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Abstract: A new heteronuclear NMR pulse sequence, the quantitative T'(HCN) experiment, for the
determination of the glycosidic torsion angle y in *3C,5N-labeled oligonucleotides is described. The T(HCN)
experiment allows measurement of CH dipole—dipole, N chemical shift anisotropy cross-correlated relaxation
rates (Tepi i @nd Topis . for pyrimidines and 205t ne and 2555 e for purines). A nucleotide-specific
parametrization for the dependence of these I'-rates on y based on >N chemical shift tensors determined
by solid-state NMR experiments on mononucleosides (Stueber, D.; Grant, D. M. J. Am. Chem. Soc. 2002,
124, 10539—10551) is presented. For a 14-mer and a 30-mer RNA of known structures, it is found that the
T'(HCN) experiment offers a very sensitive parameter for changes in the angle y and allows restraining of
x with an accuracy of around 10 degrees for residues which do not undergo conformational averaging.
Therefore, the I'(HCN) experiment can be used for the determination of y in addition to data derived from
3J(C,H)-coupling constants. As shown for the 30-mer RNA, the derived torsion angle information can be
incorporated as additional restraint, improving RNA structure calculations.

Introduction either from a more detailed NOE analysis including thé-H2
H6/8 and H3—H6/8 NOES or from the interpretation of)(C2/
C4,H1)- and3J(C6/C8,H1)-coupling constant%.10 However,
NOE distance information is not very precise due to various
effects such as spin diffusion. Furthermore, the accuracy of angle
determination based on the analysis of heteronuclear coupling
constants depends on the quality of the underlying Karplus
parametrization. Recently, refined Karplus equations have
been provided forfJ(C2,HZ), 3J(C4,HT), 3)(C6,HT), and
3J(C8,H1) in the different nucleotides of DNA? However, the
validity of these equations for RNA still remains to be
investigated. In addition, coupling constant determination is
prone to systematic errors for larger moleciftés.

Apart from coupling constants, cross-correlated relaxation
rates ("-rates) can be exploited to obtain angular information
by virtue of their dependence on the relative orientation of two
spatially directed properties, which can in turn be related to the

T Additional affiliation: Massachusetts Institute of Technology, Depart- molecular frameI'-rates have only recently been introduced
me¢n|t OI'tC?en’;iﬁ/ltr)i’ 77I '\f%sstacmseltts A\I/&réuebCan;tbrgdgte, fMI\/IA I021|39r. as novel NMR restraints for structure det.ern?ination in soldtion
Bioprr:)slsligs?NoMRogggcetlroslgo%?/, ggt?t)(legberg)‘str:sp:e 1?[, 8-070722u ?ena,and have .Smce found. Wldespreaq appllclatlon for the mezlisure-
Germany. ment of different torsion angles in proteins, oligonucleotides,

(1) Batey, R. T.; Inada, M.; Kujawinski, E.; Puglisi, J. D.; Williamson, J. R.  and carbohydrateg.2°
Nucleic Acids Resl992 20, 4515-4523.
(2) Batey, R. T.; Battiste, J. L.; Williamson, J. Rlethods Enzymol1995

Since the investigation of RNA by multidimensional hetero-
nuclear NMR methods was made possible due to the develop-
ment of techniques for the preparation'8€ and'>N isotope
labeled RNA in 19924 a large number of NMR experiments
have been deviséf8aimed at improving the accuracy of NMR-
derived RNA structures. Among the still less well-characterized
torsion angles in RNA is the glycosidic bond anglewhich
defines the orientation of the aromatic bases with respect to
the ribose moiety (Figure 1), is sterically restricted to either
theanti (y ~ 24C) or thesyn(y ~ 60°) conformation. By NMR,

x can be determined from the intensity of the 'HH6
(pyrimidines) or H1—H8 (purines) cross-peaks in a NOESY
spectrum with an accuracy of about50°,” resulting in a
qualitative discrimination between tlsgnand theanti confor-
mation. A more accurate determinationjftan be achieved

261, 300-322. (7) Wijmenga, S. S.; Mooren, M. M. W.; Hilbers, C. WIMR of Macromol-
(3) Nikonowicz, E. P.; Sirr, A.; Legault, P.; Jucker, F. M.; Baer, L. M.; Pardi, ecules Oxford University Press: New York, 1995; pp 23288.
A. Nucleic Acids Resl992 20, 4507-4513. (8) Schwalbe, H.; Marino, J. P.; King, G. C.; Wechselberger, R.; Bermel, W.;
(4) Varani, G.; Aboul-ela, F.; Allain, F. H.-TProg. Nucl. Magn. Reson. Griesinger, CJ. Biomol. NMR1994 4, 631-644.
Spectrosc1996 29, 51-127. (9) Trantirek, L.; Stefl, R.; Masse, J. E.; Feigon, J.; SklenarJVBiomol.
(5) Varani, G.; Tinoco, I., JrQ. Re. Biophys.1991, 24, 479-532. NMR 2002 23, 1-12.
(6) Cromsigt, J.; van Buuren, B.; Schleucher, J.; Wijmenga, SVi&hods (10) Munzarova, M.; Sklenar, VJ. Am. Chem. So@003 125 3649-3658.
Enzymol.2001, 338 371-399. (11) Reif, B.; Hennig, M.; Griesinger, GSciencel997, 276, 1230-1233.
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Figure 1. Schematic representation By nue (A), Thocs nue (B), andTonie e (C) in the molecular frame of adenosine. The lengths of the interatomic

vectors and the approximate sizes of the chemical shift anisotropies are given.

In this report, we have investigated the usd B nye the U’ C8 c's
cross-correlated relaxation rate between théHT'ldipole— U6 = GO CHens GIT
dipole vector and the chemical shift tensor (CS-tensor) of N1 C5—G1° —G8
(pyrimidines) or N9 (purines) in the glycosidic linkage of RNA Ad—pl _

(or DNA), for the determination of (Figure 1A). 12 _

The interpretation ofl2oioaye requires ay-dependent c=6G 0 21
parametrization, which relies on knowledge of the N1 and N9 G*—C®B Gg_ sz
CS-tensors. CS-tensors derived from model compounds in the G!—CH G —C
solid state or from ab initio calculations have to be used under 5 3 C7
the simplifying assumption that any conformational dependence A i
can be disregarded. Furthermore, apart from providing structural C°’— G2
information, cross-correlated relaxation rates are sensitive to —
motional molecular properties such as the extent of overall as C3—G2
well as internal motion and motional anisotropy. The latter is Gi—
particularly important for nucleic acids, which exhibit a large G'— ¥
extent of anisotropy even for relatively small molecules. 5 3

Recently, an experiment for the determination of dipole
dipole, CSA cross-correlated relaxation rates in the glycosidic B
linkage of RNA has been reported, together with a detailed _’:"9“’?_2- tsde_cot”h‘?'afy S”UtCt%f]eslcgthe 1_4';“‘” (QNafl‘dbthlegot'hmegéB) RNA
,dynamical treatment forlone rEferen?e structtirehis analySiS . :Q\Z)?Iyl?gbilegin Itf]erzecF;/ct)cr)éineeand-tweergljarl:?s(i:rvle régdﬁees,’wh?ch a;rrgesrhown
included the effects of internal motion as well as anisotropic in plack.
diffusion, assuming that the diffusion tensor (and its appearance
in a water shell) can be taken as a reliable model for the
rotational tensor.

Here, we took a different approach in that we aimed at
investigatingl'2iiy nye as aready-to-usestructural parameter

with an uncomplicated angle extraction process comparable to

the one for®J-coupling constants. Therefore, we explored a with less favorable relaxation behavior. To assess the qualit
simplified parametrization foF(y) using an isotropic model of . ’ q y
of this new method, we compared our data to the currently

rotational tumbling together with conformational rigidif?N . . o
CS-tensor values and orientations derived on mononucleosidesavalllalble torsion angle determination method frDéﬂD(’C:S,Lﬂ)-

in the solid stat®& were used. The investigation comprised two coupling constant®: In addition, we introducel ;i n1/o
(Figure 1B) as an additional parameter serving to decrease the

(12) Schwalbe, H.; Carlomagno, T.; Hennig, M.; Junker, J.; Reif, B.; Richter, inherent degeneracy OT(X) in favorable cases.
C.; Griesinger, CMethods EnzymoR001, 338 35-81.

(13) Carlomagno, T.; Blommers, M. J.; Meiler, J.; Cuenoud, B.; Griesinger, C. Theoretical Background
J. Am. Chem. So®001, 123 7364-7370.

RNA model molecules of different sizes (a 14-mer and a 30-
mer) but similar secondary structure (Figure 2).

Investigation of the 14-mer, which is almost isotropic, and
the more anisotropic 30-mer RNA serves the twofold purpose
of examining both the influence of the simplifying assumptions
and the applicability of the new experiment to larger molecules

(14) Boisbouvier, J.; Bax, AJ. Am. Chem. So2002 124, 11038-11045. i i i i i i
(15) Riek, R.). Magh. Resor2001 149 149153, In t_he simple gase of |sotrgpchrS(3IS(icuI§r m.ot|on and isotropic
(16) Bertini, I.; Kowalewski, J.; Luchinat, C.; Parigi, G. Magn. Resor2001, fast time-scale internal motiol,c; i3 N1g IS given by (eq 1):
152, 103-108. ’
(17) Banci, L.; Bertini, I.; Felli, I. C.; Hajieva, P.; Viezzoli, M. S. Biomol. I-DD,CSA _
NMR 2001, 20, 1-10. CIHI' N1/9 —
(18) Vincent, S. J. F.; Zwahlen, @. Am. Chem. So200Q 122 8307-8308. 2 Uy ONYCYH o
(19) zwahlen, C.; Vincent, S. J. B. Am. Chem. So@002, 124, 7235-7239. N el e h% iy nueT Ko (3co OSIHTNYS 1y 4
(20) llin, S.; Bosques, C.; Turner, C.; Schwalbe,Ahgew. Chem2003 115, 1547 3 THU N9 ¥ 11 1
1394-1397. CIHY
(21) Ravindranathan, S.; Kim, C.-H.; Bodenhausen)J@iomol. NMR2003
27, 365—-375. N CI1'H1' ,N1/9 N C1'H1',N1/9
(22) Stueber, D.; Grant, D. MI. Am. Chem. SoQ002 124 10539-10551. oh(3c0$ 65, — 1)+ o)y(3co$ 65; -1 1)
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Figure 3. T(x) for the different nucleotides. The parametrizations were calculated usthgfal, az. of 2.5 ns as determined for the 14-mer RNA from

R; andR; relaxation rates, and a magnetic field strength of 600 MFi&; i1 nye @l0ne is given in black, and the additional minor contributiom s cx

is shown in gray. The gray bars represent ghangle distribution in the RNA fraction of the large ribosomal subunit (PDB entry 2BFExperimental

Tnosiecy rates from the 14-mer RNA are plotted against refergneagles.

i i i ; Table 1. Fourier Expansion of the Dependence of I" on y for the
wN IS the nltroggn Larmpr frequency; is the magngtogync Different Nucleotides?
ratio of the nucleus, rcyny is the length of the CH1' dipole—

dipole vector, 1. is the rotational correlation time of the () = 10" 7By[A; cos(z) + A, cos (21) + Al
molecule,? is the generalized order parametef, is theith A A, As
cgmg%rl/egnt of the_full_y anisotropic nitrogen CS-tgnsor, and adenine 0.332 5933 3338
0;~ """ is the projection angles between the'E1’ dipole— cytosine —2.123 —7.137 4.059
dipole vector and théh component of the nitrogen CS-tensor. guanine 1.265 —6.828 3.271
Tlsonwe is determined from the relaxation of carben uridine ~2.908 6860 2.917

n!tmgen double and zero quan_tum COherenC(‘?‘- A_mong the  a; = Overall rotation correlation time, = magnetic field strength in
different cross-correlated relaxation rates contributing to the Tesla. The parameterization assumes isotropic diffusion as well as the

relaxation of CN double and zero quantum coherence (for a absence of internal motiois{= 1) and relies on nitrogen CS-tensor values
and orientations reported for adenosine, cytosirieledxythymine and

detailed description, see ref 23), all dipeldipole and CSA, dihydroguanosine in the solid stéfeThe N1 CS-tensor from'leox-

CSA contributions as well aEB?i\?ls/gANl/g and rg%ffél, can be ythymine has been used for uridine because no tensor for uridine is available
suppressed by the careful application of a trainrgfulses on ~ © 9ate:

the different nuclei. It is, however, experimentally not possible

to separatd 2oy nye from Tyery cr (Figure 1C). In contrast  can be used to judge the maximal possible contribution of
to T2208A, o TROSSA s not dependent op. The C1 CS-  I'nusrcr- For the 14-mer and the 30-mer RNA with a
tensor is, however, sensitive to the sugar pucker mode androtational correlation time of 2.5 and 7 ns, the maximal

changes from around 30 ppm in the'@hdoto about 60 ppm  contribution of IR7g i, amounts to only 0.08 and 0.2 Hz,

in the C2-endoconformatior24 Although no complete orien- ~ respectively.

tational information can be obtained for this tensor so far, the =~ To derive simple analytical forms of the dependencd of

approximate contribution oFyysis cy to the overall rate has ~ Ony, €q 1 has been expanded into the Fourier series given in

been calculated from the CICS-tensor values and their ISS?SAL These expansions neglect the small contribution of

projection angles on the @41'-bond as provided in ref 25. nverr.cy discussed above. Separate parametrizations have

Since this tensor displays an anisotropy of around 60 ppm, it been calculated for each nucleqtlde using nuclgotlde-speuflc
15N CS-tensor values (Table 1; Figure 3). To obtain an estimate

(23) Kumar, A.; Grace, R. C. R.; Madhu, P. Rrog. Nucl. Magn. Reson.  for the distribution ofy angles in RNA, angles extracted from

(24) %‘;?;é?:ﬁf’og%?f’clfsg 3Dl_9);_ Phys. Chern. A998 102, 5280-5289. the X-ray structure of the large ribosomal subunit (PDB entry
(25) Fiala, R.; Czernek, J.; Sklenar, ¥. Biomol. NMR200Q 16, 291—302. 1FFK2%) are also shown in Figure 3. In general, the angle
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distribution is much more dispersed for purines than for
pyrimidines. The most populated region in all case2qC)
coincides with a high slope if(y) accompanied by a sign
change in the case of cytosine and uridine, indicating a high
sensitivity to structural differences in this region.

Similar to T2l aye Lesiznye (Figure 1B) is also de-
pendent on the conformation aroupdnd can therefore be used
as an additional parameter for angle determination. However,
due to the dependence of thisrate on the ribose pucker mode,
it can only be applied in cases where the ribose conformation
is characterized and rigid. (In the case By nye the
contribution of [¥ox1j6.c> has been disregarded entirely due to
the relative length of the HN dipotedipole vector: 2.6 A for

both C3-endoand C2-endoconformation.)

Materials and Methods

Sample Preparation.The uniformly3C **N-labeled 14-mer RNA
(5-PO,-GGCAQUUCGGUGCC-3; bold residues constitute the loop)
was purchased from Silantes GmbH {Mien, Germany). The
concentration of the NMR sample was 0.7 mM in 20 mM iR,/
KoHPQ,, pH 6.4, 0.4 mM EDTA and 10% v/v fD. The 30-mer (5
PQO,-GGCACUCUGGUAUCACGGUACCUUUGUGUC-3), which
is selectively'*C'®N-labeled in the G and C residues, was synthesized
by in vitro transcription with T7-RNA polymerase with a linearized
plasmid DNA as template and purified as described previotisly.
Unlabeled rNTPs were purchased from SIGMA (Taufkirchen, Ger-
many); labeled nucleotides were obtained from Silantes GmbH
(Minchen, Germany). The final concentration of the NMR sample was
1.2 mM in 10 mM KHPOJYK,HPO,, pH 6.2 with 40 mM KCI, 0.2
mM EDTA, and 99.99% v/v BO.

NMR Spectroscopy.The NMR data were collected on a Bruker
Avance 600 MHz spectrometer equippediwié 5 mm*H{3C/°N}
Z-Grad TXI CryoProbe, an AV 700 MHz UltraShield instrument
equipped with a 5 mmH{*3C/*N} Z-Grad TXI probe and an AV 900
MHz spectrometer wit a 5 mm*H{*3C/**N} XYZ-Grad TXI probe.

operator is transferred back, and the cross experiment, in which the
sinh-modulated operator is selected. While selection of the reference
operator is achieved in asut-and-backmanner, the specified phases
(caption of Figure 4) have to be shifted, and an additional preton
carbon recoupling period has to be added in the cross experiment. In
addition, a proton 90pulse is added in the cross experiment afier

to remove any operators involving protoriycy nye Can be deter-
mined from the peak intensities in the two experiments according to
eq 2:

)

DD.CSA 1 néef Icms 1
il _— Y — * -
FH1’(31’,N1/9 = —tanh ngoss | ref Tm

In this equation, & and n&*ss are the number of transients ariéf |
and Fessare the peak intensities in the reference and cross experiment,
respectively.

As discussed above, an alternative method for the determination of
[hocrnwe has been presented recerfllyrelying on a J-coupled
approach. The quantitative approach is advantageous tbdbepled
one in that the latter requires the evolution of coupling, which increases
the number of signals in the spectrum by a factor of 2. Especially in
larger systems, spectral overlap might become the limiting factor for
this method.

The CN transfer and back-transfer delay§)(onstitute the longest
periods in the pulse sequence (76 ms). To maintain the slowly relaxing
CH TROSY component during this period, the 1@@oton decoupling
(reference experiment) or recoupling (cross experiment) pulse during
the CN back-transfer, which switches the slowly and the fast relaxing
TROSY component, has to be located at the end of the fourth delay
The necessity to recouple protons in the cross experiment results in
evolution of the anti-TROSY component for a perigd2, while in
the reference experiment the TROSY component evolves for the whole
delay 2. The loss in signal intensity due to this additional relaxation
effect in the cross experiment as compared to the reference experiment
was estimated from the calculation of thgF;{;e, using carbon CS
tensor values determined by Fiala et?alandz. values of 2.5 ns and

The data were processed on a Silicon Graphics computer (Origin2000) 7 ns for the 14-mer and the 30-mer RNA, respectively. It was found to

using Bruker NMRSuite (XwinNMR 3.5 and TopSpinl.1) programs

and analyzed in Felix2000 (msi). Measurements were carried out at

298 K for the 14-mer and 310 K for the 30-mer RNA.

NMR Spectroscopy: Quantitative I'(HCN) Experiment and
I'(H2'C2'N) Experiment. The quantitativd’ (HCN) experiment (Fig-
ure 4A) is a modified HCN experimeft3?3¢ in which C,N
double- and zero-quantum coherence are excited at time aaind
allowed to evolve for a variable delagy under the influence of

Thocinye iNto a term, which is cosh-modulated by tHerate

DD,CSA
(4HL)Ny  coshChzcrnue'
(2CNy sinh[poeynys' Tv) at time pointb.” Two experiments are
recorded: the reference experiment, in which the cosh-modulated

7)), and into a sinh-modulated term

(26) Ban, N.; Nissen, P.; Hansen, J.; Moore, P. B.; Steitz, TSéence2000
289,878-879.

(27) Stoldt, M.; Wadnnert, J.; Gdach, M.; Brown, L. R.EMBO J.1998 17,
6377-6384.

(28) Emsley, L.; Bodenhausen, G. Magn. Reson1992 97, 135-148.

(29) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.

(30) Shaka, A. J.; Barker, P. B.; Freeman,JRMagn. Resonl985 64, 547—
552.

(31) Marion, D.; Ikura, M.; Tschudin, R.; Bax, Al. Magn. Reson1989 89,
496-514.

(32) Sklenar, V.; Peterson, R. D.; Rejante, M. R.; Feigord. Biomol. NMR
1993 3, 721-727.

(33) Farmer, B. T., II; Muller, L.; Nikonowicz, E. P.; Pardi, A. Biomol. NMR
1994 4, 129-133.

(34) Marino, J. P.; Diener, J. L.; Moore, P. B.; Griesinger,JCAm. Chem.
S0c.1997, 119, 7361-7366.

(35) Sklenar, V.; Dieckmann, T.; Butcher, S. E.; FeigonJ.JMagn. Reson.
1998 130 119-124.

(36) Brutscher, B.; Simorre, J.-B. Biomol. NMR2001, 21, 367—372.

(37) Felli, I. C.; Richter, C.; Griesinger, C.; Schwalbe, H.Am. Chem. Soc.
1999 121, 1956-1957.

be less than 1% and the effect was therefore neglected.

It has been shown that for the ribose moiety, HCN correlations can
benefit from the use of CH multiple quantum (MQ) coherence more
than from the TROSY enhancement connected to C single quantum
coherencé®3*38The introduction of MQ constitutes only minor changes
in the pulse sequence scheme and could prove advantageous, especially
for larger molecules with unfavorable relaxation behavior.

The relaxation delayy was optimized for maximum signal intensity
in the less sensitive cross experiment, which picks up the sinh-
modulated cross operator. During, signal buildup proportional to
sinh[*7yv) is counteracted by signal loss due to autocorrelated
relaxation of the CN double- and zero-quantum coherence. Cross-peak
intensities of representative residues showed thataf 20—30 ms is
optimal for both the 14-mer and the 30-mer (Figure S1, Supporting
Information).

For the 14-mer RNA, th&(HCN) experiment was recorded at 600
MHz (tm =15 ms) and 700 MHzzy = 20 ms). To resolve resonance
overlap, the experiments at 600 MHz were repeated usifg detected
version of the'(HCN) experiment as described in the caption of Figure
4. For the 30-mer RNA, data were recorded at 900 MHz wiith= 5
ms.

In theI'(H2'C2N) experiment (Figure 4B), the first INEPT module
is used to create HC1-antiphase magnetization. During the following
delay T, magnetization is transferred from Giimultaneously to both
C2 and N1 (pyrimidines) or N9 (purines). In addition, the'téperator
is refocused during a delay. At time pointa, the double- and zero-
quantum operator 4CL2,N, has been created. During, Teoi nuo

(38) Grzesiek, S.; Bax, Al. Biomol. NMR1995 6, 335-339.
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pulse labeled “ref” is applied on protons. In the cross experiment, phasasd g, are set toy, ¢s is set tox, and the hatched 9@&nd 180 pulses labeled
“cross” are applied. A water flipback pulse is applied after the first INEPT step. A selective off-resonant pulsedomi@carbon constant time chemical

shift evolution is shown in gray. Acquisition parametersis equal to 1/(2*Jcy) and set to 3.2 msf = 1/(2*1Jcy) is 38 ms;zu is the variablel ooy ne
relaxation period. The carbon offset was set to 89 ppm, and the nitrogen offset was at 158 ppm. At 600 MHz, band selective pulses were set as follows:
C1/C6,C8: 1.7 ms Q3 refocusing pulse (28); N1/N9: 1.7 ms IBURP2 inversion pulse (29);522 us Q3 pulse; Water flipback: 1 ms sinc pulse;
Gradients:G; = 1 ms,—20 G cnt!; G; = 1 ms, 20 G cmt; Gz =1 ms,—25 G cn?; G4 = 500us, —2.5 G cnm?; Gs = 1 ms, 22.5 G cm!; Gg = 1 ms,

20 G cnl; G = 1 ms, 10.05 G cm. Phase cycling:pr = x,(—X); @2 = 4y,4(-Y); @3 = 8x,8(—x) for the reference experimenty,8(—y) for the cross
experimentjps = 16x,16(—X) in the reference experiment, &6(—y) in the cross experimen{jrec = X,2(—X),X,(—X),2X,2(—X),2X,(—X),%,2(—X),X,(—X),2X,-
(—%),%,2(—%),2%,2(—X),%,(—X),2x,(—X). Gradient coherence selectiondn is achieved by shifting phases; = 2x,2(—x) and ¢7 = 2(—Y),2y together with
changing the sign oBs. Asynchronous GARP decoupliffys used to suppress heteronuclear scalar couplings during acquisition. (B) Two experiments, the
reference and cross experiment, are recorded. For the reference experimentyplaset tox, and proton decoupling during the back-transfer is applied

for the period labeled “ref”. For the cross experiment, phages y, and protons are decoupled for the period labeled “cross”. Experimental parameters:

is equal to 1/(2%Jcy) and set to 3.2 mst = 1/(2*Jcy) is 38 ms;ty is therﬁgg;ﬁl,g relaxation periodzc = 1/AJcc — v. Gradients:Gy = 1 ms,—20 G

cm™%; Gy = 500us, 2.5 G cm}; Gg = 1 ms, 40 G cm. Phase cycling:gpr = X,(—X); @2 = 16x,16(—X); g3 = 2%,2(—X); @a = 4x,4(—X) in the reference
experimentgps = 4y,4(—y) in the cross experimentjs = 32x,32(—x); @6 = 8%,8(—X); @rec = X,2(—X),X,(—X),2X,2(—X),2%,(—X),X,2(—x),X. In addition, g¢ is
incremented in a States-TPPmanner to achieve quadrature detection indhedimension.

is active, and this operator evolves into 4CP\N, and contains both canonical stem regions with a low divergence
coshfé’?ﬁz’?ﬁu;m) and 8H2,C1,C2,N, sinh(FB[Z’ﬁﬁ,l/g*rM) at time in % and a noncanonical cUUCGg tetraloop, exhibiting a broader
point b. To transfer the latter operator back in the cross experiment, distribution ofy angles. In addition, the tetraloop comprises an
H2' proton magnetization is refocused during an additional d&lay ~ unusual U:®" base pair; all other residues adopt theti
afterb, while the reference operator is transferced-and-backScalar conformation. Homonucled&d-coupling constants indicate that
interactions between C2nd both Cland C3are suppressed by setting  the ribose moieties of all residues are fixed in one conformation
the total period in which C2s transversal to 25 ms + 7c = 1/4Jcq). (data not shown). Although there is no structure available of
Extraction ofT'zcyye IS Similar to the quantitativé(HCN) experi- 6 14 mer to date, the structure of cUUCGg-tetraloops has been
ment. The (CH2',N) experiment was recorded at 600 MHz using a consistently characterized by both NMR (PDB entry 1HBX
v Of 5 ms.

and X-ray crystallography (PDB entry 1F7%. Referencey
Results angles (Table 2) for our investigation have been extracted as

Glycosidic Torsion Angles in the 14-mer and the 30-mer ~ described in Table 2.
RNA. The 14-mer RNA (Figure 2A) was selected as a model (39) Allain, F. H.; Varani, G.J. Mol. Biol. 1995 250, 333-353.
B ; (40) Ennifar, E.; Nikulin, A.; Tishchenko, S.; Serganov, A.; Nevskaya, N.;
Compound to evaluatef the acg:urac_:y;phngle dett_ermlnatl_or_\ Garber, M.; Ehresmann, B.; Ehresmann, C.; Nikonov, S.; Dumasg, P
from theI'(HCN) experiment, since it is conformationally rigid Mol. Biol. 200Q 304, 35-42.
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Table 2. I‘ggﬁfﬁu,g and Resulting y Angles of the 14-mer RNA Compared to the Angles from the Crystal Structure (“reference”) and from
the Interpretation of 3J(C,H)-Coupling Constants (“3J(C,H)")2

x [deg]
residue Threwe [H2] T 3J(CH) reference

Gl 194.8+ 4.4
G2 —0.67+£0.04 205+ 1 192+ 2 194.8+ 4.4
C3 —0.14+0.01 203+ 1 198.4+ 3.1
A4 —0.44+0.01 207+ 1 1985+ 1.5 198.2+ 3.5
C5 —0.32+0.07 201+ 1 191+ 8 197.9
U6 0.29* 221 196.5t 4.5 211
u7 0.99+ 0.11 209+ 4 2175+ 95 223
Cc8 1.03+ 0.08 218+ 2 210.5+ 6.5 202.6
G9 1.64+ 0.35 57+ 19 44+ 4 58.7
G10 —1.00+£0.11 201+ 2 215.5+ 135 198.3
U1l —0.29* 195 198.2+ 3.0
G12 —0.53+0.04 207+ 1 192+ 4 194.8+ 4.4
C13 —0.21+0.04 202+ 1 189.5+ 3.5 198.4+ 3.1
Ccl14 0.55+ 0.08 211+ 1 198+ 5 198.4+ 4.4

| o 14.1 6.3
RMSD [deg] HI'CT N1/9

33(C,H) 14.1 7.8

a The averaged'-rates from measurements at 600 and at 700 MHz are gleates measured at the two fields are listed separately in Table S1 in the
Supporting InformationJ(C,H)-coupling constants have been determined and analyzed by a refined, nucleotide-type specific Karplus-relation as described
previously®~1° The averageg angles from the analysis &}(C2/4,H1) and3J(C6/8,H1) are given. Errors foF-rates are calculated from multiple measurements
at differentry evolution periods and different magnetic fields (see Materials and Methods). For data labeled with an asterisk no error is given, since they
were obtained only once. The reference angles have been extracted from the crystal structure (PDB entry 1HLX) for residues 5 to 10. For the remaining

residues a canonical conformation has been found. Therefore, base type

specific amege values calculated from an A-form RNA crystal structure at

high resolution (PDB entry 1QCO0) and their standard deviations have been used for these residues. Errors for coupling constgrardpgeisddve been
taken from the differences between angle determination f#@2/4,H1) and from3J(C6/8,H1). For bothT-rates andJ-couplings, only they angles

closest to the reference values have been extracted from the degenerate

The 30-mer RNA (Figure 2B; PDB entry 1RER consists
of two canonical A-form stem regions connected by three
pyrimidine mismatch base pairs (U:U, C:U, U:U) and a
UCACGg tetraloop, which has been shown by NM& adopt
a structure similar to the one of the cUUCGg tetraloop. The
loop contains an unusual GG base pair. As in the 14-mer,
all residues are rigid. Theangles from the NMR structure are
summarized in Table S2 (Supporting Information).

% Angle Determination from Tfpcynye Figure 5 shows
the reference (Figure 5A) and the cross spectra (Figure 5B) of
the quantitativd’(HCN) experiment applied to the 14-mer RNA.

Thtcrnye Fates have been extracted from the peak intensities
in the two different experiments as described in Materials and

Methods.

Thocy nye Obtained on the 14-mer RNA are listed in Table 2
together with the; angles extracted using ttigy) correlations
given in Table 1. The precision df-rate measurement is 0.1
Hz as determined from the mean deviation of iheates for
all residues from multiple measurements at different field
strengths and different relaxation delays (see Materials and
Methods).

Figure 6 shows the correlation of thyreangles derived from

ThSonye With the reference angles from the X-ray structure of

the 14-mer (Table 2). The RMSicnyx-ray is 6.3. This

parametrization curves.

RNA, theT'(y) correlations presented here are applicable. Hence,
the transfer oSN CS-tensor information obtained in the solid
state on model compounds to oligonucleotides in solution is
valid.

As shown in Figure 3, due to a high slope and a sign change

in this region,l“@%ffm,g is especially sensitive fgr angles in

theanti region of around 146220, which is the most populated
region in the ribosome reference structure (see Figure 3).
Sensitivity toy angles in thesynregion is lower.

For the 30-mer RNA, the accuracy pfangle determination
is 9.3 compared to the angles from the NMR structur@.
The sensitivity is sufficient at a 900 MHz spectrometer using
1024 transients pég-increment. The cross and reference spectra
are shown in Figure 5C and Figure 5D, and the meadimnedes
and?3J(C,H)-coupling constants as well as the resultirangles
are summarized in Table S2 in the Supporting Information.
Since the overall RMSD in the case of the more anisotropic
30-mer RNA is of the same order of magnitude as the RMSD
of the 14-mer RNA, we conclude that the effect of diffusion
anisotropy is not significant and can be safely neglected in the
size range of up to around 30 nucleotides. This finding is in

agreement with the results on a 36-rakr.

T2 e fOr Resolving  Angle Ambiguities. Similar to

the angle ambiguity resulting from the interpretation 33f

agreement compares to the one between the reference anglegypling constants, angle determination from cross-correlated

andy angles derived from the analysis &f(C2/4,H1)- and
3J(C6/8,H1)-coupling constants, which are also given in Table
2 (RMSDyc Hyxray = 7.8°). The agreement between the
J-coupling and the cross-correlated relaxation-deriyedgles

is slightly worse (RMSByc nyrneny = 14.1°). These results
show that in the case of a rigid molecule such as the 14-mer

(41) Ohlenschiger, O.; Wdnert, J.; Bucci, E.; Seitz, S.; fteer, S.; Ramachan-
dran, R.; Zell, R.; Gdach, M. Structure in press.

relaxation rates is up to 4-fold degenerate. In the case 6f C2
endq but not in the case of C&ndoribose puckering, the
additional determination ofgo;{y n1e @S @ second, indepen-
dent parameter allows the removal of the angle ambiguity
resulting from the interpretation Giaryy nie 210N€.TE51 > N

is obtained from an adjustddHCN) experiment (Figure 4B),
the T'(H2’C2N) experiment. The parametrization and the

experimental values for botfRo;(;’n; andI23 5, are shown

J. AM. CHEM. SOC. = VOL. 126, NO. 7, 2004 1967
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Figure 5. T(HCN) spectra of the 14-mer (A and B) and the 30-mer RNA (C and D). (A,C) Reference experiments. (B,D) Cross experiments. Resonance
assignments are given. The spectra of the 14-mer were recorded on a 700 MHz spectrometer, and the spectra of the 30-mer were obtained on a 900 MHz
spectrometerzy was set to 15 ms (5 ms) for the 14-mer (30-mer). For both molecules, the reference experiment was obtained with 32 and the cross

experiment with 1024 transients. The overall duration of the two experiments was about 15 h.
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for the 14-

mer RNA plotted against the referengangles. The data for G9 in thsgyn
conformation are shown in the insert.

in Figure 7 for U7 and C8, the two residues in the 14-mer RNA,
which are in C2endoconformation. Whereas boihrates alone
result in two possibilities fol, the actual value foy can be

1968 J. AM. CHEM. SOC. = VOL. 126, NO. 7, 2004

selected by virtue of the agreement betweemthealues from
[eoifen: andT255 \, (gray circles in Figure 7).
Incorporation of Tpocy e into RNA Structure Calcula-
tions. In conventional RNA structure determination by NMR,
the glycosidic bond anglg is restricted to eithesyn or anti
from the analysis of the H6/8H1' NOE. y angle restraints
determined from the measurementigly oy s Offer a way to
incorporate more direct torsion angle information into the
structure calculation. In addition, while extraction of fheates
constitutes a linear task, in the case of NOE information, both
of the involved protons have to be identified, thus increasing
the complexity of the process. For the structure calculation on
the 30-mer RNA!! an exceptionally large set of NOEs has been
used (~27 NOEs per residue), resulting in a very well-defined
structure (RMSD 0.67 A for all heavy atoms). Theangles

from this structure have been used here to assess the accuracy

of the '(HCN) experiment.
To evaluate the structural relevance of jhangle restraints

derived fromI'pycynue We have incorporated them into a

Distance Geometry/Simulated Annealing structure calculation
in torsion angle space using the program CYARNAFor

(42) Gintert, P.; Mumenthaler, C.; Whrich, K. J. Mol. Biol. 1997, 273 283—
298.
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Figure 7. T2oifn: (solid line) andl' 2555 n, (dashed line) for the residues U7 (left) and C8 (right) of the 14-mer RNA. Posgiafegle values for the
measured“gajﬁf’* values are shown by black dots. The regions in which the agtaalgle is located are indicated by gray circles.
comparison, a second calculation comprising only a minimal DD,CSA DD,CSA
set of easily accessible NOE restraints (with the exception of “L Cc1THT N1/9 + C1'H1",N1/9
NOEs involving the HFH5" protons, all intraresidual sugar- R R
H > >
to-base and sugar-to-sugar NOEs (225in t(_)tal) were rgmoved) 1765 2105° 199.8° . 21115
was performed. Thel-rate-derived restraints are directly
incorporated ag angles with a variation of X0 All possible F '
angles from the parametrization are considered. & VR % i / ﬁ
Inclusion of thel 2y 5+ nygderivedy angle restraints results G T Cao . Gas . Cao
in a decrease of the mean RMSD from 6.9 to°Zd residues 182.8° 182.9° 191.2° 190.8°
G2, C3, G5, G7, C14, C21, G28, and G30 (Figure 8). For G17, | ' N _
which is in the syn conformation, the NOE-based structure IR ﬁ _ _ )
calculation results in g angle of 67.5+ 3.8°. Upon incorpora- A J A /j
tion of thel'-rate derived angle restraints, tw@ngles become > .__C21 > .._C22 e _Cm > \sz
possible, 42.8and 79.8, signifying that in this angle region /1845 57-; /200.2° 425y
NOE andI'-rate data are not sufficient to discriminate between L
the two possible angles derived from theates. A FARN ) / VAN 79-6_.-
Cia Gi7 L Cia G
Conclusions O R g e
©178.3° ~179.8° 7 190.7° 200.8°
In conclusion, we have introduced two new NMR experi- F _ ;
ments for the determination of the glycosidic bond angie . ﬁ\ VAN Al . é VARN /
oligonucleotides from the angular dependence of CH-dipolar, 4~ Cs il -C7 Sl Cg Cr
N-CSA cross-correlated relaxation rate§235 n,e and PPN 7 e S
N o5 o8 N 201.1° /7189.1°
Tezhz nyo)- In the case of ¢ ve We have provided (x)
parametrizations for each nucleotide based®htensor values /
obtained on model compounds in the solid state. Application ./ 'Gz " J Cs

to a 14-mer RNA of known structure has shown that by the
virtue of these parametrizationg,can be determined with an paae s O bt s o
. Lelll x angle aistributions o e relevant resiaues resulting frrom
accuracy of about. 0 . . the structure calculation including a minimal set of NOE values (see text).
Data interpretation, however, relies on detailed knowledge Right: ; angle distributions of the relevant residues resulting from the
of the nitrogen CS-tensors in the nucleobases. To date, onlystructure calculation including a minimal set of NOE values grahgle
. f . ,CS.
one complete study of these tensors in model compoundsrestraints from the analysis &%zi5y nye In both casesy angles from the
(mononucleoside crystals) is availaBleAll of these model 40 structures with the lowest target function values from the calculated
. . . . ensemble of 200 structures are shown.
compounds are in thanti conformation. With regard to a

possible dependence of the CS-tensor on conformation, thejines aiming at the determination of the amititl CS-tensor
method proposed here will clearly benefit from a direct, residue- ;, go1ution43-45 Although these methods assume a number of
specific determination of the nitrogen CS-tensor in oligonucle- g jifications such as the axial symmetry of the CS-tensor or
otides in solution. In principle, the fully amsotrc_;p%@\l CS- a4 common tensor value for all sites, they could be expanded to
tensor can be Qeterm|ned from the geometrlc |nformat|9n the site-specific determination of the fully anisotropic CS-tensor
conveyed in multiple cross-correlated relaxation rates correlating o+ Ng and N1 in oligonucleotides.
the N CS-tensor to the different neighboring dipetipole
vectors or from the anisotropic chemical shift information

o di ; ; 6991.
extracted from samples in different alignment media. For (44) Fushman, D.: Cowburn, 3. Am. Chem. S0d99§ 120, 7109-7110.
proteins, a number of studies have been carried out along these4s) Boyd, J.; Redfield, CJ. Am. Chem. Sod999 121, 7441-7442.

Figure 8. Results of the CYANA structure calculations on the 30-mer

(43) Tjandra, N.; Szabo, A.; Bax, Al. Am. Chem. Socl996 118 6986-
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Despite the need for more detailed studies on the nitrogen Schieborr for data evaluation. We appreciate the support of Dirk
CS-tensor in solution, we have shown that the quantitative Stueber and David Grant concerning tH& chemical shift
T'(HCN) experiment can be used to determjneith an accuracy  tensors. We are grateful to Elke Stirnal and Sabirignetafor
equivalent to the one 68(C,H) scalar coupling constants. The help in the 30-mer RNA sample preparation.

T'(H2’C2N) experiment offerg [gicrsnAeans to remove the ambiguity

. - : Supporting Information Available: Figure showing the
in angle determination from;; ¢y in favorable cases. Due  genendence of the peak intensities in the cross experiment on
,CSA

to the linear dependence ﬁﬁBCI’NUg on both the magnetic ~ the mixing timezy for the 14-mer and the 30-mer RNA.
field strength and the overall correlation ting the '(HCN) Appendix explaining the origin of the referengeangles for
experiment is an interesting method for application to larger the 14-mer RNA with a table containingpyey e and
systems. It has been successfully applied to a sizable RNA of resultingy angles for the 14-mer RNA in dependence of the
30 nucleotides without severe loss in sensitivity. In the case of magnetic field strength and a table containFRRSS,,, and
conformational averaging, howevegrcannot be extracted from  resultingy angles compared tpangles from the NMR structure
Thtcr nwe Without detailed dynamical information. and the analysis c¥-coupling constants (PDF). This material
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