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ABSTRACT

The thermodynamic stability of nine dodecamers (four
DNA and five RNA) of the same base composition has
been compared by UV-melting. The AG of stabilisation
were in the order: (GACUGAUCAGUC) , > r(CGCAA-
ATTTGCG), = r(CGCAUAUAUGCG), > d(CGCAAATT-
TGCG), = r((CGCAAAUUUGCG) , > d(CGCATATATGCG) »
=d(GACTGATCAGTC) , > r(CGCUUUAAAGCG) , = d(CG-
CTTTAAAGCG) . Compared with the mixed sequences,
both r(AAAUUU) and r(UUUAAA) are greatly destablis-
ing in RNA, whereas in DNA, d(TTTAAA) is destabilising
but d(AAATTT) is stabilising, which has been attributed

to the formation of a special B ' structure involving large
propeller twists of the A-T base pairs. The solution
structure of the RNA dodecamer r(CGCAAAUUUGCG) »
has been determined using NMR and restrained mol-
ecular dynamics calculations to assess the conforma-
tional reasons for its stability in comparison with
d(CGCAAATTTGCG) 5. The structures refined to a mean
pairwise rm.s.d. of 0.89 * 0.29 A. The nucleotide
conformations are typical of the A family of structures.
However, although the helix axis displacement is 1.6 A
into the major groove, the rise (3.0 A) and base
inclination ( [B°) are different from standard A form
RNA. The extensive base-stacking found in the AAATTT
tract of the DNA homologue that is largely responsible

for the higher thermodynamic stability of the DNA
duplex is reduced in the RNA structure, which may
account for its low relative stability.

INTRODUCTION

Brookhaven no. BNL-7057

by high propeller twists of the A-T base pairs, leading to
extensive base-stacking and bifurcated hydrogen bonds along the
helix (1). It has been proposed that the stiffness of this structure
is partly related to the spine of hydration in the minor groove
(1,2).

In general, RNA is very much more stable than DNA (3-5),
though the actual free energies of dissociation of duplexes vary
greatly with sequence. Chemically, the important differences
between DNA and RNA are the@H on the sugar in RNA, and
the methyl group in dT (i.e. 5-methyl-dU). The difference in the
chemistry of the sugars largely accounts for the quite different
conformations of DNA and RNA in aqueous solution; the
presence of the GPDH in RNA stabilises the G&ndo sugar
conformation whereas th&@eoxy sugars in DNA tend to be in
the C2-endo conformation. In contrast, the methyl group of dT
seems to affect primarily the thermodynamic stability of DNA
(6). The differences in geometry and chemistry between DNA
and RNA also affect the hydration properties of the major and
minor grooves, according to both X-ray crystallografiyQ)
and NMR (10). These differences in chemistry and contizma
presumably are responsible for the very different thermodynamic
stability of DNA and RNA duplexes.

We are using a variety of techniques to understand the
relationship between conformational properties and thermody-
namic stability of nucleic acids. Whereas there are numerous
X-ray structures of DNA in both the B and A forms, there are no
high resolution solution structures of DNA in the A form, and few
solution structures of RNA duplexes have been reported. We have
chosen to study in detail the conformational properties of the
RNA dodecamer r(CGCAAAUUUGCG)for which the DNA
analogue has been extensively studied both by X-ray diffraction
and NMR d(CGCAAATTTGCH)(11-13). We have determined

The conformation and solution properties of nucleic acids af8e thermodynamic stability of the analogous DNA and RNA

strongly dependent on base-composition, sequence and che

mitegecamers, and of related dodecamers of identical composition.

structure. In aqueous solution, DNA is usually in the B family of

conformations, whereas under conditions of low water activity, MATERIALS AND METHODS
adopts the A form, which is also the preferred conformation ckf/laterials

RNA in aqueous solution. However, extended tracts of adenines

in DNA form a thermodynamically more stable structure that ifCGCAAAUUUGCG),

(GACUGAUCAGUC), r(CGCUU-

stiffer than mixed-sequence DNA. This structure is characteris€tAAAGCG), r(CGCAUAUAUGCG), r(CGCAAATTTGCG),
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d(CGCAAATTTGCG), d(GACTGATCAGTC), d(CGCTTTAA- cross-section using the fitting routines within Felix 95.0
AGCG) and d(CGCATATATGCG) were synthesised using phosGaussian line-shape). The width in F1 was determined from one
phoramidite chemistry and purified by anion exchange HPLC asfr more resolved cross-peak and the volume calculated as
a Dionex Nucleopac Pa-100 column, followed by reverse phaggea(F2)x width(F1). Volumes were then normalised to those of
HPLC as previously described (14). For NMgeetroscopy 112 the Cyt and Uri H6—H5 cross-peaks. With well-resoldt and
Azg0 units of (CGCAAAUUUGCG) were dissolved in 10 mM e|| digitised cross-peaks, the integrations are accurate and
Na-phosphate, 100 mM KCI, pH 7 containing 0.2 mM EDTA anthrecise (estimated precision #40% of the volume). The
0.1 mM DSS, annealed fronlﬂo'ang lyophilised. ;I'he sample normalised volumes for the base—sugar protons were then used to
was redissolved in 0.6 ml 90%@10% DO or 100% RO for (g gvcosidic torsion angles with NUCFIT which takes into
NMR spectroscopy. account spin diffusion, rotational anisotrd@y) and satutan
effects (25). In the isolategbig-pair approximation, base—H1
Methods NOEs can only d_is_criminate betwe_ze,mandanti_conformations
about the glycosidic bond. Analysis of NOE time courses allows
The duplex-to-strand transitions for the eight duplexes wer@ther more precise determination of the glycosidic torsion angle.
measured in 1 M NacCl using the hyperchromicity as previousfjhe value found can be considered as the median value of
described (14,15). The theodlynamic parameters were thenfluctuations of a magnitude typically observed in a free dynamics
determined from the dependence of the melting temperafure Tun (24). The torsionrgles were then used as moderately tight
on oligonucleotide concentration &cording to the van't Hoff restraints in the structure calculations @&¥5°). This torsion is
relation: not well determined by base—Hdistances alone, which can
1/Tm = AS/AH — (RAH)IN(CY) 1  discriminate only betweesmti andsynconformationg24).

h " q he ch , d enthal Other normalised volumes were extrapolated linearly back to
whereAS andAH and R are the changes in entropy and enthalpyg mixing time, from which distances were calculated accord-
respectively, and R is the gas constant. Errors on the parame bStO'

were determined by standard meth{ti8) and wereypically
+5% forAH and+6% forAS for an estimated standard deviation = 2 44[y/v(cyt)|-1/6 3
on Ty, of 0.5 K. Essentially the same results were obtained by
non-linear regression to the untransformed equation: Upper and lower bounds were on the distances wereisk8ak

Ton = AHIAS — RIN(Q)] o forr<27:05 Afor2.7 <r<3.6 andl A forr > 3.6. The short .

1 . _distances, which correspond to the strongest NOEs have relative-

H NMR spectra were recorded at 14.1 T on a Varian Unity, gma| error bounds as the size of the NOE requires a short

NMR spectrometer and at 11.75 T on a Varian UnityPlugistance. Note that between 2 and 2.6 A, the NOE intensity would
spectrometer. Phase-sensitive 2D NMR spectra were recor er by as much as 5-fold, and as the calibration distance is 2.45

using the hypercomplex methdd7). Spectra in D were hisi . .

; : is is far more than the experimental errors. Hence, this degree
recorded using th? Watergate pu_Ised gradlent_method for Sowéfﬁﬁi htness is in fact rather Eonservative Lower bounds for?he
suppressioif18) with aquisition times of 0.4 s iptand 0.05 s 9 :

int;. NOESY spectra were obtained using mixing times of 25, 5(\5veaker NOEs were justified becausg no line broadening was
100 and 250 ms. observed for any of the peaks for which NOEs were measured,

NOESY spectra in BD were recorded at 3G with acquisition and the_ time-dependem_:e showed no evidence of unusually rapid
times of 0.7 s ingtand 0.06 s imt with mixing times of 50, 100 relaxation. The calculation of the NOEs for complete structures
and 250 ms. Two quantum filtered-COSY spectra were recordédther justified the fairly loose bounds set for the weakest NOEs.
at 30°C with acquisition times of 0.8 s inand 0.07 s inyt Data The angled was restrained based on estimates of coupling
matrices were transformed as 16384 by 2048 complex poinggnstants determined from the DQF-COSY spectrum (see
using a Gaussian function for apodisation in both dimensions below). Restraints on the backbone arygleere obtained from

31P NMR spectra were recorded at 9.4 T on a Bruker AM40Qualitative assessment of the coupling betwe¢ahttHYH5" .
spectrometer as previously descriliEe)). In the ¢ rotamer, both couplings are smalB(Hz), whereas in

Apparent rotational correlation times were determined from theither of the other two rotamers, one coupling is @ Hz)
driven truncated NOE experiments (20) using the Cyt and Ug6). We have estimated upper limits to the valye= 3Jy3 +
H6-H5 with eight irradiation times from 30 to 800 ms as3},p+3Jy5 +3Jy5. In the C3endo conformatior$lys = 8-10
previously describe(R1,22).31P relaxation rate constants were (and see below). The width at half-height of the H4
determined at 3 using standard methods as previouslyesonance, observed from'HB4 and H1-H4 cross-peaks in
described (15,19). It has been shown that the Giibution  NOESY spectra recorded with a digital resolution of 1.25 Hz/pt,
I phcephodiesters domietes relation, o feldarengis flovides anupper i s (5 +Hid Ine-widh). Calcatons
BK. weré de.termine d using a S);siematic search proce du're(not shovyn) indicate thgt under our experimental conditions the
or g\?i%usly describetl5) fitural width at half-height of M4hould bé 2 Hz. A value of

' the width of <20 Hz is consistent only with the rgtamer. In
some cases it was possible to show that the-HBYH5"
Structure calculations correlations were very weak in either the DQF-COSY or
DQ-COSY experiments, further confirming small coupling
Cross-peak volumes in NOESY spectra were estimated by takiggnstants. With this information, it was possible to resirén
rows parallel to F2 and measuring the area of each peak@f+ 40° for 10 residues.
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Table 1. Thermodynamic data for (CGCAAAUUUGC&aNd related dodecamers

Oligomer Tm (1 pM) -AG(298) —-AH -AS

K kJ/mol kJ/mol kJ/mol/K
r(CGCAAAUUUGCGY), 335(333) 81.6(76.9) 433(407.6) 1.179(1.11)
d(CGCAAATTTGCG) 334(330) 81.7(74.1) 442(406.7) 1.209(1.117)
r(CGCAAATTTGCG), 342(-) 101.2(-) 522.2(-) 1.412(-)
r(CGCUUUAAAGCGY), 331(333) 67.1(75.2) 332(393) 0.889(1.07)
d(CGCTTTAAAGCG) 325(329) 60.8(70.9) 321(395) 0.873(1.087)
r(CGCAUAUAUGCG), 338(334) 100(78.8) 555(412.6) 1.527(1.12)
d(CGCATATATGCG) 328(326) 74.6(66.4) 442(373.3) 1.233(1.03)
r(GACUGAUCAGUC), 342(336) 106(89.1) 558(482.8) 1.516(1.321)
d(GACTGATCAGTC) 326(328) 73.3(61.6) 422(340.7) 1.170(0.937)

Thermodynamic parameters were measured from concentration-dependent UV melting curves in 1 M NaCl as described in the text. Values in parentheses were
lated using the nearest neighbour interaction model as described in the text. Errors estimated from the #ateb¥eferAH, +4—-6% forAS andt2—-4% forAG.

Other restraints were derived from spectrai@®Hrhus, as all Refined structures were analysed using Insightll (Molecular
base pairs showed evidence of hydrogen bonding, the heavy at@imaulations). Helical parameters were calculated using Curves
involved in the Watson—Crick pairs were restrained in the rangersion 5.1 (27).
2.8-3.25 A. Tight restraints were also used that corresponded to the
strong NOESs observed between AC2H and the N3H of the pairEeCIiESULTS
U (2.7+ 0.3 A), and the analogous GN1H and CN4H(2){D07
A). Other distances involving exchangeable protons WeFehermodynamic stability
restrained much more weakly, with typical limits#df A. This
allows for leakage processes by exchange with solvent. The uppegeneral, RNA duplexes are considerably more stable than their
limit is the more important one in these instances, as the sequer&lA counterparts(3,4). Hovever, d(A).d(T), tracts tend to
NOEs are limited at the lower end by the van der Waals contagtabilise DNA compared with mixed sequences of the same
between neighbouring base pairs. composition (3). This has been attributed to the improved stacking

Restrained MD calculations were carried out on Silicopossible in such sequences, and a stabilising spine of hydration in
Graphics Indigo workstations using DISCOVER (Moleculatthe minor groové28). We have ampared the stability of DNA
Simulations, San Diego) with the Amber force field, with sand RNA duplexes of the same composition, but different
dielectric constarg = 41 to simulate the effects of electrostatics,sequences. For all of these oligonucleotides, the melting curves
with no cutoffs on the non-bonded interactions. Additionalvere monophasic, and thg creased with increasing concentra-
calculations witte = r were also used. Although the structuresion in the range from 2 to >1QMM. Figure 1shows van't Hoff
differed slightly (but less than the pairwise r.m.s.defer4r),  plots, which were analysed according to equdti®he thermody-
they satisfied the experimental restraints equally well. Howevatamic parameters are collected in Table 1. The most stable duplex
the energies are dominated by the electrostatic component of iiehe mixed-sequence RNA dodecamer, and the least stable is
forcefield, and gave somewhat poorer van der Waals energd€GCTTTAAAGCG). The overall ranking bG is: r(GACU-
than fore = 4r, where the different contributions are more even\GAUCAGUC), > r(CGCAAATTTGCG) = r(CGCAUAU-
balanced. We consider the calculations with 4r to provide AUGCG), > d(CGCAAATTTGCG})= r(CGCAAAUUUGCG)»
more reliable overall results. Calculations were started fromd(CGCATATATGCG)=d(GACTGATCAGTC)> r(CGCUU-
A-RNA (10 times) and 30 structures generated by randomisingAAAGCG), = d(CGCTTTAAAGCG). The mixed-sequence
the co-ordinates with a short free dynamics run at 1000 K startimiiNA dodecamer has a loweg, Than the d(AAATTT)-containing
from A-RNA (with different random number seeds). This lattesequence, whereas the mixed-sequence RNA dodecamer is muct
procedure produced a wide range of initial structures, whialmore stable than the r(AAAUUU)-containing duplex. Hence,
barely resembled a double-stranded duplex. The initial structuraishough a short d¢ff,) tract stabilises the DNA duplex, an
were then refined as follows: (i) 1000 steps conjugate gradieamalogous r(AlUy) tract substantially destabilises the RNA duplex.
restrained energy minimisation (ii) 30 ps rMD equilibration afrhe net result is that the (CGCAAAUUUGCGNd d(CGCAA-

300 K (iii) 200 ps rMD sampling at 300 K and (iv) 1000 stepATTTGCG), duplexes have similar thermodynamic stability.
conjugate gradient energy minimisation. Force constants Bfirthermore, the (CGCUUUAAAGCgaNnd d(CGCTTTAAA-

40 kcal/mol/& and 40 kcal/mol/redvere used for distances and GCG) are even less stable than the mixed RNA and DNA
torsion restraints, respectively. duplexes, respectively. However, the influence of the methyl

The criteria for accepting structures were: a large, negatigoups is substantial, as the dodecamer r(CGCAAATTTGGG)
potential energy comparable to that of energy minimised RN20 kJ/mol more stable than the uridine analogue. This is consistent
(without restraints), good stereochemistry (no significant van derith other results (6).

Waals violations and bond length and angle energies as low aThe thermodynamic parameters can be calculated using the
energy minimised RNA) and a low (<1.5 kcal/mol) residual restraimtearest neighbour mod@,5). All of the calculated f values
energy, with no individual violations in excess of 0.1 A%r 1 gave reasonable agreement with the obseryedalues (within
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Figure 1.van't Hoff plots for the dodecamers.
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Figure 2. DQF-COSY spectrum of r(CGCAAAUUUGC&)The spectrum

between the two was poorer. Significant_differences were found fQf;s recorded at 3¢ as described in Materials and Methods. The sugar region
the r(UUUAAA) and d(TTTAAA)-containing sequences (Table is shown.

1). For these two sequences, the valuggsoandAH were both
much less negative than the predicted values, in contrast to the
other sequence whef&s andAH were more negative than the F!

predicted values (Table 1). Nevertheless, the d(AAATTT) p;;: i
dodecamer is predicted to be more stable than the mixed DNAz 5
sequence, whereas the r(AAAUUU) dodecamer is predicted to be -
much less stable than the mixed sequence RNA dodecamer. Théé -
differences in stability are both predicted to be due to large changeg,]_'
in the enthalpy component, with an increase in enthalpy for the |
DNA and a decrease for the RNA. This would be consistent with 7.8
substantial differences in base-stacking interac(®®s It is also i
clear from the data in Table 1 that runs g4 but not alternating 797
(AU)p, are destabilising, regardless of the order of the A tract [i.e. g4

C11H6/G10H2'

w @

C3H6/G2H2'

o @

6HB/ASH2'

U7H6/A6H2'
G12H8/C11H2'

b

A5H8/A4H2'

10H8/U9H2'

)

G2H8/C1H2'

A4HB8/C3H2'

) @co @ USH6/U7H2'

U9H6/UBH2'

g

G12H8/H2'

o4

r(AnUn) or r(UsAp)]. This is in contrast to the DNA, where 1 @cme,m.

d(AAATTT) is stabilising, d(TTTAAA) is destabilising and T T T T T T T T T 1 T Tt T 1
d(ATATAT) is neutral compared with the mixed sequence. This ~ *® 47 46 45 44 43 42 41
correlates well with the known A-tract structure and stability in (ppm)

DNA. It seems probable that comparable rigid structures involvingig,re 3. NOESY spectrum of ((CGCAAAUUUGCG)The spectrum was
large propeller twists and bifurcated hydrogen bgh@8) are not  recorded at 14.1 T and 3D with a mixing time of 250 ms, showing the
formed in RNA (and see below). sequential base to HROEs.

mean value of determined from the relaxation measurements was
3.4+ 0.2 ns. We have determined a similar value o£ 84 ns at

To investigate the influence of conformation on thermodynamiggec from the cross-relaxation rate constant of the Cyt and Uri
stability, we have used NMR to determine the solutionyg_Hs5 vectors. The measured correlation times are as expected for
conformation and properties of (CGCAAAUUUGGOMhich g molecule of this siZd5,22). The effective CSAKappwas also

can be compared with the structures of the analogous DN@asonably well-determined at 158 p.p.m., which is slightly
sequence determined both by X-ray crystallography (11) angkger than values reported for DNA duplexes determined in a
NMR spectroscopy (12,13). Essially all of the exchangeable sjmjlar fashion (1147 + 7 p.p.m.), but is similar to another RNA
protons and most of the non-exchangeable protons have b%‘?]ﬁ)lex, 154+ 6 p.p.m. (15). Thelightly larger CSA found for

assigned, and in addition, @2H resonances have beenRNA parallels the slightly greater chemical shift dispersion seen in
identified for the r(AAAUUU) dodecaméi0). RNA duplexes than DNA duplexes.

3P NMR is useful for characterising the phosphodiester
backbone, and determining the rotational correlation time fro
relaxation measurements. ThélP NMR spectrum of
r(CGCAAAUUUGCG) showed a chemical shift dispersion of The resolved Hiresonances appear as relatively sharp singlets
0.69 p.p.m. For comparison, the shift dispersion in the DN 1D spectra (linewidth <2.5 Hz), and also in the NOESY spectra
analogue of this sequence wds= 0.6 p.p.m. This range of shifts recorded with a digital resolution of 1.2 Hz per point. This places
is typical of phosphodiester torsion angles in standard rangas upper limit ofJ;» of (2 Hz for the non-terminal residues,
(30,31). We have also measured3He relaxation rate constants indicating that the sugar conformations are in the N domain (i.e.
R1 and R at 30°C; the heteronuclear NOE was small (<1.05). Theear C3-endo). Only the terminal residues showed-HZ?

NMR spectroscopy on r(CGCAAAUUUGCG)

'Solution conformation
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ANG6H1). Based on NMR spectra inp®l, we have maintained
hydrogen bonding using restraints for the Watson—Crick base
pairs, giving 30 distance constraints for the heavy atoms with a
range of+0.3 A. This accounts for a total of 260 distance
constraints. With the constraints®@fiom the coupling constants
and analysis of the nucleotide conformations using NUCHI)[

0 andy could be restrained to fairly narrow ranges (80-2tl
—145 to —175, respectively). The dihedral anglef 10 residues
could be restrained to th& gpnformer (6& 40°) (see Materials

and Methods). Given the relatively wide spectral dispersion of the
31p NMR spectrum, we have not applied any restraints on the
backbone angleq, 3, € or . In total, 324 conformationally
sensitive experimental restraints (13.5 per residue) were used in
the calculations, which is approximately twice the number of
degrees of freedom in the system ignoring the finite sizes of the
atoms. A further 140 NOEs were identified, but not used in the
constraint list as they were already used in defining the t@sion
are fixed distances (e.g. H6—H5 of U and CHH%') or have no
restraining power at the level of precision of the distance
determinations (e.g. H2H3, H3-H4', H4-H5/H5").

Restrained MD calculations were run using the protocol
described in Materials and Methods, starting from standard
A-RNA and numerous A-RNA duplexes with different rando-
mised torsion angles. Convergence was verified by examining the
constraint energy and violations list, the total potential energy and
the rms gradient of the energy, as shown in Table 2. Convergence

cross-peaks in the DQF-COSY spectrum (Fig. 2). Further, ({4 obtained to a pairwise r.m.s.d. of @:8829 A (Table 2) and
DQF-COSY spectra showed weak'H23 and strong H3H4  an r.m.s.d. to the average of &.6.2 .A. The energy associated
cross-peaks, indicating thid 4 is substantially larger th&dy 3 with bond length and angle deviations was small (<8 and <86
Moreover, it was possible to meas8dgs = 8 Hz for some kcal/mol, respectively) and comparable to those found from
cross-peaks from the antiphase splitting in the DQF-COS§NErgy minimised A-RNA (8.96 and 90.7 kcal/mol, respectively),
spectrum. These results confirm that the sugar conformations 4pdicating that good stereochemistry was maintained in these
near to C3endo. The range of P was estimated using the Karpl§&UCtures. Selected torsion angles from the best structures are

equation and the parameterisation for rib¢2é Thus, a value 9'ven in Table 3, with the corresponding values for standard
of 33> < 2 Hz is consistent with 243 P < 45, whereaslyz A-RNA and energy minimised A-RNA for comparison. As

< 3% 4 =8 Hz implies —18 < P < 54. Further, the HEH2 NOE expected, the structures are all in the A family of conformations.
is more intense for N sugars than for S sdgars and thela1  The statistics given in Table 2 and 3 show that the structures are
NOE reaches a maximum intensity of the @tho’rmation (P= notably different from the standard A structure. The r.m.s.d.
90°). Except for the terminal residues, the ratio of theHZ o~ V@lues to standard A and energy-minimised A-RNA We2e:
H1_H4 NOEs was consistent with N-type sugars. Th&-29 A and 0.95 0.31 A, respectively. For comparison, the
combination of the measured coupling constants and NJgN-S-d. between standard and energy minimised A-RNA was
information allows ranges of 85° to be placed on the backbone 1-69 A. The pairwise r.m.s.d. values for the structures are as good
angles, assuming g= 36+ 6° (32). No aditional endocyclic S One would expect for this density of constraints. We note also

torsion angle constraints were used, so one degree of freedilit the convergence was much improved with the inclusion of

remains to be determined by the structure calculations. the nqcleonde torsion anglesThe 10 best structures are shown
The intraresidue NOE intensities H8/H6 td B342 indicate  SUP€rimposed in Figure 4.

that the glycosidic torsion angles are near <1B®E build-up

curves were analysed using NUCFIT (24) as described irable 2. Statistis of structure calculations for (CGCAAAUUUGGG)

Materials and Methods, from which glycosidic torsion angles of

—160+ 15° were determined. The sugar pucker and glycosidicstructure r.m.s.d. Upot Us

torsion angles are characteristic of nucleotides in the A A kcal/mol kcal/mol

conformation. This was confirmed by the very strong(iH2 —

H8/H6(i+1) cross-peaks in the NOESY spectra (Fig. 3) and weaggﬂz(A"m.) 2:21%0.29 o744 684.0
L ; ) o~ (Amin)  0.95+0.31 -199.8 25.9

H2'(i) — H8/H6(i) cross-peaks, which are characteristic of an _

overall A conformation. Furthermore, the CD spectrum wag Ui 0.89+0.29 —200.8£1.9 0.92+0.19

non-conservative and typin’:ll -Of the A form (n-Ot shown). Henc%&ructures were calculated as described in Materials and Methods. r.m.s.d. va-

the .Strucmre has .CharaCtenStlcs. of the A famIIY' . lues were calculated pairwise using the best 10 structures. The r.m.s.d. for
Distance restraints were obtalr_led by _anaIyS|_ng the_ NOE tm)—\%U?»(fin) is the value among all refined structures, the r.m.s.d. A3U3(A,ini) is

courses. We were able to determine 98 intraresidue distances gfileen the standard A structure and the refined structures, and A3U3(A,min)

132 sequential interresidue plus cross-strand  distanc@$etween energy-minimised A-RNA and the refined structurgsid.the po-

(AH2-H1', UN3H-AC2H, GN1H-CN4H1 and UN3H- tential energy and s the residual constraint energy.

Figure 4. Structures of r(CGCAAAUUUGCG)AN overlay of the 10 best
structures determined as described in the text are shown as stereo pairs.
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Table 3.Torsion angles in the refined dodecamer average from either the canonical A structure or the energy
minimised A conformations (Table 3). Hence although the low
Base Torsion angles?) variance ory may in part arise from the forcefield, especially
a Y 3 X from the interplay of the experimental data and the Lennard—
c1 _ 61+ 0.6 784+ 0.3  —154.2+ 1.0 Jones energy, the experimental restraints must play a significant
G2 83.9+25  63.9+13 782401  —160.6 1.2 role in the determination of these correlated parameters. Quite

small variations in torsion angles cause substantial variations in

c3 -83.4£22 65.3t1.1 78.3+0.3  -158.6:1.3 h e  th leotid I the rib ot
A SLe:21 eaele 7803 deawlda e PSR B e afe typical of the A family of
A —-79.9+ 2. 827 78.5: 0.2  -161.4 2. e '

5 9.9£2.3 688 8.5:0 61.42.6 conformations.

A6 —79.3+27 71.1+15 83.0t4.1  -169.3:4.9

An alternative way to describe the structure is by helical

19517 173.5:4 parameters. We have calculated the helical twist, axial rise,

u7 —77.8£19 6483 79916  -162.9:15 base-pair inclination, displacement of the helix axis and the

us —78.3t£2 65.6+ 2.7 81.3+0.1 -167.2:4.2 propeller twists (Table 4). The axis displacement of 4.6 A into the
152.1+1.8 178.1x1 major groove and the helical twist angles(8fl° are both

U9 _78.4+2.7 63.5£2.7 785+ 2 _159.3+ 2.7 characteristic of the A conformation. However, the axial rise (3.0

G10 79415 6526421  78.8£0.2  —161.9% 1.4 +0.3 A) and base-pair inclinations £62°) are quite different

c11 81.9-23 6401 785+02  _155.7 2 from either standard A-RNA or the energy minimised conforma-

G12 81962 6031 795+01  —156.2 1 tion (Table 3). The axial rise and base-pair inclination, of course, -

mean 805 2 64.84 3 703+ 14  —160.9 4 are not independent, as the separation between stacked base i

3.4 A (31). The low base-pair ification makes the observed
axial rise approach that of the base—base separation. There are n
obvious sequence-dependent variations within the present struc-
tures, with the exception that the inclination tends to approach the
value expected for the A structures toward the ends of the duplex.
The propeller twists are large, but are smaller on average than
The positions of the bases in the central core of the molectigund in energy minimised A-RNA. Although the precision of the
(base pairs 3—10) are well determined (Fig. 4); much of tHeelical parameters in general is not high, it is clear that there are
residual r.m.s.d. arises from poor definition of the terminal bageends, and that the structure in the central r((AAAUUU) region of
pairs, where the density of constraints is lower than in the coitée duplex departs further from the standard A form more than the
The glycosidic torsion angles and sugar puckers are in the rargyels. Unfortunately, it is not clear how far into the duplex ‘end
—150-170 and C3-endo, respectively, which are typical of theeffects’ extend in RNA, and certainly the terminal base-pairs
A structure (Table 3). Because we have no direct restraists onmust be affected relatively more by the force-field as the density
B or, their values are determined largely by the force-field, angf constraints there is lower than in the core of the molecule.
we do not consider them further. We have included the angle The width of the minor groove is also characteristic of helix
because it is strongly correlated wii83). This is shown further type. Because the positions of the phosphorus atoms are not
by the results for the two nucleotides (A6 and U8) in whighs  specified in these structures, we have used the distance betweer
not restrained. Two families of conformations were obtained fd24 (i) and the cross-strand @%4) (minus 3A) across the minor
these residues. For example, for A6,a = +71, =79 or groove. In standard RNA this gives a minor groove width of 12 A,
+173/+155, whereas other torsion angles for the same phosphdiich compares favourably with that determined from P-P
diesters changed by <101t is clear that the backbone separation§34). In the (CGBAAUUUGCG), dodecamer, the
conformation at these two residues is not specified by the dataminor groove width varies between 10 and 11 A, with the
also shows that a wide range of conformational space waarrowest sections in the centre of the molecule (i.e. the
sampled by the randomisation process (see Materials amdAAUUU tract). Although the groove is narrower than the
Methods), and that the parameters for the other residues atandard RNA, it is more similar to that of energy-minimised
determined largely by the experimental data. The variances of tRNA (9.9-10.8 A). We note that this is much wider than in the
0 andy are comparable to the estimates on the experimental dadéAAATTT) tract of the DNA analogue, where the minor groove
The refined structures gave valueg ahda that are different on  width is[5 A (Table 3).

A -67 54 80 ~160
AEM) -86 72 78 -164

Means calculated for nucleotides averaged over both strands.

Table 4.Helical parameters for (CGCAAAUUUGCg)

Structure Twist (°) Rise (A) Inclination ) Pr. twist () x-displacement (A) mgw (A)
A-RNA 32.7 2.81 15.9 -14.4 -5.3 12
A3U3min 32.1 2.66 10.5 -22.5 -4.76 1£D.6
A3U3f 30.8+ 1.6 297+ 0.3 6+ 2 20+ 4 —4.58+ 0.2 11.0£ 0.6
dA3T3 36+3 3.35£ 0.015 0.4+1.7 -13+5 -0.51+0.2 5.1+0.5

Helical parameters were calculated over the central octamer using Curves v. 5.1. A-RNA is standard, unminimised A-RNA, A3U3min is the structure after en
minimisation without constraints, A3U3f is the refined structure with constraints and dA3T3 is the DNA analogue. mgw is the minor groove width.
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protons of the RNA dodecamer showed exchange rates with
water in the order G12N1H >> U7N3H ®J8N3H > UIN3H=
G2N1H > G10N1H (10), i.e. apart from the terminaides, the
exchange rates are faster in the centre of the A.U tract than toward
the ends. In contrast, the imino protons in the DNA analogue
showed exchange rates in the order: G12N1H >> G10M1H
TON3H > T8N3H > T7N3H (13). Indalition to being generally
smaller than the RNA rates under similar conditions, the
exchange rates are slower in the centre of the A.T tract than
toward the ends. This difference in behaviour would be consistent
with a lack of bifurcated H-bonds in the RNA structure. No such
H-bonds were found in these structures according to the distance
and angle criteria used to describe the X-ray structure of the
related dodecamer r(CGCGAAUUGCGCtontaining G.A
mismatches (8). This structure is characterised b sugar
puckers, glycosidic torsion angles in the range —150 to°+-&70
small axial rise[[2.5 A) and a large base-pair inclination§°),

which is similar to the canonical A-RNA values (Table 3).
Although the r(AAAUUU) structure in solution is similar at the
level of the nucleotide conformations, the global structure is
significantly different, most notably in the rise and inclination.
However the NMR data do not agree with the canonical structure
(Table 2). Whether the differences we observe can be attributed
to the solution conditions or to the sequence differences cannot be
determined at present.

DISCUSSION

In general, RNA is much more stable than the corresponding
DNA species, and this has been shown to be largely the enthalpic
contribution toAG (29), which is confirmed by the present
results. As base-stacking contributes a major fraction of the
enthalpy of melting of nucleic aci@®9,34) it ems likely that
the low stability of the r(AAAUUU) RNA duplex arises from a
decreased enthalpy from poor base-stacking. The diminished
base-stacking appears to arise primarily from the unusually low
base-pair inclinations in the r(AAAUUU) tract (see above).
Based on the data in Tables 1 and 3, we would predict that the
alternating AU RNA sequence would have large positive
base-pair inclinations, leading to extensive base stacking, and that
the r(UUUAAA) sequence, which is even less stable than the
r(AAAUUU) sequence, would also have low inclinations and a
_ _ _ _ _ large axial rise in the r(UUUAAA) tract, leading to even poorer
e s A L 0 base stacking. The allemnating MAUAUAU) dodecamers have
A6.U7/JU7.gA6; (b) A3U3 refined: rigght A5.U8/A6.UT7; Igft AG.UTIUT.AG; (c) thermal stability similar to the randomised RNA duplex, and
A3T3: right A5.T8/A6.T7; left A6.T7/T7.A6. higher than either the r(AAAUUU) or r(UUUAAA) sequences
(Table 1). The X-ray structures of two RNA duplexes containing
such alternating sequences have been published which showed
Figure 5shows the base stacking in the centradd# region, smaller rise and larger base-pair tilts than the present duplex,
and in comparison with the homologous DNA structure, whickthough the agreement between these two structures was not high
has been examined in detail both by crystallography (11) and pgssibly because of the intermolecular interactions present in the
NMR (12,13). A gynificant feature of the DNA duplex is the high crystal state (36,37). This is in agment with the conformational
propeller twist of the A-T base pairs, and the narrowed minonodel of the relative stability of such sequences.
groove (Table 4). The high propeller twist gives rise to improved It is notable thaAG andAH for (UUUAAA) and d(TTTAAA)
stacking of the bases, and the possibility of three-centre hydrogene much lower than the predicted values, in contrast with the
bonding between adjacent base pairs (1). This has been associatedr sequences. This signals a likely failure of the nearest
with unusually slow exchange of the TN3H with sol\@59). In  neighbour model, possibly because of long-range co-operative
contrast, although the RNA dodecamer shows significant preffects or unusual flexibility at the TpA junction in sequences of
peller twisting of the rA.rU base pairs, the low base-paithis kind(38).
inclination decreases base stackB4), and makes any pdsle Factors other than base-stacking must contribute to the stability of
bifurcated hydrogen bonds unstable (see below). The imimucleic acid duplexes, such as electrostatics and ion condensation,
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though this should contribute mainly via the entropic term6 Wang,S. and Kool,E.T. (199BJjochemistry32, 4125-4132.
(39,40), and hydtmn. The greater hydration of RNA compared 7 Berman,H.M. (1994Curr. Opin. Struct. Biold, 345-350.

- Leonard,G.A., McAuley-Hecht,K.E., Ebel,S., Lough,D.M., Brown,T. and
with DNA has recently been proposed to account largely for th& Hunter,W.N. (19945tructure, 483-494.
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relatively unaffected by the sequence and composition. We ha¥e jenkins T.C.. Brown.D.G., Neidle,S. and Lane,A.N. (1H98)J.
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minor groove in solution, especially in around th&QGH, and 13 Lane,A.N., Frenkiel, T.A. and Jenkins,T.C. (19Bitichim. Biophys. Acta.

e g 1350,189-204.
that the pattern of hydration is quite different from that observelql Ebel.S.. Brown.T. and Lane AN, (L9B):. J. Biochem220, 703—715.

in the analogous DNA sequen(E0,13). This sggests that 15 i3 conn,G.L., Lane,AN. and Brown.T. (19B&)chemistngs,
hydration may contribute to the different stability of DNA and 1753812548,
RNA. However, the observed differences in conformation musé Press,W.H., Flannery,B.P., Teukolsky,S.A. and Vetterling,W.T. (1986)
account at least in part for the observed difference in stabilisation N“.’“e”‘?t";‘/' Eec'Pesthze Art of Scientific Comput@anbridge

H : H : niversi ress, Ci .
er_1tha|py. This moqel of .C.Onforma.tlonal differences correlatin 7 States,D.J., Haberkorn,R.A. and Ruben,D.J. (1282xgn. Resor8,
with thermodynamic stability is similar to that used for the A-tract  ,g6_292.
DNA structures, and therefore represents a consistent framewask Piotto,M., Saudek,V. and Sklenar,V. ( 1992Biomol. Str2, 661-665.
for discussing the relationship between stability and conformd® Forster,M.J. and Lane,A.N. (199B)r. Biophys. J18,347-355.
tion of nucleic acids. 20 Wagner,G. and Withrich,K. (1978)Magn. Resor83, 675-680.

We have shown that base-stacking is less favourable i 527/ Lefevre,J-F. and Jardetzky,O. (1988Jagn. Resoré6,

r(AAAUUV) or r(UUUAAA) tracts than for mixed sequence 22 Birchall,A.J. and Lane,A.N. (1998)r. Biophys. J19, 73-78.
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