 8-bp dsRNA, (CCCCGGGG) which was solved at
room temperature to a resolution of better than 1.5 A (Egli
etal., 1996), was used as an example. Note that although the
two strands have the same sequence, the x-ray structure is
asymmetrical (presumably because of crystal contacts). The
energy—m|n|m|zgd c.rystal structpre (rmsd 0.8 A from 150-100 50 O 50 100 150
x-ray structure) is still asymmetrical, and the B-factor plots atom number
(both the experimental and the calculated plots) are also
asymmetrical with respect to the two strands (Fig. 1). FIGURE 1 Comparison of experimental and calculated atomic Debye-

Although no quantitative agreement between Calculateefva_"er (B) factors. The dasheo! line corresponds to experimental B-factors

. . . derived from the x-ray analysis of a 8-bp RNA (CCCCGGG@)eter-
and experlmentql atom',c B-fact'ors. WaS' O,bse.r_ved (Flg. 1)mined at room temperature, resolution 1.46 A, PDB entry: 259D, NDB
there are some interesting qualitative similarities. Some Ofntry: ARH074; Egli et al., 1996), and the thin line represents B-factors
the fine structure in the experimental atomic B-factor curvecalculated from the harmonic modes. The numberingsgs) is such that
can also be seen in the calculated curves. Atoms be|0nging].68 to —1 corresponds to the heavy atom numbers of the first RNA
to the phosphate groups have the largest B-factors (peaks siand (0-167: second strand). _The atom seguence is the same as in the
the B-factor plots, Fig. 1), followed by sugar atoms andx-ray structure, exc_ept th_at the first ato_m_ (the _(aﬁ)m of Fhe 5nuc|eo-_

. TS tide) of each strand is omitted because it is not included in the calculations.
nucleobase atoms with the smallest mobilities. For the calga) B-factors calculated for free RNA.Bf B-factors calculated with
culation with completely free RNA the calculated B-factors harmonic restraints on the nucleotides at both ends of the structure,
are larger than the observed B-factors at both ends of theestricting the motion relative to the helical axis of the molecule. The
structures, whereas the opposite is true for central regionéa_estraining _force constants were such _that a r_notioMJfA with respect

. . to the position at the energy minimum is possible for thermal excitation at
This may be due to the fact that the experimental structureg
are continuously stacked in the crystal, which restricts the
bending motion. In fact, restricting the mobility of the base
pairs at both ends (?f the RNA Wlth respect to the hel!cal axXigylical flexibility of dsRNA
(Fig. 1B) to approximately mimic the effect of a continuous
stacking in the crystal improves the agreement betweein the present approach the harmonic modes of an RNA
experimental and calculated B-factors. In this case averagmolecule are given as a linear combination of helical coor-
calculated atomic fluctuations are slightly smaller than thedinates for each nucleotide with respect to a linear axis and
results from x-ray crystallography, indicating that the har-some internal variables for each nucleotide. The harmonic
monic mode approach may underestimate the flexibility ofmodes form a complete set of orthogonal coordinates, and it
the RNA molecule. However, the larger offset in the exper-is therefore possible to calculate the variance of a given
imental B-factor curve may also be due to whole-bodycoordinate by summing over each harmonic mode contri-
motions of the RNA in the crystal not considered in thebution (Materials and Methods). However, because the
calculations (and to many other factors; see Discussion). fplacement of the (linear) helical axis with respect to the
should be emphasized that for other DNA and RNA crystaimolecule depends on the user’s choice in the Jumna pro-
structures the agreement between calculated and experimegram, the resulting helical description may not be the most
tal B-factors can vary, depending, for example, on theuseful for the given molecule. A more objective way to
resolution of the x-ray analysis. However, the general qualeharacterize helical fluctuations of the RNA molecules is an
itative conclusions described above were also found foapproach used by Ha Duong and Zakrzewska (1997a). In
other RNA and DNA structures (data not shown). this method RNA molecules deformed in a given HM are

B-factor ( Angstrom? )
N WA O N ®
o & o o O o o
T T T
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-
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TABLE 1 Helical coordinate fluctuations in periodic RNA sequences

Step (shift) (slide) (rise) (tilt)y (roll) (twist) (buckle (propelley (opening

(GC)s and (AU), sequences

CG 0.38 0.39 0.37 3.6 4.6 3.3 8.5 6.2 3.0

GC 0.36 0.38 0.30 3.1 3.7 3.1 — — —

CG(DNA) 0.35 0.38 0.39 35 4.8 3.4 8.6 6.5 3.0

GC(DNA) 0.35 0.39 0.30 2.8 4.0 3.0 — — —

UA 0.35 0.29 0.34 4.4 5.0 29 8.6 6.9 5.3

AU 0.48 0.35 0.28 4.3 45 2.9 — — —
(UUAA); and (CCGG) sequences

CG 0.40 0.39 0.38 3.2 4.3 3.6 7.7 (6.8) 5.9 (6.3) 2.8 (2.8)

GC 0.38 0.38 0.30 3.3 3.6 3.0 — — —

GG (CC) 0.38 0.39 0.36 29 3.9 3.2 — — —

UA 0.34 0.30 0.30 4.2 4.9 2.9 9.8 (7.9) 7.2 (6.3) 4.7 (4.7)

AU 0.46 0.34 0.29 4.5 49 29 — — —

AA (UU) 0.37 0.35 0.28 4.6 4.6 3.2 — — —

Harmonic helical coordinate fluctuations were calculated by summing over contributions from each HM (see Materials and Methods for detailigle, Shift
and rise fluctuations are given in A; all other fluctuations are given in degrees. Note that buckle, propeller, and opening are specific for abdse pair
not a dinucleotide step (& and C G base pairs in (GG)are equivalent). In the case of the (CCG&@quence calculated, buckle, propeller, and opening,
fluctuations for a CG base pair in the sequence context GCC differ from those in the CCG context (given in parentheses; same fog §etjfelce).

analyzed using the CURVES program (Lavery and Sklenarfluctuation of intra-base pair descriptors follows the (in-
1988a,b), and the resulting helical coordinates are comparetteasing) order opening, propeller, and buckle, with a
with the coordinates of the energy minimum structure. Theclearly enhanced opening tendency for A/U sequences.
variance of a given helical coordinate can be calculated byrhese calculated fluctuations also depend to some degree on
analyzing all HM deformed structures (relative to the en-the surrounding base pair. The calculated roll flexibility of
ergy minimum structure), using a thermal excitation ofthe pyrimidine-purine step is slightly larger than for other
¥2kTg and summing over all HM contributions to a given steps (with the exception of the AU step, which had the
coordinate. Note that CURVES offers the possibility of same calculated base pair roll fluctuation as UA).
analyzing the nucleotide structure with respect to a local
helical description (each dinucleotide step is independent o o
other steps) or a (possibly curved) global axis description lobal deformability
(with respect to an axis for the entire helix; Lavery andThe overall bend angle fluctuation of the 12 central base
Sklenar, 1988a,b). If not indicated otherwise, the fluctua-pairs of the RNA molecules summed over all HM contri-
tions will be reported for helical coordinates calculated withbutions (Table 2) is similar for all sequence variantd 2°).
respect to a global description. Bend angle fluctuation is here defined as the fluctuation of
Harmonic mode calculations have been performed onhe angular orientation of the helical axis vector of the last
18-bp RNA molecules with the sequences (GGUA)e,  base pair with respect to the helical axis vector of the first
C(GGCC)G, and U(AAUU)A and on an 18-bp A-DNA  base pair. This translates to a per base pair bend angle
((CG)). To minimize end effects (fraying of the nucleotides variance (6%)) of 13%. The energy minimum RNA confor-
at the ends) only the harmonic coordinate deformabilities omation is practically straight, so that twist contributions to
the central 12 base pairs are analyzed (approximately one
helical turn). In the following the RNA molecules will be
distinguished according to the central 12 bp, (§@\U),,  TABLE 2 Gilobal deformability of RNA

(CCGG), and (UUAA),. The calculated Rssd of the helical  sequence (bending,) (twisting,, (stretching,)
coordinates shows only a modest sequence dependence ( Tac . 23 035
ble 1). In addition, within the harmonic mode approxima- gc) (a-bnA) 11.9 59 037
tion little difference between the helical coordinate fluctu- (ccca), 11.6 2.3 0.39
ations of RNA and A-DNA ((GQ) has been found. Overall (AU)s 12.4 1.9 0.32

the fluctuation of the translational variable shift is slightly (YUAA) 122 19 0.30

larger than slide and rise, particularly for AU steps. For the(Bending,,) (in degrees) is the angular fluctuation of the helical axis vector
angular variables the calculated fluctuation of base pair rolpf the last base pair with respect to the first base pair of the 12-bp RNA

is generally Iarger than tilt and twist. The calculated tilt (calculated by summing over all harmonic mode contributiogisyist-
ingy,y (in degrees) andstretching,,) (in A) are the per-base pair fluctua-

deformabilities of U/A_Contammg Seq_uence_s _a_re I_arg(_ar tha ons of the total twist and rise of the entire 12-bp RNAs (square root of the
for G/C sequences, whereas the twist flexibility is slightly total twist/rise variance of the entire helix divided by the number of base
larger in G/C- compared to U/A-containing sequences. Theair steps), respectively.

Biophysical Journal 78(5) 2528-2542



RNA Flexibility 2533

bending can be neglected (Olson et al., 1998). Using aralculated rise fluctuation at each dinucleotide step (com-
average rise per bp 6f2.6 A, one can estimate a persistencepare Tables 2 and 1). The covariance in the case of corre-
length (chain stiffness) 0f1300 A (usingP ~ 2 * risel6?)). lations between helical coordinates describing base pair
Here the assumption is made that there is no covariatiosteps beyond next-nearest neighbors is close to zero.
of coordinate deformations of the two base pairs at each end Only a small number of calculated modes cause signifi-
of the helix (see below). The calculated harmonic stretchingant bending, stretching, and twisting of the RNA helix
and twisting flexibility of the whole RNA is slightly larger (Fig. 3). The two largest bending modes also make the
for the C/G-containing sequences than for the U/A sedargest contribution to Cartesian atomic displacements from
quences. Such a trend was also observed by Ha Duong atide EM structure (Fig. 3). These modes have the smallest
Zakrzewska (1997a) in a NM study of DNA. force constant with respect to Cartesian displacement. In-
Similar to the helical coordinate fluctuations of each baseerestingly, the two largest bending modes make very little
pair, the calculated global flexibilities of A-DNA and RNA contribution to overall twisting and stretching. On the other
of the same sequence are very similar. Interestingly, théand, the mode with the third largest overall atomic dis-
twist variance at each dinucleotide step (Table 1) is slightlyplacement (pek2kTg excitation) contributes very little to
larger than the average twist variance (variance of the twisbending but leads to stretching and twisting of the helix
between first and last base pairs divided by the number ofillustrated in Fig. 4). The analysis of the two modes (in the
base pair steps). This indicates an (anti-)correlation betweefollowing called mode | and Il) that account for most of the
twist deformations of successive dinucleotide steps. Such kelix bending in terms of helical coordinate changes is
correlation between helical coordinate fluctuations of sucshown in Figs. 5 and 6. For the (GG&equence the analysis
cessive steps is also observed for other helical variables (sé&e terms of a local helical description (see above) demon-
Fig. 2). For example, the overall per base pair bend anglstrates that RNA bending corresponds mainly to a coupled
variance is substantially smaller (£3%ee above and Table slide and roll motion along the sequence. A stretch-¢f-6
2) than the sum of roll and tilt variances at isolated base paibp with positive change in roll and slide follows a similar
steps (3.5(tlt) + ~4.5%(roll) = ~32%). In the case of stretch with a corresponding negative change of helical
independent conformational fluctuations the two variancewvariables relative to the energy minimum structure. The
should be the same. From a simple mechanical point of viewdistance between these two stretches is such they are ap-
it is understandable that, for example, an increase in the roffroximately on opposite faces of the helix, so that the
at one dinucleotide step tends to decrease the roll at adjaceollective changes add up (at least partially) to an overall
dinucleotide steps. The calculated covariance between laending of the helix. The two bending modes show a phase
helical coordinate for a given base pair step and the previoushift along the sequence such that the two bending modes
step (in B direction) is negative for all helical variables describe global axis deformations that are approximately
except rise. In this case, the nearest-neighbor covariance jerpendicular to each other. Note that Matsumoto and Go
close to zero. Consistent with this observation, the calcu¢1999) also identified two approximately perpendicular
lated global stretching fluctuation (per bp) is close to thebending modes in a normal-mode study of B-DNA.
In the case of a global helical description, that is, with
respect to an almost linear axis (corresponding taztheis
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FIGURE 2 Covariation of helical coordinate fluctuations along the se-

guence. The product of a helical base pair displacement at step 7 (an AU
step) in the (AU} sequence and the displacement of the same helical
variable n base pairs (nbp) away from step 7 (in the direction) was
summed over all harmonic mode contributions and plotted versus nbf-IGURE 3 Contribution of the first 20 harmonic modes (with smallest
(nbp = 0 gives the variance of the helical coordinate at step &). ( eigenvalues) to atomic Cartesian coordinate fluctuatidhsn( A), stretch-
Covariation of shift ©), slide (), and rise ). (B) Covariation of tilt O), ing (J, in A) and bending @, in degrees X 0.1)), and overall helix
roll ((J), and twist (). twisting (A, in degrees X 0.1)) for the (GC3 RNA sequence.
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A (Fig. 7). The width of the minor groove is also influenced,
but to a much lesser degree (change$.3 A).

Modes | and Il in the case of the (Asequence are
similar to the corresponding modes for the (G&&quence.
With respect to the local step-to-step helical description
(connection of these local axis systems would result in a
curved axis), the slide contribution to bending appears to be
smaller for the (AU} sequence relative to the (GQJase.
From the global axis viewpoint, (AWJ)RNA helix bending
is mostly due to a correlated change in the helical variables
rise and roll along the sequence and slightly smaller contri-
butions from slide and twist compared to (GC)

Similar bending modes were found for the (UUA/gnd
(CCGG), sequences, respectively, with a more pronounced
kinking at the pyrimidine-purine steps (data not shown).

Harmonic flexibility of single G:U and G:A and
tandem G:A mismatches

For the study of single non-Watson-Crick base pairs, an
A-form (CG); RNA structure was used as a reference, and
mismatch model structures were generated by insertion of
G:C, AU, G:U, or G:A base pairs at the center of the
dsRNA. In the case of tandem G:A basepairs two mis-
matches (G:A, A:G) were inserted in a face-to-face (Wu and
Turner, 1996) or sheared arrangement of the G:A mis-
matches (SantalLucia and Turner, 1993). As outlined in the
Materials and Methods section, the resulting energy-mini-
mized structures are in close agreement with structural
data determined using NMR-spectroscopy and/or x-ray
crystallography.

The calculated bending flexibility of the two single mis-
match-containing sequences is not significantly different
from that of regular base-paired structures (Table 3). Cal-
culated Cartesian coordinate fluctuations (Table 3) and he-
lical coordinate fluctuations (Fig. 8) of atoms belonging to
the mismatch and flanking nucleotides differ only slightly
FIGURE 4 @) Deformation of energy-minimized (GE)RNA (I) in  from those calculated for regular Watson-Crick paired
opposite directions (II, 1ll) of the first bending modeB)(same for the  RNA. The uridine in the G:U mismatch shows a slightly

stretching mode of the RNA. A ribbon representation for the RNA back- . . . .
bone has been addeda(k) to better illustrate the RNA backbone motion. enhanced Cartesian coordinate fluctuation. In addition, the

The calculated helical axis for each structure (using CURVES; Lavery antfise fluctuation of the step ConSiSting of the central G:U
Sklenar, 1988a,b) is shown as a bold line. The excitation energy for eaciismatch and the 'Sbase pair (a C:G) is larger than, for
deformation was BTx. example, the fluctuation in the case of an A:U pair. Because
of the placement of the uridine in a G:U mismatch com-
pared to uridine in an A:U pair (larger shear than for A:U;
when the A-helix is aligned along theaxis), bending is Mueller et al., 1999), it has more freedom for motions in the
caused mainly by a collective change in the helical coordi-helical axis direction (practically no stacking interactions
nates shift, rise, roll, and twist along the sequence. On top ofvith the guanine in the neighboring C:G base pair). Pre-
these collective changes one can also observe a 2-bp pesumably, this space in the z direction allows for larger rise
odicity that coincides with the sequence periodicity (CG) offluctuation (and to a lesser degree also roll) compared to
the RNA fragment. Each CG step makes a larger contriburegular RNA. Note that the uridine stacks well on the
tion to the helix bending than the GC step in particular incytidine of the 3-flanking base pair (a G:C), and therefore
terms of roll. Deformations in both modes significantly alter the rise fluctuation of this step is not enhanced.
the width of the major groove along the sequence (period- More significant differences in the calculated harmonic
ically with a phase shift along the sequence) by up to 1.4 Adeformability can be observed in case of the G:A tandem
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mismatches. Adding a second G:A face-to-face (ftf) mis-sheared mismatch arrangement the slide, rise, and roll fluc-
match increases the bend angle variance from 13.0° (singkeiations of the central base pair steps and flanking steps are
ftf-GA mismatch; Table 3) to 13.8°. This corresponds to ansignificantly reduced relative to regular RNA. Interestingly,
increase in the bend angle variance 022, which is  the shift and tilt fluctuations for steps involving adjacent
relatively close to the increase comparing no central elebase pairs are significantly larger than for regular RNA.
ment and the addition of a single face-to-face G:A mismatchiPresumably the side-by-side placement of guanine and ad-
(~26% see Table 3). enine in a sheared arrangement allows for greater shift and
In the case of tandem G:A mismatches in the shearetllt motions that do not disrupt the hydrogen bonding and

conformation the calculated bend angle variance is signifistacking interactions.

cantly smaller than for the ftf arrangement. The greater
stiffness of the sheared tandem mismatches is also reflected
in the smaller mean Cartesian atomic fluctuation compare
to the tandem ftf mismatches (Table 3). The calculatec%
helical coordinate fluctuations of the ftf tandem mismatch

lexibility of single-base adenine
ulges in dsRNA

structures around the central site are similar or even slightlyn the case of single-base bulges, the central base pair in the
larger than for regular RNA (Fig. 8). In the case of the 11-bp RNA sequence (see previous section) was replaced
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bending contribution (see legend of Fig. 5).
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by a single unpaired adenine. Two different bulge confor-served experimentally (Joshua-Tor et al., 1988; Nikonowicz
mations were considered that represent two main classes ef al., 1990; Portmann et al., 1996). In the stacked bulge
single extra-mismatched nucleotides that have been olgonformation the extra base stacks between the two flanking

—_
[&)]
T

-1.0 | .

groove deformation (Angstrom)
o
o

-1.5

IC |
CGCGCG

FIGURE 7 Change in major groove®( mode I;[], mode Il) and minor

P11
cGCG

base pairs, and the backbone torsion angle pattern is close to
what has been observed for standard A-form RNA. The
structure is kinked at the bulge site by20° , which is
similar to what has been found experimentally (Zacharias
and Hagerman, 1995).

The second bulge form considered in the present study
contains a single unmatched adenine in a looped-out con-
formation. This conformation is similar to an x-ray structure
of a single adenine bulge in an A-form RNA/DNA chimeric
molecule (Portmann et al., 1996). It is characterized by
continuous stacking of the sequences flanking the bulge in
a nearly A-form geometry.

groove width (, mode I:7, mode I1) along the sequence relative to the ~ FOF the stacked form the HM calculations predict a
EM structure ((GG)) for the two largest bending modes, | and II. slightly enhanced bend angle fluctuation compared to a
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TABLE 3 Comparison of bending and atomic position fluctuations of mismatch and bulge-containing RNAs

2537

Central bp (Abpend Rmsd,, Rmsq, RmMsqna, Rmsd,,»
G:C 125 1.2 0.54 0.51 (0.45) 0.52(0.48)
A:U 12.6 1.1 0.52 0.51 (0.44) 0.51 (0.47)
G:U 12.6 1.2 0.58 0.53 (0.46) 0.59 (0.62)
G:A 13.1 1.2 0.57 0.56 (0.48) 0.56 (0.46)
G:A (t-ftf) 13.8 14 0.67 0.57 (0.53) 0.68 (0.51)
G:A (t-shear) 12.4 0.92 0.48 0.43 (0.38) 0.45 (0.43)
A-bulge(s) 13.7 15 0.73 0.71(0.8) —
A-bulge(1) 12.9 1.4 0.57 2.57 (3.7) —

No central bp 11.9 0.97 0.46 — —

The first column indicates the base pair or extra nucleotider(pat the center of a 11- or 10-bp RNA molecule, respectively (sequence CGCGCXGCGCG/
CGCGCYGCGCG). No element indicates a 10-bp RNA (CGCGCGCGCY G A (t-ftf)/(t-shear) refers to a tandem:@/A : G mismatch at the center

in a face-to-face (t-ftf) or sheared (t-shear) arrangement (CGCGCGAGCG&Gpectively(A6,..q is the fluctuation of the angle of a linear axis fitted

to the last five base pairs with respect to a linear axis fitted to the first five base pairs of each HM deformed structuyar&ihsdcalculated Cartesian
coordinate fluctuations of all atom¥ (= tot), belonging to base pairs directly flanking the central elem¥ént (), atoms of the central nucleotide(s) in

the first strand Y = cnul) or second stran® (= cnu2). Values in parentheses are the Cartesian coordinate fluctuations of only those atoms belonging to
nucleobases. All angular fluctuations are given in degrees; all Cartesian coordinate fluctuations are given in A.

regular 11-bp RNA or 10-bp RNA (10% and 15% increases

In contrast to the stacked bulge base, the bend angle

in bend angle fluctuation, respectively). Such an increase ifiexibility of the looped-out bulge structure does not differ

bend angle fluctuation from 11.9° (10-bp RNA) to 13.7° from the 11-bp reference structure. The harmonic analysis
(stacked A-bulge) corresponds to what one would expect fosuggests no significant enhancement of the bend angle
a ~3-bp addition to the 10-bp RNA.
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flexibility in the case of the looped-out bulge structure

FIGURE 8 Helical coordinate fluctuations at base pair steps involving a central regular base pair or mismatch atishaf each panel the central
element is indicated{ means no central element; tGAf and tGAs refer to tandem GA mismatches in a face-to-face or sheared arrangement, respectively).
The first box in each panel gives the helical coordinate fluctuation of the central step (C:G) of the 10-bp reference RNA&El3ingle mismatch or

regular central base pair case (G:C, A:U, G:U, and G:A) involves a base pair step formed bipdlse pair and central elemefitgt bar) and one between

the central element and thé Base pairgecond bay. For the tandem mismatches the middle bar indicates the helical coordinate fluctuations of the step
formed by the tandem mismatches.
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compared to the addition of a regular base pair. Note thaDISCUSSION

because of the looped-out conformation of the bulge base duced b ¢ iabl ded d ib
the flanking sequences stack on each other in a fashion very‘e reduced number ot variables neede: to escribe a
similar to that of a dsRNA (10 bp) without the bulge base ucleic acid in terms of the helicoidal coordinates in Jumna

(Portmann et al., 1996). This favorable stacking arrange(l‘avery et al., 1995) a!lows a rapid energy minimiz_ation
ment presumably restricts the bending mobility of thedown to very small residual gradients and fast solution of
looped-out bulge conformation the eigenvalue problem to calculate harmonic modes. For

The calculated local mobility in terms of atomic fluctu- €X@MPple, the energy minimization and harmonic mode cal-

ations of the stacked adenine base and neighboring nucigulation of a 11-bp dsRNA molecule require only minutes
otides is larger than, for example, the mobility of adenine in®" @ SGI R10000 workstation, compared to up to several

the A:U base pair at the center of the RNA sequence (by'0urs or days for Cartesian coordinates. A systematic ap-
~409%/80%, considering atoms belonging to the bulge nuPlication to several RNA structures is therefore feasible. In
cleotide/nucleobase, respectively; Table 3). contrast to other rapid har_monlp mode methods that, for
In the case of the looped-out adenine bulge conformatio$*@mple, model the nucleic acid by pseudo-atoms, each
the loop base is predicted to be much more mobile than &Presenting one nucleotide (Bahar and Jernigan, 1998), the
base-paired adenine or a stacked extra adenine. The caldgesent method still uses an all-atom model and allows us to
lated Cartesian fluctuation of atoms of the looped-out baséterpret global deformations in terms of atomic interactions
is ~5 times larger than for the stacked bulge base. Interes@nd helical coordinate changes at the nucleotide level.
ingly, the calculated atomic mobilities of atoms belonging A disadvantage of the current variables (similar to torsion
to flanking nucleotides are not enhanced compared to reg@ngles) is the fact that there is no clear correlation between
ular RNA. eigenvalue and Cartesian conformational fluctuation of the
The increased mobility of the looped-out bulge base andsStructure. However, it has been possible to simply excite
to a lesser extent, of the stacked bulge base is also reflect@®ch mode with an energy #kTg and order the harmonic
in enhanced fluctuations of the helical coordinates (Tablénodes according to the desired property (i.e., atomic posi-
4). Because bulges contain unmatched (nonpaired) bases #@n fluctuations). This is similar to an ordering with respect
analysis with respect to base pair coordinate fluctuations it @ force constant (eigenvalue) for Cartesian displacements.
not possible. In Table 4 the helical coordinate fluctuations AS a test case to check the ability of the current approach
of the central adenine with respect to theflanking base to reproduce available experimental results on the atomic
pair are summarized. In both stacked and looped-out adénobilities in RNA, it has been applied to a dsRNA x-ray
nine conformations, the helical coordinate fluctuations arestructure determined at room temperature to high resolution
significantly larger than for a base-paired adenine. In par{Egli et al., 1996). Calculated B-factors showed good qual-
ticular, twist fluctuations are two (stacked bulge) or evenitative agreement with experimental B-factors. Most nota-
three or four times larger (looped-out form) than in the casédly, a characteristic pattern of the atomic mobilities along
of a regular base pair. the sequence with highest B-factors found for the phosphate
groups and lowest mobilities for the base atoms could be
TABLE 4 Helical coordinate fluctuations of the bulge reproduced. A similar result has been obtained in a normal-
nucleotide with respect the 5’ flanking base pair mode analysis of B-DNA using torsion angle coordinates
(Lin et al., 1997). It is important to note that a more than
qualitative agreement between experimental and calculated

Coordinate Central AU Central A (stacked) Central A (looped-out)

(xdisp) 0.34 0.78 25 B-factors is not expected because of the many factors that
%gg@ 8;’3 c1>:§1 i'_g affect experimental B-factors and are not included in our

(inc) 56 98 11.4 calculations (e.g., resolution of the structure, crystal disor-

(tip) 4.7 6.5 12.7 der, intermolecular contacts in the crystal, lattice vibrations,

(twist) 3.6 7.9 13.2 and structural substates in the crystal).

The helical coordinate fluctuations were calculated for a description of the  The main purpose of the present study was to characterize
central adenine base with respect to thélanking base pair (6G). The  helical and global motions of regular RNA within the har-
helical variables describing the adenine axis system with respect to the axi§ygnic mode approximation and to study the influence of
system associated with thé Base pair were calculated according to the . .

definitions given by Lavery and Sklenar (1988a,b). Bdbe the origin of noncanomc_al elements. The Falcmated har.monlc modes
the base pair system, I&t v, W be the associated axis system (calculated MY give hints on the mechanism and magnitude of these
with Curves), and leD be the origin of the bulge base (fixed) system, motions and in turn could be helpful for understanding
wherex, z z are the axis vectormdgdic%tes normalized vectors):» deformations of RNA occurring upon |igand binding, fold-
xdisp= (O — P) (¥ x 0),; ydisp= (O — P) (U X (¥ X 0),); rise = (O — ing, and association.

P) G; inc = arcsin § U); tip = = arccos (§ X 0), X), sign is the same as .

_)(G %): twist = + grclosp@ X G), V), sigw is tLe )Samge as(y X ). . Only a modgst sequence dependence of the helical coor-
Helical fluctuations were calculated by summing over all contributions dinate fluctuations was observed for the four regular RNA
from structures deformed in each HM (excited KTy). model structures. Notably, the roll and tilt fluctuations for
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U/A-containing sequences were larger than for C/G-conimeasure of the persistence length usually does not distin-
taining sequences. For DNA there is experimental evidencguish between a “flexibility” due to a mixture of possible
that the largest roll deformations involve pyrimidine-purine distinct substates of a RNA molecule (each may have a
steps. To some degree this can also be seen in our calculglightly different overall bend angle) and thermal fluctua-
tions on RNA. The CG step showed a larger roll fluctuationtions of one substate around its equilibrium state. It should
than the GG(CC) or GC step. The calculated harmonide emphasized that in the present study only fluctuations
flexibility of A-form DNA was similar to that of RNA of the around one substate are considered, and not transitions
same sequence. between distinct conformational states separated by barri-
The calculated helical parameter flexibilities can also beers. Such transitions may add significantly to the observed
compared to standard deviations of helical descriptors fronflexibility (or heterogeneity) of RNA in solution.
a statistical analysis of A-DNA crystal structures (Jones et In contrast to normal-mode or harmonic-mode calcula-
al., 1999). Note that an agreement is not necessarily exions, sufficiently long molecular dynamics simulations in
pected, because alternative structures in crystals can reprgrinciple include transitions between conformational sub-
sent different distinct substates of DNA molecules and carstates of RNA. In this regard it is interesting to note that
be influenced by the crystal environment. The HM calcula-molecular dynamics simulations of DNA in the presence of
tions do not include these influences but account only forexplicit water and ions indicate a persistence length smaller
the RNA deformability close to standard A-form geometry. than the experimental value (220 A, Cheatham and Koll-
The standard deviation (SD) for the translational descriptorgnan, 1996, compared to an experimental estimate 600
from crystal structures follows the decreasing order shiftA, Hagerman, 1981; note, however, that these authors may
(0.5 A), slide (0.4 A), rise (0.3 A), which is similar to the have used average angular fluctuations at each individual
calculated order (flexibility of shift~0.4 A, slide:~0.35 base pair step to calcula® not considering that there is
A, rise: ~0.3 A; see Table 1). The SD of the orientational some covariation with adjacent steps (see current results),
base-pair descriptors in the crystal structures follows thevhich lowers the “effective” fluctuation per step. Account-
order Roll(5.0°), Twist (4.5°), and Tilt (2.7°), which differs ing for this covariation may considerably increase the cal-
from the calculated order of helical flexibilities (Roll: culatedP).
~4.5-5.0°, Tilt: ~3.0—-4.5°, Twist:~2.9-3.6°). It has been possible to analyze the sterically allowed
The helical coordinate fluctuations calculated with themotions that lead to global bending of an RNA molecule in
present approach compare well with results on A-DNAterms of the helical motion at the nucleotide level. Similar
obtained using torsion angle variables by Ha Duong ando normal-mode studies by Ha Duong and Zakrzewska
Zakrzewska (1997a) and the Flex force field (Lavery et al.,(1997a) and Matsumoto and Go (1999) on DNA, only very
1995). Ha Duong and Zakrzewska (1997a) found slightlyfew harmonic modes were found to make a significant
larger rise fluctuations+0.5-0.8 A, compared to 0.3-0.45 contribution to helix bending. The HM analysis suggests
A in the present study) and slightly smaller tilt fluctuations that the origin of RNA bending motions in terms of the local
for T/A-containing sequences (2.5-3.0° compared to 3—4Mmotion of each base pair (relative to the neighboring base
in the present study). The calculated helical coordinatgairs) is mainly a collective change in roll and slide along
fluctuations are generally smaller than what has been founthe sequence in such a way that it adds up to a global
as standard deviations in molecular dynamics simulationsurvature.
on RNA and A-DNA with explicit solvent and ions Bending motions were found to be associated with sig-
(Cheatham and Kollman, 1996, 1997). However, most henificant changes of the RNA groove geometry. The calcu-
lical coordinate fluctuations of base pairs from MD simu- lations indicate that the major groove of RNA can fluctuate
lations are only 20-50% larger than the present estimatesround its equilibrium width of~4.5 A by up to 1.4 A at
For example, standard deviations-00.5-0.6 A have been room temperature. The maximum possible width (due to
found for the translational helical coordinate fluctuations inthermal fluctuations) of the major groove of regular RNA is
MD (Cheatham and Kollman, 1997), compared~+0.3—  still much smaller than in the case of B-DNA, so that the
0.45 A in the HM analysis and 4—8° for angular variablesaccessibility by proteins is limited or requires an excess of
(MD) and 2.9-5° in the current HM study. In addition, the energy to further open the groove.
trend that angular helical fluctuations follow the increasing To our knowledge no experimental data on the torsional
order twist, tilt, and roll has been observed in both the MDrigidity of dsRNA are available. However, for B-DNA,
(Cheatham and Kollman, 1997) and HM analyses. Thisxperimental data on the twist flexibility suggest a twist
indicates that a significant part of the coordinate fluctua-fluctuation of ~4—6°/bp at room temperature (Shore and
tions of RNA can be modeled using a harmonic model. Baldwin, 1983; Taylor and Hagerman, 1990; Fujimoto and
For regular A-form RNA the estimated harmonic chain Schurr, 1990). It is interesting to compare this with our
stiffness or persistence length is almost two times largecalculated “effective” twist flexibility of ~2°/ bp, which
than what has been found experimentally7@0 A;  suggests that RNA is more rigid in terms of twist than DNA
Kebbekus et al., 1995). Note, however, that an experimentgharmonic mode calculations on B-DNA indicate that the
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calculated harmonic twist flexibility is indeed higher for ences in conformational deformability. The presence of a
B-DNA, ~3-4°/bp; data not shown). tandem G:A mismatch in the sheared conformation is pre-
It should be noted that because of the present harmonidicted to stiffen the RNA compared to regular RNA of the
approximation the (twist) torsional rigidity of the RNA is same length or tandem G:A mismatches in the ftf form. A
assumed to be independent of temperature. Experimentalfyossible reason for this finding is that a sheared G:A base
observed changes of the twist flexibility with temperature pajr forms a more compact structure than a face-to-face G:A
(for example, a decrease in the torsional rigidity observegy; g regular Watson-Crick base pair. Based on this result,
by Delrow et al. (1998) for B-DNA) cannot be modeled by one could speculate that one possible function of the

the preser_1t HM approach- . ) _ sheared tandem G:A mismatch in many biologically impor-
A negative covariance of helical coordinate deformations;t RNA molecules (i.e., hammerhead ribozyme) is to

at one base pair step _and nelghborlng ba_se_payr StePS Wagjice the conformational flexibility and to stiffen the sur-
observed for most helical coordinates. This indicates that],Ounoling structure

for example, the overall twist variance of a given RNA helix The HM analysis indicates that the presence of a single-

is not simply the sum of the variances at each step (as woulg . . . o
be the case for independent twist fluctuations). The analysisulge nucleotide can increase the conformational flexibility
f dsSRNA and that the effect depends on the bulge confor-

of covariances of helical fluctuations in double-strande tion. For the bulae b in the | d-out ; i
nucleic acids could be extended to many more covariance ation. ~orthe bulge base in he looped-out conformation
e mobility of the bulge base is strongly enhanced com-

than considered in the present study. Such an analysis cou )
be interesting, in particular, for the study of DNA flexibility Paréd to a base-paired nucleobase or a stacked bulge base.

with regard to DNA recognition (Gorin et al., 1995; Olson This result is consistent with NM calculations on tRNA
et al., 1998). which indicate significantly enhanced fluctuations of nucle-
By simply adding the contributions of each deformation otides not involved in stacking interactions (Matsumoto et
mode to the covariance of a given pair of helical Coordi_al., 1999) In addition to the increased harmonic motion
nates, little coupling of deformations was found for baseclose to one energy minimum, it is likely that the structural
pairs beyond nearest or next-nearest neighbors. We like toeterogeneity of the looped-out base is also increased by the
point out that such a treatment neglects possible differencegossibility of adopting other distinct substates in solution
in the relaxation times of each mode. Each HM shows &see, for example, Zacharias and Sklenar, 1997, 1999b). The
strong covariance of coordinate displacements along th#anking nucleotides in the looped-out bulge structure are
sequence. Under the assumption that distortions in thetacked in a fashion very similar to that of regular A-form,
modes relax with different characteristic relaxation timesand the calculated global bending flexibility was found to be
(due to different characteristic diffusion constants), correclose to the bending flexibility of a helix with a regular base
lated motions may extend much farther along the sequenggair instead of the bulge. Interestingly, in contrast to the HM
(Schurr and Fujimoto, 1999). result, for the crystal structure of a single adenine bulge no
Substitution of canonical base pairs at the center of &trongly enhanced B-factors were reported for the looped-
dsRNA by two common and relatively stable non-Watson-gut puige base (Portmann et al., 1996). However, this
Crick base pairs (G:U and G:A) did not alter the harmo”'clooped-out base contacts a neighboring molecule in the

flexibility significantly (except for an increase in the rise crystal that presumably restricts the mobility of the bulge
fluctuation in the case of G:U). This result is compatible

with the interpretation of crystallographic structures that
contain single G:U and G:A mismatches. These eIementBiI

were found to adopt conformations in the crystal verybulge base appeared to be more mobile than a paired ade-

similar to those of regular A-form RNA with no apparent . S
. . nine. However, as expected, the bulge base mobility is much
B-factor increase or structural heterogeneity (Leonhard et :
maller than in case of the looped-out structure.

al., 1994; Mueller et al., 1999). It should be emphasized that It ot q v th HM h
the present study does not exclude the possibility that the tis straightiorward 1o apply the present approach to

mismatches more easily adopt distinct subconformation@ther noncanonical structural motifs to get an approximate
than regular Watson-Crick base pairs that are separated it Very rapid impression of the deformability of these
small energy barriers in solution, which can add to theStructures in the vicinity of an energy minimum. An appli-
conformational heterogeneity of the RNA. cation to structures much larger than those considered in the

Tandem G:A mismatches have been shown to adopt twgurrent study, such as tRNAs or even the 160 nucleotide
very different conformations in RNA, depending on flank- P4Ps domain of the group | ribozyme (Cate et al., 1996), is
ing sequences (sheared or face-to-face form; SantalLuciaot out of reach of the method. Study of the global motions
and Turner, 1993; Wu and Turner, 1996; see Materials andf such RNAs in terms of nucleotide and atomic motions
Methods). The harmonic-mode analysis provides evidencelay add to the understanding of the function of these
that these two conformations also show important differ-multidomain structures.

For the stacked bulge form the calculated bending flexi-
ity was slightly larger than that of regular dsSRNA, and the
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