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Abstract

A new experiment, the forward directed quantitative0-HCCH-TOCSY for the measurement of the conformation
of the five-membered ribosyl unit in RNA oligonucleotides, is presented. The experiment relies on quantification
of cross peak intensities caused by evolution of CH,CH-dipole–dipole cross correlated relaxation in non-evolution
periods and the resolution enhancement obtainable inforward directedHCC-TOCSY transfer. Cross correlated
relaxation rates are interpreted to reveal the sugar conformation of 22 out of 25 nucleotides in an isotopically
labelled 25-mer RNA. The results obtained with this new method are in agreement with the conformational analysis
derived from3J(H,H) coupling constants.

Introduction

The pseudorotation phase and amplitude (Altona and
Sundaralingam, 1972) defining the conformation of
the five-membered ribosyl ring in RNA and DNA
oligonucleotides can be determined from interpreta-
tion of scalar3J(H,H) coupling constants (Haasnoot
et al., 1980). While this is a powerful approach in
small and medium size RNA isotopically labelled with
13C (Schwalbe et al., 1994, 1995; Schmitz and James,
1995), scalar homonuclear3J(H,H) coupling constants
in larger oligonucleotides and proteins are affected
by differential relaxation of the submultiplet compo-
nents (Harbison, 1993; Norwood, 1993; Conte et al.,
1996; Zimmer et al., 1996). Differential relaxation
affects the size of the apparent coupling constants as
determined by fitting the displacement of multiplet
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components (Schwalbe et al., 1993) in E.COSY exper-
iments (Griesinger et al., 1985, 1986, 1987). ‘Correct’
values of coupling constants can be retrieved by simu-
lation of individual multiplet components taking auto
and cross correlated relaxation into account (Zimmer
et al., 1996; Carlomagno et al., 1998). Here we intro-
duce a method to obtain torsional angle information
to determine the sugar pucker mode. The new method
exploits cross correlated relaxation and thereby takes
advantage of the fact that cross correlated relaxation
scales linearly with the overall correlation time of
a molecule. By combining the quantitative approach
(Felli et al., 1999) to extract cross correlated re-
laxation with resolution enhancement methods using
restricted coherence transfer in a so-calledforward di-
rectedTOCSY (Schwalbe et al., 1995; Glaser et al.,
1996; Marino et al., 1996), the proposed experiment
could successfully be applied to a uniformly13C,15N
labelled 25-mer RNA and should prove to be robust
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even for large RNA oligonucleotides with anisotropic
overall tumbling.

Results and discussion

Cross correlated relaxation effects of double and zero
quantum coherence can be exploited to obtain struc-
tural information in proteins (Reif et al., 1997; Yang
et al., 1997, 1998, 1999; Brutscher et al., 1998;
Griesinger et al., 1999; Pelupessy et al., 1999), in
oligonucleotides (Felli et al., 1999) and in metallo-
organic compounds (Reif et al., 1998). Cross cor-
related relaxation rates in the ‘transfer-NOE’ regime
have been proven to deliver the conformations of lig-
ands weakly bound to proteins (Blommers et al., 1999;
Carlomagno et al., 1999).

The dipole–dipole relaxation rate caused by cross
correlated relaxation0c

Ci′Hi′ ,C(i+1)′H(i+1)′ of carbon dou-

ble and zero quantum coherence (with Ci′ and C(i+1)′
as active nuclei) is given by:
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whereγH , γC are the gyromagnetic ratios,µ0 is the
susceptibility of the vacuum,rCi Hi andrC(i+1)H(i+1) are
the carbon-proton distances,h̄ is the Planck constant
divided by 2π, Sc

i,(i+1) is an order parameter taking
internal mobility of the dipole tensors of Ci′Hi′ and
C(i+1)′H(i+1)′ into account,θi,(i+1) is the projection
angle between these dipole tensors, which are oriented
parallel to the respective carbon-proton bond vectors,
andτc is the overall correlation time. For anisotropic
overall tumbling, the spectral density function is more
complicated: For the case that Dxx = Dyy = D⊥, the
spectral density function of the symmetric top rotator
(Dzz=D||) (Schneider, 1964; Hubbard, 1969) is given
by

jqVW(ωq) = 1
20

{
(3 cos2 θV − 1)(3 cos2 θW − 1)

·J q,0VW

+ 12 cosθV cosθW sinθV sinθW cos(φV

− φW) · J q,1VW

+ 3 sin2 θV sin2 θW cos(2φV − 2φW)

·J q,2VW

}
(2)

with the reduced spectral density functions (−2≤ m ≤
+2)

Jq,m
VW =

2τc,m

1+ (ωqτc,m)2
(3)

The correlation timesτc,m depend on the diffusion
constantD|| along the long axis and the perpendicular
diffusion constantD⊥ according to

1/τc,m = 6D⊥ +m2(D|| − D⊥) (4)

Here, we propose a new method calledforward
directed quantitative0-HCCH-TOCSY, which com-
bines resolution enhancement via selective coherence
transfer as provided in aforward directed HCC-
TOCSY element (Schwalbe et al., 1995; Glaser et al.,
1996; Marino et al., 1996) with thequantitative0-
HCCH experiment (Felli et al., 1999). We demonstrate
the potential of the new method by application to a
25-mer RNA, uniformly labelled with13C and15N.

The pulse sequence of theforward directed quanti-
tative0-HCCH-TOCSY experiment is shown in Fig-
ure 1. The experiment begins with frequency labelling
H1′ in ω1. A selective coherence transfer from the H1′
spin is achieved by isotropic mixing in a CC-TOCSY
for τI and longitudinal mixing forτL. In spin sys-
tems with uniform homonuclear1J(C,C) coupling con-
stants, adjustment ofτI andτL leads to selection offor-
ward directedoperators of type 2Ci′xC(i+1)′z with i =
1,2,3, while operators Ci′x andbackward directedop-
erators 2Ci′xC(i−1)′z are suppressed (Schwalbe et al.,
1995; Glaser et al., 1996; Marino et al., 1996). For
τI = 8.9 ms andτL = 8.3 ms, optimal coherence
transfer is observed for the operators with i= 1,2,3.
After frequency labelling Ci′ in ω2, double and zero
quantum coherence 4Hi′zCi′xC(i+1)′y is created at the
beginning ofτM.

In the following, we summarise the discussion
given in Felli et al. (1999) for the evolution of coher-
ences 4Hi′zCi′xC(i+1)′y under dipole–dipole cross cor-
related relaxation. During the mixing timeτM and for
1′ = 0, evolution of chemical shift, of heteronuclear
scalar coupling and dipole–dipole-CSA cross corre-
lated relaxation are refocussed. Dipole–dipole cross
correlated relaxation0c

Ci′Hi′ ,Ci+1′Hi+1′ leads to conver-
sion of 4Hi′zCi′xC(i+1)′y into 4H(i+1)′zC(i+1)′xCi′y. The
latter coherence gives rise to the cross peak atω1(H′i ),
ω2(C′i ), ω3(H′i+1). Selecting this transfer allows to
separate0c

Ci′Hi′ ,Ci+1′Hi+1′ from proton-proton H′i -H′i+1
NOE which leads to 4H(i+1)′zCi′xC(i+1)′y . To quanti-
tatively determine the cross correlated relaxation rate
0c

Ci′Hi′ ,Ci+1′Hi+1′ , the evolution of the original coher-



243

Figure 1. Pulse sequence of the 3Dforward directed quantitative0-HCCH-TOCSY. Narrow and thick bars represent 90◦ and 180◦ pulses.
The default phase for pulses is x.1′ = 0 ms for the cross experiment and1′ = 3 ms for the reference experiment.1 = 3.2 ms,τI = 8.9 ms,
τL = 8.3 ms,τM = 1/(1JCC) = 25 ms,τ′ = 6.25 ms.13C-decoupling was applied during acquisition withγB1/2π = 2.5 kHz. The relaxation
delay was 1.5 s. The experiments were performed on a Bruker DRX600 with a1H,13C,31P-TXI-probe with z-gradients. Quadrature detection
in ω1 was achieved by States-TPPI phase incrementation of phaseϕ1 and 8 (cross experiment: 16) scans per t1 (64 complex points, spectral
width: 1666 Hz), t2 (48 complex points, spectral width: 5883 Hz) increments were recorded with 1K points in t3 (spectral width: 4807 Hz).
The total time was 24 h for the reference experiment and 48 h for the cross experiment (the phase cycle employed was:ϕ1 = x,x,−x,−x; ϕ2 =
x,−x; ϕrec = x,−x,−x,x).

ence during the mixing timeτM should be quantified.
Evolution of the original operator under cross cor-
related relaxation and scalar heteronuclear coupling
duringτM is given by:

4Hi′zCi′xC(i+1)′y −→
4Hi′zCi′xC(i+1)′y
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In the experiment with1′ = 0, the inten-
sity of the cross peak (Icross) is proportional to
sinh(0c

CiHi ,CjHj
τM), whereas for1′ = 1/2 JCH, the

intensity of the cross peak (I ref ) is proportional to
cosh(0c

CiHi ,CjHj
τM). By comparing the intensities of

the cross peak atω1(H′i ), ω2(C′i ), ω3(H′i+1) in two
experiments with1′ = 0 and1′ = 1/2JCH, the
cross correlated relaxation rate can be extracted from
the intensity ratioIcross/I ref through the following
relation:

0c
Ci′Hi′ ,Ci+1′Hi+1′ =

1

τM
tanh−1

(
Icross

Iref

)
(6)

As can be inferred from inspection of the dependence
of the rates caused by cross correlated relaxation from
the pseudorotation phase (Figure 2), the relative signs
of the relaxation rates provide clear evidence to dis-
criminate between the two most prominent pseudoro-
tation phases C3′-endo and C2′-endo: In the C3′-endo
regime,0c

C1′H1′ ,C2′H2′ is negative and0c
C3′H3′ ,C4′H4′ is

positive, while the opposite is true in the C2′-endo
regime. This holds regardless of the correlation time
τc and anisotropy of diffusion. The dimensionless ra-
tio 0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′ is independent ofτc for

isotropic reorientation. Therefore, analysis of the sign
of the relaxation rates and their ratio provides a clear
indication to assess the conformation of the ribosyl
ring.

Figures 3a,b show the schematic two-dimensional
planes taken at specific H1′ resonances inω1 for
the cross and reference experiment. In the cross ex-
periment, cross peaks are expected at the resonance
positionsω1(H′i ), ω2(C′i ), ω3(H′i+1) with i = 1,2,3
in the ω2,ω3 plane, while additional peaksω1(H′i ),
ω2(C′i ), ω3(H′i ) are observed in the reference ex-
periment. In the reference experiment, the signs of
the cross peaks are modulated by the evolution of
homonuclear1J(C,C) coupling constants during the
mixing timeτM in the pulse sequence. C1′ cross peaks
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Figure 2. Relaxation rates caused by dipole–dipole cross correlated relaxation for C1′,C2′ double and zero quantum coherence and for C3′,C4′
double and zero quantum coherence, respectively, as well as their ratio are shown as a function of pseudorotation phase and a fixed pseudoro-
tation amplitudeνmax= 40◦. An overall correlation timeτc of 3.5 ns and an order parameter S2 = 1 were assumed. The regions of the graph
corresponding to C2′-endo and C3′-endo conformations are shaded in grey. The ratios are dimensionless, while the relaxation rates are given
in s−1.

have the opposite sign compared to C2′, C3′, and C4′
cross peaks. Figures 4a,b show the corresponding ex-
perimental two-dimensional planes taken at the H1′
position inω1 in the three-dimensional experiments.
The high resolution in both reference and cross ex-
periment is apparent. For a positive relaxation rate,
cross peaks in the cross experiment have the same sign
as those observed in the reference experiment. For a
negative cross correlated relaxation rate, the signs are
instead opposite.

The cross correlated relaxation rates have been
compared with3J(H,H) coupling constants determined
from forward directedHCC-TOCSY-CCH-E.COSY
experiments (Figure 5).

The overall agreement between the two meth-
ods is good. Small3J(H1′,H2′) and large3J(H3′,H4′)
coupling constants and negative0c

C1′H1′ ,C2′H2′ and
positive 0c

C3′H3′ ,C4′H4′ are observed for the parts of
the RNA that form a regular A-form helix (see Ta-
ble 1). The absolute values of the0c

C3′H3′ ,C4′H4′ are
approximately a factor 2 larger than the0c

C1′H1′ ,C2′ ,H2′ ,
in agreement with predictions (see Figure 2). In-
spection of signs of the relaxation rates clearly al-

lows to restrict the pseudorotation phase to canonical
versus non-canonical conformations. We derive the
pseudorotation phase from calculation of the ratio
0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′ , which is independent of

overall correlation time and relatively insensitive to
changes in the pseudorotation amplitude and inter-
nal mobility (Felli et al., 1999). For the residues in
stem regions of the molecule, we find pseudorota-
tion phase−20◦ < P < 20◦, with the exception of
G5, which is located at the end of stem II, and C19,
which is the 3′-terminal residue; both residues undergo
freighing motions (Varani et al., 1999). The values
derived here suggest a rigid stem structure, the in-
dividual residues populate North-type conformations.
For the loop region of the molecule, we find indica-
tion for unusual conformations from both cross corre-
lated relaxation and coupling constants. The decreased
values of3J(H3′,H4′) coupling constants and larger
3J(H1′,H2′) coupling constants for residues 7 and 8 are
consistent with increased0c

C1′H1′ ,C2′H2′ and decreased
0c

C3′H3′ ,C4′H4′ . These residues populate South-type
conformations with pseudorotation phases of 149◦ and
148◦, respectively. For averaging processes that are
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Figure 3. Schematic1H-13C planes from the 3D spectra reference experiment (a) and cross experiment (b). Signs in circles indicate the sign of
the cross peak in the experiments. For cross peaks indicated by squares, the sign of the cross peaks depends on the conformation. The numbers
represent relative S/N.

Figure 4. Experimental1H-13C planes from the 3D spectra reference experiment (a) and cross experiment (b). The reference experiment was
acquired in 24 h and the cross experiment was acquired in 48 h.
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Figure 5. 3J(H,H) coupling constants as determined from the HCC-TOCSY-CCH-E.COSY (Schwalbe et al., 1995) and the cross correlated
relaxation rates as determined from the 3Dforward directed quantitative0-HCCH-TOCSY. The secondary structure of the 25-mer RNA under
investigation is shown on the right.

slow compared to the overall correlation time, the
cross correlated relaxation rates are weighted by the
populations of the individual conformers. For residues
6, 9 and 10, we find conformational equilibria for
which North and South conformations are populated
to almost equal amounts.

For isotropically tumbling molecules, the cross
correlated relaxation rate scales linearly with the
correlation time. In order to assess the effect of
anisotropic overall tumbling, we have simulated the
relaxation rates due to cross correlated relaxation for
a nucleotide in a molecule tumbling anisotropically in
solution. The ratio0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′ of re-

laxation rates caused by dipole–dipole cross correlated
relaxation are found to vary depending on the orienta-
tion (θ,φ) of the axially symmetric diffusion tensor rel-
ative to the nucleotide. For a nucleotide with C3′-endo
conformation, the ratio0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′ of

−0.521 for isotropic tumbling is found to vary be-
tween−0.05 and−1.41 for an axially symmetric
diffusion withD⊥/D‖ = 5. Correcting the relaxation
rates caused by cross correlated relaxation with the
transverse autocorrelated relaxation rates, we obtain

a modified ratio(
0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′

)
·
(
0a

C3′H3′ 0
a
C4′H4′ /0

a
C1′H1′ 0

a
C2′H2′

)
(shown in Figure 6a) that varies between−0.2 and
−0.8. For a nucleotide in C2′-endo conformation, this
corrected ratio varies between−0.8 and−1.8 with
a true value of−1.25. Figure 6b shows the varia-
tion of the corrected ratios also for an anisotropy of
D⊥/D‖ = 10. The calculation shows that even for
a highly asymmetric molecule there are view orienta-
tions of the nucleotide relative to the main axis of the
diffusion tensor that would lead to a misassignment of
conformation. Furthermore, the signs of the individual
rates0c

C1′H1′ ,C2′H2′ and0c
C3′H3′ ,C4′H4′ are conserved,

even for anisotropic tumbling, and it is therefore still
possible to distinguish the sugar pucker (C2′-endo
versus C3′-endo) even for these largely anisotropic
RNA oligonucleotides. It is also apparent that cross
correlated relaxation of double and zero quantum co-
herences is more sensitive to anisotropic tumbling than
auto correlated relaxation rates.

Table 2 compares the mass tensors for a number of
different RNA molecules with those found for selected
proteins. Both proteins and oligonucleotides possess
two large mass moments and a third smaller moment.
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Figure 6. Variation of the ratio
(
0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′

)
·
(
0a

C3′H3′ , 0
a
C4′H4′ /0

a
C1′H1′0

a
C2′H2′

)
as a function of the relative orien-

tation of the diffusion tensor described by anglesθ andφ and the nucleotide assuming C2′-endo or C3′-endo conformations. In (a) an anisotropy
of D⊥/D|| = 5 has been assumed. In (b) an anisotropy ofD⊥/D|| = 10 has been assumed. The thick and dark lines mark the ratio in absence of
any anisotropy.
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Table 1. Relaxation rates caused by cross correlated relaxation0c
Ci′Hi′ ,C(i+1)′H(i+1)′ (s−1) as derived from the experiment

shown in Figure 1 as well as proton-proton coupling constants3JH1′H2′ and3JH3′H4′ (Hz) measured fromforward directed
HCC-TOCSY-CCH-E.COSY (Schwalbe et al., 1995; Glaser et al., 1996; Marino et al., 1996) and derived pseudorotation phases
(◦) from cross correlated relaxation rates

0c
C1′H1′,C2′H2′ 0c

C3′H3′,C4′H4′
0c

C1′H1′,C2′H2′
0c

C3′H3′,C4′H4′
3JH1′H2′ 3JH3′H4′ Phase

G−5 – – – – – –

G−4 – – – – – –

C−3 −12.5 17.6 −0.71 2.6 8.2 −15◦
A−2 – – 0.5 5.9 –

G−1 −12.5 27.4 −0.46 2.0 14.4 16◦
U0 −18.9 26.9 −0.70 3.9 – −15◦
G1 −11.3 24.1 −0.47 1.3 10.1 14◦
U2 −15.9 22.2 −0.71 1.9 11.1 −15◦
G3 −12.3 31.3 −0.39 3.8 11.1 23◦
A4 −11.3 24.1 −0.47 5.4 11.7 15◦
G5 −11.9 23.0 −0.52 7.3 – 14◦
U6 6.9 11.5 0.6 – 6.7 57± 7% 20◦ ; 43± 7% 150◦
A7 24.9 > −10.2a −2.4 6.3 5.5 149◦
C8 32.1 −9.4 −3.4 6.2 5.9 148◦
C9 −3 > 4.2a −0.7 6.7 7.0 58± 24% 20◦; 42± 7% 150◦
U10 10.7 5.4 2.0 0.3 4.3 44± 1% 20◦; 56± 7% 150◦
U11 −11.2 23.1 −0.49 1.4 9.0 12◦
C12 −15.8 28.2 −0.56 1.0 – 3◦
A13 −11.8 27.9 −0.42 1.4 11.3 20◦
C14 −14.6 24.7 −0.59 1.0 11.8 2◦
A15 −11.8 27.7 −0.42 0.4 11.8 20◦
C16 −10.6 24.1 −0.87 0.5 9.5 2◦
G17 – – – – –

U18 −7.5 10.9 −0.68 – 8.7 −13◦
C19 −1.4 13.8 −0.10 3.3 9.3 44◦

aNo cross peak observed. The given cross relaxation rates are derived from analysis of the signal-to-noise ratio in the ref-
erence experiment and extrapolating the largest relaxation rate consistent with no observation of cross peaks in the cross
experiment. The pseudorotation phases were derived from the ratio of relaxation rates caused by cross correlated relaxation
0c

C1′H1′ ,C2′H2′ /0
c
C3′H3′ ,C4′H4′ . The error for the cross correlated relaxation rates is on the order of 1.8 s−1.

The values found for RNA oligonucleotides, however,
are not considerably larger than those found for pro-
teins. An interesting comparison can be carried out
between the mass tensor as calculated from the solu-
tion structure of calcium free calmodulin (Kuboniwa
et al., 1995) and the anisotropic tumbling as revealed
from analysis of heteronuclear relaxation rates for
calcium saturated calmodulin (Barbato et al., 1992;
Tjandra et al., 1996). For calmodulin, which clearly
exhibits an anisotropic mass tensor (Table 2), Barbato
et al. calculated aD⊥/D‖ = 2.2–2.7 depending on the
model assumed. In other words, even for calmodulin,
with a highly asymmetric mass distribution (1.0, 0.94,
0.21), the axially symmetric diffusion tensor is only on
the order of 2–3. The asymmetry of mass distribution

calculated for RNA structures in the PDB is clearly
within or even smaller than what has been determined
for calmodulin. Therefore, the determination of RNA
conformation from cross correlated relaxation should
be feasible even for larger oligonucleotides than those
examined so far by NMR spectroscopy.

Conclusions

A new method is introduced that allows the determi-
nation of cross correlated relaxation rates to derive
the sugar conformation in RNA oligonucleotides. The
experiment is sensitive and should be valuable also
for larger oligonucleotide structures than those stud-
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Table 2. Relative moments of mass for selected RNA and protein struc-
tures taken from the protein data bank and calculated using the program
pdbinertiaa

Molecule Rel. mass moments Pdb-entry Mr

θxx θyy θzz

RNA
Hepatitis Delta Virus 1.0 0.93 0.20 1drz 32382

tRNA 1.0 0.80 0.33 1tra 23464

P5B stem from 1.0 0.91 0.40 1ajf 5778

Tetrahymena

Tetrahymena 1.0 0.85 0.50 1grz 153893

ribozyme

P4-P6 domain from 1.0 0.98 0.54 1gid 98475

Tetrahymena

Proteins
Calmodulin 1.0 0.94 0.21 1cfd 16682

Lysozyme 1.0 0.95 0.53 135l 13247

aPdbinertia, written by A. Palmer (http://cpmcnet.columbia.edu/dept/
gsas/biochem/labs/palmer).

ied here. The advantages of the proposed method are
the following: a single line is observed for every cross
peak due to the combination with resolution enhance-
ment in the forward directed TOCSY step, and the
measured effect increases with increasing molecular
weight.
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