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Abstract: Knowledge of 3C chemical shift anisotropy (CSA) tensors in nucleotide bases is important for
interpretation of NMR relaxation data in terms of local dynamic properties of nucleic acids and for analysis
of residual chemical shift anisotropy (RCSA) resulting from weak alignment. CSA tensors for protonated
nucleic acid base carbons have been derived from measurements on a uniformly 3C-enriched helical A-form
RNA segment and a helical B-form DNA dodecamer at natural **C abundance. The magnitudes of the
derived CSA principal values are tightly restricted by the magnetic field dependencies of the 13C transverse
relaxation rates, whereas the tensor orientation and asymmetry follow from quantitative measurements of
interference between 13C-{*H} dipolar and 3C CSA relaxation mechanisms. Changes in the chemical shift
between the isotropic and aligned states, Ad, complement these measurements and permit cross-validation.
The CSA tensors are determined from the experimental Ad values and relaxation rates, under the
assumption that the CSA tensor of any specific carbon in a given type of base is independent of the base
position in either the RNA or DNA helix. However, the experimental data indicate that for pyrimidine Cg
carbons in A-form RNA the CSA magnitude is considerably larger than in B-form DNA. This result is
supported by quantum chemical calculations and is attributed in part to the close proximity between
intranucleotide CgH and Os' atoms in RNA. The magnitudes of the measured CSA tensors, on average,
agree better with previous solid-state NMR results obtained on powdered nucleosides than with prior results
from quantum chemical calculations on isolated bases, which depend rather strongly on the level of theory
at which the calculations are carried out. In contrast, previously computed orientations of the chemical
shift tensors agree well with the present experimental results and exhibit less dependence on the level of
theory at which the computations are performed.

Introduction frame, rather than relative to one another, they are often referred

to as “global” restraints and provide an ideal complement to

| the local structural information contained in NOEs add

restraints such as NOEs addouplingst However, the paucity couplings. This makes it possible to accurately determine

of useful long-range NOE data in such molecules can make properties such as helix bending and relative orientation of
11 i

accurate structure determination particularly challenging becauseStructural elements. RDC measurements typically are made

small local uncertainties rapidly propagate and cause large?Y d_issolI;/i?Ag the nucleic acid in a liquid crystalline aligning
uncertainties in global features such as helix bending or relative Medium.*—* by soaking it into a hydrogel that is subsequently

helix orientationg~4 Weak alignment of DNA and RNA in the anisotropically compressed,*" or simply by taking advantage

magnetic field, in combination with isotopic enrichment pro- | _ - "
cedures, has made the measurement of residual dipolar couplings® Va3 S5 Hansen. M. R Pardi, Al Am. Chem. S02000 122

(RDCs), which define individual bond vector orientations (g) E%yﬁr, ,F\’l.;\é’ara:jni,pl\-.;g/_arani, GJl Eiorglm.ll(\lll\/(ljR19<.ﬁ /1x4' 1é£h%155.8
. s . . e, N.; Pardi, A.; Simorre, J. P.; Blackledge, M. Am. em. Soc.
relative to the molecule’s alignment frame, possible. Because 0 260|1 123 1213'51214('5_ g

the vector orientations are derived relative to a single alignment (8) Stefl, R.; Wu, H. H.; Ravindranathan, S.; Sklenar, V.; FeigorPrac.
Natl. Acad. Sci. U.S.A2004 101, 1177-1182.

(9) MacDonald, D.; Lu, PCurr. Opin. Struct. Biol.2002 12, 337-343.

The study of the structure of nucleic acids by NMR
spectroscopy has mostly relied upon semiquantitative local

"'National Institutes of Health. (10) Barbic, A.; Zimmer, D. P.; Crothers, D. NProc. Natl. Acad. Sci. U.S.A.
* University of Ottawa. 2003 100, 2369-2373.
(1) Withrich, K. NMR of Proteins and Nucleic Aciddohn Wiley & Sons: (11) Wu, Z. R.; Maderia, M.; Barchi, J. J.; Marquez, V. E.; Bax,B%oc. Natl.
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of the intrinsic magnetic susceptibility anisotropy of the
molecules themselvé§ 24

as much as 30% for a given site. Mostly, but not universally,
CSA values derived from NMR relaxation raté$® have been

To date, most measurements of RDCs have focused on onehigher than computed valués?? In the model compound

bond 3C—1H, 1N—1H, 18C—-13C, and13C—5N interactions,
although two-bond3C—1H and'>N—H and longer-rangéH—

pyrimidine, relatively largé3C CSA values, close to the highest
values used in NMR relaxation studies, were observed by magic-

1H and!H—3P interactions also have proven useful, particularly angle-spinning (MAS) liquid crystal NMRL Chemical shift

in moderately sized oligonucleotid&s.2° Incomplete averaging

tensors for the full set of polycrystalline deoxyribose mono-

of the chemical shift anisotropy (CSA) upon alignment manifests nucleosides have been reported relatively recently by Stueber

itself in a change in the resonance positf8a! For a given

and Grant3 The principal components were determined on slow

nucleus, this change depends on the magnitude of the chemicamagic-angle-spinning samples, using the solid-state FIREMAT
shift tensor and its orientation relative to the alignment tensor. NMR method, with tensor orientations obtained from embedded-
In proteins, the residual CSA effects (RCSAs) have proven ion-method (EIM) quantum chemical calculations. Considerable
particularly useful for backbone carbonyl sites, which have large impact of the electrostatic crystal potentials was shown in this
and relatively uniform chemical shift tensors and for which the work, suggesting that some adjustment of the CSA values may
resonance positions can be determined at high accuracy, eveibe required for WatsenCrick base-paired oligonucleotides. The
in larger proteins$?33In nucleic acids, RCSA measurement has precision with which the CSA values can be extracted from

primarily been restricted to backbone phosphate grétips,

the solid-state NMR spectra is good, although with the exception

although recently such measurements were also used to definef the pyrimidine G carbons, each protonated base carbon is

the CSA tensors of the ribose carbons in helical A-form RRA.
It is anticipated that for nucleic acid bases, whereiieCSA

adjacent to™N, resulting in some interference ByN—13C
dipolar coupling. This is mainly observed as an asymmetric

is rather large, RCSA effects will also be very useful. Base broadening of the otherwise sharp spinning sidebands, which
carbon RCSAs are of comparable magnitude to RDCs and canare representative of thEC chemical shift tensor powder

readily be measured at the required accuracy. In particular, pattern. The quantum chemical calculations confirm that the
because the CSA tensors have large magnitudes and ardgensors are symmetric with respect to the plane of the base,
asymmetric for the protonated base carbons, RCSAs containwith the most-shielded component orthogonal to this plane, and
information on base orientation that complements the RDCs atindicate that the least-shielded component is oriented within

the corresponding sités.
Interpretation of base®C relaxation rates in terms of

about 30 of the C—H bond vector.
A recent 13C relaxation study of an RNA oligomer by

molecular motion can yield insights into important molecular Schwalbe and Duchardt yielded systematically lower order
recognition events. However, as also applies for RCSAs, parameters for purine &&H compared to pyrimidine £-H
guantitative analysis of the relaxation rates requires accuratevectors when the Stueber and Grant CSA values were used,
knowledge of the'3C CSA tensors, and a substantial range of and these authors suggest that this paradoxical result could be
CSA tensor magnitudes has been used previously, differing by explained by @ CSA values in helical RNA that are larger than
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those calculated or observed for mononucleostéiés subse-
quent, very recent study of both the field dependencé&®of
transverse relaxatiorR,;, as well as relaxation interference
between the CSA antfC—1H dipolar mechanismd,c cy, in @
B-form DNA oligomer also points to systematic differences
between the literature CSA tensor values and those applicable
in double-stranded WatserCrick base-paired nucleotidés.
However, this latter study could not uniquely determine the three
unknown parameters, defining the magnitude and orientation
of the traceless part of each chemical shift tensor, from the two
experimental observabled’c cy and field dependence .
Here, we report a fully determined chemical shift tensor for
each protonated base carbon on the basis of the small chemical
shift changes that occur upon weak alignment, resulting from
incomplete averaging of the CSA, complemented by relaxation
measurements carried out on both a DNA and an RNA helix.
Schwalbe and Duchardt highlighted the need to ensure that
the CSA values and dipolar interaction constants are properly
scaled relative to one another. The dipolar interaction constant,
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165-190.

(42) Fiala, R.; Jiang, F.; Sklenar, \J. Biomol. NMR1998 12, 373—-383.
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as observed in solid-state NMR, is affected by ultrafast internal
motions, related to bond librations and vibratiéh$hese rapid
motions result in an effective €H bond length that is about
2—3% longer than that observed by neutron scattefinty.
Similarly, the observed span of the CS tensor already includes
the effects of ultrafast motion, and the CSA values observed
by solid-state NMR therefore represent vibrationally averaged
values.

Our present study of CSA derives the degree of alignment
from the observed RDCs. The characteristic alignment tensor
is therefore inversely proportional to the dipolar interaction
constant, which varies withicy 3] On the basis of both
computational analysi$and the experimentally observed scal-
ing factor for G—H® interactions in proteins relative to the less
mobile peptide group €-C' and C —N interactions'® we use
a uniform, effective &H bond length of 1.104 A for all
protonated base carbons, instead of the standard 1.08 A distanc
often used in aromatic systertfsAll CSA values reported in
the present study are scaled relative to this 1.104-A value.

Materials and Methods

Sample Preparation. Two samples of a uniforml{?C, *N-enriched
24-nucleotide stem-loop RNA oligomer, derived from helix-35E0f
coli 23S ribosomal RNA and modified with pseudouriding @t the
position corresponding to residue 746, were used. The nucleotide
sequence, (GGGCUAAUBUGAAAAAUUAGCCC), for brevity is
referred to as GtC24 in this paper (instead of G73T760). Special

13C/*N-enriched RNA sample were recorded with slightly modified
sequences, which employed a nonselective® 1@@se immediately
followed by a selective 180pulse at the center of thie evolution
period to remove homonucle®C—13C couplings. Transverse relaxation
rates were measured both in the Hahn-echo mode and in the spin-locked
(Ry,) mode. Apparent spin-locked relaxation rateRy,ap, were
converted to on-resonanBg, values in the regular manner, usiRg,app

= sirf¢ Ry, + coS¢ Ry, with ¢ being the angle between the effective
RF field and the static magnetic field. Becaudsflls in the 90+ 15°
range for all nuclei for whictr,, was measured, the éagserm is very
small, and an approximate measurement of the longitudinal relaxation
rate, R;, suffices. Mostly, Hahn-echo and correctBg, values were
closely correlated. For adenine, however, the small chemical shift
separation between tlié.c-coupled adenine £and G nuclei made it
difficult to completely eliminate homonuclear Hartmaridahn con-
tributions when measuring the, &, values in RNA, and therefore,
these were not used. For thymidingcarbons in the DNA dodecamer,
the value measured fd®;, of the downfield (TROSY) component of
the 13 doublet,Ry (wheref refers to the spin state of the attached
1H),5 exhibits a small but systematic decrease of ca.‘2alative to

the R/ valué® measured by the Hahn-echo method. This decrease is
attributed to the'*C dephasing that occurs for this component under
the influence offJcy couplings to the FCsHs protons during Hahn-
echo delays for whicRJcw dephasing is not negligible, together with
the relatively shorfl; of these methyl protons. Therefore, for-Ts

only the Ry, data were used for the analysi,* andR,,* values for
A—Cg and G-Cg, which resonate close to-1Cs, showed no systematic
difference relative to the respective Hahn-eéatandR,’ values, and
averaged values were used-C;s resonances resonate further down-

care was taken that, except for the presence or absence of 25 mg/mLfield, and their apparenR,“ and R,/ values require a largeR,

of filamentous phage P purchased from Asla Biotech Ltd. (Riga,
Latvia, http://www.asla-biotech.com/asla-phage.htm), the solution con-
ditions of the two samples were as similar as possibRoth samples
were in thin-wall Shigemi microcells (300L), and each contained
1.5 mM helix-35p, 17 mM NaCl, 17 mM potassium phosphate, and
0.03 mM EDTA in 99% RO at pH 6.8. ThéH lock solvent quadrupole
splitting observed for the Pfl aligned sample was 28.3 Hz at 298 K.
To obtain reliable anisotropic chemical shift measurements, both

correction than their respectie® and R/ values®' Because théy;
decay of individual*3Cs doublet components is nonexponential and
therefore less straightforward, the transverse relaxation analysis@f C
was restricted to the Hahn-ecli® data. To avoid homonucledc
modulation of intensities after the Hahn-echo period for the uniformly
13C-enriched RNA sample, a band-selective REBURP-typé p8ize?
was used, covering bandwidths of 10, 10, and 3 ppm fQrGg/Cs,
and G carbons, respectively3C longitudinal relaxation times were

samples were dialyzed overnight against the same buffer, thereby furtherM€asured using the pulse scheme of Farrow €€ algain using a

minimizing the effect of differential sample conditions on the chemical
shifts.

Two natural abundanc&C samples of 1.8 mM d(CGCGAAT-
TCGCGY) (3.6 mM monomer) were prepared in®, each in a 270
uL Shigemi microcell. One sample contained 18 mg/mL of Pf1, and
the second sample was isotropic. Both samples were initially prepared
to have approximately the same buffer conditions and subsequently
dialyzed simultaneously overnight against aODbuffer solution
containing 50 mM KCI, 1 mM EDTA, 0.02% NajNand 10 mM sodium
phosphate buffer, pH 7.0 (apparent meter reading).?fAheck solvent
guadrupole splitting observed for the Pfl-aligned sample was 20.8 Hz
at 298 K.

NMR Spectroscopy. NMR spectra were recorded at 298 K on
Bruker DRX800, DRX600, and DMX500 spectrometers, each equipped
with a triple-resonance cryogenic probehead containingxas pulsed-
field-gradient accessory. Longitudinal and transverse relaxation rates
of the two'3C—{*H} doublet components were recorded for the base
sites in d(CGCGAATTCGCG)and processed in the same manner as
described recentl§f. Results were averaged with those of these earlier
experiment® to reduce random error. Relaxation rates in the uniformly

(46) Case, D. AJ. Biomol. NMR1999 15, 95-102.

(47) Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; Herzfeld, J.; Griffin, R.
G.J. Am. Chem. S0d.987, 109, 4163-4169.

(48) Hiyama, Y.; Niu, C. H.; Silverton, J. V.; Bavoso, A.; Torchia, D. A.
Am. Chem. Socl988 110, 2378-2383.

(49) Ottiger, M.; Bax, A.J. Am. Chem. S0d.998 120, 12334-12341.

(50) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. G
Taylor, R.J. Chem. Soc., Perkin Trans.1®87 S1-S19.

combination of nonselective and selective 180Ises at the center of
the t; evolution period for the RNA sample to remove homonuclear
13C—13C couplings. Relaxation of antiphaseHz terms was measured
using the method of Wang et Hl.

Changes in chemical shift between isotropic and aligned samples
were measured by comparing chemical shifts in 2D gradient-enhanced
IH—1C HSQC spectr& recorded again using a combination of a
nonselective 180pulse immediately followed by a selective 2§fulse
at the center of thé evolution period to remove homonucledC—
13C couplings. Because of the requirement to invert only the nuclei of
interest by the selective 18pulse, and not the#®C coupling partners,
three separate spectra were recorded for the adeninld €orrelations,
the G—H and G—H correlations, and the £H correlations in the
uniformly *3C-enriched RNA sample, whereas for the natural abundance
DNA sample the g-H, Cs—H and G—H correlations were detected
simultaneously, and the considerably upfield-shifteet B correlations
were measured separately. The effect of #eresidual quadrupolar
lock signal splitting on the change in apparent chemical shift was
accounted for by measuring the precise frequency of the residual HDO

(51) Igumenova, T. I.; Palmer, A. Gl. Am. Chem. SoQ006§ 128 8110~
8111

(52) Geen, H.; Freeman, R. Magn. Reson1991 93, 93-141.

(53) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay, C. M,;
Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L. E.
Biochemistry1994 33, 5984-6003.

(54) Wang, C. Y.; Rance, M.; Palmer, A. @. Am. Chem. SoQ003 125,
8968-8969.

(55) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. S0d992 114 10663~
10665.
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resonance for each sample and subtracting the difference frequencythe same level of theory. A second set of partially optimized geometries

(in ppm) from the observed frequency difference between resonanceswas generated using the B3L¥Pybrid functional and the 6-3#14-G**

in the aligned and isotropic samples. With this procedure, the averagebasis set; calculations of the nuclear magnetic shielding tensors were
absolute difference itH frequency for the ribose {CH protons in the then performed on the resulting geometries at the same level of theory.
aligned and isotropic samples was less than 1.6 ppb, in good agreemenfhe gauge-including atomic orbitals (GIAO) meth&& was used in

with the small CSA of aliphatic protons, and less than 4 ppb for the all cases. The resulting symmetric parts of the magnetic shielding

base protons. tensors were diagonalized to determine their principal components and
Base RDCs were determined by measurement of the “half-splittings”, orientations with respect to the molecular framework. Calculated
(*Dc + ch)/2, from the difference iA®C frequency between tHéC magnetic shielding tensor eigenvalues were converted to the principal

TROSY component and the correspondifig-decoupled HSQC components of the traceless part of the chemical shift tedsg@r vy,
frequency, recorded in interleaved speéfralthough, by measuring 0zz) according todi = oiso — 0ii, Whereozz = oyy = oxx andoxx =
effectively 'Dcn/2, the error in such a measurement is doubled when vy = dzz, andaoiso = (oxx + ovy + 072)/3.

Dcn is extracted, this method avoids the need to measure the precise During the process of geometry optimization, base pairing was kept
1*C frequency of the very broad and weak, upfield anti-TROSY close to that observed crystallographically, by enforcing two interbase
doublet componentDcy values derived in this manner correlate very  distances (AN-TO4 and AN\—TN3), one dihedral angle (AN-AN;—
closely (Pearson’s correlation coefficieRs > 0.99; root-mean-square  TN3;—TQ,), and two angular restraints (A€AN;—TNz and TG—
difference (rmsd)< 1.2 Hz) with the values originally used for the ~ TN;—AN}). Similarly, calculations on an AU pair without the ribose
structure determination of both the RNA héfixand the DNA moieties were also performed.

dodecame?* As expected, direct singular-value decomposition (SVD)

fitting®” of the RDCs to the previously determined structures yielded Results

an alignment tensor very similar to the original one, after it was scaled ) )
by a constant factor equal to the ratio of the presently measured Analysis of 1*C Relaxation. Interference between tHéC—

couplings to those used for the original structure calculations. {H} dipolar and thé3C CSA relaxation mechanisms can result
All spectra were processed and analyzed using NMRPipke time- in pronounced differences in the transverse relaxation rates of
domain data were apodized in the indirect dimension by°ashifted the two components of 43C—{H} doublet®® This effect

sine bell function and truncated at *7& 72-shifted squared sine underlies the important TROSY-type NMR experiments, aimed
bell was used in the directly detected dimension. Time-domain data in 5t optimizing spectral resolution by selecting the slowest-
the 'H and 3C dimensions were zero-filled to yield final digital relaxing components of the spectr@#i? Quantitative measure-
resolutions of 3.9 and 2.4 Hz, respectively, and three-data-point oy of the relaxation interference effect has been used to extract

parabolic interpolation was used for determining peak positions. At information on the CSA tensor for a variety of nuclei, including

least two replicate measurements of all datasets were made over a perio . . .
s\ 13¢Y 13Ca 1-74
of 12 weeks to estimate the precision of the results and improve them N, +3C', and*C sites in proteing; and protonated base

by averaging. Averaged values were used for all analyses? haek carbons in nucleic acio‘@.Thgse latter measurements employed
splitting was monitored frequently and remained constant within 0.1 moderate levels of3C enrichment, combined with isotope
Hz over this period. filtering to suppress signals frod¥C nuclei with a direct3C

Quantum Chemical Calculations.Calculations of nuclear magnetic ~ neighbor, thereby removing problems related#¢—3C J
shielding tensors were carried out using Gaussiaif Afning on couplings, as well as dipolat’C—%3C contributions to the
computers of the High-Performance Computing Virtual Laboratory relaxation. Another study focused on puringa®d adenine £
(HPCVL, University of Ottawa) and on the Biowulf cluster at the sjtes, which lack directly bondet¥C nuclei4® In our present
Division of Computer Research and Technology, at the National gt,qy we measure both the field dependence of the transverse
Institutes of Health. Calculations were performed on individual relaxation rate and the interference between ¥@—{H}

nucleotide fragment§ conS|st|ng_ of base, sugar, an_d phosphate m0|et|esdipolar and thé3C CSA relaxation mechanisms. Measurements
as well as WatsonCrick base pairs where sugar moieties were replaced .
carried out for the natural abundandéC DNA sample,

by methyl groups. The geometries were taken from the high-resolution ;
X-ray structure of an A-form RNA helix (PDB entry 3978)and the d(CGCGAATTCGCG,, largely duplicate results reported re-

NMR structure of helix-35 RNA (PDB 2GBH) which also contains  cently for a similar, slightly more concentrated samfSi@he
an A-form helical segment. For DNA calculations, the NMR structure natural abundancéC level removes the necessity to incorporate
of the B-form DNA dodecamer d(CGCGAATTCGCPDB 1NAJf filtering elements in the pulse sequence and allows for very
was used for individual nucleotides, and the 1IENN X-ray structure was straightforward measurement using standard procedures. With
used for the Me-A/Me-T basepd. the exception of 7Cs (see Experimental Section), results were
Two sets of geometry optimizations and magnetic shielding tensor ithin the standard error of the earlier measurements, and the
calculations were performed. One set of geometries was partially
optimized at the restricted Hartre€ock (RHF) level using the
6-3114++G** basis sef364and calculations of the nuclear magnetic 72, 650-654.

)
shielding tensors were then performed on the resulting geometries at(65) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
9 P 99 (66) Ditchfield, R.Mol. Phys.1974 27 789-807.
)
)

(64) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Physl98Q

(67) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. So499Q 112 8251-

(56) Kontaxis, G.; Clore, G. M.; Bax, Al. Magn. Resor200Q 143 184-196. 8260.
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averaged values are used for all further analyses (Supporting Conformational exchange on a micro- to millisecond time

Information). scale can also contribute to transverse relaxation rates. The
Uniform isotopic13C enrichment was needed for the mea- absence of measurable exchange contributions in the spectrum

surements on RNA to achieve the required sensitivity. In our of the DNA oligomer was previously established by measuring

measurements, the effect &C—13C 1Jcc modulation was
removed using a band-selective (either@p, A—Cg/G—Cg/
U—C¢/C—Cs, or U—Cs/C—Cs) 180C° pulse at the midpoint of

the temperature dependence of the transverse relaxation rate of
the TROSY componert. This slowly relaxing component is a
particularly sensitive monitor of conformational exchange

the Hahn-echo transverse relaxation delay, instead of the regulacontributions to the transverse relaxation #t€or the RNA

nonselective 180pulse. During both the DNA and the RNA

sample, the presence of conformational exchange is indicated

transverse relaxation measurements, care was taken that théor nucleotides U8 and U18, which in addition to fast relaxation
Hahn-echo transverse relaxation delay periods were integralof the TROSY!3Cs component also exhibit a strong temperature

multiples of 10cH, such that the transverdéC magnetization
is an equally proportioned average over in-phase abd
antiphase CH, terms. The symbdR,, used in this work, refers

to this averaged relaxation rate, which carries averaged coef-

ficients for the high-frequency spectral density components

dependence of the relaxation rate, with a 50% faster transverse
relaxation at 15°C than at 25°C (compared to 34t 3% for

the remaining protonated base carbons, Supporting Information).
Moreover, fast transverse relaxation'®€,’ results in weaker
than average intensity for these nucleotides ini@&’'—1H,'

compared to those applicable for either the in-phase or antiphaseCT-HSQC spectra (data not shown). These nucleotides were

13C magnetizatior* Experimentally, the small values of the
heteronuclear NOE{1.3y*indicate that these high-frequency
contributions are negligible compared ).

In contrast, homonucleadiH—!H dipolar relaxation, which

therefore excluded from further relaxation analysis.
Transverse3C relaxation rates are dominated {{@) spectral

density terms, and the same fractional increase by a factor 1.34

is observed for all RNA stem residues, except for U8, U18,

contains aJ(0) spectral density term, considerably impacts the and the terminal CG basepair, for both the TROSY and anti-
relaxation of CH,. This effect was quantitatively accounted TROSY components. Interestingly, this increase is slightly larger
for by measurement of the difference between the longitudinal than the factor of 1.26 that would be expected on the basis of

relaxation rates of the &and GH, terms’® In addition, for the
RNA sample, the spinecho durations were selected such that
they are approximately uniformly distributed over an integral
multiple of the applicabléJcc values. This makes the applica-
tion of a first-order correction for the “passive spin lifetime
effect” on the observe®,(*3C) possible. This lifetime effect
refers to an increase in the apparent transvé&iGeelaxation
rate that occurs when thkcoupled passive spiiGF, changes

the change in BD viscosity and the kT dependence of the
rotational diffusion alone. We speculate that the slightly larger
than expected temperature dependence results from a stiffening
of the loop region at lower temperature. Other indications for
the increase in the effective length of the molecule at lower
temperature are found in a 17% increase in alignment strength
and a 27% decrease in alignment rhombicity when the temper-
ature is lowered from 25 to BC, pointing toward a more

its spin state because of an external relaxation source (either itselongated shape.

CSA or dipolar interaction with a third spin), at a time when
the 13C magnetization of interest is antiphase with respect to
this passive spif® Approximate corrections to the measured
Ry(*3C) rates for both the TROSY and anti-TROSY components
of the 13C—{*H} doublet are made according to
R, ("C)=R,("C) — [R("CH + R(HI12 (1)
For protonated carbon&;(*3CF) was derived from the initial
slope of a nonselective inversion recovery experiniéfthe
longitudinal relaxation rate of the nonprotonategidarbon in
U and C nucleotides was approximated to be half that of the
average rate observed for protonated carbons at 800 MHz

frequency. Note that these lifetime effects impact the measured
13C transverse relaxation rates by only a few percent. Therefore,
modest errors in these corrections, resulting from approximations

such as thel®C recovery being exponential or from the
uncertainty in the longitudinal relaxation rate of the nonproto-

nated carbons, have a negligible effect when analyzing the
relaxation rates, which already have an experimental uncertainty

of several percent. Below, for brevity and following commonly

used nomenclature, the transverse relaxation rate corrected usin

eq 1 is simply referred to &®,. Relaxation rates measured for
the helical stem residues in the RNA oligomer are summarized
in the Supporting Information.

(76) Peng, J. W.; Wagner, @. Magn. Reson1992 98, 308-332.
(77) Boisbouvier, J.; Wu, Z. R.; Ono, A.; Kainosho, M.; Bax, &.Biomol.
NMR 2003 27, 133-142.

All relaxation analyses use the standard equations, applicable
for analysis of in-phasé3C transverse relaxation rates and
include all dipolar interactions to spins witha 3 Aradius and
an anisotropic model for rotational diffusidh’® Analysis of
the relaxation rates is carried out as described previously for
the DNA dodecamer usingC chemical shift tensors which
are assumed to have one of their principal axes (which is shown
to be the most shielded directiodizz) orthogonal to the plane
of the base. When only the traceless part of the chemical shift
tensor (i.e.,0xx + dyy + 0zz = 0) is considered, this leaves
three adjustable CSA parameters: its magnityd¥| = (6,2
+ éyz - 6x6y)1/2, Whereéx (Sxx - (Szz and (Sy = (SYY - (Szz;
the asymmetry of the CSAy, = (dyy — dxx)/0zz and the angle,

0, between théxy axis and the €H bond. Note thafoM| can

be rewritten a$oM| = (3/2)8z(1 + #%3)Y2. Initially, the analysis
was performed under the assumption of a single chemical shift
tensor for each given type of base carbon, and on the basis of
prior work, G carbons of A and G nucleotides were grouped
together, as were dof C, U, and T. Carbons £of C and U
were also grouped together, whereas theo€CA cannot be
combined with other types, leaving a total of four chemical shift
fensors to be determined. However, as will be discussed below,
both the relaxation and RCSA data indicate a larger pyrimidine
Cs CSA in A-form RNA than in B-form DNA, necessitating
their separate consideration during analysis. Similarly, in DNA,

(78) Spiess, H. WNMR: Basic Princ. Prog1978 15, 55-214.
(79) Chang, S. L.; Tjandra, Nl. Magn. Reson2005 174, 43—53.
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Figure 1. Observed CSA-dependent parameters ir-(3 RNA and (D-F) DNA, versus values predicted on the basis of CSA values of Stueber and
Grant#3 (A, D) Field dependence of @ — Ry), (B, E) ratio ofR; andT'c ci, (C, F) changes in chemical shift between aligned and isotropic phase. Error
bars are indicated in the dashed insets. Errors in the observed parameters are derived from reproducibility of separate measurements. Edictenh the p
parameters reflect uncertainties in the diffusion anisotropy and the precision of the structures (1INAJ and 2GBH) used for calculating theatesticted

the data indicate a smaller CSA for-Tg than for C-Cg, as The vertical error bars for the computed ratios correspond to
well as differences between#Cg and G-Cg tensors, and these  the range of values computed for diffusion anisotropl@g,
bases are therefore considered separately too. Dp, ranging from 1.7 to 2.5 for DNA and from 1.6 to 2.4 for

For both the DNA and the RNA oligomer, we find that fitting RNA. Increased errors for thes@nd G carbons reflect the
of the relaxation data does not yield any statistically significant fact that their CSA tensors have the largésangles, causing
improvement when using a fully asymmetric rotational diffusion them to be more sensitive to variationsDDp. Error bars for
tensor over an axially symmetric one, and all relaxation analysesthe measured values are based on reproducibility of the
therefore are carried out for an axially symmetric diffusion measurements.
tensor. For the DNA oligomer, a rotational diffusion anisotropy ~ As can be seen from the figure, in particular for the RNA
of D/Dy = 2.1 has previously been reported on the basis of sample, most of the observed ratios are smaller than predicted,
deoxyribose=C relaxation rate&’ with the unique axis nearly =~ Which suggests a CSA magnitude that is higher than seen in
parallel to the helical axis. Note that analysis of the bi#ge ~ isolated DNA mononucleosides by solid-state NMR. It is
relaxation rates alone provides insufficient information to interesting to note that in both the RNA and DNA samples,
uniquely establish the diffusion anisotropy because allbasd C ~ experimental ratios for ACg fall below those of G-Cg, in
vectors are roughly orthogonal to the helix axis. In contrast to agreement with the predictions from solid-state d&taarger
the DNA oligomer, spectra for the RNA molecule exhibit ratios are observed for both DNA-ICg carbons than for the
extensive overlap of resonances in the ribose region, therebythree C-Cs nuclei (Figure 1D), also in good agreement with
prohibiting 13C relaxation measurements with standard 2D the solid-state data.
methods and accurate relaxation rates could only be measured Interference between CSA and™C—'H Dipolar Mecha-
for the well-dispersed bas®C—1H correlations. Therefore, ~ nisms. As pointed out by Fushman and Cowbd&Hnynder
diffusion anisotropy of the RNA oligomer is treated as a variable isotropic tumbling and in the slow tumbling limit, the ratio
in the fit, when simultaneously analyzing chemical shift changes between the*C transverse relaxation rate and the relaxation
resulting from alignmentAd, and relaxation rates (vide infra). ~ interference rate, to a good approximation, is given by

Field Dependence of!3C Transverse Relaxation. As
previously discussed by Fushman et al., the combination of  Ro/T'c.cn=[9&70p + 4y By 10M (125007 Bedy) (2)
relaxation times, R, — Ry, is dominated by)(0) spectral density
terms and therefore is particularly well suited for determination which is independent of the rotational correlation time. In this
of the magnitude of the CSA tensd|.8° Figure 1A plots equation, the magnitude of the dipolar interaction cons&aat,
the observed ratios of B — Ry)®00MH7(2R, — R;)800MHz for is given by&pp = (uo/4m)(W27)ycynllicy 3L whereyx is the
the RNA sample versus the ratios computed on the basis of magnetogyric ratio of nucleus XBo is the strength of the
Stueber-and-Grant CSA valu#sFigure 1D shows analogous —magnetic field, andy, is given byd, = Px(cos@*¥)dx + Pa(cos
ratios, (R, — Ry)%09MHZ/(2R, — R;)890MHz for the DNA sample. oy, whereP,(x) = (3x% — 1)/2, 99 and 0¥ are the angles
between the dipolar vector and the princigandy axis of the

(80) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Soc999 121,
8577-8582. (81) Fushman, D.; Cowburn, 0. Am. Chem. Sod.998 120, 7109-7110.
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CSA tensor (corresponding to principal componedyg and
Ovy, respectively), andy = dxx — dzz and oy = dyy — Ozz
Under anisotropic rotational diffusion, eq 2 is no longer valid,
but theR,/T'¢c cyratio remains much less sensitive to both global
tumbling and internal dynamics than eithigs or I'ccy. We
therefore numerically evaluate tH/I'c cy ratio rather than
Tcen

The value ofR, under fully anisotropic diffusion in the
presence of dipolar and CSA interactions is calculated using
the equations of Spieg&’® The interference terml’c ch, iS
derived using the same equations, by calculating the difference
for relaxation under two “pseudo-CSA” tensors that correspond
to the sum and the difference of the dipolar and the CSA
tensors'®

Figures 1B and 1E compare the obseriRed c c ratios with

values calculated when using the CSA tensors of Stueber and

Grant for the RNA and DNA oligomers. Agreement between
the observed and calculated ratios is very good forSenall,
systematic differences are observed for the other types of
carbons, with the observd/T'c cy ratio for G and G carbons
consistently being higher than computed, indicative of a
somewhat smaller than anticipated relaxation interference term.

Chemical Shift Changes upon Alignment.The residual
difference in chemical shift (RCSA) between weakly aligned
(danis9 and isotropic disg) samples is computed &s

Oico— Oeg = .cog(6,)0: 3
aniso iso i:;,zj:;,zA”CO ( u) i ( )

AS

where A; are the principal components of the molecular
alignment tensorg; are the principal components of the CSA
tensor, andd; is the angle between principal axis,of the
alignment tensor and principal axis,of the CSA tensor.

On the basis of the CSA magnitudes for base carbons, as
determined by solid-state NM®& chemical shift changes at 201
MHz 13C frequency, resulting from weak alignment, span a
range similar to residudDcy couplings. Indeed, considerable
chemical shift changes are observed both for the DNA and the
RNA oligomers (Figure 2). All observed chemical shift changes
are in the upfield direction. This results from the fact that the

most-shielded tensor component is orthogonal to the base plane

for all four types of carbons studied, and in the oligomers used
in this study, all base planes are oriented approximately
orthogonal to the axis of the alignment tensor.

Previous measurements of tHecn, Dcc, 1Den, and?Dey
couplings for the RNA oligomer were highly self-consistent and
yielded predicted'Dcy values that exhibit a rmsd of 1 Hz
relative to measured bad®cy values?® This 1 Hz rmsd results
in part from measurement error D¢y, but it is also affected
by random uncertainty in the atomic coordinates, often referred
to as structural nois®, which causes errors in the predicted
couplings. Both the RCSA measurement error and the error in
its predicted value resulting from structural noise are comparable
to those folDcn. Therefore, under the assumption of a uniform
CSA tensor for all carbons of a given type, the lower limit for
the rmsd of the difference betwead;°*sandAd;Pedis expected
to beX ~ 5 ppb at 201 MHz. Therefore, an error function may
be defined as

EX(10"7,0) = (1N) } {[A0,° = AsPYIx?} (4)

ARTICLES
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Figure 2. Overlay of small regions of the 800 MHz homonuclé&t-
decoupled'H—13C HSQC spectra spectra displaying-&s correlations
in helix-35 RNA: (red) isotropic phase and (blue) in Pf1 medium. The
upfield change iftH chemical shift for A14-Hg reflects a small change in
the average structure for the flexible loop of helix-35 between isotropic
and aligned media.

whereg is the angle £90°) between the least shieldex) éxis
of the CSA tensor and the-€H vector, with a positive sign of
o0 for rotations about the base plane normal in the direction that
increases the angle between #exis and both the £-Hg and
the G—Ng vectors in A/G, the g-H, and G—Nj vectors in
A, the G—Hg and G—Nj vectors in U/C, and the 4-Hs and
Cs—Cs vectors in U/C (Figure 3).

Extracting CSA Tensors from Experimental Data. The aim
of our analysis is to find thé3C CSA tensors that best agree
with both the experimental RCSA aA#C relaxation data. The
latter include both the field dependence 2~ R; and the
13C relaxation interference data. This is accomplished by
searching for the CSA tensor that minimizes the total error
function

E'(10"),7,6) = LEBNY 3 {[A07° = AP +
(FDiObS— FDipred)2/Y2+ (CCIObS— CC‘pre%ZIZZ}} (5)

where FDrefers to the field dependence ratioRf2- R;)300MHz

(2R, — Ry)8OMHz for the DNA oligomer and (R, — Ry)%00MH7

(2R, — Ry)8MHz for the RNA. CG refers to the cross correlation

ratio Ry/T'c cn of carboni. In addition to the random measure-

ment error, X, Y, and Z also include the effects that the

approximation of identical CSA tensors for all carbons of a given

type, regardless of their location within the molecule, is not

strictly valid, as well as effects from uncertainty in the

experimentally determined structures. Their values are selected

on the basis of reproducibility of th&d; measurement and the

spread in the observed FBnd CGratios within the DNA and

RNA molecules, yieldingk = 5 ppb,Y = 0.006-0.014, andZ

= 0.015-0.034, depending on the carbon and nucleotide types.
Inspection of Figure 1C indicates that the measédalues

in the RNA oligomer are generally larger than anticipated on

the basis of the solid-state NMR-derived CSA tensors for

(82) Cornilescu, G.; Bax, AJ. Am. Chem. So200Q 122 10143-10154.
(83) Zweckstetter, M.; Bax, AJ. Biomol. NMR2002 23, 127—-137.
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region in the 24-nucleotide RNA oligomer is subject to increased
internal dynamics, on average, the bases in this region remain
in a stacked configuration, with their planes orthogonal to the
axis of the helical stem regidi.

Contour plots of orthogonal cross sectiong&tffoM|,;,0) for
each of the six carbon types indicate that the valugs"f, 7,
and # compatible with the measured data span a considerable
range and are highly correlated (Supporting Information). For
example, for @, the optimal value of; is strongly correlated
with the value for9, complicating evaluation of the uncertainty
in the extracted CSA parameters. Moreover, even while the
experimentally observed parameteks;°°s FD;°°s and CGP°s,
can be fit very well when tensor parameters are optimized, only
a modest number (as low as six, for the-@s CSA) of
experimental measurements are available to define the three
CSA parameters. We address this issue by two separate

b A

*x methods: complete cross validation and Monte Carlo methods
Figure 3. Definition of the angled between the least shielded component ; ;
of the CSA tensor and the €H vector, for a cytosine and adenosine for estimating the effect of random error.

nucleotide. In the figure, depictions 6fcorrespond to positive values for In the Monte Carlo approach, random Gaussian-distributed
C,, Cs, and G and to a negative value forsCThe dz7 axis is oriented noise with a rms value equal to the error valXesy, andZ is
orthogonal to the base plane. added to each of the measured valug$obs FD°bs and CGPs

and the search fotoM|, », and 6 values that minimize

deoxyribose nucleosides. For the DNA oligomer, this difference E(10"17,0) is repeated 1000 times, using different sets of
generally is much less pronounced, in particular fos. C random noise. The results of this procedure are summarized in
Similarly, the field dependence of the; @ansverse relaxation ~ Figure 4, with the average and standard deviations in each of
rate is stronger than expected for RNA (Figure 1A) but nearly the three parameters listed in Table 1. For the DNA-@,
on target for DNA (Figure 1D), forcing us to analyze separately Figure 4 shows that the angl@, and asymmetryy, cannot be
the results for @in DNA and RNA. Systematic differences ~determined independently. For the three-d@ nuclei, the
between DNA and RNA for the other types of carbons are degenerate set of)(;7) solutions available from the relaxation
considerably smaller, and the distinction between DNA and data cannot be resolved within experimental noise by adding
RNA resulted in no statistically significant differences when the Ad information (Figure 4, right column). However, when
analyzed separately. Figures 1D and 1E indicate that the 0 1s restricted to an angle of 2§selected on t.he basis of the
observed rates ang,/T ratios for the T-Cs carbons deviate ~ RNA C—Cs results and the quantum calculations),amalue
considerably from those of-€Cs, an observation supported by 1S obtained close to those obtained computationally and by
the previous data of Stueber and Grahgnd therefore requiring ~ Stueber and Grant.
T—Cs and G-Cg in DNA to be treated separately. In the jack-knife cross validation approach, a given triplet of
Since bothAd and the field dependence of relaxation rates €xperimentally observedo*®s FDi**s, and CG values is
are strongly affected by the magnitude of the CSA tensor, but omitted when using eq 5 to search for the CSA values that best
On|y the field dependence is affected by the anisotropy of fit the values for the remaining residues, while USing the same
rotational diffusion, theDy/Dy; ratio for the RNA oligomer is ~ Standard errors foX, Y, andZ as used above. The values of the
obtained from a systematic search for the ratio that minimizes omitted data points are then predicted using the resulting CS
the residual? when fitting the relaxation data and anisotropic t€nsor, and the procedure is repeated for each nucleotide in the
shifts simultaneously, for all four carbon types. This analysis DNA and RNA oligomers, with results displayed in Figure 5.
yields a diffusion anisotropy d,/D = 2.0+ 0.4 (Supporting The statistics of the jack-knife cross-validation are listed in the
Information). Grid searches for the orientation of thaxis of Supporting Information.

the diffusion tensor, performed separately for the four carbon ~CSA Tensors from Quantum Chemical Calculations.
types in the RNA, did not show a statistically significant Geometries for isolated nucleotides were extracted from the

deviation from the initial choice, where tiiy axis was assumed ~ NMR structure of the Dickerson dodecamer, from the helical
parallel to thez axis of the molecular alignment tensor in Pf1  segment of the NMR structure of ribosomal RNA helix-35, and
liquid crystalline medium (data not shown). This result agrees from the X-ray structure of an A-form RNA helix. The models
with previous analyses, which indicate that for steric or repulsive included the bases themselves, ribose sugar moieties, and
electrostatic interactions (negatively charged oligonucleotide in phosphate groups. Prior to magnetic shielding calculations,
negative Pfl), the alignment tensor mirrors molecular sfape geometries were partially optimized at either the B3LYP/6-
and therefore is similar in orientation to the rotational diffusion 311++G** or RHF/6-311++G** level of theory, while
tensor®S The anisotropyP,/Dy = 2.0, for the RNA oligomer  restraining the sugar pucker, the glycosidic torsion angland

is close to the ratio of 2.1 observed for the homodimeric, the G—Cs' distance at the experimental values (see Experi-
palindromic DNA dodecamé¥. This similar degree of aniso- ~ mental Section). Several of the calculations were carried out
tropy is consistent with the notion that even while the loop fora 1.2 A RNA X-ray structure (PDB entry 4668 after we

(84) Zweckstetter, M.; Hummer, G.; Bax, Biophys. J2004 86, 3444-3460. (86) Mueller, U.; Muller, Y. A.; Herbst-Irmer, R.; Sprinzl, M.; Heinemann, U.
(85) de Alba, E.; Tjandra, NJ. Magn. Resorn200Q 144, 367—371. Acta Crystallogr. D1999 55, 1405-1413.
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Figure 4. Projections of best-fitted results onto two-dimensional planes of the three-dimensional parametet®faée £) when 1000 best fits are
carried out with random Gaussian noise added to the experimental data, with amplitudes of 5 ApbGd¥17 (A—C;), 0.033 (dA-Cy), 0.015 (C-Cs),
0.033 (dC-Cs), 0.033 (dFCg), 0.033 (dC-Cg), 0.034 (U/C-Cg), 0.015 (A/G-Cg), and 0.033 (dA/dG Cg) for the RJ/T ratio, assuming identical CSA
values for A-Cg and G-Cg carbons. Added random errors for the field-dependence rati&of2R; were 0.012 (A-Cy), 0.014 (dA-G), 0.012 (C-Cs),
0.014 (dG-Cs), 0.014 (dT-G), 0.014 (dG-Cg), 0.014 (U/G-Cs), 0.006 (A/G-Cg) and 0.014 (dA/dG-§).

found that in the NMR structure of helix-35 the pyrimidine without the G—Cs' distance restraint also resulted in a shorten-
CsH—O5 distances are systematically 8:0.3 A longer than ing of the GH—O5 distance, but these geometry-optimized

in the highest resolution X-ray structures. Inspection of the NMR structures were not used for chemical shift calculations as it
structure indicates that thel@—O5 distances fall slightly below  remained unclear to what extent the absence of water molecules
the sum of the gH and O5% van der Waals radii, causing the in the geometry optimization affected the results. For NMR
empirical van der Waals term to become active and restrain structures of the DNA oligomer, thes8—05 distance exceeds
their internuclear separation at values slightly larger than the limit where van der Waals radii start exerting an artificial
observed in high-resolution X-ray structures. Quantum calcula- force, and no systematic difference ig-€Cs' distance relative
tions carried out to optimize the geometry of mononucleotides to DNA X-ray structures is found.
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Table 1. Carbon CSA Parameters Obtained from Relaxation and Ad Measurements?

atom Oxx (ppM) Oyy (ppm) 02z (ppm) 6" (deg) 6% < (deg) |0M] (ppm) [OM]%€ € (ppm) n e e
AldA—C; 89+2 15+ 2 -104+1 444 3 168+ 2 150 0.70+ 0.03 0.92
C/U/dC/dU-Cs 82+1 2+1 -85+1 -5+3 11 144+ 1 138 0.95+ 0.03 1.03
dC—Cs 96+ 2 19+ 2 -115+1 28 29 186+ 3 179 0.67+ 0.03 0.83
dT—Cs 97+5 -14+6 —96+2 29+1 30 168+ 3 170 1.02+0.13 1.17
C/U—Cs 125+ 4¢ —7 4+ 4 —119+ 18 29+ 1 f 212+ 4¢ f 1.11+ 0.0® f
G/dG—Cg? 7442 5+2 —-79+1 32+1 28 133+ 1 126 0.8&+ 0.05 0.92

134 1.08
AldA—Cg? 80+2 5+2 —-85+1 32+1 27 144+ 1 134 0.8&+ 0.05 1.04

a Averages and uncertainties are determined as means and standard deviations of the best-fitted values within a set of 1000 Monte Carlo calculations,
where random noise corresponding to the experimental rms uncertainties was added to all experimental %aluE® oéind CC. Because the effect of
added noise on the best-fitted parameters is not symmetric, small differences occur between the averaged values listed in the table and those from a fi
without added noise (Supporting Information). All fits are based on the absenceRgf eontribution to measurel, values, even though a sméll value
of up to 1 Hz cannot be excluded. Supporting Information Table 9 lists values extracted for the worst-case scenario, where all DNA&DdRRNAUES
at 18.8 T simultaneously hava 1 HzRey contribution. Reported errors do not include the effect of uncertainty in diffusion anisottpfiy,. Values
extracted whe,/Dg is varied over its allowed range are reported in Supporting Information TableTi® angled is that between théxx axis and G-H
bond, which is assumed to coincide with the bisector of the heavy atom angle, with the gigietined below eq 4< Stueber-and-Grant CSA valu#s.
d Angle could not be determined from the experimental data, and entries in this row correspond to values obtaireid Wiyetrfixed at 28. € Considering
the large value ofoM|, relative to that expected on the basis of previous DNA measurements as well as the more moderate difference between computational
results for DNA and RNA, we suggest that for future use the smallest CSA within our uncertainty f@hge @08 ppm,dxx = 121 ppm,dyy= —3 ppm,
0zz = —118 ppm,y = 1.04, andd = 29°) is preferred over that at the center of the allowed rah@ata not availabled The results for A and G were
obtained via a joint fit with the difference between thgil| best fitted to 11 ppm Data reported for two different molecules in the asymmetric tiit.
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Figure 5. Cross-validated predictions of CSA-related parameters versus observed values. The predicted values were obtained on the basis of CSA parameters
resulting from a best-fit using the subset of bases from which the predicted nucleotide is exclud€).RNA bases and (BF) DNA bases. (A, D) The
ratio of 2R, — Ry at low (500 or 600 MHz) and high (800 MHz) field, (B, E) th/T ratio, and (C,F)AJ.

In the NMR structures, the precise relative positions of To gauge the effect of the basis set on calculated chemical shift
Watson-Crick bases are dominated by database-derived arti- tensors, B3LYP calculations with the 6-31G*, 6-34G*, and
ficial restraints; therefore, the computed effect of base pairing 6-311++G** basis sets were carried out on a cytidine nucle-
on the A-C; chemical shift tensor was evaluated for basepair gtide. Remarkably, we find a rather large increase in the
geometries extracted from high resolution RNA and DNA  nagnitude of the shielding anisotropy when diffuse and
structures, followed by restrained geometry optimization (S€€ arization functions are included on all heavy atoms, as well

Experimental Section). Convergence of the geometry optimiza- as hydrogens. Because the computations with the largest basis

tion with the 6-31#+G** basis set was only obtained when o . .
o - set exhibit best agreement with the experimental data of Stueber
the structures were simplified by substituting a methyl group .
and Grant, as well as our own results, all computational results

for the (deoxy)ribose moieties, and shielding calculations were “ .

carried out for these methyl-substituted A/U and A/T basepairs discussed in the text correspond to the B3LYP/6-8TL5*

in the presence and absence of Wats6rick base pairing. level of theory. However, the substantial differences between
For all base carbons, a significant increase in the magnituderestricted HartreeFock (Supporting Information) and B3LYP

of the CSA is observed when the RHF/6-31tG** method computational results (Table 2) highlight the uncertainty which

is used, compared to the B3LYP/6-32+G** method. This remains when attempting to interpret the theoretical results in

finding is in agreement with observations by Sitkoff and Cse. the absence of experimental data.
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Table 2. Nucleotide Base Carbon Chemical Shift Tensors as Csg, the results of Stueber and Grant and quantum calculations
Determined by Quantum Chemical Calculations both suggest that the absolute value of the least-shielded
residie  Ond  Ow 0z o 1o principal CSA component is comparable to that of the most-

nucleotide aom  (ppm)  (ppm)  (ppm)  (deg) (ppm) 7 shielded component (i.eldxx| ~ |3zz]), whereas our experi-

dcd C3-Cs 1055 20.0 —125.6 23.6 202.4 0.68 mental results indicate that the most shielded component has

dAId EO_(C;S 19*73-3 _2665 ‘fgg-g gg-g igé; é-gg the largest absolute value. The computed CSA tensors-+adG

Ge 621_88 794 -15 -778 316 1361 1.04 arjd_A—_Cg_; differ noticeably (Table 2). Therefore, we performed

ce C4-Cs 816 —12.7 -689 -56 131.7 1.37 a joint fitting of the two tensors but forced the-<&g and A—Cg

ce C4-Cs 1033 283 —131.6 30.7 207.8 057  pand@ parameters to be the same, while each CSA magnitude

5Me-C C4-Co 1029 196 —1225 249 1974 068 5 an independent variable. The best-fitteet@ CSA magni-
Ue U18-Cs 756 —7.6 —68.0 —7.1 1249 122 tud ds 6Cx CSA itude by 11 According t
ue U18-Cs 113.3 11.7 —1250 28.7 207.1 0.81 ude exceeas Slsg magnituge by 11 ppm. According to
Me-Af A20-C, 90.0 00 -90.0 35 1559 1.00 theF test statistics, the probability that the two CSA magnitudes

Me-A/Me-Uf  A20-C, 89.1 58 —949 7.1 159.5 0.88 are the same is 1.5%, indicating that the difference in CSA

2 The B3LYP functional with the 6.310+ G basis set N magnitudes is statistically significant. Analogous tests letting
e unctional wi e 6- ** basis set was used in ; ; N cinnifi ;
both geometry optimization and shielding tensor calculatiBisincipal eithery or ¢ float did not result in significant differences.

components given here refer to the traceless part of the CS tensor and were Remarkably, we find that the (3CSA in A-form RNA is
obtained from the calculated magnetic shielding tensor according to considerably larger than in B-form DNA. In a recent relaxation

giso — oii. ¢ The angled is that between théxx axis and the €H bond, ;
with the sign off defined just below eq 4. The angles between the geometry study of an RNA oligomer, Schwalbe and Duchétaiso noted

optimized G-H bond and the heavy atom bisector, used as a reference in that the literature values ofgCSA appeared incompatible with

the experimental results are 3for dC—Cs, 3.9 for dT-G, 2.9 for A—Cs, their relaxation measurements, and they suggested that an

f36r1 JorCG_3ng, %(f dor g_gz;,?;g’: L‘\" g_gﬁ d4fof?<;r5AMe<_:C/IJC3(/ iE\Ot.riz increase of 20 ppm iWM| would be needed if dynamic behavior
5, O. —L6, U. L2, . L2y, - PIRT] - . ..

sign convention the same as férSo, for example, for comparison to the ~ Of base-paired p)/”m'd'nes and purines is assumed to be similar.

experimgntal result for ACg, the above listed value needs to be decreased ~ Our RNA study indicates that thesCSA exceeds the Stueber

by 2.9. ¢ Coordinates taken from 1NAJCoordinates taken from helix- and Grant DNA values by about 30 ppm. The CSA magnitude

35 (PDB 2GBH).! Coordinates taken from PDB entry 397D. 10M|, we observed for déCe in DNKpiS only 7 ppm Iagr]ger '

Discussion than reported by Stueber and Grant. For-@J, our experi-

The 13C CSA parameters reported here have been extractegMental|oM| andé values agree very well with those qf Stueber
from double-helical RNA and DNA oligomers, using three and Grant, as well as those of Gregory et’alhe solid state
different types of measurements: field dependence of the 77 values for C-Ce fall between the values we observe for DNA
transverse relaxation rate, relaxation interference, and RCSA.8nd RNA. For dF-Cs, our 7 value (1.02+ 0.13) is smaller
For the RNA oligomer, which was uniformly enriched #cC, than those observed in the two solid-state NMR studies.
slightly different experimental precautions were required relative HOWeVer, considering the large experimental uncertainty in our
to analogous measurements made on the DNA oligomer.” value th.IS difference does not. appear to pe significant.
Measurements were carried out with both Hahn-echo and spin- _ INterestingly, quantum chemical calculations also show a
locked Ty, experiments, and (with the exception of-Te) no significant increase in CSA for the RNA uridine and cytidine
systematic differences were found after the measured rates werds CSA over that of the DNA thymidine and cytidine values
corrected for the spin-flips od-coupled passive spins (cf eq _(Table 2). Inspection of_the structure of A-form RNA r_]uc!eondes
1), which affect the two types of measurements differently. This N Poth our NMR and high-resolution X-ray models indicates a
result indicates that there are no substantial systematic errorg?0Ssible explanation for the increased CSA observed in RNA.

in these measurements, and averaged values were used in thePecifically, in our NMR structure of helix35, thesl8 atoms
analysis. are closer to the ©oxygens (y—o = 2.36=+ 0.04 A) than the

For the DNA oligomer, CSA results are found to be in fair SUM of the sca!ed van d(_ar Waal_s radii, suggesting a potential
agreement with solid-state NMR results on DNA mononucleo- Nydrogen-bonding type interaction. Atomic-resolution RNA
sides’3 The largest difference between the solid-state NMR data X-ray structures (PDB codes 483D, 434D, 1QCU) with the H
and our results occurs for adenine, @here our results yield ~ atoms added in an ideal geometry (in the base plane along the
an 119% larger CSA magnitude and a smaller asymmetry. Likely, N€@vy atom bisector) using a 1.08 A-@ distance, indicate
the increased CSA observed in our study results at least in part€ven smaller distances between th¢i@nd Q' atoms within
from the Watsor-Crick base-pairing in the double-stranded the A-form (2.22+ 0.09 A). For comparison, averageHC-

helix. A—C, is located adjacent toNwhich accepts an H-bond ~ Os distances in B form DNA are 3.2 0.2 A. Interestingly,
from U/T—NsH. A comparison of results from quantum when the @ CSA tensor for the A-form RNA mononucleoside

chemical calculations on an isolated adenine and a Watson With Os' replaced by a hydrogen (i.e., generatingsargethyl
Crick A—U basepair (Table 2) also points to an increasein C 970up) is computed, a 10 ppm reduction in the CSA magnitude
CSA upon H-bonding and a decrease in asymmetry. is observed. However, this dependence on the precise location
Results for the other carbon types indicate a slighti$%) of nearby, nonbase atoms glso suggests that pyrlmldlne.s that
larger CSA magnitudeldoM|, for Cs and G than those of the are not part of an A-form hellca_l str_ucture may hav_e con3|der-
solid-state NMR study, a smaller asymmetry of thg CSA ably smal!er CSA values, complicating the quantitative analysis
tensor, and slightly larger asymmetry fos. The asymmetries ~ Of relaxation data.
of the G; CSA tensor obtained by us and by Stueber and Grant  Differences in computed CSA values between RNA and DNA
differ substantially from the calculated value but agree reason- for nuclei other than pyrimidine £are smaller (Supporting
ably well with one another. Information). With the relatively limited amount of available

In contrast to the asymmetry, the _orlentatlon of our experi- (87) Gregory, D. M.; Mehta, M. A.; Shiels, J. C.. Drobny, G.JPChem. Phys.
mental G CSA tensor agrees well with computed results. For 1997, 107, 28—42.
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observables, we are unable to quantitatively confirm these large axial fluctuations of intact basepairs around the helical
smaller differences experimentally. Interestingly, RHF calcula- axis were present, not precluded by the high protection factors,
tions systematically resulted in higher CSA magnitudes than it can be shown that to first order these have very little impact
B3LYP, by fractions ranging from 2 to 10%. Our experimental on the derived CSA values (Supporting Information).

values are mostly brack_et_ed_ by these two sets of results, with Concluding Remarks

the exception of the pyrimidinesGCSA, where the calculated

CSA magnitude is ca. 2015% smaller than observed, ajdg| Next to CSlA fmagm;ude angeasyijmmetry, our study provides
> 1674, in contrast to the measurements which indidate( experimental information on theandy component orientation
~ [0z4]. of the CSA tensors of protonated carbons in the nucleotide base

If it is assumed that the CS tensor for a given type of nucleus glargeei"ngatdv(\)/ﬁﬁleréiillltcs alfr(I;)nl:lA uznn(iuiNS]eamng:;rgziﬁzti?r:;
is independent of its location in the oligomer and has one of its g q '

S Results presented by Stueber and Gfasttowed a considerable
principal components orthogonal to the plane of the base, the . .
. S dependence of both thevalue and the orientation of theand
full tensor can be determined, at least in principle, from as few he el . | il Diff
as threeAd measurements. In this respect, it is interesting to y components on the electrostatic crystal potential. Differences

note that the RCSA values provide the most direct information beftw(ejenl_the CSlA \_/glues z;ppllcaé)lg for Wats(?mk téa?e- h
on the3C CSA tensor, as their interpretation only requires paired oligonucleotides, observed in our study, and for the

. mononucleotides studied by solid-state NMR therefore are not
accurate knowledge of the molecular structure and the allgnmentSur rising. Excent for the requirement to prepare identical buffer
tensor, which follow directly from prior extensive RDC prising. P g prep

measurements. Nevertheless, the minimurg2{|oM|,»,0) is conditions for aligned and |so_trop_|c samples use_d_, precise
. . i s . measurement of base RCSA is simple and sensitive. With
relatively shallow, and this provided the main incentive to . -
. " . - accurate knowledge of the applicaBf& CSA tensors in hand,
explore, in addition, relaxation measurements for defining the . i
. ) ) RCSA measurement now provides an attractive complement to
CS tensor. Analysis of the relaxation rates in terms of CS tensor .
. . . . -~ measuring RDCs. Because the base carbon CSA tensors are
parameters is considerably more involved than interpretation | . o . L
o . . highly asymmetric, with the pseudounique principal component
of Ad values, as it relies on a diverse set of experiments and a_,: . 1
) . . . : aligned orthogonal to the base plane, and the dip&as-1H
relatively complex relation between the relative orientations of interaction is axially symmetric and in the base plane. the RCSA
the molecular diffusion tensor, the CS tensor, and the dipolar y Sy P ’

. . . and RDC values are highly complementary and together can
interaction. Moreover, these relaxation rate measurements,. ; . . ' :

) . : i L lift the degeneracy in base orientation associated with each
require particular precautions in terms of eliminating the effects

X - individual type of measurement.
of remote spins and®C—13C J modulation, as well as very
accurate temperature calibration when studying the field de- Acknowledgment. We thank Dennis Torchia (NIDCR, NIH)
pendence of relaxation on different spectrometers. However, for valuable discussions and Nico Tjandra and Shou-Lin Chang
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principal component of the CSA tensor, and therefore, they Tworowska (Rice University). This work was supported by the
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Table 1, indicating that neither th& values nor the relaxation
data introduce a bias in the experimentally derived CSA
parameters.

For proteins, there has been considerable discussion of th
effect of motions on a time scale slower than the rotational
diffusion on the observed dipolar couplings and how dipolar
couplings potentially could reveal the presence of such mo-
tions19.88.89Gimilarly, the presence of large amplitude domain
motions in nucleic acids has been established from RBOsir

study focuses on individual, stable, double-stranded helical experimental data, one table with best-fitted alignment tensors
segments. Hydrogen-exchange protection factors for the imino P . ’ gnn .
when using an ensemble of structures, one table with best-fitted

protons, measured in these oligonucleotides, are above 50 for ) ;
all nonterminal basepairs, indicating that Wats@rick base CSA data when using an ensemble of structures, one table with
pairing remains intact for at least 98% of the time. This suggests Pest-fitted CSA data when assuming a uniform 1 Rg
that large amplitude motions associated with base pair openingCPntribution, one table with CSA parameters when best-fitting
are relatively rare events that therefore should have minimal YSiNg & range oDy/Dp values, one figure showing the error
impact on the analysis of the measurkd values. However, if  surface for the fitted parameters as a functiomdf;, , ando,

one figure showing the error surface for-€Cgs when@ is fixed
(88) Meiler, J.; Prompers, J. J.; Peti, W.; Griesinger, C.; Bruschweileg, R.  at 28, and one figure showing the error in the fit as a function

Supporting Information Available: Full ref 59, one table
containing the experimentally observed parameters for the RNA
oligomer, one analogous table for the DNA oligomer, one table

8vith the base CSA parameters obtained from best-fitting and
from jack-knife cross validation, one table with jack-knifed cross
validation statistics, one table with computed (B3LYP and RHF)
shielding tensors for various nucleotides, one table with best-
fitted rotational diffusion tensor orientations for the RNA
oligomer, when separately fitting the,CCs, Cs and G

Am. Chem. So001, 123 6098-6107. ) _ of RNA diffusion anisotropy. This material is available free of
(89) Bouvignies, G.; Bernado, P.; Meier, S.; Cho, K.; Grzesiek, S.; Bruschweiler, . .

R.; Blackledge, MProc. Natl, Acad. Sci. U.S.&005 102, 13885-13890. charge via the Internet at http://pubs.acs.org.
(90) Al-Hashimi, H. M.; Gosser, Y.; Gorin, A.; Hu, W. D.; Majumdar, A.; Patel,

D. J.J. Mol. Biol. 2002 315, 95-102. JA061984G
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