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An efficient procedure is described to facilitate the sequential
resonance assignment of nucleic acids using the13C separated
NOESY experiment. A uniformly13C-enriched RNA oligonu-
cleotide containing the H8 of the purine bases and only the H6
of the pyrimidine bases was prepared by exchanging the protons
for deuterons at the C5 positions of uniformly13C-enriched 5′-
CMP and 5′-UMP. Deuteration of C5 eliminates the overlap
frequently encountered between H5 and H1′ resonances in the
base-1′ region of the NOE spectrum. The procedure is demon-
strated for a 23-nucleotide RNA hairpin that contains twelve
pyrimidine nucleotides.
The resonance assignment of nucleic acids is primarily ac-

complished using sequential NOE cross-peaks between adjacent
base and sugar protons and has been successfully applied to a
variety of oligonucleotide systems.1-3 This process is now
facilitated by13C and15N isotopic enrichment of ribonucleic acids
which allows the application of multidimensional heteronuclear
techniques that dramatically simplify the NOESY spectrum and
permit the scalar correlation of intraresidue base-1′ resonances.4-8

Deuterium labeling of the nonexchangeable sites of oligonucleo-
tides also can reduce cross-peak overlap and improve resolution
of the NOESY spectrum.9-13 We have combined uniform13C
enrichment of ribonucleotides with selective deuteration at the
C5 position of uridine and cytidine bases. This labeling strategy
eliminates crowding in the base-1′ region of the NOESY spectrum
caused by the intense H6-H5 cross-peaks and simplifies the
sequential resonance assignment procedure. The constant time
variant of the NOESY-HMQC experiment was used to refocus
the one-bond C5-C6 coupling and improve the resolution of the
pyrimidine C6 resonances.
Deuteration of the pyrimidine nucleotide C5 positions was

accomplished using metabisulfite anion14 as a catalyst in a pro-
cedure similar to that employed for hydrogen isotope exchange
at C5 and C8 in DNA and RNA oligonucleotides.9,15 A key step

in the procedure for this application is the chromatographic
separation of purine from pyrimidine nucleotides in order to
preserve the proton at the C8 position of adenine and guanine
bases. The 5′-NMPs were eluted sequentially from an anion ex-
change column using a stepped gradient of formic acid.16 The
exchange reaction (99%2H2O, 10 mM 5′-NMPs, 150 mM (NH4)2-
SO3, 20 mM Na2S2O5, pH* 7.7) was incubated at 65°C for 72 h.
The reaction was stopped after≈90% exchange to facilitate
comparison of the deuterated and protonated RNA molecules. An
aliquot of the reaction proceeded to>98% completion after
incubating for an additional 30 h, and no exchange was detected
at other sites. The yield of C5 deuterated 5′-NMPs after sep-
aration, exchange, and purification of the protonated 5′-NMPs
was≈93%.
The H6/8-H1′ region of the NOESY spectrum exhibits the

greatest dispersion of base-sugar cross-peaks in an oligoribo-
nucleotide and provides the correlations necessary to accomplish
the sequence-specific resonance assignment of an RNA molecule.
Although the observation of NOE correlations is conformation
dependent, each H6/8 and H1′ resonance usually gives rise to a
pair of intraresidue and interresidue H6/8-H1′ NOE cross-peaks
(Figure 1). The13C resolved sequential assignment strategy is
based on the alternate correlation of these NOE cross-peak pairs
to the chemical shifts of the directly attached C1′ and C6/8
nuclei.17 In general, NOE planes at unique purine C8 frequencies
contain an intra- and an interresidue H8-H1′ cross-peak.
However, since the pyrimidine H5 resonates in the same region
as the 1′ protons, C6 NOE planes generally contain three cross-
peaks, two H6-H1′ correlations, and an H6-H5 correlation. The
intrabase H6-H5 distance of 2.45 Å results in an intense cross-
peak that frequently obscures at least one of the H6-H1′ cross-
peaks. Since the C1′ and C6/8 resolved regions of the NOE
spectrum are used to obtain sequential correlations, unambiguous
identification of H6-H1′ cross-peaks is essential.
Figure 2 compares the NOE-based resonance assignment

procedure applied to a C5 protonated (5-1H) RNA molecule and
the corresponding C5 deuterated (5-2H) molecule. The cross-
peaks involving H6 are separated according to the chemical shifts
of the directly attached C6 nuclei. In the 5-2H molecule, the
intensities of the residual H6-H5 cross-peaks are significantly
weaker than the H6-H1′ correlations (Figure 2b). The near
absence of an H6-H5 cross-peak in the spectrum of the 5-2H
molecule permits unambiguous identification of both Cyt-10 H6-
H1′ correlations (Figure 2b), whereas in the 5-1H moleculeboth
H6-H1′ correlations are concealed by the intense H6-H5 cross-
peak (Figure 2a). The intraresidue H6-H1′ cross-peaks of Uri-
12 and Cyt-13 are resolved in the spectra of both RNA molecules,
but the interresidue cross-peak of Uri-12 H6 is not observed due
to the conformation of the base. The absence of this interaction
is immediately clear in the 5-2H molecule spectrum. In the
spectrum of the 5-1H molecule, it is not possible to distinguish
whether the interresidue NOE to Uri-12 H6 is absent or present
but simply concealed beneath the H6-H5 cross-peak. The
problem of distinguishing between two alternatives arises for the
interresidue NOE involving Cyt-13 H6 in the 5-1H molecule. In
this case, the NOE is present but covered by the H6-H5 cross-
peak. The sensitivity of HMQC-NOESY-HMQC experiments
was insufficient to provide comparable information through 1′-
C6/H6 correlations. Thus, substitution of the pyrimidine 5 protons
with deuterons eliminates the H6-H5 cross-peaks from the
spectrum allowing the H6-H1′ correlations to be readily identi-
fied. This permits the sequential resonance assignment to pro-
ceed alternately between C6/8 and C1′ NOE planes without
interruption.
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The C6 resolved region is further complicated in uniformly
enriched molecules as the C6 resonances are split by the C5
nuclei. A constant time (CT) HMQC element (Figure 3) was
used to eliminate C6 splitting by refocusing the C6-C5 coupling
and provided a significant improvement of sensitivity and
resolution. The CT-HMQC takes advantage of the slower
relaxation of the multiple quantum coherence relative to single
quantum coherence18 but can result in13C resonance broadening
due to1H homonuclear coupling. Since there is no H5 in the C5
deuterated RNA molecule, neither the C6 nor H6 resonances
suffer broadening originating from the 7-8 Hz H6-H5 coupling.

The removal of the H6-H5 coupling improves sensitivity by an
additional≈35% for this 5-2H RNA molecule relative to the 5-1H
molecule.
Deuteration of pyrimidine C5 alleviates ambiguity in the

NOESY spectrum resulting from H6-H5 cross-peak overlap and
can enhance the sensitivity of cross-peaks involving H6 by elim-
inating H6-H5 coupling. The success of experiments such as
3D or 4D HMQC-NOESY-HMQC to correlate C1′ to the C6/
H6 resonances is limited by the relaxation properties of the
molecule of interest. Deuteration of C5 in large molecules and
others that exhibit unfavorable relaxation properties facilitates
correlation of the H1′ and C6/H6 resonances. We are presently
evaluating methods for obtaining scalar correlations within the
pyrimidine base, such as the HNCCCH experiment,19 that can
take advantage of the improved relaxation properties of the
deuterium decoupled C5.
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Figure 1. Diagram of a dinucleotide showing the intra- and interresidue
base-1′ proton NOEs used for sequential assignments. The intrabase
pyrimidine H5-H6 NOE is also shown. Each NOE (represented by an
arrow) results in a cross-peak that is correlated with a C6/8 frequency
and a C1′ frequency.

Figure 2. ω1-ω3 planes extracted from{1H, 13C, 1H} 3D NOESY-
CT-HMQC spectra showing sequential base-1′ proton correlations in (a)
the C5 protonated and (b) C5 deuterated RNA molecules. The primary
structure of the RNA is r(GGGAUACUGCUUCGGUAAGUCCC), and
the sequential walk is traced from Cyt 10 to Cyt 13. In (b), the H5-H6
cross-peaks are indicated by arrows, and the intraresidue H6-H1′
correlations are marked with a triangle pointed toward the right. The RNA
molecules were prepared as reported20,21,22using uniformly13C-enriched
and uniformly 13C-enriched/C5 deuterium-labeled 5′ NTPs. Sample
concentrations were 2.1 and 1.8 mM for the deuterated and protonated
molecules, respectively. The sequence used to acquire the spectra is shown
in Figure 3.

Figure 3. Pulse sequence used to acquire the 3D NOESY-CT-HMQC
spectrum. Thin and thick bars represent 90° and 180° pulses; the hatched
bar is a composite 90x240y90x inversion pulse and the open bar is a
composite 90x180y90x pulse. The phase cycle isφ1 ) x, -x; φ2 ) 4(x)
4(-x); φ3 ) 2(x) 2(-x); φ4 ) x, -x; rcvr ) x, -x, -x, x, -x, x, x, -x.
The delay∆ ) 2.6 ms and the delayT) 15.2 ms. Spectra were acquired
on a Bruker AMX-500 NMR spectrometer equipped with a1H-{13C/
15N} triple resonance probe. Broadband decoupling of the base carbon
resonances was achieved using GARP (γB2)2314 Hz).23 Quadrature
detection was achieved using the States-TPPI method, and acquisition
was delayed by a half-dwell in the indirectly detected1H dimension.24

The spectra were acquired with eight scans per FID at 28°C using a
mixing time of 320 ms, and the system was allowed 1.1 s to recover
between scans. The spectral widths wereω1 ) 3000 Hz,ω2 ) 2083 Hz,
andω3 ) 7000 Hz with acquisition timest1max ) 22 ms,t2max ) 14.4
ms, andt3max ) 146 ms. The time domain data points were extended in
t1 and t2 prior to Fourier transformation. The final matrix size was 512
× 256× 2048 after zero filling.
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