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Abstract: A new method is introduced to measure the backbone torsion angkesd ¢ in °C-labeled
oligonucleotides. The experiments relies on the quantification of the cross-correlated relaxation of C,P double
and zero quantum coherence caused by the C,H dipolar coupling and the P chemical shift anisotropy. Two-
dimensional surfaces that reveal the angular dependence of the cross-correlated relaxation rates depend on the
backbone angles andg as well asx and¢ and are interpreted using torsion angle information for the angles

B ande from experiments measurirfg(H,P) anc®J(C,P) coupling constants. The experiments have been carried

out on the 10mer RNA'SCGCUUUUGCG-3 that forms a hairpin and in which the four uridine residues are

13C-labeled in the ribofuranoside moiety.

Over the last years, NMR spectroscopy of isotope labeled noncanonical conformations arouadandé not differentiating

RNA®2 has become a very powerful tool to determine RNA
structures in solutiod The local conformational preferences of

between either an unusualor { angle.
Here, a new method for the direct determination of the

nucleotides such as the sugar pucker mode and backbone anglgshosphodiester backbone anglkesand ¢ is introduced. The
can be obtained from measurement of homo- and heteronucleaiproposed experiment requires oligonucleotides that'&te

coupling constant$-® and H,C-dipole, dipole cross-correlated
relaxation rate$® However, no methods have been developed
for a direct determination of the backbone angleand ¢ in

oligonucleotides. Conformational analysis has relied so far on

a qualitative interpretation of!P chemical shifsindicating
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labeled in the sugar moiety. The method relies on the quanti-
fication and structural interpretation of cross-correlated relax-
ation'%1 of H,13C-dipolar coupling and®P-chemical shift
anisotropy. The cross-correlated relaxation rates can be obtained
from the modulation of the two submultiplets of ##-coupled
constant time spectrum (Figure 1)8€ 3P double- and zero-
quantum coherence (DQC and ZQC, respectively) shown in
Figure 2.

Cross-correlated relaxatidhthas a different effect on DQC
and ZQC. From the differences in the intensities of the two
doublet components (see Figure 2b), the cross-correlated
relaxation °P.CSA of H,C-dipolar coupling and thE&C-chemical
shift anisotropy (CSA) as well as ti&P-CSA can be extracted:
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Figure 1. Pulse sequence for the 2@bnstant timel-DQ/ZQ-HCP. Pulse phases are aloxng not stated otherwiseA = 3.2 ms, T + 27 =
2/*J(C,C)= 50 ms, T = 10 ms.13C- and®!P-decoupling during acquisition was applied with a field strength of 2.3 and 1.7 kHz, respectively. The
relaxation delay was 1.5 s. The experiments were carried out on a Bruker DRX600*if8G3 P 1°F QXI-probe and actively shieldexhjradients.
Separation of DQC and ZQC was achieved by recording four spectra fortgmeiement with¢: = ¢» = X,y,—x,—y and addition (ZQC: FID1

+ FID2 + FID3 + FID4) or alternating addition and subtraction (DQC: FIBIFID2 + FID3 — FID4) to create four independently stored FIDs.
Sign discrimination according to States-TPPI was achieved by an independent phase gycfe2@4 experiments peg point (90 complex points,
spectral width: 5882 Hz) were recorded with 4096 complex points (8pectral width: 4000 Hz)p1 = X,—X; ¢2 = XX,—X%,—X; ¢3 = X, X, X,X,—

X=X —=X—X; ¢4 = X,—X—XX—XXX,—X. Total measurement time was 34 h on a 0.9 mM sampleé-afGCUUUUGCG-3.
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Figure 2. (a) ZQ and DQ spectra taken at the positiéis=H3' for 13C—U labeled? nucleotides U4, U5, U6, and U7 of the RNA oligonucleotide
5-CGQUUUUGCG-3. (b) Schematics of intensity modulation of the doublet in DQ and ZQ spectra digh™* andI'2p > cross-correlated
relaxation effects.

The observed cross-correlated relaxation Eggs>" depends
on the projection angledcs,, and Och gz, Of the CH-dipole
tensor parallel to the CH bond vector and the,{-o1;) and
(033—011) components of thé!P-CSA-tensorsyc, yu, vp are
the gyromagnetic ratios;cq the CH-bond distanceyo the
susceptibility of vacuumhy/2z the Planck constanBy the field
strength, and’ the DQC,ZQC evolution time. For the hairpin
under study;r. has been determined to be 2t50.2ns from .{,
13C-Ty-times and'H,13C heteronuclear NOE. The components
of the 3P-CSA-tensor have to be calibrated from model
compounds. The closest model system reported in the literature
for a phosphodiester in oligonucleotides is the barium salt of
diethyl phosphate. For this molecule, tF#-CSA tensor is
found to be asymmetrgwith 11, 025, andozz being—76 ppm,

—16 ppm, and 103 ppm as shown in Figure 3. These values ,
are to within 5% identical to théP-CSA values found in O,

polynucleotides and phospholipidsand therefore considered Figure 3. The orientation of thé’’P-CSA-tensor as determined in

(11) (a) Yang, D.; Konrat, R.; Kay, LJ. Am. Chem. Sod 997, 119, diethyl phosphate in the dinucleotide molecular frame.

11938-11940. (b) Griesinger, C.; Hennig, M.; Marino, J. P.; Reif, B; ; inti ;
Richter, C.; Schwalbe, H. Methods for the Determination of Torsion Angle to be applicable to RNA. A small variation of the CSA in

Restraints in Biomacromolecules. Modern Techniques in Protein NMR 9|i90nl«!0|90tide$ i§ corr.obo.rated by the small range of the
Plenum Press: London, 1999; Vol. 16. isotropic3P chemical shifts in RNA. The propagation of CSA
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errors into angular information is weak. A variation of the
principal values of the CSA tensawyi, 022, andossz by 10% .
leads to changes d@f of U4 by only 5 (Table S1 and Figures
S1 and S2 in the Supporting Information).

As described in ref 12, the principal axes of tHE tensor
€11, €2, 633 and the phosphate reference frame described by the .t
three vector®, (the unit vector along the intersection of the
0O3—P—-04 bond angle)g, (the unit vector orthogonal & in o
the O3-P—04 plane), and, (the unit vector orthogonal 6,
andg,) by the axes of the unit cefl, b, andC is defined by the
set of direction cosines (eq 2):

€1 a 0.7330 —0.5281 —0.5915| [a
€y|=A,|b|=| 0.0443 —0.5919 0.804§:|b| (2a)
€33 c —0.6787 —0.6090 —0.4105 \c .
o
Consequently, the orientations of the CSA tensor in the ir
[
& a 0.6345 —0.4976 —0.5915| [a w
&|=A|b]=[ 0.1577 —0.6658 0.7293:(b| (2b)
e C —0.7567 —0.5560 —0.3440 \c

phosphate frame can be expressed as:

e &
o £ =-100° G
Ex|=A A |G (2¢)
€3 e, Figure 4. (a) Dependence dfy 59 @, and DI e ) on the
anglee and ¢ for the nucleotide in the CZ&ndo conformation. The
The projection cosines can then be calculated using:d€as,, experimenal rates for U4 define the green and blue areas. (c)
_ L — L ~L ' Superposition of the two plots. U4 adopts the-€8do conformation
= CHe H| an = CHeg H|. Th n-
CHe&,,/| CH| and cosfch,, = CHeés3/| CH] ,CSAe depe (P = 44°, ymax= 44°).7 The yellow circles indicate the conformational

dence of the cross-correlated_relaxatlon_r 2, H2)) () O regions which fulfill the experimental cross-correlated relaxation rates.
the backbone S‘Dnglis and £ is shown in Figure 4a, the  The red bars reflect the error ef derived from the3J(C2;,P.sa),
dependence df{gy 5y .., ON € andg (for the ribofuranoside  3)(H3;,P.41) andJ(C4;,P11) coupling constants yielding= —146°.5

ring in C3-endo conformation) is shown in Figure 4b. With The combination of the coupling constants and the cross-correlated
= 2.5+ 0.2 ns, the cross-correlated relaxation rates around therelaxation rates yield§ = —100°.

angles and¢ vary from—10 to 20 Hz. The blue and the green
areas are allowed for U4, according to the measured cross
correlated relaxation rates of 4.6 and 9.5 Hz, respectively. Both
plots have been derived from eq 1. The relevaht &, and

‘633 vectors were obtained from dinucleotide models built in
Insightll with variation of the two torsion anglesand¢ or 8

and o, respectively, in steps of 2and assuming either G2
endo or C3endo conformation for the ribose.

The intersections of the blue and green areas of the two plots
define the allowed pairs of and ¢ for U4 (yellow circles in
Figure 4c). Due to the independently measured angle-146°
+ 10° © (red error bars) we find close to—100".

Figure 5 shows a similar graph for the backbone torsion

anglesa and 8. For the anglex the sum of T3 ) +

Teshey @ Tepresenting the arithmetic average of the two oL = -75° o

dipole tensors can be measured. This allows the restraint of the
anglec to four, or in favorable cases two torsion angles as anda for the U4 nucleotide. The yellow circles indicate the confor-

summarized in Table 1 . . mational regions which fulfill the experimental cross-correlated relax-
The analysis is based on the assumption that the phosphodizgion rates. The red bars reflect the errors derived frontities',R),
ester backbone conformation is rigid. Fast internal dynamics syHs", p) and®)(C4;,P) coupling constants yielding = —174°.6 The
have been modeled by assuming local motion with an amplitude combination of the coupling constants and the cross-correlated relax-
of £10° shown in Figure 6. Comparison of Figure 6 with Figure ation rates yields. = —160°, —75°, 0°, 18C°. o. = —75° is the canonical
4a shows that the cross-correlated relaxation rates are scaledalue.
but that the shape of the torsion angle dependence is not affected.
(12) Herzfeld, J.; Griffin, R. G.; Haberkorn, R. Aiochemistryl984 Table 1 summarizes the experimental cross-correlated relax-
17, 2711-27184. ation rates and the angles derived from interpretation of scalar
(13) (&) Shindo, HBiopolymers198Q 19, 509-522. (b) Keepers, J. W.;  coupling constants measured previously and the relaxation rates.
James, T. LJ. Am. Chem. S0d.982 104, 4, 929-939. it sh h lete definiti £ all . |
(14) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor1989 t shows t a.t a near clomp ete de |n|t|on.o a torsllon angles
85, 393-399. can be obtained for this block labeled oligonucleotide.

Figure 5. Dependence oF 5 ) + Ties iy @) ON the angleg
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Table 1. CH-dipolar Coupling-3'P-CSA Cross-correlated Relaxation Rates in Hz measured for the RNA Oligonucleotide
5-CGCUUUUGCG-32

U4 us U6 u7
roocsa o 9.5+ 0.3 4.0+ 0.4 3.8+ 0.6 1.2+ 0.1
roocsa o 4.6 2.4+ 0.6 14.1+ 0.2 -1.3
STOCA st 1) 7.0+ 15 2.2 n.d. 2.2:0.9
roocs 5.9 (5.5) 6.5(7.1) 6.6 (5.7) 6.9 (6.8)
TOCsA n.d. 6.1(5.3) 6.4 (6.1) n.d.
EIR2CA o oncs) 7.0 (4.9) (5.2) n.d. 4.8 (6.1)
o —160°, —75° —120°, 50° n.d. —1207, 50°

0°, 18C°

B 174+ 10° 176+ 10° n.d. —165+ 10°
€ —146+ 10° 129+ 10° 126+ 10° 123+ 10°
5 —100° —125° —105° 180°

aThe experimental error is of the order of 2 Hz. rsadhondetermined. ThHECH-dipole,dipole*C-CSA cross-correlated relaxation were determined
independently in a non-decoupléd,*C-HSQC given in parentheses = the sum of two rates. Errors in the rates and angles were estimated from
the rms between experimental and predicted coupling constants as reported in ref 6 and cross-correlated relaxation rates as reported in the text.
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Figure 6. Graphical representation of the variation of thedependence of the cross-correlated relaxation rates assuming fast linear conformational
averaging by+10° around the preferred backbone conformation.

The experimental uncertainty in the proposed new experiment oligonucleotides. Work is under way to provide more accurate
has been tested by measuring the C,H-dipdf@;CSA cross- information on theé?’P-CSA tensor and to develop experiments
correlated relaxation raely ) in anws-coupled HSQC and  for larger oligonucleotides.
comparing it to the same rate measured form thec@bstant
timeI'-DQ/ZQ-HCP experiment. This comparison of measuring

the same rate in two different experiments yields an experimental dustrie. th h 131 ; H h
uncertainty of 1.5 Hz or less for the relaxation rates of interest '"dustrie, the DFG (Schw 701/3-1; Gr1211/2-4), the MPG, the

here (see Table 1). Karl-Winnacker Founqlation, and the Massachusetts Institute of
In summary, the interpretation of cross-correlated relaxation T€chnology for financial support. Spectra were recorded at the

of H,13C-dipole, dipole and®'P-chemical shift anisotropy Large Scale Facility for Biomolecular NMR at the University

completes the analysis of phosphodiester backbone conformatiorPf Frankfurt and at Bruker, Karlsruhe.

based on interpretation of coupling constants and makes

accessible the backbone anglesand ¢. Cross-correlated Supporting Information Available: Experimental details

relaxatlop does not rfzquwe any Karplus parametrization. _The (PDF). This material is available free of charge via the Internet
assumption that théP-CSA tensor does not change with at http://pubs.acs.org

changing conformation is supported by the fact that the variation
in the 3P isotropic chemical shift is only few ppm for JA001432C
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