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With the recent advent of methods for obtaining 13C and 15N 
uniformly labeled ribonucleotides,1'2 it is now possible to apply 
double- and triple-resonance NMR methods to obtain assignments 
and ultimately determine the structures of relatively large RNA 
molecules. Several double-resonance 1H-13C and 1H-15N ex
periments in labeled RNA have now been reported, for the 
assignment of ribose spin systems or identification of base proton 
resonances.2-6 We have recently shown that the H1' ribose protons 
can be correlated with aromatic H8 and H6 protons in the same 
nucleotide by determining the connectivities H1'-C1'-N9/N1 
and H8/H6-C8/C6-N9/N1 in two separate 2D or 3D triple-
resonance experiments.7 In this communication we present an 
alternative approach which allows unambiguous assignment of 
intranucleotide Hl'-H8 and Hl'-H6 connectivities by a single 
2D triple-resonance HCNCH experiment. Since the aromatic 
and H1' regions of the proton spectrum are relatively well resolved 
even for RNA molecules as large as the 30-base ribonucleotide 
used in these studies, the two-dimensional experiment is usually 
adequate for identifying the intranucleotide Hl '-H8/H6 cor
relations. Once the intranucleotide correlations are made, they 
can be combined with internucleotide H l'-H 8 / H6 connectivities 
observed in NOESY8 spectra to obtain sequence specific as
signments' along the RNA strand. 

The pulse scheme (Figure 1) utilizes four consecutive INEPT10 

steps to transfer the Hl ' proton coherence along the pathways 
H1'-C1'-N9-C8-H8 in purine and H1'-C1'-N1-C6-H6 in 
pyrimidine nucleotides (Figure 2). Because of complex heter-
onuclear /-coupling networks in purine and pyrimidine bases, 
the INEPT steps have to be designed as semiselective to direct 
the transfers along the desired coherence pathways. The basic 
principles are now briefly discussed using the product operator 
formalism.'!-'3 A standard (1H-13C) INEPT correlation se
quence14'15 is used to label the Hl ' magnetization by its proton 
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Figure 1. The pulse scheme of the 2D HCNCH experiment. The narrow 
and broad filled bars represent the nonselective 90° and 180° pulses, 
respectively. The delay intervals are set to S = 1.6 ms, a = 1.25 ms, A 
= 19.6 ms, i) = 18 ms, r = 19 ms (for explanation, see text). The 180° 
semiselective pulses (180°sel(n)) as used at 500 MHz are (1) 13C 4-ms 
REBURP refocusing pulse16 covering the range of Cl' (~88-96 ppm), 
(2) 13C 4-ms IBURP2 inversion pulse16 with additional cosine modu
lation"'18 for simultaneous inversion of Cl' (88-96 ppm) and C6/C8 
(136.5-144.5 ppm), (3) 13C 4-ms REBURP refocusing pulse16 covering 
the range of C6 and C8 (~ 136.5-144.5 ppm), and (4) 15N 2-ms IBURP2 
pulse16 centered at 160 ppm covering the range of Nl and N9 (142-176 
ppm). Phase cycling: «> = x; <p = x, x, -x, -x; ^ = 4x, 4(-x); J = Sx, 
8(-x); f = 16x, 16(-x); 9 = y, -y\ i = 16(x), 16(-x). All other pulses 
are applied along the x-axis. In addition, y is phase-cycled to obtain 
States-TPPI28 ri-quadraturedetection. The 1-msgradient pulses (800-jis 
gradient pulse shaped to a 1 % truncated sine envelope and 200 us for field 
recovery) are employed with amplitudes —6/3/3/—6/3/3/12/—3/—3 
G/cm. The asynchronous 13C and 15N GARP decoupling25 is used to 
suppress the heteronuclear spin-spin interactions during the 12-acquisition. 

Figure 2. Schematic illustrating the coherence transfer pathways of the 
HCNCH experiment for purine (left) and pyrimidine (right) ribonu
cleotides (shaded region). Some of the alternative coherence transfer 
pathways involving C and N which are suppressed by selective excitation 
during the experiment are indicated by the arrows. 

chemical shift and to transfer the coherence to the Cl' . The 
following delay 2d = l/2/Hi'.cr is applied to refocus the Cl ' 
coherence, which is antiphase with respect to the H1' from which 
it originates: (2H rrd',,cos(cdHi' ' i ) - * C l',cos((uH1./i)). During 
the interval 2A ~ l/2/Ci',N9 ~ 1/2/cr.Ni. t n e in-phase CVx 

magnetizations evolve into the antiphase coherences 2N9,C1'), 
COS(CdHi' fi) and 2Nl1Cl',, cos(cdHi' fi) due to the Cl'-N9 and 
C 1'-Nl scalar interactions. The Cl '-C2' scalar interaction is 
decoupled by applying a semiselective 13C 180° refocusing pulse 
to the region of C1' carbons. The)' 3C-15N) INEPT step transfers 
the Cl ' magnetizations to the glycosidic nitrogens N9 and Nl. 
The following interval 2-q is used to refocus the N9 and Nl 
magnetizations, which are now antiphase with respect to their 
originating Cl' . At the same time, the nitrogen coherences evolve 
due to the N9-C8 and N1-C6 scalar interactions and become 
antiphase with respect to the next coupling partners C8 or C6 
along the desired transfer pathways. The relevant terms are 
2N9,C8Z cos(cdHr fi) and 2N1,C6Z cos(cdHi' I1). The delay 2n is 
set to the best compromise for the different coupling constants 
/ci'.N9 and /CI'.NI (~ 11-12 Hz), /N9,C8 (~4-8 Hz), and /N1.C6 

(~ 13 Hz). A pair of 180° pulses is applied in the middle of this 
interval. The 15N 180° pulse refocuses the 15N chemical shift 
evolution and decouples the two-bond scalar interactions with 
/-coupled protons Hl ' , H8, and H6. The 13C 180° pulse is made 
double semiselective to prevent the /-evolution due to the irrelevant 
scalar interactions N1-C2 and N1-C5 in pyrimidines and N9-
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C4 in purines. In our implementation, the IBURP2 shaped pulse16 

is modulated by the cosine function17'18 to invert the '3C 
z-magnetization in the chemical shift range of the Cl ' and C8/ 
C6 carbons simultaneously. After transferring the antiphase 
nitrogen magnetizations to carbons C8 and C6, the interval 2T 
~ 1 /2/c8.N9 ~ 1 /2/C6,NI is used to refocus the 13C magnetizations. 
At the beginning of this interval, the 13C magnetizations are 
antiphase with respect to their originating nitrogens N9 and N1. 
During this delay the competitive 13C-13C and 13C-15N scalar 
interactions C8-C4, C8-C5, C8-C6, C6-C5, C6-C2, and C8-
N7 are decoupled by the semiselective 13C and 1SN 180° pulses. 
These pulses are applied to refocus only pyrimidine C6 and purine 
C8 carbons and to invert the z-magnetization of the N1 and N9, 
while leaving the C4, C5, C6, and N7 resonances in purines and 
the C5 and C2 resonances in pyrimidines unaffected. In addition, 
during the delay 2a ~ l/2yC8H8 ~ \/2JC6,m~ the 13C magne
tizations are allowed to evolve due to the scalar interactions with 
their directly bonded protons H8 and H6. The final (13C-1H) 
INEPT step transfers the 13C magnetizations to protons H8 and 
H6, which are detected after the la refocusing interval with 
simultaneous 13C and 15N broadband decoupling. The relevant 
product operator terms at the beginning of the I2 detection period 
areH8;,cos(a>Hi''i)andH6,cos(a>Hr'i)- To minimize the required 
phase cycling, gradient pulses are applied to purge unwanted 
coherences during the short delays (~1 ms) when the magne
tizations of interest are converted into the zz-orders.19'21 In order 
to remove imperfections of the refocusing 180° pulses, two 
symmetrical gradients are used on both sides to generate a perfect 
echo.20,21 The pulse sequence yields pure-phase 2D NMR spectra 
which correlate H1' resonances in the Fl to H8 and H6 resonances 
in the F2 dimension. 

An HCNCH spectrum of a 1.2 mM sample of RBE3, a 30-
nucleotide RNA derived from the RRE (rev response element) 
which contains the high-affinity binding site for the Rev protein 
of the HIV-I,22'23 is shown in Figure 3a. The RNA folds into 
a stem-internal loop-stem-hairpin loop structure (Scheme I). 
The relatively large size of this RNA provides a good test of the 
applicability of the method. The sensitivity of the HCNCH 
experiment is limited by the small coupling constants involved 
(VCN ~4-13 Hz) and the short T2 in 13C-labeled RNA 
oligonucleotides. Nevertheless, all of the intraresidue H1 '-H8.H6 
correlations are observed in this spectrum with the exception of 
three purine residues in the internal loop, which also give rise to 
only weak or no NOEs in the NOESY spectrum due to 
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Figure 3. Portion of 500-MHz (Bruker AMX 500) two-dimensional (a) 
HCNCH and (b) NOESY spectra of 13C,"N-labeled RBE3 at 40 0C 
showing the cross peaks between the base proton and Hl' resonances. 
The intranucleotide H8.H6-H 1' connectivities observed in the HCNCH 
spectrum are marked by X in the NOESY spectrum. There are some 
additional cross peaks in the HCNCH spectrum which are not observed 
in the NOESY spectrum; these are probably due to a lower molecular 
weight impurity. The HCNCH spectrum was acquired with 512 and 360 
complex points in /2 and /|, respectively, 96 scans per /, increment, and 
a spectral width of 2500 Hz in both dimensions, was apodized with a 60° 
and 75° shifted squared sine bell in I2 and t\, and was zero-filled to IK 
in both dimensions. The NOESY spectrum was acquired on the same 
sample with rm = 300 ms using the standard pulse sequence8 and States-
TPPI phase cycling and 15N and '3C decoupling during (1 and I2. 

Scheme I 
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conformational averaging, and G17, due to an upfield shift of the 
H1' outside the selected region. The observed intensities of the 
purine cross peaks are consistently lower than those from the 
pyrimidines because the purine C8-N9 coupling constants are 
substantially smaller than the pyrimidine C6-N1 coupling 
constants. The intranucleotide connectivities obtained from the 
HCNCH spectrum are labeled on the NOESY spectrum of RBE3 
in Figure 3b.24 The unambiguous identification of the intraresidue 
connectivities greatly simplifies the sequential assignment pro
cedure, since intranucleotide NOEs can now be unambiguously 
distinguished from internucleotide NOEs. The HCNCH spec
trum was obtained in 15.5 h on a 1.2 mM RNA sample and thus 
provides a rapid and sensitive method for obtaining intranucleotide 
scalar connectivities between ribose and base in 13C,l5N-double-
labeled RNA oligonucleotides. 
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