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ABSTRACT

Structures of r(CGCGCG) , and 2'-O-Me(CGCGCG),
have been determined by NMR spectroscopy under
low salt conditions. All protons and phosphorus nuclei
resonances have been assigned. Signals of H5 '/5"
have been assigned stereospecifically. All 3JH,H and
3Jp’H coupling constants have been measured. The
structures were determined and refined using an
iterative relaxation matrix procedure (IRMA) and the
restrained MD simulation. Both duplexes form half-
turn, right-handed helices with several conformational
features which deviate significantly from a canonical
A-RNA structure. Duplexes are characterised  as hav-
ing C3'-endo sugar pucker, very low base-pair rise and
high helical twist and inclination angles. Helices are
overwound with <10 bp per turn. There is limited
inter-strand guanine stacking for CG steps. Within CG
steps of both duplexes, the planes of the inter-strand
cytosines are not parallel while guanines are almost
parallel. For the GC steps this pattern is reversed. The
2'-O-methyl groups are spatially close to the 5 '-hy-
drogens of neighbouring residues fromthe 3  '-side and
are directed towards the minor groove of 2 '-O-
Me(CGCGCG), forming a hydrophobic layer. Solution
structures of both duplexes are similar; the effect of
2'-O-methylation on the parent RNA structure is small.
This suggests that intrinsic properties imposed by
alternating CG base pairs govern the overall conforma-
tion of both duplexes.

INTRODUCTION

PDB coordinates 1PBM, 1PBL

In view of this, it is perhaps surprising that structures of short
RNA duplexes containing alternating CG base pairs, a motif often
found in RNA stems, has until now escaped full description. In
1984, a double helical A-type structure was proposed for the
r(CGCGCG) studied by high resolution NMR under low salt
conditions (9,10). Hovever, thelH NMR spectrum was only
partly resolved at that time and the structure of this duplex has not
been established. This was not only due to a typical severe overlap
of the ribose signals for RNA2,3,11) but also to a very
pronounced effect of CG motipetition in the structure. Our long
term interest in the structure of RNA duplexes containing
alternating CG base pairs was prompted by the finding of a
left-handed double helix named Z-RNB2,13). Slow kinetics of
A- to Z-RNA transition in 6 M sodium perchlorate was advantage-
ous in determining the NMR structure of the spectrally distinctive
Z-form of r((CGCGCG,) (14). Recently, it was found that helicity
reversal of the r(CG)duplexes might also be promoted by high
pressure (15). This was true only for (CGCG&Ka)t not for the
very stable Ty, = 76°C) 2-O-Me(CGCGCG) (16). Taken
together, these observations suggested unique structural features o
right-handed RNA helices containing alternating CG base pairs
and prompted us to prepare modified (G@)plexeq17) and to
study their structures in detail.

In this work we present NMR structures of two self-comple-
mentary RNA hexamers, r(CGCGCG) and 2-O-
Me(CGCGCG), under low salt conditions. The length of the
duplexes is the minimum which reveals the properties of CG and
GC steps in RNA helices. This would not be possible for a shorter
duplex, due to the effect of ‘fraying ends’. On the other hand, a
very pronounced effect of alternation in the structure of longer
(CG), duplexes would have made an accurate NMR analysis of
unlabelled molecules very difficult. Both structures form right-
handed, overwound mini helices with a number of structural

Understanding the structure of functionally important RNAfeatures deviating from canonical A-RNA. Since this is the first
domains is essential for learning the principles of RNA folding, iteeport of the solution structure of a@-methylated RNA duplex,
catalytic properties and the specificity of RNA—protein interactioni allowed us to see the effect 6f@-methylation on RNA. This

(2). In recent years, advances in heteronuclear and multi-dimessue is relevant to the understanding of the properties of nuclease
sional NMR spectroscof?—4), eizymatic and chemical oligori- resistant RNA and was discussed earlier for the DNG&/2
bonucleotide synthesig5,6) and both uniform (4,7) and Me(RNA) heteroduplex in solutiqii8) and the self-comgmen-
regioselective (8) isotopic RNAalelling have resulted in the tary A-DNA duplex containing single-®-methyladenosine in

determination of RNA structures of considerable complexity.

the crystal (19). The effect of-©-methylation on the parent
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r(CGCGCG} is not very pronounced—both duplex structurediltration. The data were zero filled to give 44K and 2Kx 8K

are governed by the intrinsic properties of the alternating CG baswtrixes with final digital resolution in they direction of 0.8 and

pairs. 0.4 Hz/point, respectively. Coupling constantsyJvere esti-
The X-ray crystal structure of-©-Me(CGCGCG) at 1.30 A mated from analysis of line shapes in the 1D spectra. All other

resolution, the highest to be reported in the RNA field, iwicinal homonuclear couplings were determined from cross-peak

presented in the accompanying paper. patterns of1P decoupled DQF-COSY spectra and their subse-
guent simulation using SPHINX/LINSHA prograr(ia7). The

MATERIALS AND METHODS coupling constants;«}, Jr 3 and & 4 of both the ribose and
2'-O-methylribose rings were interpreted in terms of pseudorota-

Nuclear magnetic resonance spectroscopy tion phase angles (P) and puckering amplitudgsth the aid

L . of the program PSEUROT 6.2 (28). The program also gave the
Oligoribonucleotide samplesThe hexamer r(CGCGCG) was population of major N-type (C&ndo) conformers. Heteronu-
synthesised by the phosphotriester method in SOI@BrL3).  clear coupling$Jp were determined by deconvolution of 1D
2-0-Me(CGCGCG) was prepared by automated solid-phas#ip spectra and cross-peaks analysis and simu@rof both
synthes_|s using phoshoramidites as descr{i8)l digoribo- coupled and decoupled DQF-COSY spect®. NMR spectra
nucleotides were speed vacuum dried frop®[99.8%) three \yith and without proton decoupling and 2D heteronudbdH
times, dissolved in pD (99.98%) buffer containing 150 MM chemical shift correlation experiments (COLO(20) were
NaCl, 10 mM sodium phosphate, 1 mM EDTA, and dried angecorded at 121.4 MHz. Phosphorus chemical shifts were

dissolved in O (99.98%, 0.6 ml). Final concentrations were Zyeasured using triethylphosphate as an internal standard and
and 3 mM for (CGCGCG)and 2-O-Me(CGCGCG; respect-  referenced to POy

ively. Exchangeable proton signals were measured from the
samples in HO/D,0O 9:1 v/v solution at pH 6.5.

. Structure determination, refinement and analysis
NMR spectra and data analysislomonuclear 2D'H NMR

spectra of duplexes inJD and HO/D,O were recorded using Characteristic features of NMR spectra for r(CGCGC&)d

the phase-sensitive meth@D) on a Varian dity* 500 MHz  2'-O-Me(CGCGCG), e.g. very small coupling constantsy)
spectrometer. Spectra were processed with VNMR (Varian) arstrong inter-residue NOEs H26/H8 (10) and values of imino
FELIX/NMRchitect (Molecular Simulations) software on SUN protons chemical shifts allowed us to build all initial structures
and SGI Iris Indigé workstations. Proton chemical shifts werewithin the A-family of right-handed helices. Two sets of 16 initial
referenced to tetramethyl ammonium chloride as internal stastructures, one for r(CGCGC&)and one for 20-

dard (3.18 p.p.m.). 2D NOESY 500 MHz spectra ofMe(CGCGCG), were built using the Insightll/Biopolymer
r(CGCGCG» and 2-O-Me(CGCGCG) in D,O were recorded software (MSI). For r(CGCGC@,) the set consisted of one
at 30°C. Standard pulse sequence (21) wpglied at three duplex structure with parameters as in the fibre model of A-RNA
different mixing timeg,,= 80, 150 and 300 ms and spectra werg30) and 15 dplexes generated by varying helical twist (giving
acquired with 1K complex data points in thamd 1K real points 7, 9, 11, 13 and 15 bp/turn) and rise (2.5, 2.8 and 3.1 A)
in the § dimension, with spectral width set to 3.7 kHz. Aparameters. For'-Me(CGCGCG), the set contained one
relaxation delay of 2.5 s between transients was used. Phosphatuplex structure with parameters as in the fibre model of A-RNA
decoupling was turned on during mixing and acquisition periodfut built from 2-O-methyl-cytidine and -guanosine templates,
The residual HOD signal was removed from FIDs during datéor which atom charges were calculated using a semiempirical
processing using the linear prediction met(i@2)). FIDs were method (MOPAC/Insight Il software). A further 15 structures
zero-filled to 1K complex points in the dimension and phase within the set of 20-methylated duplexes were generated in a
shifted sine-bell in both directions were applied as digitabimilar manner as for (CGCGC&AIl 32 initial structures were
filtration functions. After the first Fourier transformation, a baseoptimised by energy minimisation using the Amber force field
line correctionwas applied using a fifth order polynomial (31)and conjugate gradient algorithm.

function. In all spectra, tridge noise was attenuated by Distance restraints were obtained from quantitative analysis of
multiplying the first row by one-half23) prior to the second NOE cross-peaks using an iterative relaxation matrix approach
Fourier transformation. Quantitative NO®eredetermined by (32) (IRMA/NMRchitect, MSI). In addition, 18 constraints
the integration of 2D NOESY spectrgn(= 80 and 150 ms) defining Watson—Crick base pairing (9.3 A) were applied.
cross-peaks optimised with Lorentzian line shape function usinthree to five cycles of iteration, including 5 ps rMD, were
the FELIX software (MSI). 2D NOESY experiments in necessary to reach convergence to ‘distance refined’ structures as
H>0/D,0 were acquired at 0 and°XD; mixing time 200 ms, 4K  inspected by analysis 8factors described in IRMA/NMRchi-
data points intand 360 points imt The WATERGATE method tect module. The IRMA not only refines the distances but also
(24) was used tauppress the water line. In addition, 1D protonnarrows the restraint bounds, so that the range of uncertainties for
spectra at 300 MHz were acquired using jump and return pulsiéstance constraints varied frath to+20%. The structures from
sequence (25) at temperaturesging from -3 to +9%5C. last IRMA cycles were further refined by introduction of torsion
DQF-COSY experiments (26) were measured with aitltowt ~ angle constraints and subsequent rMD simulation. The majority
31p decoupling at narrow spectral width (1.5 KHz) in bothof torsion angle constraints were obtained from analysis of
dimensions covering all the resonance frequencies of sugewupling constant$Jy y (33) and3%ky (34). The range of
protons. Spectra were collected with 98BIDs of 2048 complex uncertainties for dihedral constraints of "HI1-C2-H2,
points in $ from 48 scans each. Low power preirradiation of thed2'-C2—C3-H3 and H3-C3-C4-H4' angles was10°; for
residual HDO peak during the 2 s relaxation delay was appliedthers+20°. Additionally, NOE-derived restraints for tlanti

A squaredv8 shifted sine-bell was applied as a function of digitaglycosyl anglex were introduced. The backbone angleand(
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constraints, derived from t8P NMR chemical shifts analysis, of 0.020 and 0.010 for r(CGCGCg&nd 2-O-Me(CGCGCG),

were intentionally omitted due to their low accuracy (7). In the@espectively. This factor is about twice higher when canonical
refinement of r(CGCGCG) and 2-O-Me(CGCGCG), the A-RNA form of these duplexes is considered. Second factor,
following restraints were applied (data fo--Gmethylated based on differences between all measured and theofatj¢al
duplex in square brackets): 234 [120] distance constraints and 1@203Jp 1 (named dnsindicator), was 1.16 Hz for both duplexes.
[102] dihedral angle constraints. The mean number of constraintgeoretical coupling constants were obtained using the modified
per residue was 28 and 18.5 for r(CGCGE£@pd 2-O- Karplus equation(33,34). Helical pameters for both final
Me(CGCGCG), respectively. Force constants of 20 kcal/m®l/A structures and conformational space were evaluated using the
and 30 kcal/mol/raélwere applied for distance and torsion angle@rogram CURVES 5.11 (35). All confortanal parameters
restraints, respectivelyin vacug 100 ps rMD simulations Were subjected to statistical analysis.

(300 K, with reduced phosphate charges and distance-depend-

ent dielectric constart = rj) and energy minimisation were RESULTS AND DISCUSSION

conducted using the Amber force fi¢RIL) impkemented in the
DISCOVER ver. 95.0 program (MSI) on Cray Y-MP EL and J91
computers. For each duplex, 16 rMD trajectories were analys%%
e S5 TE, e, corfomalonel, shace, For ot 2.0 1e(CGCGCG) were il assined s previushy
an{al sisry ,For both duplexes, 16 * 30 strLJJctures within conforma; ported (36). The presence OQme;hyI groups in'the duplex

i 31 : tisfy th NMR’ dat d 0.8 Af ructure gave advantages (14,36) in the analysis of the parent
lonal Space sa Isfy the ata (average r.m.s.d. 4. ore GCGCG) spectra. Signals of H6/H8 and M5 protons

rMD trajectory from Iast' 3.0 ps). The coordlnate§ O.f the last 3 ere well separated from others of ribose drd-Ehethylribose
frames were averaged giving two sets of 16 very similar structur

: idues in 1D'H NMR spectra of both r(CGCGC&and
as characterised by low average rm.s.d.s of 0.17 and 0.24 A I0-Me(CGCGCG). An analysis of 2D NOESY spectra in the
r(CGCGCG) and 2-O0-Me(CGCGCGy, respectively. There- gig H1/H5 region was performed following the procedure

fore, for both duplexes, the closely similar 16 structures wergy right-handed DNA/RNA double helicg40,11) based on
averaged and subjected to unrestricted minimisation (100 iteg :

é\IMR spectra analysis

signments of non-exchangeable protdHsNMR spectra of

/ ! ¢ ! ! robing intra- and inter-nucleotide connectivieties between H1
ations, conjugate gradient method) to deliver a single finahng HE/HS. For ((CGCGCG)the results of HIH5 and H8/H6
averaged duplex structure (as deposited in the PDB) for botfssignment were the same as reported (9,10). Thestihances
r(CGCGCG) and 2-O-Me(CGCGCG). The criterion of good  appear as singlets over a wide temperature range whitef B&
stereochemistry was fulfilled for both final structures. R.m.sforms a doublet due to weak coupling with’ Hemall values of
deviations from ideal values (Amber forcefield) were: 0.0loAfoul,’z, indicated the N-conformation for all sugar moieties in both
bond lengths and 2:3or bond angles. Application of experimen- duplexes. The chemical shifts of all aromatic protons (Table 1)
tally obtained constraints to the rMD calculation conducted witand aromatic carbons (unpublishédC NMR data) for
B-DNA, as initial structure, resulted in rapid reversal to the(CGCGCG) and 2-O-Me(CGCGCG) were very similar. This
A-type helix. The precision of the final structures were conpoints to structural similarity of the two duplexes in terms of
fronted with the experimental data with use of two factors. Thetacking pattern. Due to the local influence 6{O2methyl
first, based on differences between calculated and experimenggbups, the Hlof 2-O-Me(CGCGCG) are deshieldedD.15
NOE intensities (sixth-rod®ctor), given in the IRMA protocol, p.p.m.,when compared to r(CGCGC£)

Table 1.1H NMR chemical shift$y (p.p.m.) of (CGCGCG)(top) and 20-Me(CGCGCG) (bottom) at 30C in D,O

Residue H6/H8 H5 H1' H2' H3' H4' H5' H5" OCHg imino? amind

C1 8.03 6.00 5.53 4.57 4.58 4.32 4.02 3.93 - 8.31 7.00

G2 7.82 - 5.80 4.59 4.72 451 4.52 4.19 - 13.15 - -
C3 7.72 5.31 5.55 4.55 4.56 4.45 4.57 4.15 - - 8.49 6.77
G4 7.56 - 5.73 451 4.56 4.47 4.50 4.12 - 12.94 - -
C5 7.58 5.25 5.50 4.34 4.46 4.39 4.53 4.07 - - 8.40 6.85
G6 7.61 - 5.85 4.10 4.29 4.23 4.45 4.05 - 12.91 - -
C1 8.08 6.05 5.76 4.27 4.61 4.27 4.03 3.93 3.69 - 8.34 7.02
G2 7.86 - 6.03 4.28 4.76 4.47 4.40 4.20 3.83 12.92 - -
C3 7.75 5.33 5.73 4.32 4.56 4.43 4.40 4.15 3.67 - 8.68 6.79
G4 7.60 - 5.95 4.18 4.57 4.42 4.35 4.13 3.78 12.72 - -
C5 7.69 5.27 5.73 4.08 4.50 4.36 4.37 4.08 3.63 - 8.59 6.85
G6 7.58 - 5.95 3.78 4.33 4.21 4.26 4.06 3.53 13.03 - -

20bserved at 10C om HO/D,0 9:1 v/v.
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G6 residues, the DQF-COSY spectrum revealed correlation

signals between H4H5 and H4-H5'. No such correlations
ppm B’ _______ 2 8 were observed for C3 and C5 due to overlap of tHeahd H3
4] i 1 signals.Assignments of H5and H3 for the latter units were
c1 [ i ] based on the analysis of weak correlation signals between H6/H8
s @ 4 % . 5" 5 G and H3 in the NOESY spectrunt = 150, 300 ms). Analysis
4] @““ % b of DQF-COSY spectra led to identification of six correlation
o | B . ¢ signals for both duplexes reflecting geminal couplings-H5".
4.4 °§ ! : The large effect of’20-methylation on the H5of G2, C3, G4,
o] e @ _‘?__ h Go G' ________ A C5 and G6 residues, reflected by differences in the appropriate
il I T - —6 v % S chemical shifts of both duplexes (Table 1), allowed stereospecific
42 ~ é u““o assignment of these protons. Due to th@-tnethylation the H5
% ? o : signals are shifted up-field§.16 p.p.m.) whereas the chemical
44 @-% @--------- ) shifts of H3' signals remain unchanged. This effect is caused by
wd © “o8 | cs a close spatial contact between th@znethyl groups and the
: 5 H5' protons of the '3end of the neighbouring residue of
o] 8 : @ | 2'-O-Me(CGCGCG;) (Fig. 3). Such a close contact is not seen for
N pa o - H5" protonsFor the C1 residue the stereospecific assignment of
| 8Gs e H5', H5" was based on analysis of the NOESY cross-peaks of
X3 \ >—1 @l H3'-H5 and H3-H5". For 2-O-Me(CGCGCG), 1D1H NMR
1) : h spectra showed six well separated signals which were assigned
36 CT—I cs from NOE sequential connectivieties 6f@methyls with H1
— Gs | GIS — and with H6/H8 protons (Fig. 1). Sequential connectivieties of
81 80 79 18 717 7.6 60 59 58 57 2'-O-methyls with H1of 2-O-methylated RNA strand have been
ppem- also observed for the DNA/-Me(RNA) heteroduplex18).

Figure 1. Contour plots of the 2D NOESY spectrum (150 ms) ‘602 Chemical shifts versus temperature profiése already high
Me(CGCGCG). (Left) The 2-O-methylribose to H6/H8 region with indicated ~ thermal stability of (CGCGCG)9,13) is further increased by
pathways: OMg—H6/H&;)—OMg; + 1) (solid line); H2;—H6/H8;)—HZ  + 1 the 2-O-methylation. This is clearly seen from the analysis of
S’ggtshhy?gbggg)t;ol—I?’l);;]i(ans(v?t_hl—:g R d(gg&ev‘v’all'g?%gg&g T:‘ﬁ 20- chemical shifts versustemperature profiles. For both
: —HLG+1 i
(solid line); H1—H2;—HI'; + 1) (dashed line). Intra-residue I%rossflpea)ks of r(C’GCGCG) (5) and 2'O'Me(CGCG.CG) du_plexgs, chemical
respective nucleotide residues are marked. shifts for H6/H8 of all but the C1 residues rise with temperature
allowing estimation ofT,, as 68 and 78C, respectively. For
2'-O-Me(CGCGCG), all 2-O-methyl groups, except G6, show
N _ ) the proton chemical shifts versus temperature profile as a plateau
Difficulties arose for both duplexes in the assignment ofy, 15 45C. In contrast to other proton signals, the chemical shifts
resonances for MH3, H4', H5 and H3 protons whichlie close  ¢o, g 2-O-methyl groups decrease from 45 up t6 ©5Most
together in the 3.8-4.8 p.p.m. region. The té8onances of C1, ronaply this is the effect of shielding of tHeC2methy! protons
G2, C3, G4 and CS were assigned from NOBp&Ctra based on 1y he ring current of nucleobases (Fig. 3) upon duplex melting.
strong sequential inter-residue interactions between HGA#S!

H2'(j _1) characteristic of A-RNA helices (1@®reviously, this
approach allowed the assignment of {82 r((CGCGCG}) (9). In  Assignments of exchangeable protobse to fast exchange
addition, assignments of H&ignals were confirmed by analysis processes with water, the signals of amino protons of guanines
of cross-peak NOE intensities within the regionform very broad bands in the 7 p.p.m. region and are only visible
H1'/H5-H2/H3'/H4'/H5'/H5". The NOEs between Hand H2  at—3C. These signals coalesce abo%€ QAll signals of imino
were the strongest in this region. This is consistent with smallgrotons of guanines are sharp and well separated. Signals of
H1'—H2 distances than M4H3 and H1-H4 ones; assuming amino protons of C1, C3 and C5 are much broader. They are
N-conformation for the sugarShe DQF-COSY spectrum in the shifted to 8.3-8.7 p.p.m., for N-H protons involved in hydrogen
latter region contained only one cross-peak resulting from a scaleend formation, and to 6.7-7.1 p.p.m. for those which are
coupling between HIH2' protons of G6. non-bonded (Table 1). Assignment of exchangeable imino
For r(CGCGCGy), the 2D NOESY spectrum concerning’H3 protons of guanines and amino protons of cytosines for
and H4 was very crowded making the search for both intraf(CGCGCG) and 2-O-Me(CGCGCG} was accomplished by
nucleotide and sequential connectivities difficult and incompleteanalysis of 2D NOESY spectra with, = 200 ms at 0 and 1C.
Due to the effect of 20-methylation, the H2and H3resonances In contrast to guanine imino proton signals, those for cytosine
of 2-O-Me(CGCGCG) were more dispersed (Table 1) allowing amino protons were seen at higher temperatures. With increase of
assignment of both intra- and inter-nucleotide connectivities (Figemperature, three groups of hydrogen-bonded and no-bonded
1). Therefore, for both duplexes, the assignment 68H8 H4  amino protons average to form three broad singlets observed up
signals was based on the analysis of-H3 and H3-H4  to the melting points of respective duplexes. Premelting of both
cross-peaks in theéP decoupled DQF-COSY spectra (Fig. 2). duplexes was seen also in the broadening of all cytidine H5 and,
For r(CGCGCG) and 2-O-Me(CGCGCG;) all resonances of to a lesser extent, H6 resonances. This shows that the exchange
prochiral H3and H5 protons were assigned. For C1, G2, G4 anaf cytosine amino protons with water is slow.
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Figure 2. Ribose and'20-methylribose proton regions #% decoupled DQF COSY spectra of: r(CGCGE@)t) and 2-O-Me(CGCGCG) (right ); the H2-H3
and H3-H4' (underlined) correlation signals are marked right to the diagon&#H35 are marked left of diagonal.

on 2D heteronucle&P-H chemical shift correlation (COLOC)
spectra which clearly show strong P-ld®ss-peaks and weak
signals corresponding to P-HIB—HS' and P-H4 As expected

(33), for both dplexes, chemical shifts for CpG and GpC steps
are gathered in two groups, the first being offset to the lower field.
Differences betweeAlP chemical shifts values are very small.
This is in contrast to Z-RNA12-14) for which much larger
differences between CpG and GpC steps have been observed. All
phosphorus signals of-©-Me(CGCGCG) were considerably
shifted up-field compared to r(CGCGCG)

Structural features of the r(CGCGCG), and
2'-O-Me(CGCGCG), under low salt conditions

Conformation of ribose and'-®-methylribose rings.The
conformation of ribose and-®-methylribose rings within both
duplexes was studied applying a two-state mdq88) and
described in terms of N- and S-conformers. Analysis based on
individual coupling constantg'}, »» 3 and & 4 was done with
the program PSEUROT 6.2 (28). Measured and calculated
g‘%ﬁn& fgggteuge g{i;Tiosri?géte‘s;al%%ggggnf”:;iﬂﬂswaer(lgi%?;c?r?s coupling constants and conformational parameters describing
of the g3-end neigFr)lbouring residues; an effec)tl gllow?ng for stereospecific sugar puckering and fraction of N-Confor.mers are presented in
assignment of Hsand H. Table 2. As expected, the N-conformation dominates for all
nucleoside wunits in  both r(CGCGCG) and 2-O-
Me(CGCGCG). For the terminal G6 in both duplexes, only a
very small population of the S-conformer was detected. The
Phosphorusnuclei assignments3P NMR spectra of both C3-endo sugar pucker is typical of A-RNA (39). Electrorizga
duplexes show phosphorus nuclei signals in the narrow region@fsubstitution including 20-methylation leads to further
spectral widths <0.6 p.p.m. This is typical for right-handed RNAC3-endo pucker stabilisatiqd0,41). In the presentusly, most
duplexeg2,37).For (CGCGCGyand 2-O-Me(CGCGCG), all  of the ribose rings of the parent r(CGCGg@re already
five signals have been assigned and tR#¥ chemical shifts stabilised in the C3ndo conformation with elevated pucker
measured in the'5 3' direction are —0.72, —1.12, —0.78, —1.26,amplitudes and hence the effect eB2methylation is much less
-0.83 p.p.m. and -1.20, —-1.48, -1.13, -1.63, —1.04 p.p.nmronounced than expected. This led to the overall similarity of the
respectively. In a previous repdg,10) on r(CGCGCGQ) the two duplexes. The puckering of ribose arD2nethyl-ribose
phosphorus signals were not assigned. Our assignment was bagegs resulting from coupling constants analysis was confirmed
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by the quantitative study of intra-sugar NOE connectivietiesonformation is favoured withvalues 201-209 Thed torsion
between H1 and H2/H3/H4' protons. The integration of angles were included in the evaluation of pseudorotation phase
H1'—-H2 cross-peaks was three to four times higher thanH#l  angles.
proving pure C3endo pucker for all residues. The rMD Experimentally determingdrsion anglesiere compared with
refinement protocol introduced no substantial changes to thigoseresulting from the rMD refinement. For both duplexes,
experimentally derived sugar pucker parameters. Melting studiealues fo, 3, v, 8, €, { andy describing final structures and those
and above results show that end-effects, although measurable@freonformational space are close to experimental valuemand
very small if, especially in the case of theCmethylated those of the A-type helices (Table 3). For théO2
analogue, not negligible. Me(CGCGCG;) there are, however, two exceptions concerning
a andy torsion angles. Thetorsion angles are, on average 20
Glycosyl bond and backbone conformational analyBist  higher than those of ((CGCGC&Gind of canonical A-RNA. This
r(CGCGCG} and 2-O-Me(CGCGCG), glycosyl bond torsion s compensated by a decrease @brsion angles. This effect is
anglesx were determined from analysis of NOEs. The lowin accord with the anti-correlation principle concerning torsion
intensity of HI-H6/H8 NOESY cross-peaks indicatedanti  anglesa andy in the A-type heliceg42). Most probably, igher
conformation for all nucleotide residues in both duplexes. Thgangles are due to the influence of th@®amethyl substituent
torsion angleg ranged from —154 to —177&nd were quantitat- which is spatially close to the H5rotons as indicated aboiée
ively determined from intra-residue H6/H8-H& NOESs. q torsion angles show lower values for GC than CG steps. These
Spectral overlap of Hzand H3 signals for C1 and C3 residues changes are also reflected by differences in e NMR
in (CGCGCG) did not allow such a quantitative description. chemical shifts; sensitive to conformational changes described by
The backbone torsion angiBsy ande were determined from q angleg(2,4,37). The angles alternate more for CG than GC
experimentally assessed coupling const@®s Small homonu-  steps but to a lesser extent thandfor
clear coupling constantgy & (2.0+ 1 Hz) and 4 ' (2.5+ 1 Hz)
determined for r(CGCGCGand 2-O-Me(CGCGCG), indicate  Global structures and helical parameteféie duplex structures of
y torsion angles ranging from 41 to°58 hose are related to (+) r(CGCGCG) and 2-O-Me(CGCGCG) (Fig. 4), are very similar
gaucheconformations. For the terminal ribo- ad®2methyl C1  overall with the root mean square deviation (r.m.s.d.) 1.0 A. The
residues, couplingys (3.7+ 1 Hz) indicated the presence of a similarity is even higher if only the four internal CG base pair core
small fraction of thetrans conformation. The heteronuclear is superposed: r.m.s.d. 0.8 A. This suggest that the intrinsic
coupling constantsds, b g, with average value 291 Hz,  properties of alternating CG base pairs govern their overall
were used to determifietorsion angles (178-18p In addition,  conformation. Surprisingly, the effect of@-methylation on the
the presence of cross-peaks related to long-range couplinggrent RNA structure is relatively smalhe r(CGCGCG) and
4Jp a4 in COLOC spectra confirmed the (guchefor yand  2'-O-Me(CGCGCG) are A-type helices. The rm.s.d. values
transfor (3 torsion angles. Heteronuclear couplinggg(7.6-8.8  referring for the initial structure of r(CGCGCg)built with
+ 1.0 Hz) and (8.5-96 1.0 Hz) were measured for residues C1parameters as in the fibre model of A-RX&0), are 1.6 and 1.8
G2, C3, G4 and C5 in r(CGCGC&nd 2-0-Me(CGCGCG), A for (CGCGCG) and 2-O-Me(CGCGCG), respectively. This
respectively. These data show that for both duplexegahe indicates that both structures deviate from canonical A-RNA.

Table 2.Experimental and calculatédonstants g >, b 3 and & #, sugar pucker parameters and percentage of N conformers for r(CGg @i} and
2'-0O-Me(CGCGCG) (bottom)

Residue Coupling constantdly y (Hz) Sugar pucker?) %N

Ji 2 b2 .4 P @

exp. calc. exp. calc. exp. calc.
c1l 1.1+0.2 1.1(0.2) 43+1.0 4.6(0.6) 9.0+1.0  9.0(0.8) 11(16) 41(6) 98(2)
G2 <1.0 1.1(0.2) 4303 4.4(0.3) 9.3 0.3 9.3(0.3) 13(9) 42(3) 98(2)
c3 <1.0 1.1(0.2) 42210 4.4(0.4) 10.& 1.0 9.5(0.5) 18(13) 44(5) 99(1)
G4 <1.0 1.1(0.2) 4303 4.3(0.3) 9.6:0.3 9.6(0.3) 19(8) 45(3) 98(2)
c5 <1.0 1.1(0.2) 4303 4.3(0.3) 9.90.3 9.8(0.2) 23(7) 46(3) 98(2)
G6 2.1+ 0.2 2.1(0.2) 4403 4.4(0.3) 7.20.3 7.9(0.3) 5(13) 42(3) 84(5)
c1 <1.0 1.0(0.1) 4303 4.4(0.3) 9.3 0.3 9.1(0.3) 5(12) 41(2) 99(1)
G2 <1.0 1.0(0.1) 4303 4.3(0.3) 9.3203 9.2(0.3) 7(8) 42(3) 99(1)
c3 <1.0 1.0(0.1) 3.803 3.9(0.3) 9.9 0.3 9.8(0.2) 17(8) 47(3) 99(1)
G4 <1.0 0.9(0.1) 3.803 3.9(0.3) 9.40.3 9.7(0.3) 14(9) 47(2) 99(1)
C5 <1.0 1.0(0.1) 42203 4.2(0.3) 9.8 0.3 9.5(0.3) 12(8) 43(3) 99(1)
G6 1.7+0.2 1.7(0.2) 4.9+0.3 4.9(0.3) 7.9+0.3 7.9(0.3) 3(12) 37(3) 90(4)

awith program PSEUROT 6.2 (28); standard deviations, from calculations using all permutations of possible coupling constgare\given in parentheses.
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Table 3.Thea, B, y, ¢ andZ backbone torsion angRandy glycosidic angles for ((CGCGCgand 2-O-Me(CGCGCG) derived from the rMD trajectoribs

Residue «a B y € C X

ribo 2-O-Me ribo 2-O-Me ribo 2-O-Me ribo 2-O-Me ribo 2-O-Me ribo 2-O-Me
C1 - - - - 51(7) 72(9) 195(4) 197(4) 296(5) 285(4) 218(5) 201(5)
G2 292(5) 277(9) 181(5) 180(4) 52(6) 70(7) 189(4) 203(4) 301(3) 291(5) 208(5) 202(4)
C3 281(4) 267(7) 189(4) 177(5) 49(4)  75(5) 193(4) 201(4) 290(4) 288(5) 208(5) 213(5)
G4 298(4) 262(8) 182(4) 179(5) 43(6)  79(6) 201(4) 208(4) 301(4) 294(4) 204(5) 207(5)
C5 266(7) 247(8) 175(4) 177(5) 81(5) 85(6) 200(4) 201(4) 300(4) 288(4) 204(5) 206(5)
G6 295(5) 274(8) 176(4) 173(4) 52(4) 72(6) - - - - 195(5) 191(5)
Mean 286 265 181 177 55 75 196 202 298 289 206 203
A-RNAC 204 186 49 202 294 202
A-DNAC 285 208 45 178 313 206

paosbcsycadc3e038P
bStandard deviations are given in parentheses.
CRefs 30,44.

Table 4.Selected helical paramet@fer final structures of ((CGCGCgand 2-O-Me(CGCGCG) and those derived from the rMD trajectobies

Base x-Displacement (A) Inclination () Propeller twist {)
pairs r(CGCGCH 2'-0O-Me(CGCGCG) r(CGCGCG) 2'-0-Me(CGCGCG) r(CGCGCG) 2'-0-Me(CGCGCG)
final rMD final rMD final rMD final rMD final rMD final rMD
C1-G12 -39 -3.9(0.3) -3.4 -3.3(0.4) 23 24(6) 23 21(5) —-33 -24(8) -5 -2(11)
G2-C11 -4.0 -3.9(0.3) -3.2 -3.1(0.4) 23 24(5) 26 24(5) -23  -18(8) -17  -11(8)
C3-G10 -4.0 -3.9(0.3) -3.3 -3.2(0.3) 24 23(5) 28 25(5) 29  -14(7) -26  -19(8)
G4-C9 -4.0 -3.9(0.3) -3.2 -3.3(0.3) 25 23(5) 30 28(5) -29  -16(8) -38 -28(8)
C5-G8 -4.0 -3.9(0.3) -3.3 -3.2(0.3) 25 24(5) 24 20(5) -26  -18(9) -25 -16(8)
G6-C7 -3.9 -3.9(0.3) -3.1 -3.0(0.4) 25 24(6) 20 17(5) -33 -27(10) -23  -25(8)
Base Rise (A) Twist (°) Roll (°)
steps r(CGCGCG) 2'-O-Me(CGCGCG) r(CGCGCG) 2'-0-Me(CGCGCG) r(CGCGCG) 2'-0-Me(CGCGCG)
final rMD final rMD final rMD final rMD final rMD final rMD
Ci1-G2 21 21(0.4) 23  2.5(0.6) 37 37(3) 34 33(3) 2 6(4) 0 2(5)
G2-C3 2.6 2.5(0.3) 24 2.4(0.3) 37 36(4) 37 38(3) -5 -5(4) -3 —-0(5)
C3-G4 2.0 2.3(0.3) 2.6 2.7(0.4) 39 44(4) 42 41(5) 2 1(5) 6 5(5)
G4-C5 25 2.6(0.3) 2.6 2.5(0.3) 38 36(3) 41 40(4) -4 —7(6) -6 -3(5)
C5-G6 21 2.1(0.4) 2.7 2.9(0.5) 38 34(4) 34 33(3) 3 8(4) 1 -1(4)

8Parameters were calculated with program CURVES (31).
bStandard deviations are given in parentheses.

To study the structure of duplexes in more detail, coordinates bélix would contain only 9.6 bp. If terminal base pairs are excluded
the final structures and conformational space molecules wef®m parameterisation an average 9.4 and 9.0 bp per turn would be
subjected to helical parameters calculafi88) and statistics observed for r(CGCGCg)and 2-O-Me(CGCGCG). The in-
(Table 4). In r(CGCGCG)and 2-0-Me(CGCGCG), the Wat-  clination angles for r(CGCGCg¥how a high average value of
son—-Crick scheme of hydrogen bonds within CG base pairs 28°. They are even higher for@-Me(CGCGCG), reaching 30
preserved, as expected. Typical for A-RNA the central hole viewed the core of the duplex. Analysis of the rMD trajectory shows
down the z-axis is relatively small (Fig. Zhis is consistent with  that, due to base—base interactions, change in the inclination angle
thex-displacement parameters of —4 and —3.3 A for (CGCGCGf a single base-pair induces concerted change of inclination in
and 2-O-Me(CGCGCG). The r(CGCGC@Q)is characterised by both neighbouring base-pairs (a ‘domino effect’) and two other
a very low helical risavhich alternates from being as small as 2.0parameters: helical twist and slide. An increase of the inclination
A for CG step andR25 A for the GC step. For'-®- and a helical twist led to an increase of the slide. The latter
Me(CGCGCG; this parameter increases monotonically, reachingarameter also shows a tendency to alternate being smaller for CG
an average value 2.7 A for the C5-G6 step, i.e., within the rangeeps.The propeller twist angles for both duplex base pairs are
typical for A-RNA. Thehelical twist angles are much higher thanexceptionally high (Table 4) and vary so as to adjust the intra-strand
those in A-RNA and rise up to 42in the centre of the stacking of guanines. In both cases, values of the roll angles are
2'-0O-Me(CGCGCG) duplex. The duplexes form a little more thanrather low andlternate. They are positive for CG steps, indicating
one half-turn of overwound helix. In both structures, a full-turn ofheir tendency to be open toward the minor groove, and negative
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Figure 4. Top row: superposition of the last 30 frames representing one of 16 rMD trajectories for r(CGQE&@hd 2-O-Me(CGCGCG) (right). Second and
third rows: the overall views of the final structures of ((CGCGl8jt) and 2-O-Me(CGCGCG) (middle) as viewed from the minor groove and along the helix
axis. The 20-Me(CGCGCG;) carbon atoms of 0-methyl groups are marked (yellow, not in scale). The structure of r((CGg@EGIB) built with parameters as

in the fibre model of A-RNA is shown for comparison.

for GC steps, reflecting opening toward the major groove. Ateps (Fig. 5). Within CG steps of both duplexes, inter-strand
similar tendency was noted earlier for crystals of cytosine- angytosines are non parallel (with a high average dihedral angle 40
guanine-rich A-DNA duplexeg!3). between their planes) while guanines are almost parallel. This is
For r(CGCGCG) and 2-O-Me(CGCGCGy), a striking, reg- true even for terminal base pairs. For GC steps, guanines are
ular pattern of stacking has been found—different for CG and Gon-parallel (on average 26and cytosines show a tendency to
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Figure 5. Stacking pattern within the CG and GC steps of r((CGCG@8&y)iewed from the minor groove and along the helix axis. For CG steps only limited inter-strand
stacking of guanines is observed.

be parallel (on average 14 This conformational feature is even Me(CGCGCG), conformational parameters such as helical twist,
more pronounced for-Me(CGCGCG) in the crystal (see the rise and inclination closely resemble that of the fibre model of
following paper). In CG steps there is only limited inter-stranatalf-thymus A-DNA(44). In addion, o torsional angles, crucial
stacking of guanines (Fig. 5), in contrast to a typical puringor describing sugar pucker, with an average value df@oth
inter-strand stacking pattern observed in pyrimidine—purine steplsiplexes were rather typical of A-DNA. With the limited number
of A-RNA helices (39). of cases evaluated, we are not yet in a position to claim to have
Broad and shallow minor grooves are characteristic for bottound a sub-class in the A-RNA family. One might conclude that
duplexes. The average minor groove widths based on distandbs canonical A-RNA form of both duplexes is within the envelope
between phosphorus atoms, when the sum of the van der Wagfisonverged structures (Tables 3 and 4) but only at low abundance.
radii (5.8 A) was substracted, are 10.9 A for (CGCGCB)Y New RNA duplex structures must be solved to classify properties
11.5 A for 2-O-Me(CGCGCG). This is in the range typical for of this type of RNA duplexes.
A-RNA (39). Due to the shortigth of the duplexes, measure-
ment of major groove width was not possible. Therefore, t&ffect of 220-methylation Demand for both chemically- and
overview the topography of major grooves the computer modedsizyme-resistant hybridisation probes (antisense technologies)
of r(CG) o and 2-O-Me(CG) g helices were inspected. Models and 2-O-modified RNA to study mechanism of ribozymes
of two-turn helices were generated by a computer extension ation, resulted in a growing interest in2methylated oligori-
four internal CG base pairs core from the NMR-derivedbonucleotides(47). The effect of the increasirfy, of the
coordinates. It appeared that the major grooves are exceptiongihpbe/target duplex structures was of additional benefit when
deep and narrow. We do not present detailed measurements hesiag 2-O-methylated probes. However, only limited informa-
since the precision of such a model must be further evaluatedtion is available on the structural effects 6f2methylation on
Conformational features of RNA duplexes containing alternatRNA duplexes. The NMR study of DNA/®-Me(RNA) hybrid
ing CG base pairs have been studied on two duplexes: one natilteplex was reported earlig¢l8) buta refined model of the
sequence r(CGCGCg)and its 20-methylated analogue. It structure was not generated. The advantage'-@-r@ethyl
appeared that their low salt solution structaiegate significantly — substitutents when studying NMR spe¢r@) was of importance
from a canonical A-RNA structure known from fibre diffraction to our work (36). In ddition, the crystal structure of a
data (30,44). The question arises: do their structuwpkpties fall ~ self-complementary DNA duplex containing a singleO2
in the range typical for A-RNA helices or do they resemble othenethyladenosine residue has been repd&jl In the latter
helices such as’A/RNA and A-DNA of the A-type genus? Values paper the authors attempted computer model building of a
of parameters such as low rise and x-displacement and large hel@atamer duplex, made of all the foth@®methylribonucleoside
twist and inclination ruled out similarities with poly(l)-poly(C) units, based only on data from-Q@-methyladenosine. Our
typical to the A-RNA structure (30). Interestingly, structures of experiments, concerning model building of r(¢§and 2-O-
cytosine- and guanine-rich short, crystalline A-DNA duplexes ar®le(CG),q, show that too much faith was given to that procedure.
characterised by low inclination, 12 bp per turn and an average riBeth papers established a position fe©2methyl groups which
of 3.0 A—parameters typical for'A/RNA (45,46). For 20-  point toward the minor groove of hybrid type duplexes.
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The solution structure of D-Me(CGCGCG;) allows us for 6

the first time to look at the effect of@-methylation on an RNA
duplex. Since we have considered an RNA structure containin
alternating CG base pairs of specific properties no genera
conclusions can be drawn concernidgO2methylated RNA ¢
duplexes of random sequence. The effect-@-ehethylation on
r(CGCGCG) was clearly seen in the increaselgffrom 68 to
76°C. Surprisingly, 20-methylation of the parent r(CGCGCG)
has a smaller effect on the structure than expected. Furthér
stabilisation of sugar G&ndo puckering for end residues C1 anch2
G6 was observed (Table 2)%@-Methyl groups are spatially very
close to the H%of residues neighbouring from thiesdde with an
average distance 3.4 A between carbon atoms-©frfethyls u
and 3-protons (Fig. 3). Their involvement in tuning the backbong ¢
conformation is manifested by increasingy@ngles up to 25
relative to r(CGCGCG) In addition, due to'20-methylation, 16
the x-displacement parameter is lowered and helical twist angles,
inclinations and propeller twist are higher. The rise parameterjtsé
higher and there is no alternating of this parameter, in contrast
r(CGCGCG). The 2-O-methyl groups are in close proximity to 1g
base pairs (Fig. 3) as indicated by NOEs between those groups
and H6/H8 protons. 19
In the parent r(CGCGCG)the minor groove is broad enough 20
to easily accommodate all teh@-methyl groups without much 21
distortion. In 220-Me(CGCGCG), the average distance be-
tween intra-strand'2D-methyl carbon atoms is 6.3 A (r.m.s. 0.222
A). This corresponds to the value 6.6 A (r.m.s. 0.4 A) reported for
a computer model of the-@-Me(RNA) decamer duplel9). 23
The distance between inter-strarid2methyl carbon atoms is 24
7.5 A (rm.s. 0.4 A).This means that the distance betweer
2'-O-methyl groups across the minor groove is only 3.5 A wheps
substracting 4 A for the van der Waals radii for two methybs
groups. The latter value is lower than that by the X-ray analysis
of 2-O-methylated A-DNA duplex (4.8 A) and higher when %
estimated from model of D-Me(RNA) duplex (2.4 A(19). g
Closely spaced’'20-methyl groups resulted in the formation of
a hydrophobic cushion within the minor groove ofC2
Me(CGCGCG); a feature confirmed by X-ray analysis of this
duplex (see the accompanying paper).
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