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Sensitivity enhanced multiple-quantum 3D HCN–CCH–
TOCSY and HCN–CCH–COSY experiments are presented for
the ribose resonance assignment of 13C/15N-labeled RNA sam-
ple. The experiments make use of the chemical shift dispersion
of N1/N9 of pyrimidine/purine to distinguish the ribose spin
systems. They provide a complementary approach for the as-
signment of ribose resonance to the currently used HCCH–
COSY and HCCH–TOCSY type experiments in which either
13C or 1H is utilized to separate the different ribose spin sys-
tems. The pulse schemes have been demonstrated on a 23-mer
13C/15N-labeled RNA aptamer complexed with neomycin and
tested on a 32-mer RNA complexed with a 23-residue
peptide. © 2000 Academic Press

Key Words: sensitivity enhancement; multiple-quantum coher-
ence; HCN–CCH–TOCSY; HCN–CCH–COSY; assignment;
RNA.

The HCCH–COSY (1–3) and HCCH–TOCSY (3–5) type
xperiments are most widely used for the ribose reson
ssignment for13C-labeled RNA. The poor chemical sh

dispersion of both1H and 13C in ribose makes the assig
ment a difficult task for a larger-sized RNA. To overco
this problem, extension and modification of the above
kinds of experiments have been presented such as the
CH–RELAY (3), the high-resolution constant-time 2D
3D HCCH–COSY/TOCSY (6), and the HCCH–COSY
TOCSY experiment (7). On the other hand, the ribose
signment of a larger-sized RNA can also be tackled
selectively labeling different nucleotides (6, 8). Recently
single and multiple quantum HCN–CCH–TOCSY exp
ments (9, 10) have been reported in which the N1/N9
pyrimidine/purine are used to separate the ribose spin
tems instead of relying on the poorly resolved proton
carbon. In this study, we propose sensitivity-enhanced M
HCN–CCH–TOCSY and a novel se-MQ–HCN–CC
COSY experiments as a complementary approach fo
ribose resonance assignment.

1 To whom correspondence should be addressed. Fax: (212) 717
-mail: weidong@sbnmr1.ski.mskcc.org.
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The magnetization transfer schemes for the HCN–C
TOCSY and HCN–CCH–COSY are

H19 3 C19 3 N1/N9~t1! 3 C19 3

Cn9~t2! 3 Hn9~t3!

and

H19 3 C19 3 N1/N9~t1! 3 C19 3

C19/C29~t2! 3 H19/H29~t3!,

respectively, where then 5 1, 2, 3, 4, 5 stands for th
carbons and protons in the ribose ring. Compared to
chemical shift dispersions of carbon and proton in rib
the chemical shifts of N1/N9 of pyrimidine/purine are w
separated, and the dispersion within each group (U, C
and A) is reasonably good, about 4 ppm for U, 6 ppm fo
and 6 ppm for G and A (11). Thus the resonance of1H and
13C in the ribose spin system might be distinguishable by
nitrogen dimension in the HCN–CCH–TOCSY experim
if they are not in the HCCH–TOCSY experiment. T
HCN–CCH–COSY experiment can be used to disting
the C29/H29 from C39/H39 whenever an ambiguity exists.
order to make the proposed HCN-type experiments use
larger-sized RNA samples, the sensitivity optimization
very critical because theJ couplings between C19 and
N1/N9 are about 11 Hz (11). By taking advantage of th
favorable relaxation rate of multiple-quantum cohere
(12) and following the pioneer application of this pheno
enon to nucleic acids (13–15), a multiple-quantum versio
of HCN–CCH–TOCSY was proposed recently (10), which
enhanced the sensitivity by a factor of 2 over the co
sponding single quantum HCN–CCH–TOCSY. Here
present a more sensitive HCN–CCH–TOCSY and a n
se-MQ–HCN–CCH–COSY scheme for larger-sized nuc
acids or the sample with limited concentration.
53;
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The proposed sequences se-MQ–HCN–CCH–TOCSY
se-MQ–HCN–CCH–COSY are shown in Figs. 1A and
respectively. The coherence transfer pathway from po
to b in Fig. 1A has been described before (10). The differ-
ence between the current scheme and the previous o
that there are two reverse INEPT units after the ca
chemical shift evolution, which are used to recover box
andy components of carbons to enhance the sensitivity16).

he gradients G3 and G6 are used for coherence sele
17). The delaytc for the first INEPT is1/(8 3 JC–H) so tha

the sensitivity of both CH and CH2 moieties can be en-
anced, theoretically, by a factor of 1.7 and 1.4, respect
18). The coherence transfer pathway from point a to
ig. 1B can be described schematically using product o
tors (19):

FIG. 1. Pulse schemes of the 3D se-MQ–HCN–CCH–TOCSY (A) a
epresent 90° and 180° pulses, respectively. All pulses are along thex-axis

band-selective reburp pulses (22) centered at 91 ppm with duration of 2.4 m
ppm, respectively. The13C carrier frequency was initially put at 91 ppm at
f2. Field strengths of the1H pulse,13C high power pulse, DIPSI-3 mixing23
kHz, respectively. Field strengths of carbon reburp pulse for 1A and 1B
g0 5 (9 G/cm, 0.2 ms),g1 5 (228 G/cm, 0.5 ms),g2 5 (24 G/cm, 0.5 m
g6 5 (34 G/cm, 0.2 ms). Strengths and duration of gradients for 1B werg0
(34 G/cm, 0.8 ms),g4 5 (9 G/cm, 0.2 ms),g5 5 (34 G/cm, 0.2 ms).13C-T

B, respectively,tc 5 0.78 ms,TC 5 9 ms, andT 5 7.5 ms. Phase cycli
and Acq.5 x, 2x, 2x, x, 2x, x, x, 2x. Quadrature detection fort 1 was achi
he axial peaks were moved to the edges of the spectra by inversion off4 an
coherence selections fort 2 were achieved by inversion of gradient of G6 fo
achieved by shuffling the raw data as described in (16, 17).
nd
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H1ZO¡

a
2H1YO¡

b
H1XC1ZO¡

c

2H1XC1YO¡

d
H1XC1XNZO¡

e

2H1ZC1ZNYO¡

f
H1YC1XNZO¡

g
H1YC1Y

2H1YC1XC2ZO¡

h
H1ZC1Y 2 H1ZC1XC2ZO¡

i

2C1X 1 C1ZC2Y.

se-MQ–HCN–CCH–COSY (B) for13C, 15N-labeled RNA. Narrow and wide ba
ess otherwise indicated. The shaped pulses on carbon are 180° on-re
for 1A, and 2.7 ms for 1B. The1H and 15N carrier frequencies were 4.75 and 1
t f1 in 1A and 1B, and then moved to 79 ppm for 1A and 86 ppm for 1B
ARP decoupling (24) on 13C, and15N pulse were 30.7, 20, 8.6, 2.5, and
re 205 and 185 Hz, respectively. Strengths and duration of gradientsre
5 (228 G/cm, 0.5 ms),g4 5 (34 G/cm, 0.8 ms),g5 5 (9 G/cm, 0.2 ms)

9 G/cm, 0.2 ms),g1 5 (228 G/cm, 0.5 ms),g2 5 (24 G/cm, 0.5 ms),g3 5
SY mixing time was 18.9 ms.ta 5 1.5 ms,tb 5 0.95 ms, 1.5 ms for 1A an

asf 1 5 y, 2y; f 2 5 4(x), 4(2x); f 3 5 x; f 4 5 y, y, 2y, 2y; f 5 5 x
d via States–TPPI (25) onf2 andf3 for both 1A and 1B. For eacht 2 increment
e receiver phase simultaneously for both 1A and 1B (25). TheP- andN-type
A and G5 for 1B in concert with inversion off5. The absorption mode fort 2 was
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The H1, C1, and C2 are the H19, C19, and C29 of the ribose
and N stands for the N1 of pyrimidine or N9 of purine. Dur
2D constant period, both chemical shifts of C19 and C29 are
evolved, and the antiphase term C1ZC2Y is refocused. The tw
reverse INEPT periods following the 2D period are used
enhance the sensitivity (16). The coherence selection

chieved by the two gradients G3 and G5 (17). The advantag
f using reburp pulse on C19 in the 43 Tc periods has bee
iscussed before (10, 15). In the 4 3 T period (;5/(4 3

C2C)) in 1B, the hard 180 pulse is used for carbon so tha
evolution of C19 antiphase with respect to C29 and the refo
using of C19 antiphase with respect to N1/N9 are conc

nated in the same period. During the long transfer step
C19 to N1/N9 and back in sequence 1A, the transverse
netization of C19 exists as a mixture of two-spin and three-s
heteronuclear multiple-quantum coherence with the three
coherence antiphase with respect to N1/N9. During the 43 Tc
period in sequence 1B, the C19 magnetization is in the sam
situation as in the sequence 1A. While in the 43 T period, the
C19 magnetization is composed of two-, three-, and four-

eteronuclear multiple-quantum coherence. The three-sp
erence includes the antiphase with respect to N1/N9 or9,

and the four-spin coherence is antiphase with respect to
C29 and N1/N9. Since the T1 values of N1/N9 and C29 are
usually much larger than the time scale of 43 T (30 ms in this
study), the favorable relaxation rate of multiple-quantum
herence is thus not diminished much by the existence of
three- and four-spin terms, especially when a molecule is l
In short, slow relaxation of multiple quantum coherence du
the long magnetization transfer steps between C19 and N1/N9
can be used to enhance the signal intensity as evidenced
earlier studies (10, 13–15).

The pulse sequences of se-MQ–HCN–CCH–TOCSY
se-MQ–HCN–CCH–COSY were tested on two RNA sam
dissolved in D2O. The one is a 1.8 mM uniformly13C, 15N-
labeled 23-mer RNA aptamer complexed with neomycin
and the other is a 1.5 mM uniformly13C, 15N-labeled 32-me
RNA aptamer complexed with a 23-residue. The sequen
the 23-mer aptamer is GGACUGGGCGAGAAGUUU
GUCC numbered as G4 to C26 (20). The 32-mer RNA an
peptide complex is an on-going project. All the experim
were carried out on a Varian Inova 500-MHz spectrom
equipped with actively shielded performa II Z-gradients
25°C. The data was processed and analyzed using FELIX
(Molecular Simulations) and nmrPipe (21) software on an SG
O2 workstation.

The sensitivity enhancement with gradient coherence s
tion is a well-established method for reasonable-sized bio
ecules (16, 17). As the size of biomolecules increases,
gained sensitivity for the CHn group (wheren can be 1 to 3) i
ompromised by the signal loss due to the more T2 relaxation

from the extra INEPT step. To find out the applicable range o
se-MQ–HCN–CCH–TOCSY scheme, we collected the dat
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two RNA samples with different sizes as mentioned above u
the MQ–HCN–CCH–TOCSY sequence with and without
sensitivity-enhanced technique under the same experimenta
ditions. Figures 2A to 2D are the 1D slices from 3D data acq
on the 23-mer RNA aptamer. The H59/H50 1D slices of C26 bas
with 15N at 152.5 ppm and13C at 65.5 ppm are shown in Fig. 2
from MQ–HCN–CCH–TOCSY and Fig. 2B from se-MQ–HC
CCH–TOCSY. The enhancement factor for this CH2 group is
from the average of the two peaks, 1.4. Figures 2C and 2D a
H19 1D slices of C26 with15N at 152.5 ppm and13C at 93.1 ppm
obtained using MQ–HCN–CCH–TOCSY and se-MQ–HC
CCH–TOCSY sequences, respectively. The enhancement f

FIG. 2. Comparison of signal intensity of 1D slices from 3D data (A to
acquired on 23-mer RNA aptamer and 2D data (E and F) acquired on 3
RNA complexed with 23-residue peptide using MQ–HCN–CCH–TOCSY
and without sensitivity enhancement scheme. (A) and (C) are the 1D-p
slices of C26 base from 3D spectra acquired using the MQ–HCN–C
TOCSY, and (B) and (D) are from se-MQ–HCN–CCH–TOCSY sequence
spectral width (Hz)/complex points along15N, 13C, and 1H dimensions wer
1621/36, 4274/34, and 6000/512 with 32 transients per FID for both e
ments. The total experimental time is 52.5 h. All other related paramete
the same as in the legend to Fig. 1A. The15N dimension resolution wa

nhanced through linear prediction (21) resulting in a final matrix size o
283 1283 512. The (A) and (B) are the 1D proton slices of H59/H50 with

15N and 13C at 152.5 and 65.5 ppm obtained using MQ–HCN–CCH–TO
and se-MQ–HCN–CCH–TOCSY sequences, respectively. They are sc
the same noise level. The average intensity of two H5 peaks in (B) is
1.4-fold larger than that in (A). The (C) and (D) are the 1D proton slices o9
with 15N and 13C at 152.5 and 93.1 ppm obtained from MQ–HCN–CC

OCSY and se-MQ–HCN–CCH–TOCSY sequences, respectively. The
caled to the same noise level. The intensity of H19 peak in (D) is abou
.57-fold larger than that in (C). For (E) and (F), the spectral width (
omplex points along13C and1H dimensions were 4274/34 and 6000/512 w

320 transients per FID for both experiments. The thick lines in both (E) an
are from se-MQ–HCN–CCH–TOCSY, and the thin lines are from MQ–H
CCH–TOCSY sequence. (E) shows the signal from CH2 group with 13C
positioned at 64.1 ppm; the intensity of the thick line is about 5% larger
that of thin line. (F) shows the signal from CH group with13C at 81.8 ppm, th
ntensity of the thick line is about 45% larger than that of thin line.
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CH group is 1.57. Out of four evaluated bases, the enhanc
factors for CH59/50 and CH19 are, on average, 1.22 and 1.
respectively. Figures 2E and 2F are from 2D1H–13C plane ac-
quired on a 32-mer RNA complexed with a 23-residue pep
The thick and thin lines are from se-MQ–HCN–CCH–TOC
and MQ–HCN–CCH–TOCSY sequences, respectively, und
same experimental conditions. Figure 2E shows the signal o2
groups with13C anchored at 64.1 ppm, where 2F shows the pr
of CH groups with13C positioned at 81.8 ppm. The enhancem
for CH2 and CH are about 5 and 45%, respectively. Since
32-mer RNA and 23-residue complex is equivalent to a 39
RNA in molecular weight, the result suggests that the CH g
signal can be enhanced significantly for large-sized RNA sam
in the se-MQ–HCN–CCH–TOCSY experiment, where the
hancement for the CH2 group for large-sized samples is marg
and well below the theoretical prediction (18).

In the original structural study of the 23-mer RNA apta
(20), a near complete resonance assignment for the ribos

FIG. 3. 2D planes of base C25 with15N at 152 ppm acquired using 3
se-MQ–HCN–CCH–TOCSY (A) and se-HCN–CCH–COSY (B) on the
formly 13C/15N labeled 23 mer RNA aptamer complexed with neomycin.
experimental parameters for (A) have been given in the figure legend t
2. The spectral widths (Hz)/complex points along15N, 13C, and 1H were

621/36, 3016/20, and 6000/512, respectively, with 24 transients per F
B). The total experimental time is 23 h. The15N dimension resolution wa

enhanced through linear prediction (21) resulting in a final matrix size o
128 3 128 3 512. The C29/H29 resonance of the ribose C25 was ea

ssigned from the se-HCN–CCH–COSY experiment (B). Thus, the C29/H29
esonance in plane (A) was identified (connected by the thin line t
29/H29 in (B)), and the complete resonance for ribose of C25 was

assigned and labeled in (A).
ent
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he
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been achieved using the combination of HCCH–CO
TOCSY and 13C-edited NOESY experiments except for
bases U8 and C25. Their H19 chemical shifts are almo
uperimposed with five other H19 protons, and the dispersi
f their C19 chemical shifts is also poor (20). But the problem
an be solved if N1/N9 is used to separate the ribose
ystems in the MQ–HCN–CCH experiment (10). Here the
pplication of se-MQ–HCN–CCH–TOCSY and se-M
CN–CCH–COSY is demonstrated in Figs. 3A and 3B
ase C25. Both 3A and 3B are 2D planes anchored at
pm along15N dimension. Since there are no other bases w

N1 (N9 is located in a much lower field (11)) is nearby on th
scale of resolution along15N dimension (10), the resonance
this spin system can be easily assigned by the combinati
the two experiments and labeled in the figure. Thus the
bination of these two experiments can be used as a co
mentary approach when ribose spin systems cannot be re
using HCCH–COSY, HCCH–TOCSY, and HCCH–COS
TOCSY experiments.

In summary, sensitivity-enhanced se-MQ–HCN–CC
TOCSY and se-MQ–HCN–CCH–COSY experiments for
bose assignment are presented. The experiments, using
to distinguish the ribose spin systems, are useful comple
tary methods to the HCCH–COSY and HCCH–TOCSY t
experiments in which the separation of ribose spin sys
relies on poorly dispersed protons or carbons. The sens
of the CH group can be increased significantly by using Ra
Kay sensitivity enhancement scheme on both medium-
large-sized RNA complexes, while the enhancement fo
CH2 group of a large-sized RNA sample is marginal. C-

ined with se-MQ–HCN–CCH–COSY, the more sensitive
–CCH–TOCSY experiment provides an applicable com
entary method for HCCH–COSY and HCCH–TOCSY in

ibose resonance assignment of RNA samples up to 40 n
tides.
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