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Abstract

A set of new NMR pulse sequences has been designed for the measurerhi@relaxation rate constants in

RNA and DNA bases: the spin-lattice relaxation rate consRaat ), the spin-spin relaxation rate consta&iC ),

and the CSA-dipolar cross-correlated relaxation rate confl@@h. The use of spin-state selective correlation
techniques provides increased sensitivity and spectral resolution. Sensitivity optimised C-C filters are included in
the pulse schemes for the suppression of signals originating from undesired carbon isotopomers. The experiments
are applied to a 159¢C-labelled 33-mer RNA-theophylline complex. The measwed, )/ FgCH ratios indicate

that13C CSA tensors do not vary significantly for the same type of carben@g; Cg), but that they differ from

one type to another. In addition, conformational exchange effects in the RNA bases are detected as a change in
the relaxation decay of the narrd®C doublet component when varying the spacing of a CPMG pulse train. This
new approach allows the detection of small exchange effects with a higher precision compared to conventional
techniques.

Introduction HSQC experiments (Kay et al., 1989). As the CSA
interaction is to a good approximation axially sym-
Recent advances in heteronuclear NMR and isotopic metric and collinear to the dipolar interaction, these
enrichment methods have enabfetl and 13C spin relaxation data can be interpreted in terms of angular
relaxation to become widely used for the study of fluctuations of the internuclear N-H vector.
the dynamical properties of biological molecules. As This strategy cannot be easily transferred to DNA
isotope labelling became available for proteins earlier or RNA oligomers because of their different chemi-
than for oligonucleotides, a large number of proton- cal structure. So far only few relaxation studies on
detected heteronuclear correlation experiments havenucleic acids have been reportetPN spin relax-
been devised to study local motions in proteins over ation measurements are limited to a few sites in the
a wide range of time scales. Most NMR studies of molecule because the base nitrogens are either at-
protein dynamics have focused BiN relaxation mea-  tached to fast exchanging imino or amino protons or
surements, where spin relaxation is mainly caused by not directly bound to any proton, although some in-
the dipole—dipole (DD) interaction with the directly formation on molecular dynamics has been recently
attached proton and tHe€N chemical shift anisotropy ~ obtained from!°N relaxation data measured for two
(CSA). Typically, the'>N spin-latticeR (N,) and spin- uracil N3 and five guanine Nnitrogens in a 14-mer
spin R(N4) relaxation rate constants and theN- RNA hairpin (Akke et al., 1997). The use &fC as
{*H} NOE are measured using a series of modified a relaxation probe is hampered by the presence of
complicated carbon spin-coupling topologies and the
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information has been obtained frofiC relaxation shielding anisotropies in molecules with a low proton
measurements on site-specificaliC enriched mole-  density (inefficientH spin-lattice relaxation). This is
cules, for example labelled on theyGPaquet et al.,  the case for the base carbons in nucleic acids, where
1996) or G (Williamson and Boxer, 1989) position, resolution enhancement factors of up to five are ob-
or on natural abundance samples (Borer et al., 1994;tained at currently available magnetic field strengths
Spielmann, 1998). Only the latter approach, however, (Brutscher et al., 1998).

allows a comprehensive investigation of local mole- Here we report new experiments for measuring
cular dynamics in the different sugars and bases. It 13C relaxation rate constants in the bases of randomly
has however been shown for the case of protein side-13C-labelled RNAs. A first pulse scheme allows the
chains (Wand et al., 1995), and very recently also for measurement of the auto-correlated relaxation para-
RNA purine nucleotides (Kojima et al., 1998), thatlow metersR(C,) and R(C;), a second one has been
level random fractional enrichment at all carbon sites designed to measure the CSA-dipolar cross-correlated
can considerably reduce the problems associated withrelaxation rate constaﬂTéf’CH from the differential

homonucleat®C couplings and increase the overall relaxation behaviour of the twi3C doublet lines. Fur-
Sensitivity of the relaxation experiments with respect thermore, the average relaxation rate of the two dou-
to natural abundance samples. Alternatively, constant- plet lines provides a valuable estimate of the spin-spin
time frequency labelling, selective spin decoupling, relaxation rate constamR(C,). All pulse sequences
and selective spin locking techniques have been pro-include the features of spin-state selecth€ fre-
posed to record®C relaxation experiments on fully  quency editing and allow the combined use '6f
13C-labelled molecules. While these techniques can and 13C steady-state magnetisations. Additional fil-

partially resolve problems associated with scatat J  ter sequences, required for the selection of specific

coupling evolution, they do not refoc®C-°C dipo-  carbon-carbon isotopomers, have been included and
lar contributions to spin relaxation, which increase signal loss during the filter is minimised by the use
with molecular weight (Yamazaki et al., 1994). of spin-state selective techniques. All relaxation rate

The major problems for the accurate determina- constants are obtained from the mono-exponential in-
tion of 13C relaxation rate constants in fractional tensity decay of well-resolved cross peaks recorded
13C-labelled RNA remalig the poor sensitivity and in a series of 2D experiments. On the basis of the
spectral resolution ofH-13C correlation spectra due  measured relaxation rate constants a few conclusions
to the fast transverse relaxation of bdti and 1C. can be drawn on the magnitude HC CSA ten-

We E‘??Ve recently demonstrated that spin-state selec-sors in RNA oligonucleotides. Additional information
tive *°C frequency editing greatly improves both the on conformational exchange processes in the RNA
resolution and the senS|t|V|ty 01‘“"- C correlation is obtained by samp"ng the relaxation decay of the

spectra of RNA (Brutscher et al., 1998). Because of sjowly relaxing'3C doublet line with varying CPMG
cross-correlation betweédC CSA and'H-13C dipo- inter-pulse delays.

lar interactions, the two lines of a peak doublet in a

scalar-coupled two-spin system exhibit different line

widths. In other words, the relaxation properties of Theoretical background
13C depend on the spin state of the scalar coupitd

Several experimental techniques have been proposedConsidering an isolated scalar coupled two-spin sys-
recently to achieve spin-state selection by means of tem 13C-1H, analytical expressions can be derived
a train of non-selective rf pulses: TROSY (Pervushin fgor the spin dynamics in Liouville space (Goldman,
etal., 1997, 1998b), IPAP (Ottiger etal., 1998) 8ES  1984). During a free evolution period and neglecting
(Meissner et al., 1997). Selection of only the narrow chemical shift evolution, the master equation, which

line by the pulse sequence yields a gain in spectral res-governs the spin dynamics, can be written in the basis
olution and in favourable cases also yields an increase of the shift-operator§, = C, + iCyand T, H, =

in sensitivity. In addition, théH and*3C steady-state  2¢, H, + i2CyH. as

magnetisations can be simultaneously transferred into

a detectable NMR signal by these pulse sequences, d C+ Cy

thus partially compensating the factor of two signal dt 2C.H, =-L 2C.H, @)
loss due to the line selection. This new methodology ' '

is especially attractive for nuclei with large chemical with



R(Cy)

B (FgCH-i-iT[JCH )

with the auto-correlated relaxation rate constants
R(Cy), R(C+H;), the CSA-dipolar cross-correlated
relaxation rate constarfts.,,, and the scalar one-
bond coupling constanicy.

For the discussion of the pulse sequence of Fig-
ure 1C it is more convenient to transform Equation 1
in the basis of the single-transition operatdl{ﬁ) =
1/2(Cy — 2C4 H,) andCP = 1/72(C, + 2¢4 Hy),
where the superscripta and @) indicate the spin-
state of the'H following a commonly used sign
convention (Cavanagh et al., 1996):

FgCH +inJcH
R(C-i-Hz)

() ()
d [ C C
da + _ + @
dt C(f) Cf)
with
o —inJcH + R+ — TG cn ARy

(

with R, = (R(Cy) + R(C+H,))/2 and AR,
(R(C+) — R(C+H,))/2. The off-diagonal elements
AR, can be neglected i{/(nJCH)2+ (T&en)? >
AR, In this case, relaxation of the twdC doublet
lines described by the single-transition opera@ﬁ
andcf) is mono-exponential.

Spin relaxation in thé3C-1H system is governed
by the13C CSA and thé3C-1H dipolar interactions.

In the following we will assume isotropic molecular
tumbling and isotropic local motions. In this case the

)

ARy inJcH + R+ + Fé{'CH
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fop = Mo YCVH h
(rd.) 2n’

and 13C Larmor frequencywc vcBo. ye and
vy are the gyromagnetic ratios fC andH, h is
Planck’s constanty, is the magnetic field constant,
and rc-y is the C-H bond length. Th&C CSA is

described by the parameteks = /o2 + 62 — 0,0y
and Ac* = Po(cost*¥)oy + P2(cos®’?)oy, with
Ox = Oxy — Ozz aNdo, = Oyy — Oz, Oxx, Oyy, Oz
are the principal values of the CSA teng®f ande>4
are the angles between the internucfe@-H vector
and the principal axes x and y of the CSA tensor, and
P>(x) is the second order Legendre polynomi&lw)
is normalized so that(0) = 2t./5 for an isotropically
tumbling rigid molecule with correlation time.. The
additional termRex takes into account conformational
exchange contributions resulting from fluctuations in
the micro- to millisecond time-scale range.

The dependence of the relaxation rate constant
R(C;,) on the power spectral density function is given

by

1 2
R(Cy) = ZEDD{J((DH —o¢)

+ 3J(w¢) + 6J(wg + o)}

(6)

All measured relaxation rate constants depend in
a complex manner on the spectral density of the
molecular motion sampled at several characteristic fre-
quencies, thé3C CSA tensor and some geometrical
parameters (Equations 3—-6). An elegant way to sep-

1 2 2
+ §(A0) wed (o)

different relaxation rate constants can be expressedarate the dynamical contributions from the CSA and

in terms of the same power spectral density function
J (w) of the molecular motion:

1
R(C+H,) = éz%,)w(m + J (0w — oc)
+3J(w¢) + 6J (g + wc)} (3

+%3(A_o)2w%{4J<o> +3J(wc)} + Rex
3
R(C+) = R(C+H;) + ZE%DJ«»H) (4)

. 1L
Fc)j(;H = —BEDDAU wc {4J(0) + 3J(wc)} (5)

with the dipolar constant

the geometrical parameters consists in looking at the
ratio R(C+)/ ' cyy- In the case of biological macro-
molecules at high magnetic fields, the high frequency
terms of the power spectral density functidwg),
J(wyg — oc¢), andJ (oyg + oc) are small compared

to J(0) and J(w¢) and can be safely neglected. In
this case, both the transverse relaxation rate constant
R(C4) and the cross-correlated relaxation rate con-
stant FgCH are proportional ta4J(0) 4+ 3J (wc)).
Therefore, for spin systems devoid of any conforma-
tional exchange contributioRey, the R(C.)/ Fgc:H
ratio becomes independent of the molecular motion
(Fushman and Cowburn, 1998):

—2
R(C;)  9E3p +4vEBAc
12ppycBoAc*
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Figure 1. NMR experiments for the measurement'3€ spin relaxation rate constants in the bases of nucleic acids. The pulse sequences have

been designed to measure the relaxation rat€s @) and C(B), and of the individual line componentsff‘) andCf) of the13C doublet (C).

The underlying concept is illustrated by a sequence of NMR building blocks. Thin and wide bars représermd 280 rf pulses, respectively.
Compositet3C 180 pulses are used for broadband spin inversio@,(QQQ}, 9(¢) and refocusing (594 298, , 59.4;). Composite inversion

pulses are indicated by vertically dashed bars, refocusing pulses by horizontally dashed bars. Open bars indicate rf pulses applied along the
x-axis, while black bars correspond to other constant or cycled phases. The transfer and filter delays werg;setté/2J/cy = 2.6 ms

andAcc = 1/2JcHq = 7.5 ms.13C decoupling durindH detection is achieved using GARP (Shaka et al., 1985) with an rf field strength of
lyB1|/2n = 3 kHz. Pulsed field gradients were applied along the z-axis with a strength of approximately 70 G/cm. To avoid creation of echoes,
all purging gradients or pairs of gradients (on either side of JR0ses) were set to unequal lengths ranging from 100 tq800ith a recovery

delay of 100us. Off-resonance rf irradiation is applied prior to the actual pulse sequence to compensate for sample heating occurring during
the relaxation delay because of the application ofj@@ses. In all three pulse sequences an initial INEPT transfer is used which creates two

coherence transfer pathwayd; — 2Cy H; andC; — Cy. The two pathways can be combined to enhance eitheCfft)eor C_(f) single

transitions. The phase settigg= +y in sequences (A) and (B) enhances the nar@d{?\) component, which is selected by the foIIowin@B

filter sequence using = [x + 45°], W4 = [y, —Y], and Rec= x. In sequence (C), the phasés set toc = —y for Cf) relaxation and to

¢ = +y for Cﬁf‘) relaxation measurement. For pulse schemes (A) and (B), quadrature detectias @btained by time-proportional phase

incrementation oflg (initially set to W3 = x) according to the hypercomplex method. For pulse scheme (C), two datajsatsifE are
recorded with the following phase settings: By =[—X, X, =Y, Y], ¢1 =[], ¥2 = [X, X, =X, —X], Rec=[Xx, =X, ¥, —Y], and B: V1 =[-X,

X, =Y, Y], 1 = [—y], Y2 =[—X, =X, X, X], Rec= [x, —X, y, —y]. Quadrature detection in is obtained by linear combination of the two data
sets g and B: Realt;) = E; + E> andimagt;) = E; — E5, and by an additional 90phase shift ofmag(t;) along thei(lH) dimension.
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This relaxation rate ratio can be used to probe varia- relaxation in fractionally labelled molecules will be
tions of thel3C CSA tensor or the C-H bond length  discussed later. During the incremented time period
along the nucleic acid chain. t; the 13C frequencies are edited while tAel spins

In macromolecules the approximation of an iso- remain in the favourable] spin state. Prior to the re-
lated two-spin system is always questionable, as the laxation period, a filter is introduced which suppresses
presence of other spins offers multiple additional re- the antiphase coherenc€2H,. Such a preparation is
laxation pathways. In order to evaluate the importance necessary in order to avoid any admixture of in-phase
of such effects in RNA we have considered thé- and antiphase components during the relaxation delay.
1H dipolar interaction with an additional neighbouring ~ After the relaxation period a refocus&tC-H INEPT
spin. The auto-correlated relaxation rate constants sequence is used to create observableoherences
R(C4+) and R(C;), and the cross-correlated relax- for detection. During the spin-lattice relaxation period
ation constanrg’CH remain unaffected by the pres- (Figure 1A) a train of 180H pulses suppresses cross-
ence of an additiondH spin, while additional auto- ~ relaxation effects ofC; with 2C;H. and H. due to
relaxationpny and cross-relaxationy pathways for  the *H-13C dipolar interaction and the CSA-dipolar
the antiphase coherenc& 2H. are introduced by  cross-correlation (Kay et al., 1992). In the case of
the 'H-1H dipolar interaction. In the case of slowly ~SPin-spin relaxation (Figure 1B) the spin evolution is
tumbling molecules and neglecting internal motion, described by Equation 23C chemical shift andici

pHH andonn are equally efficientpun = —onn, coupling evolution are refocused by application of a
and R(C, H,) has to be replaced by an effective rate CPMG pulse train (Meiboom and Gill, 1958). The
constantReff (C4 H.): CSA-dipolar cross—correlatidﬁgCH is suppressed by
aH 180 pulse train synchronised with the CPMG
Rett(Cy+H;) = R(CyH:) + pHH (8 sequence (Kay et al., 1992).

The three-spin system is a reasonable approximation The experimentof Figure 1C aims at measuring the
pin Sy PP relaxation rate constants of the individual lines of the

to the situation found in RNA where the proton density 13C (LH) doublet. The pulse scheme is derived from

;Str;‘luci‘;g‘é")erlrﬁh;g 'glgvrvomlisog’\(i?:&it /‘;"(' lezf) LU the TROSY sequence (Pervushin et al., 1997, 1998b;
becomes independent of the spectral density function, Brutzc,atiher etal, (51)998)' For the measurement of the
and the relative contribution of the4-IH interaction ~ X(C+ ) and R(CY") rate constants, the same pulse
to the relaxation rat&Ress(C+ H;) is computed to be sequence 1S use_d but V\."th different phase_settlng_s as
on/R(Cy H.) = 0.04 for gy — 2.46 A andAo = given in the caption pf_Eigure 1. The relaxation per_iod
160 ppm, corresponding to thes##lg distance and the is included aifter the initial INEPT tre_msfer. Depending
Co CSA ,respectively on the relative phase of the following 98H pulses

' ' the single transition operators are either interchanged
(a) «— (B) or not. This aims at keeping or restor-
ing the slowly relaxing!3C componentC® for the
following C-C filter sequence and tHéC frequency

signed for the measurement BC transvers(C,.) herence is selected and transferred into an observable

and longitudinalR(C;) relaxation rate constants, re- H{® coherence. As the orthogonal cohereig® is
spectively. The common features of the two experi- simultaneously transferred into a detectable coherence
ments are as follows: after an initial INEPT transfer Hy(“) this allows the application of the sensitivity en-
step, spin-state selection is achieved by a slightly mod- hancement scheme for quadrature detection in indirect
ified S’E pulse scheme, which selects the slowly re- frequency dimensions (Palmer et al., 1991). Several
laxing C¥ component. The following pulse sequence 9roups (Andersson et al., 1998; Brutscher et al., 1998;
block filters signals originating from molecules with Pervushin et al., 1998a; Rance et al., 1999) have re-
two adjacent3C carbons. During the filter delaycc cently shown the applicability of sensitivity'enhanced
relaxation occurs with the rate constaﬁ'Cﬂf)) of the quadrature det_ectlori to TROSY. The antiphase part
narrow doublet line, which minimises signal loss. The ©f the proton signal is suppressed by a phase cycled

importance of such filter sequences (labelled as ‘C-C e 13C pulse prior to detection and_the application
filter’) and their efficiency for the measurement'8€ of a **C decoupling sequence (Cordier et al., 1999).

Materials and methods



246

1.0
[ C2'A28 15 A A
r B G A
: C—G
08 | cZ6
> -
a - R(Ciﬁ)) G c
= /
8 06+ 10 A C
= Y- U
- I \ u
.g C—G 25
'S 041 c—a
g A C
S 3 U A
z 5 A G
02} - R(C,) G—C 30
I T C—G
R(C) G—U
0.0 1 1 1 G =C
0 10 20 30 40

T (ms)
Figure 2. Experimental relaxation decay curves obtained for the&@bon of nucleotide A28 in the 33-mer RNA-theophylline complex using

the pulse sequences of Figure 1B #®¢C) and Figure 1C foﬂ?(cﬁf‘)) and R(Cf)). All data were recorded using the same CPMG pulse
train with an interpulse delay afcppmc = 0.1 ms. Filled circles and squares correspond to relaxation decays measured with the sequence
of Figure 1C, the intermediate decay curve) (vas obtained with the sequence of Figure 1B. The secondary structure of the 33-mer RNA is
drawn on the right.

As thelH CSA is small and consequently the CSA- antiphase coherenc&€2H. to conserve the benefit of
dipolar cross-correlated relaxation is inefficient, this using bothtH and'3C steady-state polarisations. The
experimental procedure avoids small artefacts in the C-C filter and the ¢ frequency editing in these exper-
1H dimension due to the tuning of the TROSY transfer iments have to be placed before the relaxation period
delays (Andersson et al., 1998; Brutscher et al., 1998) in order to take advantage of the favourable relaxation
without loss of sensitivity. During the relaxation pe- properties of thefj(f) coherence.
riod T the spin evolution is described by Equation 2. All experiments are demonstrated on a 33-mer
The CPMG pulse sequence refocudé€ chemical ~ RNA in a 1:1 complex with unlabelled theophylline
shift evolution. No*H pulses are applied to avoid the (Zimmermann et al., 1997). Theophylline is a bron-
mixture of () and @) spin states during the relaxation  chodilator, chemically analogous to caffeine with a
delay. During the free spin evolution delayspma, molecular weight of 180 Da (Jenison et al., 1994).
the largeJcnh couplings (cH ~ 190 Hz for base car-  The RNA was 15%-3C labelled and dissolved in a
bons) ensure mono-exponential relaxation of the two puffer of 20 mM sodium phosphate (pH 6.8), 30 mM
13C doublet lines. NaCl, 2 mM mgC$ in DO at a sample concentration
Different experimental techniquesiSor TROSY)  of about 1 mM. Theophylline was then added to the so-
are used for spin-state selection in the sequences ofjution to form a 1:1 complex with the RNA. Data were
Figures 1A & B and Figure 1C, respectively. In the recorded on a Varian INOVA 600 MHz spectrometer
TROSY sequence spin-state selection is achieved dur-at g sample temperature of 298 K. Data processing
ing the final’3C—1H transfer step, whereas théES  was achieved using the FELIX program version 97.0
pulse scheme can be inserted at any place in the pulsqMolecular Simulations Inc.).
sequence. In general TROSY is preferred, as sen-  Two-dimensionalH-13C correlation spectra were
sitivity enhanced quadrature detection and spin-state acquired using the experiments of Figure 1 with 512

selection are concatenated with the fifdC—1H (*H) x 256 (3C) complex points and spectral widths
transfer step. In the case of théESsequence, addi-  of 7804 and 9054 Hz, respectively. The carrier fre-
tional relaxation occurs during the delay afcH/2, guencies were set on the water resonance (4.7 ppm)

wherﬂhe spin system relaxes at the average rate confor 1H and the centre of the.CCg, and G base car-
stantR.. In the experiments of Figures 1A and B the bons (147 ppm) fof3C. The CPMG pulse train was
S°E technique was applied before cancellation of the carefully calibrated at a power level fB1|/2n =



19 kHz and the effectively refocused frequency band-
width was experimentally determined on a 19¢-
labelled iodomethane sample to B&l000 Hz. The
relaxation decays were sampled at eight time points:
40, 80, 160, 260, 400, 600, 800, 1000 ms RYC;);

0, 4, 8, 12, 16, 20, 24, 28 ms faRk(Cy); 2, 4,

6, 8, 10, 14, 16, 18 ms for(C\"); and 2, 6, 10,

14, 18, 22, 26, 30 ms for(C'”). The overall ex-
perimental time was about four days per relaxation
series. All spectra were processed using two different
protocols to optimise either signal-to-noise or resolu-
tion of the cross peaks. In both cases a Lorentzian to
Gaussian apodization was appliedip(*H), whereas

in the w1(*3C) dimension a squared cosine function
was used, shifted by 3Gor resolution enhancement.
The data were zero-filled, multiplied with the apodiza-
tion function and Fourier transformed yielding final
matrices of 8192x 8192 data points. The spectra
were baseline corrected in both dimensions using the
FLATT algorithm (Dietrich et al., 1991). Peak inten-
sities were extracted from the 2D spectra using a local
grid search routine for each cross peak. Uncertain-
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Figure 3. 13C relaxation data measured for the,Cg, and G car-

tiesin meas_ured peak heights were e_Stimated from thepons in the 33-mer RNA—theophyliine complex. In (A) are plotted
spectral noise level and from recording the same ex- the R(C;) values obtained with the pulse sequence of Figure 1A, in
periment twice. A good qualitative agreement between (B) the R(C+) rate constants measured with the pulse sequence of

these two measurements was obtained. The relaxatio
rate constantsk; (R(C,), R(C1), R(C\), R(C'P))
were determined by fitting the measured peak heights
to a two-parameter function of the form(T)
Ipexp(—R;T), where I(T) is the intensity after a
delay time T andy is the intensity af” = 0.

The cross-correlated relaxation rate constant

Figure 1B (dark bars) or Figure 1C (dashed bars). In both cases the

r¥nterpulse delaytcppmg was set to 1.0 ms.

based pulse sequence of Figure 1B and the upper and
lower curves to the relaxation decays of the individual
doublet component@ﬁf") and Cf) obtained with the
TROSY-based sequence of Figure 1C. Note the larger

Fch and the average auto-correlated rate constanterror bars of the cross-peak intensities for ifig

_ 1

= 3R -
LR + R(CP)), respec-

R were then calculated a37

R(CP)) and Ry
tively.

Results and discussion

Well-resolved'H-13C correlation maps of the base re-
gion of the RNA in the theophylline complex were
obtained (Brutscher et al., 1998) with the pulse se-
guences of Figure 1 and relaxation data for & 8

Cs, and 11 @ sites could be extracted. Additional
R(C,) rate constants were measured for 0c@rbon
sites. Typical relaxation decay curves obtained for the
C, carbon of nucleotide A28 are shown in Figure 2:
the intermediate curve corresponds to the relaxation
decay of theC, coherence measured with théES

measurements. This difference is due to the inherent
sensitivity of the two pulse sequences of Figures 1B
and C as explained above. In the case of the CPMG
relaxation experiments only the,CCg, and G cross
peaks were used for a quantitative analysis because
of the limited frequency bandwidth covered by the
CPMG pulse train. The measur@dC,) and R(C.)

rate constants for thesCCg, and G base carbons are
displayed in Figures 3A and 3B, respectively.

In Figure 3B the transverse relaxation rate con-
stantsR(C-.) obtained with the sequence of Figure 1B
(dark bars) are compared to relaxation rates mea-
sured with the sequence of Figure 1C (dashed bars).
For the latter, two independent series of experiments
have been carried out for measuring mecf)) and

R(Cﬂf) ) relaxation rate constants and the reported val-
ues correspond to their average. The two rate con-
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stants are identical within the experimental errors. The These non-negligible signals appear in the spectrum
good experimental agreement clearly demonstrates theas additional unresolved or poorly resolved doublet

validity of the two-spin approximation for the major-
ity of 13C-H sites in our RNA molecule. It shows
that the!H-H dipolar contributions in Equation 8 are
small compared to thé3C relaxation rate constant:
PHH < R(CiH;) andopy <« R(CyH), and con-
firms the assumption that the power spectral density
at the proton frequency(wg) is small compared to
J(0) andJ (w¢). One can therefore safely neglect the
J(wg) term in Equation 4 and obtain the following
relation:

Ry = (R(CyH)) + R(C4))/2= R(Cy)  (9)

One exception is the {carbon of C27, where the
measured rate consta¢C ) andR, differ by 3s1
(=10% of the absolute value). According to the struc-
tural studies of the 33-mer RNA bound to theophylline
(Zimmermann et al., 1997), C27 is not involved in any
base pairing with other nucleotides and the base points
towards the outside of the complex. The high degree of
internal flexibility was previously observed by Zim-
mermann et al. (1998) and is also confirmed by the
largeR(C;) and smallR(C-.) rate constants measured
in our present study (Figures 3A and B). Therefore itis
not surprising that the two measurements yield slightly
different results. Nevertheless, even for this highly
flexible nucleotide theR, rate constant provides a
good estimate foR(C.).

The TROSY-based pulse scheme of Figure 1C
thus allows simultaneous measurement of the cross-
correlated relaxation rate constdnt'-,,, and of the
rate constanR,, which to a good approximation is
identical toR(C) (Equation 9) and therefore contains
additional useful information on molecular motion.

C-C filter efficiency and optimaPC enrichment

In a 15% randomly’3C-enriched RNA, the signal
intensity originating from isolated®C (*H) systems
(singlet peaks) is expected to be 15 times higher than
in the case of a natural abundance sample. However,

in the presence of adjacent carbons as in the case

of Cg and G in pyrimidine bases, additional scalar
and dipolart3C-1°C interactions have to be taken into
account. The dipolar interactions offer additional re-

peaks with a splitting ofJcc = 67 Hz, centred around
the predominant singlet peak. This peak overlap pre-
vents the accurate measurement of the singlet peak
intensities. Reliable relaxation measurement for these
sites requires filtering of unwanted signals due to the
13C-13C pairs. C-C filters (Wand et al., 1995) have
been implemented in the three pulse sequences de-
picted in Figure 1. In principle, the position of the
C-C filter (and of the t evolution period) in the pulse
sequence can be freely swapped but sensitivity dic-
tates that it should be applied when the spin system

relaxes with the favourabIE(Cf)) rate constant. All
data recorded with the sequences of Figures 1B and
1C showed a mono-exponential relaxation decay. This
was not the case for theg@arbons when the spectra
were recorded without a C-C filter inserted in the pulse
sequences (data not shown). During the additional
time required for the filter, there is a concomitant loss
of sensitivity due to relaxation. This signal loss is con-
siderably reduced by the use of spin-state selective
techniques. On the basis of the measured relaxation
rate constants on our 33-mer RNA sample a signal
gain ranging from 30 to 50% with respect to stan-
dard (non-spin-state selective) filter techniques can be
computed assuming an exponential decay of the mag-
netisation during the required filter delay afcc =

7.5 ms. On an absolute scale the implementation of
the C-C filter is accompanied by a loss of only 10 to
20%. These data can be extrapolated for the case of
larger RNA molecules with tumbling correlation times
of t = 20 and 30 ns, yielding a relative signal gain
of a factor of 2 and 3, respectively. Even for such
large RNA molecules the absolute signal loss due to
the filter would be limited to about 40% (instead of
75%) using spin-state selective techniques. Note that
in the case of pyrimidine £the triplet signals orig-
inating from thel3Cg-13Cs-13C,4 isotopomer are not
suppressed by the C-C filter, but at low levels'$€
enrichment they can be safely neglecte®% in the
present case).

As the different sites in an RNA molecule have
either no, one or two carbon neighbours, the optimal
level of random fractional labelling will be different
for each site. Neglecting long-range carbon-carbon in-

laxation pathways, whereas the scalar couplings createye ctions and requiring a negligible contribution from

an oscillatory contribution during the transverse relax-
ation decay. In the case og@nd G base carbons, the
contribution originating from thé3C-13C isotopomers

to the detected signal is 15% and 30%, respectively.

the unsuppressetfCs-13Cs-13C4 isotopomer it ap-
pears that the optimal isotopic enrichment would have
been 100% for g and G, 50% for G (and G/, Cy
sugar carbons) and 25% fog Cand G/, Cy, and G
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Figure 4. R(C4+)/ ¢y ratios obtained for the £ Cg, and G
carbons in the 33-mer RNA-theophylline complex. The two rate
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ure 4R(C+)/F8’CH ratios measured for thesCCg,
and G positions of our 33-mer RNA are shown. This
ratio is to a first approximation independent of molec-
ular motion (Equation 7) and therefore different ratios
reflect either variations in the CSA tensor or the local
molecular geometry.

The R(C4)/ T'¢ ¢y ratios obtained for the £car-
bons of adenine, which have the smallest experimental
errors, are remarkably constant. In the case of the C
and G carbons the interpretation of the data is com-
plicated by the relatively large errors. Assuming no
variation of the C-H bond distance and thus a con-
stant value fogpp, a few conclusions can be drawn
from this figure: (i) the assumption of isotropic mo-
tion and negligible high frequency contributions to the

constants were measured with the pulse sequence of Figure 1C. TheSPectral density function seems to be relatively well

delay between successive 28fulses in the CPMG sequence was
kept short,icpmc = 0.1 ms, to suppress conformational exchange
contributions toR(C4). Horizontal lines correspond to calculated
mean values: 1.28 0.01 for G, 1.61+ 0.03 for G and 1.70+
0.03 for G,

sugar carbons). For a 25%C-labelled sample the
signal intensity of the central line of the triplet peak
is about 5% of the singlet peak. In conclusion, a 25%
randomly13C-labelled sample appears to be a good
compromise for the study of local molecular dynamics
in RNA at a large number of carbon sites.

Chemical shift anisotropy of base carbons

Chemical shift anisotropy of base carbons in nucleic
acids is a major source offC relaxation at high
magnetic field strengths. For the interpretation of the
measured relaxation data in terms of molecular dy-
namics, the accurate knowledge’dC CSA tensors

in nucleic acids is therefore a prerequisite. At this
time no experimental CSA data are available for car-
bons in purine or pyrimidine bases. In a recent review,
Sitkoff and Case (1998) reported Density Functional
Theory (DFT) calculations of3C CSA tensors in
9-methyl-purine and 1-methyl-pyrimidine. The DFT

satisfied in the present case; (ii) the mean values for
the R(C4)/T'¢ oy ratios vary considerably between
the chemically different carbons: 1.280.01 for G,
1.61 4+ 0.03 for G, and 1.704+ 0.03 for Gg. This
clearly indicates that contrary to previous studies on
RNA and DNA systems different CSA tensors have to
be taken into account for the analysist8€ relaxation
data for different types of carbon; (iii) the variations
from one base to another for a given carbon typg (C
Cs, Cg) are small compared to the differences be-
tween them. The most outlyin§(C)/ ¢ ¢y ratio
corresponds to £of nucleotide A17, which under-
goes important conformational exchange, as will be
shown in the next section. The pulse repetition rate of
the CPMG sequencedpmc = 0.1 ms) is apparently
too slow to completely suppress tiRay contribution

to R(Cy) for this spin.

Finally, our experimental results can be compared
to the DFT calculations of Sitkoff and Case (1997). As
expected for isolated bases the calculated CSA ten-
sors differ for unlike carbon types, but only minor
variations are reported for theg@arbons in adenine
and guanine, or the and G carbons in cytidine
and uridine. TheR(C,)/ Fg’CH ratios calculated with
Equation 7 on the basis of the reported CSA ten-

calculations and solid state NMR measurements on sors and setting the aromatic C-H distancedq; =
benzene derivatives (Veeman, 1984) confirm that the 1.08 A (Allen et al., 1987) are: 1.31 for«1.35 for

CSA tensor is fully anisotropic with one principal axis

orthogonal to the aromatic ring and a second approx-

imately parallel to the C-H bond (with a deviation of
0°-20). While the orientations are almost conserved

Cs, and 1.61 for @. The calculated ratios for the,C

and G carbon sites are very close to the experimen-
tally determined values for these carbon types. In the
case of @ the calculated CSA tensors cannot accu-

among these systems, large variations in the CSA rately reproduce the experimental data, indicating that

magnitude have been reported.
CSA tensor information can also be obtained from
liquid state NMR relaxation measurements. In Fig-

the influence of the ribose ring may not be correctly
taken into account by the methyl group replacement.
Both DFT calculations and NMR relaxation measure-
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ments show that3C CSA are smaller in RNA bases
than in most benzene and toluene derivatives (Veeman,
1984), which have until now often been used as model
systems for the analysis 6fC spin relaxation data in
RNA.

A more detailed picture of th&3C CSA tensors
in RNA from NMR relaxation data will be obtained
from measurements at different magnetic fields (Fush-
man et al., 1998). The Bfield dependence of the
R(C4)/ T ¢y ratios allows the separation of the two

relevant relaxation CSA parameteks and Ac* us-
ing the analytical expression given in Equation 7. This
work is currently in progress in our laboratory.

Detection of conformational exchange processes
Conformational and chemical exchange processes on
the microsecond to millisecond time scale are mani-
fest as an additional contributiaRey to the spin-spin
relaxation rate constants (Equations 3 and 4).1&nr
relaxation data in the protein backbone it has been re-
cently shown (Brutscher et al., 1997; Kroenke et al.,
1998) that a comparison of the cross-correlated relax-
ation rate constanﬂSgCH and the auto-correlated rate
constantsR(C) allows the identification of exchange
processes. Assuming isotropic motion and identica
CSA tensors for the differeAgC sites, these two para-
metersl'¢'y; depend in a similar way on the spectral
density function/(w) (Equations 4 and 5), except
that conformational exchange does not contribute in
the case of'¢'cyy. In the present study only thesC

of nucleotide A17 could be unambiguously identified
as experiencing conformational exchange when com-
paring the two relaxation rate constants obtained with
the sequence of Figure 1C and a CPMG delay of
tcpme = 2.0 ms (data not shown). While this com-
parison represents a simple and generally applicable
method for the identification of larger exchange con-
tributions, it will not distinguish between smalex
terms and anisotropic motions or variations in th@
CSA tensor.

More quantitative information concerning the ex-
change contributions can be obtained from relaxation
data recorded at multiple Bfield strengths (Peng
and Wagner, 1995; Phan et al., 1996), off-resonance
rotating-frame spin relaxation experiments (Deverell
et al., 1970; Akke and Palmer, 1996), or from varia-
tion of the pulse spacing within the CPMG pulse train.
Here we will focus on exchange processes revealed by
CPMG transverse relaxation experiments. Bloom et al.
(1955) have computed the exchange contribuftgp
for a two-step process during a CPMG pulse train:

Rex= (50)?papBTex {1 -
Tex

tanh< )}
TCPMG

where tcpmc is the delay between the 18@ulses
in the CPMG pulse train; pand pp are the popula-
tions of the two exchanging states) is the chemical
shift difference between the two substates, agpd
is the characteristic time constant of the exchange
process. Equation 10 implies that tRg contributions
are completely suppressed when the spacing of the
18C pulses is much smaller than the exchange time
constantrcpmc K Tex

In order to experimentally detect exchange contri-
butions Rey, the relaxation experiments are repeated
several times, varyingcpmc. In standard3C relax-
ation experimentRey is estimated from thecpuc
dependence ak(C) rate constants. The accuracy of
the measurement, however, becomes quite paRg.f
is much smaller tharR(Cy4), as the exchange term
is obtained from the difference of two large but close
values,R(C4) and(R(C+)+ Rey). Spin-state selective
techniques again offer the possibility to increase the
sensitivity of the conformational exchange measure-
ments, by monitoring the effect on the slowly relaxing

Cﬂf) coherence, which is affected in the same way
by the exchange process @s. Ishima et al. (1998)

have recently proposed a similar approach for measur-
ing exchange contributions to amide proton spin-spin

relaxation rate constants of proteins. As dipolar and

CSA contributions tccf) relaxation are independent
of tcpmc (Equation 2), the pulse sequence of Fig-
ure 1C allows the use of long:pnc (Several millisec-
onds) without modification of the CPMG sequence.
This presents an attractive alternative to the recently
introduced technique of Loria et al. (1999), where an
additional pulse element is introduced to interconvert
in-phaseC, and antiphase coherences,;2H, during
TCPMG

In Figure 5 two examples of carbon sites undergo-
ing measurable conformational exchange are shown.
The relaxation decays were obtained by recording ex-
periments with the pulse sequence of Figure 1C with

phase adjustment fcrfff) relaxation using two dif-
ferent CPMG pulse trainsicpyg = 0.1 ms and
TCPMG 2.0 ms. Note that even for the short
tcpmc delays, a mono-exponential decay of the re-
laxation curves is obtained. As discussed previously,
this observation reflects the fact tHa',, > ARy

(Equation 2). In the case ofgCof nucleotide A17,

TCPMG

(10)

Tex
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Figure 5. C_(f) relaxation decay curves obtained fop ©f nucleotide A15 (left part) and Cof nucleotide A17 (right part), both located

in a GAg loop region of the RNA. The relaxation data were recorded with the pulse sequence of Figure 1C using different CPMG delays:
tcpmc = 0.1 ms (circles) andcpmg = 2.0 ms (diamonds). Differences in the relaxation decay curves for the two CPMG delays reflect the
presence of conformational exchange processes for the two nRgjek 5.2 s™1 for C»-A15, andRex = 20 s 1 for Cg-Al7.

an exchange contribution dkex = 20 s! is ob- useful for the study of molecular dynamics in fraction-

tained, whereas in the case of the & A15 a small ally 13C-labelled DNA. A preliminary analysis of the

exchange effecRex = 5.2 slis clearly identified measured relaxation rate constants in a 33-mer RNA

from the two relaxation curves. This small exchange showed significant variations in tH€C CSA tensor

effect of G of A15 would have been difficult to de- from one carbon type to another. As a consequence,

tect from thetcpmc dependence of the fast relaxing carbon-type dependent CSA tensors will be neces-

C. coherence. Both nucleotides A15 and Al7 are sary for the accurate interpretation of RNA relaxation

located in a GA loop region of the RNA (see Fig- data in terms of molecular dynamics. The detection

ure 2). Conformational exchange processes ingGA of small conformational exchange effects by a sen-

hairpin loops have previously been identified (Legault sitive experimental technique provides evidence for

and Pardi, 1994). GAloops are frequently found in  local motion on the micro- to millisecond time scale

biological RNA and are reported to be involved in in the GAg loop region of the RNA.

molecular recognition and complexation (Cate et al.,

1996; Legault et al., 1998). The above described re-
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