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Refinement of the Solution Structure of the Ribonucleotide 5'rf(GCAUGC),:

Combined Use of Nuclear Magnetic Resonance and Restrained Molecular
Dynamics'
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ABSTRACT: The solution structure of the self-complementary hexamer 5r(GCAUGC), is investigated by
means of nuclear magnetic resonance spectroscopy and restrained molecular dynamics. The proton resonances
are assigned in a sequential manner, and a set of 110 approximate interproton distance restraints are derived
from the two-dimensional nuclear Overhauser enhancement spectra. These distances are used as the basis
of a structure refinement by restrained molecular dynamics in which the experimental restraints are in-
corporated into the total energy function of the system in the form of effective potentials. Eight restrained
molecular dynamics simulations are carried out, four starting from a structure with regular A-type geometry
and four from one with regular B-type geometry. The atomic root mean square (rms) difference between
the initial structures is 3.2 A. In the case of all eight simulations, convergence is achieved both globally
and locally to a set of very similar A-type structures with an average atomic rms difference between them
of 0.8 £ 0.2 A. Further, the atomic rms differences between the restrained dynamics structures obtained
by starting out from the same initial structures but with different random number seeds for the assignment
of the initial velocities are the same as those between the restrained dynamics structures starting out from
the two different initial structures. These results suggest that the restrained dynamics structures represent
good approximations of the solution structure. The converged structures exhibit clear sequence-dependent
variation in some of the helical parameters, in particular helix twist, roll, slide, and propellor twist. The
variation in roll follows that predicted by Dickerson [Dickerson, R. E. (1983) J. Mol. Biol. 166, 419-441],
whereas those for helix twist and propellor twist follow the opposite trend to the predicted one.

As part of a study on the conformations of nucleic acids in
solution we present a combined nuclear magnetic resonance
(NMR)! and restrained molecular dynamics study on the
self-complementary RNA hexamer 5r(GCAUGC),. This
particular sequence was chosen to enable a direct structural

* This work was supported by the Max-Planck Gesellschaft, Grant C1
86/1-1 from the Deutsche Forschungsgemeinschaft, and Grant 321/
4003/0318909A from the Bundesministerium fiir Forschung und Tech-
nologie (G.M.C. and AM.G.).

{Present address: Laboratory of Chemical Physics, Building 2, Na-
tional Institute of Diabetes and Digestive and Kidney Disorders, National
Institutes of Health, Bethesda, MD 20892.

comparison with the analogous DNA oligonucleotide 5'd-
(GCATGC),, whose three-dimensional structure had previ-
ously been determined by the same methods (Nilges et al.,
1987a). We first assign the resonances of the RNA hexamer
in a sequential manner using a combination of HOHAHA and
NOESY spectroscopy; a set of approximate interproton dis-
tance restraints is then derived from the NOESY cross-peak

! Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; NOESY, two-dimensional NOE spectroscopy; HOH-
AHA, two-dimensional homonuclear Hartmann—Hahn spectroscopy;
rms, root mean square; RD, restrained dynamics.
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intensities and used as the basis of a structure refinement by
restrained molecular dynamics (Clore et al., 1985a, 1986;
Kaptein et al., 1985; Briinger et al., 1986; Nilsson et al., 1986).
As in previous studies on two DNA hexamers (Nilsson et al.,
1986; Nilges et al., 1987a) and a DNA decamer (Nilges et
al., 1987b), convergence is achieved by starting from two quite
different initial structures, namely, structures with regular A-
and B-type geometries. The converged structures are analyzed
and shown to exhibit sequence-dependent variations in the
value of helical parameters, some of which are different from
those found in the analogous DNA hexamer,

EXPERIMENTAL PROCEDURES

Sample Preparation. The RNA hexamer 5r(GCAUGC),
was synthesized in solution by condensation of two trimer
blocks as described previously (Happ et al., 1987). After being
deblocked in three consecutive steps, the fully deprotected
product was purified by ion-exchange chromatography on
DEAE-Sephadex A-25 under denaturing conditions. The
hexamer was desalted on a Baker-10 SPE reverse-phase C18
column and finally on Sephadex G-25. Electrophoresis on a
20% polyacrylamide gel confirmed the purity of the isolated
compound.

After extensive freeze-drying, the hexamer was dissolved
unbuffered in either 99.995% D,0 or 90% H,0/10% D,0 to
give a final concentration of 7.5 mM. Note that some Na*
counterions are present as the cations bound tightly to the
phosphate groups are not removed in the desalting procedure.
All glassware was heated at 180 °C overnight to inactivate
all possible traces of ribonucleases.

The temperature used for all NMR experiments was 10 °C;
under these conditions the hexamer was entirely double
stranded as judged by the observation of three imino proton
resonances in 90% H,0/10% D,0.

NMR Spectroscopy. All NMR spectra were recorded on
a Bruker AMS00 spectrometer. Two-dimensional NOESY
(Jeener et al., 1979; Macura et al.,, 1982) and MLEV17
HOHAHA spectra (Davis & Bax, 1985; Bax & Davis, 1985)
were recorded in pure-phase absorption mode with the time-
proportional incrementation method (Redfield & Kuntz, 1973;
Bodenhausen et al., 1980; Marion & Wiithrich, 1983). To
reduce ¢, noise, the first time domain data points were mul-
tiplied by a factor of 0.5 (Otting et al., 1986). Base-line
correction (Pearson, 1977) was carried out after the first and
second transforms. Quantification of the NOESY cross-peak
intensities was carried out ona VAX 11/780 by determination
of the volume of each cross-peak by two-dimensional inte-
gration with a modified version of the Groningen 2D NMR
processing program (Boelens, Kaptein, and Scheek, unpub-
lished data).

Restrained Molecular Dynamics. All energy minimization
and molecular dynamics calculations were carried out on a
CONVEX-C1XP computer using the program XPLOR
(Briinger et al., 1987a,b; A. T. Briinger et al., unpublished
data) which is derived from the program CHARMM (Brooks
et al., 1983) and has been especially adapted for restrained
molecular dynamics. The energy function used comprises an
all-hydrogen empirical energy function (E.ppica) developed
for nucleic acids (Nilsson & Karplus, 1983) and effective
interproton distance (Enog) and torsion angle (E,) restraint
energy functions. The effective NOE restraint potential, Exog,
has the form of a skewed biharmonic potential (Clore et al.,
1985) given by

: 0
Enon(r,) = ;cl(r[j - ri)? if r; > ry i
NOEVW ey(ry — rz'jo)z if r; < rijo

HAPP ET AL.

where r;;and 7,0 are the calculated and experimental distances,

respectively, and ¢, and ¢, are force constants given by
¢; = kpTS/2(8;%) ey = kgTS/2(8)  (2)

where kp is the Boltzmann constant, T is the absolute tem-
perature, S is a scale factor, and A;* and A" are the positive
and negative error estimates on the value of ,°. The effective
torsion angle restraint potential has the form of a square well
given by (Clore et al., 1986b)
c(¢y - ¢,°)? if ;> ¢

E,= <0 (3)

C(¢ij - ¢ijl)2

where ¢ is a force constant, ¢, is the calculated value of the
torsion angle, and ¢, and ¢! are the upper and lower ex-
perimental limits of the torsion angle. With respect to the
electrostatic component of the empirical energy function, the
effect of solvent was approximated by a 1/r screening function
(Gelin & Karplus, 1977; Brooks et al., 1983) and by reducing
the net charge on the phosphate group to —0.32e (Tidor et al.,
1982). The nonbonded interactions were switched off, by use
of a cubic switching function, between 9.5 and 10.5 A, with
pairs up to 11.5 A included in the nonbonded list. Integration
of the classical equations of motion was performed by a Verlet
integration algorithm (Verlet, 1967) with initial velocities
assigned from a Maxwellian distribution at 400 K. The tem-
perature of the system was maintained constant by rescaling
the velocities of the atoms energy 0.1 ps. The time step of the
integrator was 0.001 ps, and the nonbonded interaction lists
were updated every 0.02 ps. Bond lengths involving hydrogen
atoms were kept fixed with the SHAKE algorithm (Ryckaert
et al., 1977).

Structural Analysis. Displaying of trajectories was carried
out on an Evans & Sutherland PS390 color graphics system
using a modified version of the function network of FRODO
(Jones, 1978) interfaced with XPLOR. Analysis of helical
parameters was carried out by the program HETRAN (M.
Nilges and G, M. Clore, unpublished data), which is a mod-
ified version of the programs AHELIX (written by J. Rosenberg)
and BROLL and CYLIN (written by R. E. Dickerson) adapted
to deal with dynamics trajectories (INilges et al., 1987a).

lf ¢ij < ¢ijl

RESULTS AND DiscuUSSION

Sequential Resonance Assignment and Interproton Dis-
tances. The assignment of the nonexchangeable protons was
accomplished in a sequential manner (Reid et al., 1983; Scheek
et al., 1983; Hare et al., 1983; Clore & Gronenborn, 1983,
1985a) by (a) Hartmann-Hahn spectroscopy to demonstrate
direct and relayed through-bond connectivities along the H1’
<> HY' <> H3' <> H4' « H5'/H5” pathway within each sugar
unit and (b) NOESY spectroscopy to demonstrate through-
space (<5 A) connectivities along the HI'/H2Y /H3(i- 1) <
H8/H6({) « H1’/H2'/H3’(i) pathway. Some examples of
NOESY spectra are shown in Figure 1, and the complete list
of assignments is given in Table I.

Interproton distances were determined from the intensities
of the cross-peaks in the 100-ms NOESY spectra with the
C(H5)-C(H6) and U(H5)-U(H6) distances (2.5 A) and
cross-peak intensities as internal references from (Wagner &
Wiithrich, 1979; Dobson et al., 1982; Clore & Gronenborn,
1985b)

(ri7 88 = [aps_pe(Tm) / 4i(70) 1 s ns (4)

[where r; and a;(r,,) are the distance and NOE cross-peak
intensity at a mixing time 7, respectively, between protons
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FIGURE 1: (A) H8/H6(F1 axis)-H1’/H5(F2 axis) and (B) H8 /H6(F1 axis)-H2'/H3’/H4’/H5’/H5”(F2 axis) of the 100-ms NOESY spectrum
of the RNA hexamer in D,O. H1’(i — 1) <> H8/H6(i) « H1’(i) and H3'(i - 1) <= H8/H6(i) <> H3'(i) connectivities are shown in (A) and
(B), respectively, as solid lines (—); H2’(i — 1) <= H8/H6(i) <= H2'(i) connectivities are shown in (B) as interrupted lines (—-).

Table I: Proton Resonance Assignments of the RNA Hexamer at 10 °C
chemical shift (ppm)

residue H8/H6 H5/H2 H1/H3 HI H2’ H¥ H4 HS H5”
G, 8.08 12,75 5.64 4.71 4.48 4.24 3.94, 3.81
C, 7.83 5.31 5.53 4.52 4.58 4.40 4.11
A, 8.05 7.25 5.91 4.46 4.66 4.67 4.10
U, 7.56 5.02 13.42 5.40 4.41 4.46 4.44 4.01
Gs 7.65 12.65 5.75 4.33 4.49 438 4.03
Cs 7.49 5.33 5.62 3.90 4.05 4.06 3.94

i and j] on the assumption that the effective correlation times
of the i—j and intranucleotide H5~H6 interproton vectors are
about the same and that the initial rate condition is approx-
imately valid. The validity of the latter assumption at a mixing
time of 100 ms was verified by selective one-dimensional ex-
periments using the NOESY pulse sequence with the first
nonselective 90° pulse replaced by a selective 90° Gaussian-
shaped pulse (Kessler et al., 1986).

In using eq 4 the effects of spin—diffusion and variations of
the effective correlation time on the estimated distance values
should be considered. From model calculations (Clore &
Gronenborn, 1985b) and considerations of RNA stereochem-
istry (Clore et al., 1985b), it can be deduced that under the
experimental conditions employed no distortions of cross-peak
intensities will occur for r; <3 A and only minima) distortions
giving rise to distance errors of <0.2 A will occur for 3 A <
ry<4 A. No variation in effective correlation time for the
three intraresidue H5-H6 vectors could be detected. Although
the effective correlation time of the intraresidue H2'~H2”
sugar vector in DNA oligonucleotides is a factor of approx-
imately 3 times shorter than that of the intranucleotide H5-H6
base vector (Clore & Gronenborn, 1984; Nilges et al.,
1987a,b), there appears to be no significant difference between
the effective correlation times of sugar and base vectors in
RNA (Clore et al., 1985b). Despite the fact that there is no
readily available fixed distance vector within the ribose ring
(the H5-H5" vector not being suitable due to severe spectral
overlap), the comparable effective correlation times for the
sugar and base vectors are easily checked by calculation of
the H1’-H2’ distance with the H5-H6 vector as an internal
reference. The H1’-H2’ distance has a minimum value of
~2.5 A when the sugar pucker is in the 3’-endo conformation
characteristic of A-RNA and a maximal value of ~2.9 A
when the sugar pucker is in the 2’-endo conformation. The
values obtained for the hexamer with eq 4 all lie in the range

2.5-2.7 A. If the effective correlation time of the sugar vectors
were significantly shorter than that of the bases, these values
would represent overestimates, which clearly cannot be the case
on stereochemical grounds.

A summary of the calculated interproton distances is given
in Table II. Taking into account both the considerations
discussed above as well as the errors involved in determining
cross-peak intensities by volume integration, we estimate that
the errors are 0.2 A/+0.3 A for r; < 3 A and -0.3 A/+0.4
Afor3A<r,<5A

Information on the C4'-C3’ (8) bond torsion angle was also
deduced from 3J,,, coupling constants. From the one-di-
mensional spectrum, these could easily be estimated to be less
than 3 Hz for all ribose units, indicative of a value of § < 90°
(Altona & Sunderalinguam, 1972; Davies, 1985).

Structure Refinement. In order to obtain the structure of
the hexamer in solution, we proceeded to carry out restrained
molecular dynamics calculations incorporating the experi-
mental interproton distance and & torsion angle data into the
total energy of the system in the form of effective potentials
(cf. eq 1 and 3). Two initial structures were used: an A-type
structure known as IniA and a B-type one known as IniB. The
Cartesian coordinates for these structures were generated from
the polar coordinates for classical A- and B-DNA obtained
from fiber diffraction data (Arnott & Hukins, 1972). The
atomic rms difference between the two initial structures is 3.2
A. The calculations proceeded in three stages: (i) 8 ps of
quenched restrained dynamics at 400 K in which the velocities
were rescaled to 400 K every 0.1 ps, and the NOE restraint
scale factor S (cf. eq 1 and 2) was increased from 0.32 up to
a maximum value of 8.0 and the & torsion angle restraint force
constant from 0.63 kcal mol™ rad™2 up to a maximum value
of 40 kcal mol™! rad=? by multiplying their respective values
by 10%2 every 0.1 ps (the values of the NOE and § restraint
force constants reached at the end of this stage were main-
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Table IT: (r%)-!/¢ Mean Interproton Distances Derived from the
100-ms NOESY Spectra®

(A) Intranucleotide

i (A)
proton C, G, A, U, Gs Cs
sugar-sugar
H1'-H2' 26 26 25 26 27 26
H1'-H4’ 31 32 33 32 31 30
sugar—base
H1’-Hé6/H8 37 38 37 35 36 37
H2-H6/H8 3.4 33 39 33
H3'-Hé6/HS8 30 26 29 b 29 27

H5’/HS"~-H6/H8 3.1 33 33 35 32

(B) Internucleotide (Intrastrand)

proton of  proton of ry (A)
5’-residue  3’-residue G,pC, C,pA; A ;pU, UupGs G;spCq
HI H6/H8 3.6 4.1 4.0 3.9 4.0
H2 Hé6/HS8 2.5 2.4 b 2.3 2.6
H3 Hé6/HS8 2.7 3.0 3.0 3.2
H2/ HS 33 2.9
H3 HS5 2.9 3.1
H8/H6 HS5 4.2 3.8
H2 HIl’ 3.5
(C) Internucleotide (Interstrand)
proton r; (A)
A3(H2)-G | (H1")/Ay(H2)-Gs(H1") 33
A3(H2)-U;o(H3)/Ag(H2)-U,(H3) 29

4The estimated errors in the distances are as follows: -0.2/+0.3 A
for r; < 3 A and -0.3/+0.4 A for 3 A < r; < 5 A (see text). *The
A;(H2’) and U,(H3’) resonances are superimposed. Consequently, the
A3(H2)-U,(H6) and U, (H3")-Uy(H6) cross-peaks are superimposed.
The integrated cross-peak intensity of this peak corresponds to a dis-
tance of 2.2 A. In the restraints list, we set this value equal to the
(r8)71/6 average of the two corresponding distances. ¢As the H5 and
HS5” resonances were not stereospecifically assigned, the distances giv-
en in the table were set equal to the (r%)~!/¢ average of the rys.me/us
and rys»yeus distances.

Table III: Atomic rms Differences between Initial and Final
Structures”®

atomic rms atomic rms
difference difference
(A) (&)

rms Distributions
(RDA) vs (RDA) 0.72 £ 0.27
(RDB) vs (RDB) 0.85 + 0.16
(RDA) vs (RDB) 0.80 = 0.20

Initial Structures
IniA vs IniB 3.21

rms Shifts

IniA vs (RDA) 1.67£0.13 (RD)ys (RD) 080 % 0.21
El_]l)B Vs %DB) é?z + 0.24 (RD) vs -R_L 0.54 £ 0.11
vs (RD)m 0. (RD) vs (RD)m  0.56 = 0.12

2The notation of the structures is as follows: IniA and IniB are the
initial structures with regular A and B geometries, respectively.
(RDA) are the four final structures derived from IniA and (RDB) the
four final structures derived from IniB; (RD) refers to all eight con-

verged structures (i.e., (RDA) and (RDB) collectively); RD is the
mean structure obtained by averaging the coordinates of the eight

converged structures; (RD)m is the structure obtained by restrained
energy minimization of the mean structure RD. The atomic standard

rms error in the coordinates of the average structure RD is given by
rmsd/+8 ~ 0.19 A, where rmsd is the average atomic rms difference

between the eight (RD) structures and the mean structure RD.

tained for the rest of the calculation); (ii) 12 ps of quenched
restrained dynamics at 300 K in which the velocities were
rescaled every 0.1 ps; (iii) 400 cycles of restrained energy
minimization of the coordinates obtained by averaging the
coordinate trajectories over the last 8 ps of the second stage.
Four calculations were carried out from each initial structure
with different random number seeds for the assignments of
the initial velocities. Each calculation took approximately 5

Table IV: rms Interproton Distance Deviations, Deviations from
Ideality, and Restraints and Nonbonding Energies for Initial and
Final Structures

rms interproton distance deviations (A)

intraresidue  interresidue  base pairing

structure  all (126) (66) (44) (16)°
IniA 0.40 0.20 0.58 0.16
IniB 1.03 0.81 1.42 0.15

(RDA) 0.20£0.002 0.15£0.005 0.29 £0.01 0.056 = 0.005
(RDB) 0.20+0.005 0.15+0.005 0.28 £ 0.005 0.060 £ 0.003

RR 0.20 0.14 0.29 0.062
(RD)m 0.20 0.15 0.28 0.052
deviations from ideality?
bonds (A) angles (deg) impropers
structure (412) (732) (deg) (172)
IniA 0.008 3.18 0.33
IniB 0.011 3.09 0.31
(RDA) 0.008 = 0 3.64 = 0.005 0.26 £ 0.02
S&DB) 0.008 £ 0 3.68 + 0.02 0.27 £ 0.005
RD 0.097 10.89 4.90
(RD)m  0.008 5.13 0.28
restraint energy nonbonding energy (kcal/mol)
(keal/mol) van der  electro-
structure Enog? Ey Waals static  H bond
IniA 623 0 =27 -104 -40
IniB 3008 866 2203 -398 -35

(RDA) 117+4 0.006 £ 0.004 -195+2 -181+£4 -68 %5
(RDB) 1174 0.007 £ 0.009 -197£2 -184x5 695

RD 139 0.002 -193 -157 -56
(RD)m 120 0.004 -197 -170 -61

?In addition to the experimental interproton distance restraints, a set
of 16 base-pairing restraints corresponding to the base-pair hydrogen
bonds were added to the NOE restraint energy function. These are as
follows: for A-U base pairs rsg)-uos = 2.95 A and FAND)-UH3) =
2.82 A; for G-C base pairs reos-cve) = 2.91 A, rginn-cnay = 2. ,
and rgna)-con = 2.86 A, The values were taken from the X-ray
structure analyses of ApU (Seeman et al., 1976) and GpC (Rosenberg
et al., 1976), and the error estimates for these values used in the cal-
culations were £0.2 A. ®Deviations from ideality indicate deviations
from standard values for covalent geometry (i.e., bonds, angles, and
planes). ¢The improper torsion angle restraints are the restraints used
to maintain planarity; unlike conventional dihedral angle restraints,
they have only one minimum described by a simple harmonic poten-
tial. “The scale factor S (cf eq 2) used in calculating the NOE re-
straint energy was 8. This corresponds to force constants of 59.6, 26.5,
and 14.9 kcal mol~! A2 for distance errors of 0.2, 0.3, and 0.4 A, re-
spectively. ¢The force constant for the § torsion angle restraint was 40
keal mol™ rad™2.

h on the CONVEX-CI1XP computer. The final structures
obtained by starting from IniA are referred to as (RDA) and
those starting from IniB as (RDB); (RDA) and (RDB) are
also referred to collectively as (RD). The coordinates of the
eight final structures were also averaged to yield the average

structure RD, which was subjected to 400 cycles of restrained

energy minimization to produce the structure (RD)m.

The atomic rms differences between the structures are given
in Table III, and the rms differences between the calculated
and experimental interproton distances, the deviations from
ideality for bonds, angles, and planes, the NOE and 6 restraint
energies, and the nonbonding energies are given in Table IV.
Superpositions of the two initial structures and of the final
structures are shown in Figure 2 and plots of atomic rms
difference between various structures as a function of residues
number in Figure 3.

It is clear from the data in Tables IT and III and Figures
2 and 3 that convergence to essentially the same structures,
both globally and locally, has been achieved by starting from
both initial structures. Further, the atomic rms differences
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Table V: Average Values of Glycosidyl and Backbone Torsion Angles, Sugar Pucker Phase Angle, Helix Twist and Rise, and Base-Pair

Inclination and Displacement for Initial and Final Structures

backbone torsion angles (deg)

glycosyl, phase  helix twist helix rise inclination  displace-

structure  x (deg) a 8 ¥ D) € ¢ (deg)? (deg) (A) (deg) ment (A)
IniA -154 -86 -151 47 83 178 -46 354 32.7 2.56 -19.3 4.49
IniB -98 -47 -146 36 156 155 -95 173 36.0 3.38 5.9 -0.23

(RD) ~-156x5 -70%x15 175@7 57®@2 85%7 160x3 675 345%9 35+£7 27+£02 -124%33 23%x05

4The sugar pucker phase angle is calculated as described by Cremer and Pople (1975) with the apex at atom 3 and C4’ = atom 0, Cl’ = atom 1,

and so on.
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FIGURE 4: Variations in backbone and glycosidic bond torsion angles
as well as in the phase angle describing the sugar pucker for the eight
{RD) converged structures. The solid circles represent the average
of the values for the eight converged structures and the bars the rms
deviations in these values.

between the final structures are independent of the starting
structures. Thus, the difference between the final structures
arises from the different random number seeds used to assign
the initial velocities. The average atomic rms difference be-
tween the final structures is ~0.8 A and that between the final
structures and the mean structure RD is ~0.5 A, which is
comparable to the atomic rms fluctuations of the atoms about
their average positions. The rms difference in the interproton
distances (~0.2 A) is within the experimental errors specified,
and the § torsion angles lie within the target range. In addition,
the extent of convergence can be assessed from the plots of
backbone torsion angles (Figure 4) and helical parameters
(Figure 5) as a function of residue number.

It should be noted that in the absence of experimental re-
straints (i.e., using the same dynamics protocol but with the
force constants for the NOE and & torsion angle restraints set
to zero) convergence from the two starting structures does not
occur. Indeed, the structures diverge (atomic rms difference
of 5.5 A), and the structure starting from IniA remains A type
and that from IniB B type. Thus, as in the previous cases
(Nilsson et al., 1986; Nilges et al., 1987a,b), convergence is
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FIGURE 5: Variations in helical parameters for the eight (RD)
converged structures. The solid circles and squares represent the
average of the values for the eight converged structures and the bars
the rms deviations in these values. In the case of helix twist and rise,
the solid circles (@) represent the global helix twist and rise and the
squares () the local helix twist and rise. The exact definitions of
the various helical parameters are given by Dickerson (1983).

entirely due to the incorporation of the experimental restraints
into the total energy function of the system in the form of
effective potentials, and the structural features that emerge
are not in any way artifacts arising from the empirical energy
function. The role of the latter is solely to ensure that the local
stereochemistry and nonbonded interactions are approximately
correct.

Structural Features. The average values of the torsion
angles and various helical parameters for the initial and
converged structures are given in Table V. The values ex-
hibited by the converged structures are typical of A-RNA
(Saenger, 1984). Particularly characteristic are the glycosidic
bond (A) and C4’-C3’ (5) torsion angles, the helix rise, and
the base-pair displacement and inclination.

In contrast to the analogous DNA hexamer 5’d(GCATGC),
(Nilges et al., 1987a), the extent of base to base variation in
the backbone and glycosidic bond torsion angles is much less
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slide (&)

FIGURE 6: Roll-slide diagram for the eight (RD) converged structures,
The closed circles represent the Pyr Pur steps and the open circles
the Pur,Pyr steps. The dashed line from roll, slide = -10°, 1 A to
+20°, 6.2 A represents the break between A- and B-type DNA
geometries, which lie to the right and left, respectively, of the line
(Calladine & Drew, 1984).

marked. The helical parameters, however, show distinct
variations. The variation in base roll, characterized by larger
values for the Pyr,Pur steps than for the Pur Pyr steps, is the
same in the RNA and DNA hexamers and follows the trend
predicted by Dickerson’s (1983) sum function > ,. Slide is
correlated with roll as it was in the case in the DNA hexamer.

VOL. 27, NO. 5, 1988 1741

Most of the values in a roll-slide diagram (Figure 6) lie in
the range characteristic of an A-type geometry (Calladine &
Drew, 1984) and are grouped into two distinct clusters asso-
ciated with Pyr,Pur and PurPyr steps. The Pyr Pur cluster
is located in a similar position to that found in the DNA
hexamer, whereas the Pur,Pyr one is shifted rightward along
the slide axis into the A-type region. The variations in helix
twist and propellor twist, however, follow opposite trends for
the two oligonucleotides. Thus, in the case of the RNA
hexamer the helix twist is increased at the Pyr Pur steps
whereas it is decreased in the case of the DNA hexamer.
Similarly, the propellor twist is decreased at residues 1 and
6 in the case of the RNA hexamer but decreased in the case
of the DNA hexamer. The variation in helix twist and pro-
pellor twist in the RNA hexamer is thus anticorrelated with
the trend predicted by Dickerson’s (1983) sum functions ¥,
and 3_,, respectively.

Examination of the structure of the hexamer viewed down
the helix axis (Figure 7) suggests that the structure is stabilized
by near optimal base-base stacking. The Pur,Pyr steps are

FIGURE 7: Stereoviews of the five individual base-pair steps of the restrained energy minimized average structure (RD)m viewed down the

global helix axis.
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FIGURE 8: Two stereoviews of the average restrained energy minimized structure (RD)m with the global and local helix axes superimposed.

characterized by almost perfect intrastrand stacking of the
pyrimidine ring on the six-membered ring of the purine,
whereas the Pyr Pur steps are characterized by almost perfect
interstrand stacking of the six-membered purine rings. This
pattern of stacking is characteristic of A-RNA and even more
so of A’-RNA (Saenger, 1984) and provides the structural
basis for the experimental finding that stacking, as well as
hydrogen bonding, is an important determinant of RNA sta-
bility (Turner et al., 1986).

One of the distinctive features of the DNA hexamer was
its bent appearance with most of the bending occurring at the
two Pyr Pur steps (Nilges et al., 1987a). The global and local
helix axes were at angles to each other, and the global axis
represented a superhelix which the bent DNA wrapped around.
These features are present in the RNA hexamer but to a much
lesser degree. The global helix axis is located in the major
groove (Figure 8). The local helix axes of base pair steps 2,
3, and 4 are slightly displaced inwards (i.e., in the direction
of the minor groove) and at a small angle with respect to the
global axis. The local axes for base pair steps 1 and 5 are
slightly displaced toward the outside of the molecule. The local
axes of steps 1 and 5 are at an angle of ~20° to each other.
This compares to a value of ~50° in the case of the DNA
hexamer. Thus, the extent of bending is much smaller in the
RNA hexamer than in the DNA hexamer. That this is so can
also be ascertained from the observation that the values for
the local and global helix twist and for the local and global
helical rise are very similar (Figure 5).

Concluding Remarks. In this paper we have shown that
the restrained molecular dynamics can be successfully applied
to RNA as well as to DNA. The structure of the RNA
hexamer is of the A type. Although much more regular than
DNA with regard to backbone torsion angles, distinct varia-

tions in the helical parameters are apparent. While base roll

follows the same trend as in the analogous DNA hexamer, both

helical twist and propellor twist follow opposite trends. We

tentatively suggest that this pattern of variation is used to

optimize intrastrand purine—pyrimidine stacking at Pur Pyr

steps and interstrand purine-purine stacking at Pyr,Pur steps.
Registry No. 5'r(GCAUGC),, 112506-39-5.
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