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Abstract

A new experiment, the forward directed quantitatix¢iCCH-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 obtainablerimard 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 fromJ(H,H) coupling constants.

Introduction components (Schwalbe et al., 1993) in E.COSY exper-
iments (Griesinger et al., 1985, 1986, 1987). ‘Correct’
The pseudorotation phase and amplitude (Altona and values of coupling constants can be retrieved by simu-
Sundaralingam, 1972) defining the conformation of lation of individual multiplet components taking auto
the five-membered ribosyl ring in RNA and DNA and cross correlated relaxation into account (Zimmer
oligonucleotides can be determined from interpreta- et al., 1996; Carlomagno et al., 1998). Here we intro-
tion of scalar®J(H,H) coupling constants (Haasnoot duce a method to obtain torsional angle information
et al., 1980). While this is a powerful approach in to determine the sugar pucker mode. The new method
small and medium size RNA isotopically labelled with  exploits cross correlated relaxation and thereby takes
13C (Schwalbe et al., 1994, 1995; Schmitz and James, advantage of the fact that cross correlated relaxation
1995), scalar homonucle#i(H,H) coupling constants  scales linearly with the overall correlation time of
in larger oligonucleotides and proteins are affected a molecule. By combining the quantitative approach
by differential relaxation of the submultiplet compo- (Felli et al., 1999) to extract cross correlated re-
nents (Harbison, 1993; Norwood, 1993; Conte et al., laxation with resolution enhancement methods using
1996; Zimmer et al., 1996). Differential relaxation restricted coherence transfer in a so-caftawvard di-
affects the size of the apparent coupling constants asrectedTOCSY (Schwalbe et al., 1995; Glaser et al.,
determined by fitting the displacement of multiplet 1996; Marino et al., 1996), the proposed experiment
could successfully be applied to a uniforrtC,1°N

*To whom correspondence should be addressed. E-mail: labelled 25-mer RNA and should prove to be robust
schwalbe@ccnmr.mit.edu
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even for large RNA oligonucleotides with anisotropic with the reduced spectral density functior(< m <

overall tumbling.
Results and discussion

Cross correlated relaxation effects of double and zero
guantum 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 relaxatioﬁg_/H_/ c. .. ., ofcarbondou-

(O (B V(Y]

ble and zero quantum coherence (with &d Gj1y
as active nuclei) is given by:
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whereyy, yc are the gyromagnetic ratiog,g is the
susceptibility of the vacuumc 1, andre,; H,, are
the carbon-proton distances,is the Planck constant
divided by 2r, §° (i+1) is an order parameter taking
internal mobility of the dipole tensors of;&; and
Ci+1yH+1y into account,d; 1) is the projection
angle between these dipole tensors, which are oriented
parallel to the respective carbon-proton bond vectors,
andt. is the overall correlation time. For anisotropic
overall tumbling, the spectral density function is more
complicated: For the case thaf,D= Dyy = D, the
spectral density function of the symmetric top rotator
(Dzz = Dy)) (Schneider, 1964; Hubbard, 1969) is given
by
oy = & {(3 co26y — 1)(3coL oy — 1)
.J2.0
+ 12 cody cosby sinby sinby cog oy
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The correlation timescm depend on the diffusion
constanD); along the long axis and the perpendicular
diffusion constanD according to

1/Tc,m = 6DJ_ +m (DH - DJ_) (4)

Here, we propose a new method calledward
directed quantitativd’-HCCH-TOCSY, which com-
bines resolution enhancement via selective coherence
transfer as provided in dorward directed HCC-
TOCSY element (Schwalbe et al., 1995; Glaser et al.,
1996; Marino et al., 1996) with thgquantitativel-
HCCH experiment (Felli et al., 1999). We demonstrate
the potential of the new method by application to a
25-mer RNA, uniformly labelled with3C and™®N.

The pulse sequence of tfreward directed quanti-
tative '-HCCH-TOCSY experiment is shown in Fig-
ure 1. The experiment begins with frequency labelling
H1'in w1. A selective coherence transfer from the’ H1
spin is achieved by isotropic mixing in a CC-TOCSY
for t; and longitudinal mixing fort.. In spin sys-
tems with uniform homonucle&d(C,C) coupling con-
stants, adjustment af andr,_ leads to selection dbr-
ward directedoperators of type 2Cj;1y, With i =
1,2,3, while operators& andbackward directedp-
erators 2@,Ci_1y, are suppressed (Schwalbe et al.,
1995; Glaser et al., 1996; Marino et al., 1996). For
1 = 8.9 ms andt. = 8.3 ms, optimal coherence
transfer is observed for the operators witki1,2,3.
After frequency labelling € in w», double and zero
quantum coherence 44CixCi 1y is created at the
beginning ofty.

In the following, we summarise the discussion
given in Felli et al. (1999) for the evolution of coher-
ences 4k, CixCi+1yy under dipole—dipole cross cor-
related relaxation. During the mixing timg and for
A’ = 0, evolution of chemical shift, of heteronuclear
scalar coupling and dipole—dipole-CSA cross corre-
lated relaxation are refocussed. Dipole—dipole cross
correlated relaxatloh“g Hy .Gy sy leads to conver-

i+1/ T+

sion of 4H,,Cj/ XC(|+1) y |nt0 4H(|+l)’ZC(i+l)’XCi’y- The
latter coherence gives rise to the cross peak ki),
w2(C), (L)3(H|+l) Selecting this transfer allows to
separatel‘C Hy.CioyH o from proton-proton ktH;  ;
NOE WhICh Ieads to 4H+1) 12CirxCit1yy. TO quanti-
tatively determine the cross correlated relaxation rate
Fg'/Hi/>Ci+1/Hi+1/' the evolution of the original coher-
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Figure 1. Pulse sequence of the 3Drward directed quantitativa”™-HCCH-TOCSY. Narrow and thick bars represenf @hd 180 pulses.
The default phase forfulses isx! = 0 ms for the cross experiment and = 3 ms for the reference experimemt.= 3.2 ms,t; = 8.9 ms,

1L =83ms,tm =1/(FJcc) =25 ms,v = 6.25 ms.13C—dec0upIing was applied during acquisition wit/2n = 2.5 kHz. The relaxation
delay was 1.5 s. The experiments were performed on a Bruker DRX600 Witi:3C 31P-TXI-probe with z-gradients. Quadrature detection
in w1 was achieved by States-TPPI phase incrementation of phiaaad 8 (cross experiment: 16) scans pefe4 complex points, spectral
width: 1666 Hz), $ (48 complex points, spectral width: 5883 Hz) increments were recorded with 1K poinf¢spectral width: 4807 Hz).
The total time was 24 h for the reference experiment and 48 h for the cross experiment (the phase cycle emplayed was-X,—X; ¢2 =
X,—X; Qrec = X,—X,—X,X).

ence during the mixing timey should be quantified. ~ As can be inferred from inspection of the dependence
Evolution of the original operator under cross cor- of the rates caused by cross correlated relaxation from
related relaxation and scalar heteronuclear coupling the pseudorotation phase (Figure 2), the relative signs

duringty is given by:

4Hi,CixCiitryyy —

4Hi’zCi’xC(i+l)’y [COSh(ngHi,C(iH)/H(iH)/tM)
cof(mIcHA') — sinh(F(C:iHi’C(HD/H“H)/tM

sinf (nJenA”) ] (5)
—4Hi1+1)2Ci+1yxCiry [Sinh(FEiHi,C(iH)/H(iH)/tM)
cof(nlehA’) — cosh(l“g
sir?(ndcnA’)]

In the experiment withA’ = 0, the inten-

sity of the cross peak/f°%*) is proportional to
sinr(ngHi,CjHth), whereas forA” = 1/2 Xn, the
intensity of the cross peakt/) is proportional to
COS“F&Hi,quTM)- By comparing the intensities of
the cross peak abi(H), w2(C), wz(Hi, ;) in two

i+1
experiments withA’ = 0 and A’ = 1/2Xy, the

T
iHi.CiyyHiyy M

of the relaxation rates provide clear evidence to dis-
criminate between the two most prominent pseudoro-
tation phases C2ndo and C2endo: In the C3endo
regime,I'c c, n, IS hegative and' . c ., is
positive, while the opposite is true in the ‘@hdo
regime. This holds regardless of the correlation time
1¢ and anisotropy of diffusion. The dimensionless ra-
tio ngHlx,Cg/Hz//Fgg/H3/,C4/H4/ is independent of 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 Htesonances inny for
the cross and reference experiment. In the cross ex-
periment, cross peaks are expected at the resonance
positions wi(H), w2(C)), wa(Hi, ;) with i = 1,2,3

i+1
in the w2,w3 plane, while additional peaks1(H)),

cross correlated relaxation rate can be extracted fromw2(C), w3(H{) are observed in the reference ex-

the intensity ratio/*/1"/ through the following

relation:
1 1 |CI’OS
= mtanh ( Ire:) (6)

[
1_‘Ci/ Hy.CiyrHivr

periment. In the reference experiment, the signs of
the cross peaks are modulated by the evolution of
homonucleartJ(C,C) coupling constants during the
mixing timety in the pulse sequence. GXoss peaks
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Figure 2. Relaxation rates caused by dipole—dipole cross correlated relaxation’{@2double and zero quantum coherence and fdy©8

double and zero quantum coherence, respectively, as well as their ratio are shown as a function of pseudorotation phase and a fixed pseudoro-
tation amplitudev™@* = 40°. An overall correlation time of 3.5 ns and an order paramet@rs 1 were assumed. The regions of the graph
correlsponding to C2endo and C3endo conformations are shaded in grey. The ratios are dimensionless, while the relaxation rates are given
ins™

have the opposite sign compared td G23, and C4 lows to restrict the pseudorotation phase to canonical
cross peaks. Figures 4a,b show the corresponding ex-versus non-canonical conformations. We derive the
perimental two-dimensional planes taken at thé H1 pseudorotation phase from calculation of the ratio
position inw; in the three-dimensional experiments. T'g Hy, CZ,,_|2,/FCB,,_|3I cyH, Which is independent of
The high resolution in both reference and cross ex- overall correlation time and relatively insensitive to
periment is apparent. For a positive relaxation rate, changes in the pseudorotation amplitude and inter-
cross peaks in the cross experiment have the same sigmal mobility (Felli et al., 1999). For the residues in
as those observed in the reference experiment. For astem regions of the molecule, we find pseudorota-
negative cross correlated relaxation rate, the signs aretion phase—20° < P < 20°, with the exception of
instead opposite. G5, which is located at the end of stem Il, and C19,
The cross correlated relaxation rates have beenwhich is the 3-terminal residue; both residues undergo
compared witi?J(H,H) coupling constants determined freighing motions (Varani et al., 1999). The values
from forward directedHCC-TOCSY-CCH-E.COSY  derived here suggest a rigid stem structure, the in-

experiments (Figure 5). dividual residues populate North-type conformations.
The overall agreement between the two meth- For the loop region of the molecule, we find indica-

ods is good. SmaflJ(H1,H2) and large’J(H3,H4) tion for unusual conformations from both cross corre-

coupling constants and negati\!%yHl,)Cz,Hz, and lated relaxation and coupling constants. The decreased

positive Fg3/H3/,C4/H4/ are observed for the parts of values of3J(H3,H4) coupling constants and larger
the RNA that form a regular A-form helix (see Ta- 3J(H,H2) coupling constants for residues 7 and 8 are
ble 1). The absolute values of tm‘%g/H3/, CyHy T8 consistent with increaseE)gl/Hl“CZ/Hz/ and decreased
approximately a factor 2 larger thanthg , - v, &, Hy.cyH,- These residues populate South-type
in agreement with predictions (see Figure 2). In- conformations with pseudorotation phases of°lad
spection of signs of the relaxation rates clearly al- 148, respectively. For averaging processes that are
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Figure 3. Schematic:H-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.
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Figure 4. ExperimentallH—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 thef8Bwvard directed quantitativé-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 a modified ratio
cross correlated relaxation rates are weighted by the (. /¢ (ra . ra . yra . ra
populations of the individual conformers. For residues (Cl’Hl“CZfHZ’ _C3/H3"C4’H4/) (03’H3_/ oty Crtly CZ’HZ/)
6, 9 and 10, we find conformational equilibria for ~(Shown in Figure 6a) that varies betwee.2 and
which North and South conformations are populated —0-8- For a nucleotide in Czndo conformation, this
to almost equal amounts. corrected ratio varies between0.8 and—1.8 with
For isotropically tumbling molecules, the cross @ true value of—1.25. Figure 6b shows the varia-
correlated relaxation rate scales linearly with the ton of the corrected ratios also for an anisotropy of
correlation time. In order to assess the effect of PL/Dj = 10. The calculation shows that even for
anisotropic overall tumbling, we have simulated the & highly asymmetric molecule there are view orienta-

relaxation rates due to cross correlated relaxation for tions of the nucleotide relative to the main axis of the
a nucleotide in a molecule tumbling anisotropically in  diffusion tensor that would lead to a misassignment of

; i C c conformation. Furthermore, the signs of the individual
solution. The ratiol'g , c,u,/T¢,n,.c n, Of re- 9

C C
laxation rates caused by dipole—dipole cross correlated rates FCyHy,szHz/ gnd FCs/,Hsf-,Cszv 'a.re conserved,.
relaxation are found to vary depending on the orienta- €Ven for anisotropic tumbling, and it is therefore still
. SRS )
tion (8,¢) of the axially symmetric diffusion tensor rel- ~ POSSible to distinguish the sugar pucker (€@do
ative to the nucleotide. For a nucleotide with'@ddo ~ Versus C3endo) even for these largely anisotropic

conformation, the fatidf?:l,Hl/ Cz/Hz//ng/Hs/ Coty of RNA oIigonucIeot_ides. It is also apparent that cross
—0.521 for isotropic tumbling is found to vary be- correlated relaxation of double and zero quantum co-

tween —0.05 and—1.41 for an axially symmetric herences is more sensitive to anisotropic tumbling than

diffusion with D, /D = 5. Correcting the relaxation auto correlated relaxation rates.

rates caused by cross correlated relaxation with the d_ﬁTablf Ffl\Tmerla\reslthe ”_]tistiteniors f;;anulmbterdof
transverse autocorrelated relaxation rates, we obtain ieren molecules wi osetounaor selecte

proteins. Both proteins and oligonucleotides possess
two large mass moments and a third smaller moment.
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248

Table 1. Relaxation rates caused by cross correlated relaxa‘t@m (s1) as derived from the experiment
|

i-Clitry My
shown in Figure 1 as well as proton-proton coupling constadts» and 3JH3/H4/ (Hz) measured fronforward 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

ré., . ,

Ferny.corz  TCama.cama F% Shrvz *Jigne  Phase
G-5 - - - - - -
G-4 - - - - - -
c-3 -125 17.6 —-0.71 2.6 8.2 -15°
A-2 — - 0.5 5.9 -
G-1 -125 27.4 —0.46 2.0 14.4 16
uo —18.9 26.9 —0.70 3.9 - -15°
G1 -11.3 24.1 —-0.47 1.3 10.1 12
u2 —-15.9 22.2 -0.71 1.9 111 -15°
G3 —-12.3 31.3 —-0.39 3.8 111 23
A4 —-11.3 24.1 —0.47 5.4 11.7 15
G5 -11.9 23.0 —-0.52 7.3 - 14
U6 6.9 115 0.6 - 6.7 5% 7% 20 ; 43+ 7% 150
A7 249 > —10.2 —2.4 6.3 55 149
Cc8 32.1 -9.4 -34 6.2 59 148
(02°) -3 > 4.2 —-0.7 6.7 7.0 58t 24% 20°; 42 £ 7% 150
u10 10.7 5.4 2.0 0.3 4.3 44 1% 20°; 56 + 7% 150
ul1 —-11.2 23.1 —-0.49 1.4 9.0 12
C12 —15.8 28.2 —0.56 1.0 - 3
Al3 —-11.8 27.9 —0.42 1.4 11.3 20
Cl4 —-14.6 24.7 —0.59 1.0 11.8 2
Al5 —-11.8 27.7 —0.42 0.4 11.8 20
C16 —10.6 24.1 —0.87 0.5 9.5 2
G17 — — — - —
ui1s —-7.5 10.9 —0.68 — 8.7 —-13
C19 -1.4 13.8 —0.10 3.3 9.3 49

8No 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
c c . :

FCl’Hl”CZ’HZ’ / F03/H3,’04/H4/. The error for the cross correlated relaxation rates is on the order of 1.8 s

The values found for RNA oligonucleotides, however, calculated for RNA structures in the PDB is clearly
are not considerably larger than those found for pro- within or even smaller than what has been determined
teins. An interesting comparison can be carried out for calmodulin. Therefore, the determination of RNA
between the mass tensor as calculated from the solu-conformation from cross correlated relaxation should
tion structure of calcium free calmodulin (Kuboniwa be feasible even for larger oligonucleotides than those
et al., 1995) and the anisotropic tumbling as revealed examined so far by NMR spectroscopy.

from analysis of heteronuclear relaxation rates for

calcium saturated calmodulin (Barbato et al., 1992;

Tjandra et al., 1996). For calmodulin, which clearly Conclusions

exhibits an anisotropic mass tensor (Table 2), Barbato

etal. calculated &, /D = 2.2-2.7 dependingonthe A new method is introduced that allows the determi-
model assumed. In other words, even for calmodulin, nation of cross correlated relaxation rates to derive
with a highly asymmetric mass distribution (1.0, 0.94, the sugar conformation in RNA oligonucleotides. The
0.21), the axially symmetric diffusion tensor is only on experiment is sensitive and should be valuable also
the order of 2—3. The asymmetry of mass distribution 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

pdbinerti&
Molecule Rel. mass moments  Pdb-entry M
Oxx eyy 0zz

RNA

Hepatitis Delta Virus 1.0 0.93 0.20 1drz 32382

tRNA 1.0 0.80 0.33 1tra 23464

P5B stem from 1.0 091 0.40 1aff 5778
Tetrahymena

Tetrahymena 1.0 085 050 1grz 153893
ribozyme

P4-P6 domain from 1.0 098 054 1gd 98475
Tetrahymena

Proteins

Calmodulin 1.0 094 0.21 1cfd 16682

Lysozyme 1.0 095 0,53 135 13247

3pdbinertia, written by A. Palmer (http://cpomcnet.columbia.edu/dept/
gsas/biochem/labs/palmer).

ied here. The advantages of the proposed method arecarlomagno, T., Felii, I.C., Czech, M., Fischer, R., Sprinzl, M. and
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