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Abstract: Incomplete motional averaging of chemical shift anisotropy upon weak alignment of nucleic acids
and proteins in a magnetic field results in small changes in chemical shift. Knowledge of nucleus-specific
chemical shift (CS) tensor magnitudes and orientations is necessary to take full advantage of these
measurements in biomolecular structure determination. We report the determination by liquid crystal NMR
of the CS tensors for all ribose carbons in A-form helical RNA, using a series of novel 3D NMR pulse
sequences for accurate and resolved measurement of the ribose *3C chemical shifts. The orientation of
the riboses relative to the rhombic alignment tensor of the molecule studied, a stem-loop sequence
corresponding to helix-35 of 23S rRNA, is known from an extensive set of residual dipolar couplings (RDC),
previously used to refine its structure. Singular-value-decomposition fits of the chemical shift changes to
this structure, or alternatively to a database of helical RNA X-ray structures, provide the CS tensor for
each type of carbon. Quantum chemical calculations complement the experimental results and confirm
that the most shielded tensor component lies approximately along the local carbon—oxygen bond axis in
all cases and that shielding anisotropy for C3' and C4' is much larger than for C1' and C2', with C5' being
intermediate.

Introduction pically compressed hydrog&t; 6 or by taking advantage of
The study of the structure and dynamics of biological the intrinsic magnetic susceptibility anisotropy of the molecules
molecules such as proteins and nucleic acids by NMR SpeC_themselveé?*ZZUnder these conditions, orientation-dependent
troscopy has conventionally relied upon semiquantitative local S€cond-rank tensors, such as the dipolar coupling and the
restraints such as NOEs addouplingst However, traditional chemical shift (CS) tensor, no longer average to their isotropic

NMR structures of nucleic acids in particular suffer due to their values. A residual dipolar coupling (RDC) between a pair of
extended form and the resultant paucity of useful long-range Nuclear spins then provides precise information on the orienta-

NOE dat&2 4 Weak alignment of DNA and RNA in the tion of the corresponding internuclear vector relative to the
magnetic field, in combination with isotopic enrichment pro-

molecular alignment tensor. One-bordC—H, 15N—1H,

cedures, has allowed for new types of NMR measurements 'C—C, and**C—*N RDCs are particularly useful in this

which offer a more precise definition of nucleic acid structure

regard. The weak alignment technology, along with additional

in solution, in particular regarding the global properties such important recent advancé?’ has facilitated the study of

as bending and relative orientation of heliee¥. Such measure-
ments are made by dissolving the nucleic acid in a liquid
crystalline aligning mediur~13 by aligning it in an anisotro-
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structure and dynamics of RNAs as large as 30 kD&l
Recently, the practicality and utility of experiments which allow
for the measurement 8H—'H RDCs over a distance of up to
12 A have also been reported for a DNA dodecafder.

With the increasing availability of high-field commercial
NMR spectrometers (e.g., 800, 900 MHz and beyond), the
impact of the anisotropic CS tensa¥)(on NMR spectra and
relaxation is becoming more prominent due to its scaling (in
hertz) with the magnetic field strengtBy. The difference in
apparent chemical shifts observed for weakly align&gid)
and isotropic §iso) Samples, is given by:

Ad =90 0

aniso  Yiso — (1)

z A cos (005

iI=XYy,z j=XY.z

where A; are the principal components of the molecular
alignment tensorg; are the principal components of the CS
tensor, andj is the angle between thjeaxis of the alignment
tensor and thé axis of the CS tensor. For the magnitude of
alignment typically used in biomolecular NMR, 169-1073, the
measured\o are on the order of parts per billion (ppb).
Chemical shift changesAd, resulting from incomplete
averaging of the effect of chemical shift anisotropy, below
simply referred to as anisotropic shifts, have previously been
measured for carbonyfC’ and amidé>N nuclei in the protein
ubiquitin and were used to determine the magnitude and

experimental anisotropic CS restraints would be desirable to
increase the precision and accuracy of RNA structures deter-
mined by solution NMR. Furthermore, knowledge of the CS
tensors will be valuable for the interpretation of cross-correlated
relaxation effects. The magnitude but not the orientations of
the ribose and deoxyribo$éC chemical shift tensors of several
mononucleotides have recently been determined by FIREMAT
solid-state NMR experiments.

Here, we report the average magnitudes and orientations of
the chemical shift tensors for the five ribose carbons (CZ2,
C3, C4, and C5) of A-form helical RNA, determined by using
liquid crystal NMR spectroscopy. The experimental results are
complemented with a series of quantum chemical calculations
of the CS tensors.

Experimental Section

Sample Preparation.Two samples of a uniforml¥C '*N-enriched
24-nucleotide stem-loop RNA oligomer derived from helix-35 of
Escherichia col23S ribosomal RNA and modified with pseudouridine
() at the position corresponding to residue 746 were used (Figure
1A). The nucleotide sequence, r(GGGCUAAWBGAAAAA-
UUAGCCQC), is labeled as G37-C60 in this contribution (instead of
G737-C760). Sample preparation has been described previdusly.
Briefly, the samples were prepared in identical fashion in Shigemi
microcells (300xL), and each contained 1.5 mM helix43517 mM
NaCl, 17 mM potassium phosphate, and 0.03 mM EDTA in 9996 D
at pH 6.8. One of the samples contained 25 mg/mL filamentous phage

orientation of their average CS tensors by means of a systematigpyy 12 pyrchased from Asla Biotech Ltd. (Riga, Latvia, http:/Awww.

grid search#3 Equally as important, it has been demonstrated
that measurements a6 are very useful in the validation and
refinement of protein structuré$:36 More recently, site-specific
carbonyl3C CS tensors have been characterized for ubiquitin
by Markwick and Sattléf and by Bodenhausen and co-
workers®® To date, only3!P anisotropic shifts have been used
successfully for nucleic acid structure refinement and valida-
tion.3%-41 The principal components and orientations used in

these studies were estimated from solid-state NMR studies on

model systems such as barium diethyl phospftate.
Given the large number of torsion-angle variables required
to define the geometry of a given nucleotide in RNA, additional
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asla-biotech.com). Th#H lock solvent quadrupole splitting observed

for the Pfl-aligned sample was 28.3 Hz at 298 K. To obtain reliable
anisotropic chemical shift measurements, particular care was taken to
ensure that both samples are prepared with identical salt concentrations
and pH, thereby minimizing the effects of differential sample conditions
on the chemical shifts.

NMR Spectroscopy.NMR spectra were recorded at 298 K on a
Bruker DRX800 spectrometer equipped with a triple-resonance cryo-
genic probehead witk-axis pulsed field gradients, and on a Bruker
DMX750 spectrometer equipped with a triple-resonance room-tem-
perature, three-axis pulsed field gradient probehead. One-bond
C1—H1 and C2—-H2 RDCs were measured using the H1C1C2
experiment® Fitting of these RDCs by means of singular value
decomposition (SVD) to an NMR-refined structure of helix8&vas
used to determine the magnitude and orientation of the alignment tensor
of the moleculé®47 Except for a scaling factor of 1.4, which accounts
for the higher Pf1 concentration used in the present study, the alignment
tensor was found to be identical to that obtained from a previous sample
preparatior?

Isotropic and anisotropic Cthemical shifts were measured using
a 2D double-constant-time (50 ms, corresponding to 555 complex points
in t) HSQC pulse sequence. The gradient-and-sensitivity-enhanced
versiorf® and a WATERGATE® version of the sequence were
employed. No systematic differences in the observed liquid-crystal-
induced shifts A0 = Oaniso — Jiso, Were observed to result from the
reconversion scheme used in the HSQC experiment, nor from the type
of probehead.
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domain data were apodized using a squared cosine bell function

(A) truncated at 774 Time-domain data in thé&H dimension were zero-
filled to 2k; time-domain data in the indirect dimensions of the 3D
G A experiments were zero-filled to 128 or 256 points. Time-domain data
U A in the *C dimension of the 2D HSQC experiments were zero-filled to
¥ A 2k. Particular care was taken in the phasing of the sp&taiag manual
G A phasing of each peak was found to be necessary in the case of'the C5
u A measurements as minute%°) phase distortions were found to have a
743 A U 754 noticeable effect on peak positions.
A U At least two replicate measurements of all datasets were made over
U A a period of six weeks to estimate the precision of the results and improve
c G them_by averaging. T_h%}_-l lock splitting was che_cked frequently, and
G C remained constant within 0.1 Hz over this period.
G C Quantum Chemical Calculations.All calculations were carried out
using Gaussian03running on the Helix and Biowulf PC/Linux clusters
(53. g- 760 at the National Institutes of Health. Calculations were performed on

individual guanidine and cytidine nucleotide fragments, consisting of
base, sugar, and phosphate moieties. The initial geometries were taken
from the high-resolution X-ray structure of an A-form RNA helix (PDB
1QCU4) and have a pseudorotation pha&e,amplitude,ym, and
glycosidic torsion anglg of (13°, 45°, —15%) and (18, 47°, —161°),
respectively for G and C. Additional calculations (Supporting Informa-
tion) were carried out for a CExo guanidine (130 41°, —82°).
Experimental torsion angle restraints defining the backbone, sugar, and
glycosidic bond were enforced during a partial geometry optimization
at the B3LYP/6-311G* level in order to maintain the A-form geometry
(Supporting Information). The optimization resulted in minor changes
in bond lengths and angles, and provided proper proton positions with
respect to the heavy atoms. Nuclear magnetic shielding tensor calcula-
tions were carried out on the optimized structures using restricted
Hartree-Fock (RHF) theory, density functional theory (DFT) using
the PBE exchange and correlation functiort&f$or alternatively using
Figure 1. (A) Sequence of the 24-nt helix-36RNA studied. (B) Typical the B3LYP hybrid functionat’ The following basis sets were used on
NMR-refined structure of the A-form helical stem portion of helixy85 all atoms in separate calculations: 6-3%3*, 6-311++G**, and cc-

RNA (G37-U44; A53-C60), with the molecular alignment tensor axes pVTZ. The gauge-including atomic orbitals (GIAO) metfitd was
superimposed. The view is along they axis. Hydrogen atoms have been ,co4 in 4| cases. The resuling symmetric parts of the magnetic

omitted for clarity. (C) Example (for Clin a given nucleotide) of the hieldi ; di lized to det . thei incioal
relationship between the three axis systems used in this paper. The moleculaP '€/0ING t€NSOrs were diagonalized 1o determine their principa

alignment tensor axes for the molecule are labeled as in part@®)Avy, components and orientations with respect to the molecular framework.
andAzz. An arbitrary local axis systenxy,2) is defined for C1such that ) .

thex-axis bisects the 04 C1'—C2 angle, they-axis lies in the same plane, Results and Discussion

and thez-axis is perpendicular to this plane. In the case of, @e most . . . .
shielded component of the CS tensdgs, lies approximately along the Measurement of Ribose Carbon Anisotropic Chemical
y-axis of the reference systemdy, approximately alongx, and d11 Shifts. Experimental values aAd(3C) for the ribose carbons

approximately along. In the more general case, the diagram appears more determined from NMR measurements on isotropic and aligned
complicated since the CS tensor PAS does not necessarily coincide so

closely with the arbitrarxyzaxis system. For each nucleotide, thyeaxis samples of helix-3% RN_A are pre_sented in Table 1. These

system and the CS tensor PAS are constant, while the orientation of A will measurements were carried out using the pulse sequences shown

be different. in Figure 2, as well as a double-constant-time HSQC experiment
Isotropic and anisotropic chemical shifts for ‘CZ3, and C4 for the well-resolved Clresonances. The sequences shown in

were measured using a series of related out-and-back 3D NMR Figure 2A are proton-decoupled extensions of the previously
experiments: proton-decoupled H1C1C2, H1C1(C2)C3, and H1C1- published H1C1C2 experimefitjn which magnetization orig-
(C2C3)C4 (Figure 2A). Data matrices for these three experiments inating on H1 is transferred via multiple-quantum coherence
consisted of 29t() x 39 () x 512 ¢3) complex data points. The proton through C1 to C2. Depending on the number of 12.5-ms

carrier was placed on the residual HDO resonance, antf@hearrier 13C—13C relay steps used, magnetization then evolves during a
was typically placed at 82 ppm. The change in lock field frequency in
the aligned sample due to locking on. Or?e of the tib dOUb_Iet (50) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.
components was accounted for by adjusting tHeand 1°C carrier Biomol. NMR1995 6, 277—293.

; ; ; R (51) Geen, H.; Freeman, R. Magn. Resori991, 93, 93—141.
frequencies appropriately for the aligned sample, e.g., a charise in (250 | Co i R0 S\ Bax, AL Magn. Resor2000 143 184-196.
frequency of—91.70 Hz necessitated a change-&1.70( 13dy1n) = (53) Frisch, M. J. et alGaussian03Revision C02; Gaussian Inc.: Wallingford

—23.06 Hz for®C. CT, 2004. ) )

Isotropic and anisotropic chemical shifts for'@gere measured using ¥ ﬂ%ﬁgrman’ P.S. Shah, S. A.; Steitz, THlochemisty1 999 38, 14784~
a “straight-through” (H5)C5(C4C3C2)C1H1 pulse sequence (Figure (55) Perdew, J. P.; Burke, K.; Emnzerhof, Rhys. Re. Lett. 199 77, 3865-
2B). Datasets consisted of 28)(x 39 () x 512 () complex data 3868
points.

All spectra were processed and analyzed using nmfPige.linear (28 getcmé_, G- B-JMCIhgr;?- P?g%fg? 5;% é%%§5652-
L . . itchfield, R.Mol. S. \ .
prediction was used in the processing schemes to ensure the Mostsg) \wojinski, K.; Hinton, 3’ F.: Pulay, B. Am. Chem. S0d99( 112, 8251

accurate chemical shifts were obtained. The indirect dimension time- 8260.

(56) Perdéw, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett. 1997, 78, 1396~
1396
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Figure 2. (A) Proton-decoupled out-and-back H1C1®2< 0), HLC1(C2)C31t = 1), and H1C1(C2C3)Ch(= 2) 3D NMR pulse sequences for measuring
C2, C3, and C4 chemical shifts in RNA. (B) Straight-through (H5)C5(C4C3C2)C1H1 3D NMR pulse sequence for measuroige@ical shifts in RNA.
For both panels: narrow bars and wide bars correspond @80 180 pulses, respectively; pulses have phasmless otherwise notedN decoupling
was applied during the evolution period (not shown); delay durations are givem\oy 1/(2)cn) andt = 1/(4Jcc) = 6.25 ms; the cryogenic probe used
at 18.8 T allowed onlyz-axis pulsed field gradients. For part (A): a shaped°1&BURP pulse! of length 2.7 ms (at 18.8 T) and centered on' MAs
applied; phase cycling is as followsp1 =y, —=y; ¢2 = =Y, ¢3 =V, ¥, =Y, =Y; ¢4 = X, ¢5 = X, =X, ¢hec = X, —X, —X, X; quadrature detection in the
dimension was achieved by simultaneously incrementingp,, and¢. in the regular States-TPPI manner; quadrature detection ity tthienension was
achieved by simultaneously inverting the polarity of gradients G3 and G4, as well as the phase of the subsedi@muese; the'3C carrier was placed

(B): a shaped 180IBURP pulsé! of length 2.0 ms (at 18.8 T), centered at 62.7 ppm, was appliéd;30° pulse is applied aftet; to eliminate unwanted
coherences; phase cycling is as follows: = X, —X; ¢rec = X, —X; quadrature detection in thedimension was achieved by incrementiftgin the regular
States-TPPI manner; quadrature detection intiltBmension was achieved by simultaneously inverting the polarity of gradients G5 and G6, as well as the
phase of the subsequent°d8C pulse; the'3C carrier was placed at 82 ppm and theandF; frequencies were aliased into~® ppm window; pulsed field

available at http://spin.niddk.nih.gov/bax/.

1/Jcc constant-time; interval of 25 ms on either C2C3, or For all experiments, thAd(H1') data served as an important
C4. The magnetization is then transferred back td ot a internal calibration, as these values must be no more than a
second constant-time interval of 34.4 ms (34), corresponding few ppb considering the small value of aliphatid chemical
to t, evolution, prior to detection on Hlduring ts. These shift anisotropy. Larger differences, as observed for loop
experiments also provided additional replic#é(C1) mea- residues (data not shown), are indicative of minute shifts in the
surements in theiF, dimensions. Values oA5(*3C5) were multiconformer equilibrium of the flexible loop structure,
measured using the “straight-through” (H5)C5(C4C3C2)C1H1 presumably resulting from the presence of Pfl. Data for the
sequence of Figure 2B. We note that these pulse sequencedast stem basepair, U44-A53 were also among those affected,
when implemented withoutH decoupling in the indirect with an exceptionally largaAd(H1") for U44 (—14 ppb), and a
dimensions, also provide efficient new methods of obtaining very weak resonance for A53. Data for the other terminal
one-bond3C—1H RDCs. basepair, G37-C60, also were excluded since previous*vork
Presented in Figure 3 are selected 2D planes taken from thehas shown this basepair to be subject to rapid internal dynamics
3D H1C1C2, H1C1(C2)C3, H1C1(C2C3)C4, and (H5)C5- of substantial amplitude, which would scale the apparent CS
(C4C3C2)C1H1 spectra, which depict the chemical shifts tensor parameters.
observed in isotropic and aligned samples. For example, large Determination of Chemical Shift Tensors.Having measured
negativeAo are observed for C3—55 ppb) and C4(—59 ppb) a complete set of anisotropic shifts, SVD fits of these data to
of cytidine 59 while a positive\d of 35 ppb is observed for  various RNA structures were carried out in the manner described
C5 of the same nucleotide. Cytidine C40 clearly exhibits smaller below, to determine CS tensor magnitudes and orientations.
values ofAd in all three cases. Anisotropic C&hifts may be SVD fitting is a reliable and commonly used method for
extracted from the orthogonal dimension of each 3D spectrum; determining molecular alignment tensor parameters on the basis
clearly from these slices, botbis, and daniso from C1 are of a known structure and a set of RD¢7 The structure of
reproducible in the different experiments. the A-form stem of helix-3% RNA has been refined, starting

7390 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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Table 1. Measured Anisotropic Chemical Shifts? (in ppb) for the
Ribose Carbons of the A-Form Helical Stem of Helix-35y RNAP¢

Ccr

c2 Cc3 c4 Ccy

G38 6.6 6.0 —42.5 —56 -12
G39 5.4 7.5 —28.0 —-35 —4
C40 2.6 2.0 —-9.5 —18 -11
u41 1.1 -5.0 —14.0 -16 -3
A42 4.9 15 —24.0 -19 3
A43 —4.5 -0.5 —30.0 —40 16
us4 -1.2 6.0 —24.0 —33 —14
uUs5 -6.2 0.0 -315 -30 4
A56 —-1.7 -3.0 —44.5 —34 11
G57 -1.6 —4.0 —57.5 —58 6
C58 -5.1 —4.5 —58.5 —64 19
C59 —6.2 2.0 —56.0 —65 35
C60 4.6 —-2.0 —39.0 —52 29
estimated error  +1.4 +3.3 +2.4 +9d +8
aValues shown are\d = Oaniso — Oiso, Where daniso is the apparent

chemical shift measured on the Pfl-aligned sampledapds the chemical

shift measured on the isotropic samgl®ata for C60 were excluded due

to large amplitude internal dynamics of this residue. Data for U44 were
excluded from all fits due to unacceptably large valued6{H1') (—14

ppb). Resonances for A53 were generally too weak to be observed.
Nucleotide G37 was nd€C-enriched ¢ Data for C1 result from averaging
data measured from 2CT-HSQC-RK experiments at 750 and 800 MHz, a
2CT-HSQC-WG experiment at 800 MHz, and 3D H1C1C2 and H1C1(C2)C3
experiments at 800 MHz. Numbers reported fof &2 the average of data

obtained from 3D H1C1C2 datasets obtained at 750 and 800 MHz. Numbers

reported for C3are the average of data obtained from 3D H1C1(C2)C3
datasets obtained at 750 and 800 MHz. Numbers reported foar€4he

average of data obtained from 3D H1C1(C2C3)C4 datasets obtained at 750

and 800 MHz. Numbers reported for Cire the average of data obtained

from two independent 3D (H5)C5(C4C2C2)C1H1 datasets obtained at 800

MHz. 4 The rmsd is dominated by two points (A42 and A56).

from a canonical A-form helix, by using a large number of
B3C—1H, H- 13C-13C, and ¥C—5N RDC restraints,
anlsotroplc“P chem|cal shifts, and torsion angle restraints from
J couplings. The molecular alignment tensor magnitude and
rhombicity, DM = —28.9 Hz andR = 0.26, and its orientation

molecular framework. The fact that alfC1 nuclei of the
A-form helical stem resonate within the narrow range of 93.3
+ 1 ppm is consistent with the assumption of an essentially
uniform CS tensor. For Clwe define this local axis system
such that thec-axis bisects the O4C1 —C2 angle, they-axis

lies in the same plane and perpendiculagtand thez-axis is
perpendicular to the plane. The next step is to express the
molecular alignment tensor in the localzaxis system of each
C1. We denote the five independent components of the traceless
alignment tensor in this frame &§y—Auw, Avr—Axx 2Axy, 2Ax,

2Ay,, where thdowercasesubscripts refer to the local Caxis
system. Note that these components will therefore be different
for each C1 Equation 1 then may be expanded and re-expressed
as a matrix equation as follows:

1 1 1 1 1 1 1
A\/y( ) _ AS(X( ) Azz( ) _ x( ) 2Axy( ) Z( ) 2Ayz( ) s
2 2 2 2 2 2 2 yy
Ayy( ) Axx( ) Azz( ) Axx( ) 2.Axy( ) 2.sz( ) Z.A/z( ) (322
: : : : : 6xy
. . . . . 6XZ
: : : : : S
N N N N N N N yz
Ayy( )'Axx( ) Z( )'Axx( ) 2Axy( ) 2sz( ) 2Ayz( )
I
Aé(l)
Aé(z)
= )
é(N)

where each row of the &% N matrix and each row of the &
N matrix correspond to a given nucleotide’s'@iicleus, where
N is the total number of datapoints/nucleotides being considered

with respect to the molecular framework are necessary for the (12 in our case). The k 5 column vector contains the five

determination of the ribose carbon CS tensors. The principal
components of the alignment tensor akg; = 8.26 x 1074,
Ay = —5.74 x 1074, Axx —2.52 x 1074, where the
capitalizedsubscripts refer to the principal axis system (PAS)
of the alignment tensor. The procedure used in the SVD fitting
of anisotropic shifts will be described for the case of FFigure
1C), but is of course fully analogous for all other carbons.
The traceless symmetric part of the CS tensor for a given
nucleus is described by a>3 3 matrix consisting of up to five
independent components:

6xx
=0
=0

Oy =
Oy
=90

6sym — 6 (2)

yX
zX

Xy
Xz

0

zy yz

Here, we neglect the antisymmetric portion &fand have
subtracted the isotropic contributiods,. Upon diagonaliza-
tion of 4Y™ three principal componentsdq{, d22, anddss) and

three angles relating the PAS %™ to the molecular frame-

independent elements of the traceless symmetric CS tensor. A
singular-value decomposition of thexs6N matrix may now be
applied to determine the five components of the CS tensor.
Finally, a 3 x 3 symmetric matrix is constructed from these
components (eq 2) and diagonalized to yield the principal
components of the traceless part of the CS tensor and its
orientation with respect to the local Cdyz axis system. The
same procedure is subsequently carried out independently for
C2, C3, C4, and C5nuclei. The CS tensor results are reported
in Tables 2 and 3.

Fits to a Database of RNA X-ray Structures.Results of
the above-described fitting procedure are very sensitive to minor
variations in the structure. It is well-recognized that an ensemble
of dipolar-refined structures generally underestimates the ex-
perimental uncertainty in such structuf@3herefore, in addition
to fitting the measuredd to the NMR-refined structure of helix-
35y RNA, an automated systematic search of the Protein
DatabanR! for high-resolution X-ray structures of RNA con-
taining segments of at least six consecutive canonical Watson

work are obtained. Since we are considering the traceless parCrick base pairs was carried out. For each six-basepair database

of 0, only two of the three principal components are indepen-
dent.

A fundamental assumption in our analysis is that, due to the
well-characterized uniformity of A-form RNA, all the stem
nucleotide Clnuclei may be described by a single CS tensor
of uniform magnitude and orientation with respect to liveal

“hit”, a set of 60 one-bond3C—!H and three-bondH—
RDCs {Dcyhr, 'Dezhz, Deanz, Deana, *Drrvz) measured

(60) Tjandra, N.; Tate, S.; Ono, A.; Kainosho, M.; Bax, A.Am. Chem. Soc.
200Q 122, 6190-6200.

(61) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig,
H.; Shindyalov, I. N.; Bourne, P. BNucleic Acids Res200Q 28, 235—
242.
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Figure 3. Selected 2D planes from the (A) H1C1C2, (B) H1C1(C2)C3, and (C) H1C1(C2C3)C4, (D) (H5)C5(C4C3C2)C1H1 3D NMR spectra, recorded
for helix-35% RNA at 800 MHz. Red contours correspond to the isotropic sample, blue to the aligned sample. All four planes correspond to'the same
chemical shift of 5.50 ppm.

Table 2. Summary of Average Ribose Carbon Chemical Shift Tensor Magnitudes@ Determined for the Helical Stem Residues of Helix-35y
RNA

atom structure or method On/ppm Ozlppm Ozalppm rmsd (fit)/ppb rmsd (xval)/ppb Qil% Qual%

Cr NMR-refined: fit 17.7£0.2 —0.89+£0.03 —16.8+£0.2 2.25 17.7
NMR-refined: xval 17.6-1.6 —0.88+0.59 —16.8+ 1.6 3.64 28.7
databasfit) 148+ 3.9 -0.1+0.7 —14.9+4.2 2.18 3.78 19.8 34.3
RHF® 16.4 14 —17.8 - - - -
DFT' 17.7 3.7 —21.4 - - - -

cz NMR-refined: fit 12.8+ 0.1 1.0+ 0.1 —13.8+£0.1 2.27 23.3
NMR-refined: xval 13.0£1.3 1.0+£0.7 —14.0£0.9 3.59 36.9
database (fit) 12319 1.1+ 04 —13.3+£1.8 1.93 3.35 20.6 35.8
RHF 10.8 6.6 —17.4 - - - -
DFT 11.2 6.5 =17.7 - - - -

C3 NMR-refined: fit 45.7£0.3 4.2+ 0.3 —49.9+£0.2 3.60 10.3
NMR-refined: xval 46.1+= 2.2 3.8+ 3.2 —50.0+£ 1.6 6.68 19.1
database (fit) 34.47.4 12.8£5.5 —47.3+£29 8.05 13.8 27.3 46.8
RHF 26.2 8.4 —34.5 - - - -
DFT 29.4 7.5 —36.9 - - - -

C4 NMR-refined: fit 448+ 0.3 2.1+0.3 —46.9+£0.1 3.40 101
NMR-refined: xval 45.1+ 1.9 1.8+27 —46.9+ 1.4 6.14 18.2
database (fit) 47.57.9 3.3£8.7 —50.8+£ 3.0 5.32 9.01 14.8 25.0
RHF 34.2 3.7 —37.9 - - - -
DFT 37.4 5.5 —42.9 - - - -

C5 NMR-refined: fit 19.4+0.2 175+ 0.1 —37.0£0.2 7.60 35.9
NMR-refined: xval 21.5£4.4 15.0+ 4.4 —36.5+£6.3 13.8 65.1
database (fit) 27.4 9.6 7.6+ 4.7 —35.0+10.0 7.53 14.7 335 65.3
RHF 21.2 10.5 —31.6 - - - -
DFT 27.6 12.4 —40.0 - - - -

aThe principal components are order®@d > 02, > 033, and refer to the traceless symmetric part of the chemical shift tehQar.is the quality factor
of the fitted anisotropic shifts (see eq 4)Qua is the free quality factor resulting from independent cross-validation of each experimental data point.
d Database statistics are based on the following quality cutoffs: rmsd fibgf RDCs to structure below 4.0 Hz; X-ray resolution below 2.5¢RHF/
cc-pVTZ results for a guanidine nucleotide. See Experimental Section and Supporting Information for further details and additionaBBiSYRS.
cc-pVTZ results for a guanidine nucleotide.

for the ribose moieties of helix-35 RNA was SVD-fitted to Ao values to SVD-fit the CS tensor (cf. eq 3). Results are given
the structure. Base couplings were not used in this processin Tables 2 and 4. To guard against the fact that the SVD method
because the types of nucleotides generally did not match thosealways yields an answer, regardless of the quality of the input
of the helix-35 stem region. The fitted alignment tensor was data, results were filtered according to the following criteria
then used in combination with the structure and experimental chosen to obtain a subset of the—12Z0 highest-quality CS
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Table 3. Experimental Average Ribose Carbon Chemical Shift
Tensor Orientations Determined for the A-Helical Stem Residues
of Helix-35y RNA (expressed as direction cosines)?2 for the
NMR-Refined Structures?

nucleus X y z
Ccr 011 0.00 0.07 —1.00
0.00+ 0.04 0.07+ 0.02 —1.00+ 0.01
022 0.977 —-0.21 —0.01
0.98+ 0.01 —0.21+0.03 —0.01+0.04
033 0.212 0.97 0.06
0.21+ 0.04 0.97+ 0.01 0.06+ 0.03
cz2 011 0.76 0.32 —0.57
0.75+ 0.05 0.31+ 0.06 —0.58+0.08
022 0.022 0.86 0.51
0.03+£0.10 0.87+ 0.01 0.49+ 0.03
033 0.65 —0.40 0.65
0.65+ 0.04 —0.394+ 0.04 0.65+ 0.06
C3 011 —0.57 —0.05 0.82
—0.57+0.01 —0.06+0.09 0.82+ 0.02
022 —0.03 1.00 0.04
—0.04+ 0.05 0.99+ 0.01 0.04+ 0.08
033 —0.82 0.00 —0.57
—0.82+0.01 0.00+ 0.02 —0.57+0.01
c4 011 0.099 0.12 0.99
0.09+0.11 0.13+ 0.07 0.98+ 0.02
022 —0.88 0.47 0.03
—0.73+0.48 0.40+ 0.23 0.07+0.11
033 —0.46 —0.87 0.15
—0.46+ 0.01 —0.87+0.01 0.15+ 0.02
C5 011 —0.87 —0.46 -0.11
—0.53+0.49 —0.35+0.17 0.23+0.51
022 —0.07 —0.10 0.99
—0.396+0.300 —0.23+0.17 0.21+ 0.79
033 0.47 —0.88 —0.06
0.46+ 0.10 —0.884+ 0.05 —0.07+ 0.05

aThe principal components are orderéd > 22 = 33, and refer to
the traceless symmetric part of the chemical shift terfs®he first row of
each entry is the average value resulting from direct fits using all data points.
The second row is the average and standard deviation resulting from
cross-validation of each experimental CSA data pdifihe xyz axis
systems used are defined as follows!:Gdbisects the 04 C1 —C2 angle,
y is in the same plane, z is perpendicular to this plane (see Figure 1C);
C2: x bisects the C+-C2—-C3 angle, y is in the same plane, z is
perpendicular to this plane; C3x bisects the C2-C3—C4 angle, y is in
the same plane, z is perpendicular to this plane;: C4 bisects the
C3—-C4—04 angle, y is in the same plane, z is perpendicular to this plane;
C5: x bisects the O5-C5—C4 angle, y is in the same plane, z is
perpendicular to this plane.

Table 4. Experimental Average Ribose Carbon Chemical Shift
Tensor Orientations Determined for the A-Helical Stem Residues
of Helix-35y RNA (expressed as direction cosines): Fits to X-ray
Database#?

nucleus X y z
cr 011 —0.13+0.12 —0.09+ 0.06 —0.984+ 0.02
022 —0.984+ 0.02 0.07+ 0.10 0.12+0.11
033 0.05+ 0.09 0.99+ 0.01 —0.114+0.06
cz 011 0.76+ 0.04 0.36+ 0.10 —0.51+0.11
022 —0.08+0.12 0.86+ 0.06 0.48+ 0.07
033 0.62+ 0.06 —0.344+0.03 0.704+ 0.06
Cc3 011 0.50+ 0.16 0.11+ 0.60 —0.56+0.20
022 —0.08+ 0.40 0.75+ 0.25 0.08+ 0.45
033 0.75+0.02 0.00+ 0.06 0.664+ 0.02
Cc4 011 —0.11+0.31 —0.06+ 0.20 —0.91+0.11
022 0.79+ 0.09 —0.47+0.07 —0.06+0.37
033 —0.50+ 0.05 —0.854+0.03 0.10+£ 0.03
C5 011 0.28+0.49 0.36+ 0.27 —0.52+ 0.46
022 0.48+ 0.55 0.114+ 0.24 0.45+ 0.44
033 0.30+ 0.24 —0.85+0.13 —0.344+0.06

aSee footnotes to Table 3 for additional detafiResults have been
filtered according to criterion of footnote in Table 2.

tensors: resolution of X-ray structure (below 2.5 A); rmsd of
initial fit of RDCs to the structure <4 Hz).

Quality of Fit and Cross-Validation of Chemical Shift
Tensors. Here, we evaluate the quality @0 data predicted
from the CS tensor solution, and how the predicted values
compare with the experimentaAb data. Shown in Figure 4 are
plots of the fittedAo (filled circles) against the experimental
Ao¢ data for C1, C2, C3, C4, and C5. The highest correlations
are observed for Cand C4, due to the large range of the data
as well as the large magnitude of many of the experimexdal
points compared to the measurement error. Owing to the much
smaller range ofAd measured for Cland C2, visually these
data do not appear as strongly correlated. HoweAeérfor C1'
and C2 are actually fit with lower root-mean-square (rms)
devations (2.25 and 2.27 ppb) than those fof @81 C4 (see
Table 2). Furthermore, the fitte@-factors for all four types of
carbons are comparable (Table 2), whérés defined as:

rmS(Aéexpt - Aéprev:D

Voo g=)

Here, Adpreq refers to predicted values &0, resulting from

the SVD fit. The quantity, is equal to one-half of the largest
possible anisotropic shifAd determined from the SVD fit,
assuming a uniform distribution of CS tensors with respect to
the molecular alignment tensoR is the rhombicity of the
alignment tensor. The asymmetry of the traceless part of the
chemical shift tensory, is defined as dxx — dyy)/0,; Where

1024 = [0yl = [0l

To further assess the quality of the results, we have cross-
validated each data point by performing an SVD fit using only
11 data points, and then using the resulting CS tensor compo-
nents to predicio for the 12th point. This procedure is repeated
12 times, once for each data point. The predi&iéds resulting
from this procedure are plotted as open circles in Figure 4. This
cross-validation of the results is somewhat stringent since we
are excluding over 8% of the experimental data in each cross-
validation, and as a result our ratio of data to unknowns is only
2.2. Nevertheless, the cross-validation statistics (Table 2) for
Cl, C2, C3, and C4 are very good, with C4showing the
best results with a cross-validat€dfactor of 18% for the NMR
structure. Also shown in Table 2 are the average chemical shift
tensor principal components and their associated standard
deviations resulting from the cross-validation procedure. To
further assess the precision of the results, random noise was
added to the CSA data (50000 replicates per structure; 10 NMR
structures) at the level of the experimental rmsd, and SVD fits
were carried out (see Table 6S, Supporting Information).

For C1, C2, and C5the quality of fits to the best database
structures are comparable with the quality of fits obtained with
the NMR-refined structures (Table 2); however, the reported
principal components are necessarily less precise for the database
of X-ray structures considering the substantial structural varia-
tion (mean pairwise rmsd of 0.73 A over the ribose heavy atoms)
among the database structures used. ForaDd, to a lesser
extent for C4, the NMR-refined structures cross validate
considerably better than the structures extracted from the
database.

The fit and cross-validation statistics for Cable 2) are
poorer than for the ring carbons. This is true both of fits to the
NMR-refined helix as well as fits to the X-ray database,

(4)
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Figure 4. Correlation between experimental and predicted valueAdfor the ribose carbon atoms, CL2, C3, C4, and C5. Predicted values are
averages over an ensemble of 25 NMR-refined structures of helixF88A. Closed circles represent the predicted values resulting from an SVD fit of the
12 experimental data points to the refined A-form helical segment of helix RBA. Open circles represent the predicted values resulting from cross-
validation. The cross-validated points are obtained by SVD-fitting 11 data points to the NMR structures and using the CS tensor resulting ftom the fit
independently predict the remaining 12th point and repeating this procedure 12 times. Data are plotted over the approximate maximuxy expeesd

if the ribose moieties were uniformly distributed relative to the alignment tensor, as determined from the SVD fit. Fit statistics are given in Table 2

suggesting that there is no deficiency specific to either the NMR and 4.4, respectively). It is apparent, however, that there is no
or X-ray structures around C3n addition to the relatively high  single dominant geometrical factor that exclusively determines
experimental rmsd in the measured anisotropic shifts for C5 the magnitude of the CSA for the different types of ribose
(Table 1), the wide spread in the magnitude and orientations carbons. In the present case, no simple correlation is expected
resulting from fits to the X-ray database indicates that the to be perfect for several reasons, including the fact that different
outcome is exceptionally sensitive to the precise geometry of substituent atoms with different bond lengths are present on
this methylene group relative to the alignment tensor. As judged the different carbons.
by fits to the database, the lack of precision of thé @5ults The measured span for CB5 ppm, is in good agreement
may arise from poorly defined orientations of the two least with the value measured for a powdered sample of adenosine
shielded components of the CS tensor, despite the fact that thg(33 ppm) by FIREMAT solid-state NMFE However, the range
qguantum chemical results indicate a considerable degree ofof C1 values for isolated nucleotides reported by Stueber and
asymmetry of this chemical shift tensay € 0.37) (Table 2 Grant extends from 33 ppm for adenosine, 36 ppm for cytidine,
and Supporting Information). 58 ppm in guanosine dihydrate, to a maximum of 75 ppm for
The residual rmsds in the fits for all carbons reflect both the 2'-deoxythymidine. This wide range of values underscores the
assumption of a uniform CS tensor for all nuclei of a given need to determine the tensors on an oligonucleotide of relevant
type as well as errors in the experiment&d values and conformation in solution, if the tensors are to be used success-
experimental uncertainties in the NMR and X-ray structures. fully as structural restraints in future studies of RNA in solution.
However, the nonrandom distribution of the ribose orientations In addition to the earlier solid-state NMR studies of powdered
relative to the molecular alignment tensor causes structural andsamples, our studies now also define the required orientation
measurement errors to propagate differently for different nuclei of the CS tensor with respect to the molecular framework.
when deriving the CS tensors. Results from RHF and DFT calculations of the ribose carbon
Tensor Magnitudes and Orientations.The tensor span$) CS tensors (Table 2 and Supporting Information) are generally
= 011 — Os3) resulting from fits to the NMR-refined RNA  in reasonable agreement with the experimental results (see
structure range from 27 ppm for C® 96 ppm for C3(Table Figure 5). The trends in anisotropy and asymmetry of the tensors
2 and Figure 5). While it is difficult to quantitatively explain  are well reproduced. For all carbons, the DFT results predict a
the relative magnitudes of the spans for the five types of carbons,larger magnitude fods3 than do the RHF calculations. For C1
we note that C3and C4, which exhibit the largest spans, also and C5, this results in a notably better agreement with
exhibit the largest rms deviation of their surrounding six covalent experiment for the RHF calculations than for the DFT calcula-
bond angles from the ideal tetrahedral angle of 109471 tions; however, for other carbons it is clear that the DFT results
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Figure 5. Comparison between simulated chemical shift powder patterns
generated from experimental (fit to the NMR structure of helix»38NA
in black) and theoretical (B3LYP/cc-pVTZ in blue; RHF/cc-pVTZ in red)

Figure 6. Experimental and DFT-calculated (B3LYP/6-31G*) CS tensor
orientations for the ribose carbon nuclei. Two views are shown for each
type of carbon, for clarity. Hollow circles depict the experimental orienta-
tions from fits to the NMR structure of helix-35 RNA, filled circles
represent the fit to a database of high-resolution X-ray structures; small
crosses represent the DFT orientations. Fdy tB8& nearly axially symmetric
tensor obtained from fits to the NMR structures result in undefined
orientations of the);1 andd,, axes. The most shielded componeng, is
shown in blackd,, in green,d11 in blue. In several instances, the DFT
orientations fall within the experimental range, and the crosses are not
visible. The tensor components are not always depicted in a right-handed
fashion to improve clarity in the presentation of the results. The atoms shown
for the C1 frame are: O4 C2, N9, H1; for C2: CI, C3, 02, HZ; for

C3: 03, C2, C4, H3; for C4: C3, C5, 04, H4; for C5: C4, OS5,

H5', H5". Oxygen atoms are shown in red; carbons in gray; hydrogens in

principal components. Note that only the traceless portion of the CS tensorsWhite, nitrogen in blue.

has been plotted, to facilitate comparison between the different carbons.

The figures were generated using WSOLIF$S.

electronic structure surrounding these nuclei, particularly the
lack of the appropriate magnetic-dipole-allowed transitions

are closer to experiment. The orientations of the tensors pre-which are known to be largely responsible for {8€ carbonyl
dicted by the two methods are consistent to within a few degrees.Cs tensor propertie:6

The calculations consistently correctly predict the experi-

mentally determined direction of the most shielded component,

033, to within a few degrees (Table 6S and Figure 6). We find

Also shown in Figure 6 are the tensor orientations resulting
from the database fits. While there is considerable variability
in these orientations, their averaged orientations generally agree

that, for all types of carbons, this component lies approximately with those obtained from fits to the NMR structures. The

along the local carbonoxygen bond axis. This is in direct
contrast with the situation for carbonyl carbons, for which
lies perpendicular to the plane containing the@ bond®3-65

database results also consistently indicate thatis aligned
approximately along the local-€0 bond axis.
The good agreement between experiment and theory is despite

The differences in orientation, as well as span, of the CS tensorsthe fact that the calculations are carried out on isolated molecules
for ribose and carbonyl carbons arise from the differences in in vacuo, without explicit consideration of solvation or sur-

(62) Eichele, K.; Wasylishen, R. BVSOLIDS1 NMR Simulation Package,
Version 1.17.30; University of Tubingen (http://casgm3.anorg.chemie.
uni-tuebingen.de/klaus/soft/index.html), 2001.

(63) Stark, R. E.; Jelinski, L. W.; Ruben, D. J.; Torchia, D. A.; Griffin, R. G.
J. Magn. Resor1983 55, 266-273.

(64) Teng, Q.; Igbal, M.; Cross, T. Al. Am. Chem. Sod.992 114, 5312-
5321

(65) Luméden, M. D.; Wasylishen, R. E.; Eichele, K.; Schindler, M.; Penner,
G. H.; Power, W. P.; Curtis, R. Ol. Am. Chem. S0d.994 116, 1403—
1413.

rounding charged ions or of adjacent nucleotides. Furthermore,
the experimental result is effectively an average over the
geometries of the 12 nucleotides and their CS tensors, while
the calculated results are for a single, fixed geometry. Clearly,
the CS tensors are expected to be sensitive to the torsion angles
defining the geometry of the nucleotide. Previous experimental

(66) Schindler, M.; Kutzelnigg, WJ. Chem. Phys1982 76, 1919-1933.
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and theoretical results have demonstrated the sensitivity of thein their ribose ring conformation. In this context it is interesting
13C chemical shift and/or chemical shift anisotropy to nucleotide to note that the large differences in CS anisotropy observed for
conformatiorf”-70 A more quantitative agreement with experi-  different mononucleotides by solid-state NKfRare likely to
ment may be possible by explicitly considering the influence reflect the substantial differences in ring pucker and glycosidic
of dynamics, solvation, and/or long-range electrostatic effects. torsion angles observed in the corresponding X-ray structures.
However, even in this case one may reach the limits on agree- The 3D NMR pulse sequences described are easily adapted,
ment imposed by the assumption of a uniform tensor. Indeed, by removing proton decoupling during one or both indirect
a notable improvement in the agreement between experimentalevolution periods, for measuring one-bond carbproton RDCs
and predicted\d for ubiquitin was obtained by Markwick and  for the ribose moiety, even in the generally very crowded C2
Sattle?” through the implementation of a combined molecular C3, C4, and C5 regions of the spectrum.
dynamics and DFT study which allows for site-specific CS  Finally, it is interesting to note that, although the experimental
tensors. NMR measurements presented here are carried out in isotropic
and weakly aligning media, this method allows us to extract
the complete magnitude and orientation of the CS tensors, in
The magnitude and orientations of the five ribose carbon CS fy|| analogy with NMR measurements performed on single
tensors have been characterized by liquid crystal NMR spec- crystals. While a thorough single-crystal study offers very high
troscopy, thereby providing new opportunities for RNA structure accuracy and precision, the growth of single-crystals of biologi-
refinements based on anisotropic chemical shift measurementseal macromolecules of a size suitable for such studies is
The relative simplicity of the pulse sequences used, as well asgenerally not feasible. Importantly, the liquid crystal method
the relative ease with which measurements and data analysisalso has the advantage, for biological molecules, of providing
are carried out, implies that anisotropic shift measurements maytensors which are directly reflective of and applicable to the

become an important and valuable piece of information for physiological conditions and conformation experienced by the
structural refinements of RNA, as has been previously demon- molecules in solution.

strated for proteins. In this respect, our results indicate that
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Concluding Remarks

Full ref 53; six tables
showing further quantum chemical calculated chemical shift
tensors results; one table showing the direction cosines relating
experimental and calculated CS tensor orientations; one table
showing the effect on the CS tensors of adding random noise
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