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We have prepared RNAs uniformly 13C-labeled in the ribose 13C ribose) , which offers the advantage of spectral simplifi-
ring and with the H3 *, H4 *, H5 * /H5 9 protons specifically replaced cation without sacrifice of sensitivity for the remaining pro-
with deuterons (3 *, 4 *, 5 * /5 9- 2H– 13C, termed d4-13C ribose) , tons. This deuteration pattern is a compromise between elim-
which offers the advantage of spectral simplification without sacri- ination of as many protons as possible while retaining as
fice of sensitivity for the remaining protons. A 3D C(CC)H much structural information as possible. The remaining H1 *
TOCSY experiment that uses a combination of cross-polarization

and H2 * scalar coupling affords the sugar pucker, the basetransfer and deuterium decoupling improves the transfer of mag-
to H1* NOE affords the glycosidic torsion, and the ex-netization around the ribose ring and facilitates assignment of all
changeable protons afford base pairing information, whileribose carbons and H1 * and H2 * protons in a 30-nucleotide RNA
other information on the backbone conformation is lost.from HIV-2. These and other combinations of labeling and pulse

Uniformly 13C- and d4-13C ribose were prepared startingsequence methodology should prove invaluable for the study of
large RNAs, RNA–ligand, and RNA–protein complexes. q 1998 from 13C-glucose (Cambridge Isotope Labs, Cambridge,
Academic Press MA) and 13C– 2H glucose (Martek), respectively, using en-

Key Words: C(CC)H TOCSY; multidimensional NMR; HIV-2 zymes from the pentose phosphate pathway (Tolbert and
TAR RNA; resonance assignment; deuteration. Williamson, unpublished). The enzymatic ribose synthesis

was directly coupled to nucleotide synthesis using a series
of ribosyl transferases (4) to produce d4-13C-ATP, -GTP,

The investigation of RNA structures and RNA–ligand -UTP, and -CTP, with labeled sugars and unlabeled bases.
interactions has benefited from multidimensional hetero- As a test case, the 30-nucleotide hairpin loop from HIV-2
nuclear NMR techniques that are facilitated by availability of TAR RNA (5* GGCCCAGAUUGACCUGGGAGCUCUC-
isotopically labeled RNA (1) . A plethora of triple-resonance UGGCC 3 *) (5) was synthesized by in vitro transcription
experiments, analogous to those applied to proteins (2) , from a synthetic oligonucleotide template with T7 RNA
have been adapted for labeled oligonucleotides (3) . Using polymerase (6) using the d4- 13C and 13C NTPs. The RNA
these experiments, the chemical shifts can be assigned for was purified as described previously (4) and dialyzed into
each nucleus in a polynucleotide chain for medium-sized 50 mM NaCl, 0.1 mM EDTA, 10 mM sodium phosphate,
RNAs. Because the ribose protons, carbons, and backbone and exchanged into D2O.
phosphorous atoms resonate within a very narrow chemical Substitution of deuterons for protons substantially reduces
shift range, complete assignment is very difficult for larger the directly attached carbon and proton linewidths and allevi-
RNAs (ú40 nucleotides) . In addition, the rapid relaxation of ates the resonance crowding in the ribose region. The label-
these nuclei limits the application of many triple-resonance ing pattern where the H3*, H4*, and H5 * /H5 9 are substituted
experiments that rely on small scalar couplings for magneti- for deuterons simplifies the carbon HSQC spectrum (Fig.
zation transfer. 1) , since the H2 * resonances are the only protons in the

As part of our effort to extend the size limit of RNA region 4–5 ppm. As can be seen in Fig. 1B, all the C2 * /
structures that can be studied effectively by NMR, we have H2* resonances that are usually overlapped with the C3* /
prepared specific isotopic-labeling patterns in RNAs and de- H3* resonances are clearly observed in the spectra of the
signed pulse sequences that take advantage of those patterns. deuterated sample. A benefit of this labeling pattern is that
We have prepared RNAs uniformly 13C-labeled in the ribose the ribose carbons bearing deuterons will relax more slowly,
ring and with the H3*, H4*, H5* /H5 9 protons specifically and magnetization transfer through the sugar ring should be

more efficient.replaced with deuterons (3 *, 4 *, 5 * /5 9-2H– 13C, termed d4-
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FIG. 1. An HSQC spectra of (A) 1.0 mM d4-13C TAR from HIV-2
and (B) 1.1 mM 13C TAR from HIV-2. Spectra were taken on the Varian
Inova 600-MHz spectrometers using 32 scans/FID. Carbon and proton
sweep widths were 6 kHz, and carriers were positioned at 81 ppm (13C) and
4.8 ppm (1H). Note how the overlap between the C2 * and C3 * resonances is
removed in the deuterated sample.

FIG. 2. Heteronuclear pulse sequences for (A) INEPT-based 3D con-
stant time C(CC)H TOCSY, (B) INEPT-based 3D constant time C(CC)HPulse sequences designed to exploit this property are
TOCSY with sensitivity enhancement, and (C) CP-based 3D constant timeshown in Fig. 2. These experiments are similar in spirit
C(CC)H TOCSY experiments. Thin and thick vertical bars represent 907

to the C(CC)(CO)NH experiment developed for use in and 1807 radiofrequency (RF) pulses respectively. 1H, 2H, and 13C carriers
deuterated proteins (7) . The experiments begin with the are centered at 4.8 ppm, 3.0 ppm, and 81.0 ppm respectively. At high
creation of transverse carbon magnetization which is fre- power, 1H and 13C RF pulses were applied using 27.4 and 23.1 kHz fields

respectively. WALTZ-16 (19) decoupling at 6 kHz is applied on the 1Hquency labeled in a constant-time fashion (8) , followed by
channel to maintain the transverse carbon magnetization inphase during theits transfer through the ribose ring using DIPSI-2 TOCSY
constant time period, and during acquisition a 1.9-kHz field is applied to

(9) sequence, and finally detected on the remaining H1 * / the carbon channel. For deuterium decoupling a 1-kHz field was employed,
H2 * protons. The flow of magnetization is shown below: and the flanking 907 pulses were applied with a 2.5-kHz field. Three cycles

of DIPSI-2 sequence yielding 13.0-ms isotropic TOCSY mixing time and
one cycle of DIPSI-2 yielding a cross-polarization time of 6.1 ms were13C( t1)

JCC JCH
H( t3) 2D C(CC)H TOCSY applied (For each new sample, it is advisable to run half-hour 2D versions

of the pulse sequence to determine empirically the optimal TOCSY mixing
time in the theoretical range 6–24 ms (18)) . The TOCSY field strength13C( t1)

JCC
13C( t2)

JCH
H( t3) 3D C(CC)H TOCSY. was at 6.6 kHz, whereas the cross-polarization field was at 4.7 kHz. The

delay D was set to slightly less than 1
4 JCH at 1.5 ms, and TC to 12.5 ms.

The couplings involved in each transfer step are shown Nonlabeled pulses are applied along the x axis. For (A and C), quadrature
in F2 and F3 were achieved by incrementing the phases of a, g, and theabove the arrows, and t1–t3 represent the acquisition times.
DIPSI-2 TOCSY in States–TPPI fashion. All gradients are applied forIn the design of the pulse sequences, the transfer of magneti-
about 500 ms at 0.05–0.10 T m01 . For (B), two FIDs are acquired for eachzation from the deuterated carbons to the protonated carbons increment of t2 with the amplitude of G3 and the phase F inverted in the

was optimized using a combination of constant-time (8) , second FID. The gradients G3 and G6 are used for coherence selection: their
cross-polarization transfers (10) , and deuterium decoupling durations and strengths are G3 , 1.6 ms, 0.15 T m01 ; G6 , 0.4 ms, 0.15 T

m01 ( it is necessary to fine tune the G6 gradient strength relative a fixed(11) . Pulsed field gradients are used to minimize artifacts
value of G3 in order to obtain the requisite proton and carbon gyromagneticand reduce any trace of residual water in the spectra. Cross-
ratios, gH and gC) . To implement (A and B) using WATERGATE (15)polarization efficiently transfers magnetization from the car- for water suppression simply replace the portions marked between the two

bons to the directly attached protons (Fig. 3) as demon- arrows delineated by a and b, asshown for example in Ref. (20) .
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ambiguities occasionally arise for nucleotides with unusual
chemical shifts (16) . Finally, by beginning the experiment
with carbon magnetization, even the deuterated carbons can
be assigned and the length of the pulse sequence is reduced.

In current protocols for identifying the sugar proton and
carbon spin systems, one typically records several 3D experi-
ments such as HCCH-COSY, HCCH-RELAY, and HCCH-
TOCSY to connect the ribose and carbon resonances to the
relatively well-resolved H1 * /C1 * region (17) . For larger
RNA molecules, magnetization transfer around the sugar
ring becomes inefficient, especially for the C4* and C5*
resonances due to rapid carbon relaxation. The ribose car-
bons (C1 *–C5 *) in uniformly 13C-labeled RNA approxi-
mate a linear five-spin coupling network found in lysine
residues, and the optimal isotropic mixing times (12.5–25
ms) for transfer through the chain have been calculated (18) .
In practice for the d4-13C sample and the new pulse scheme,
we find that a 13-ms TOCSY mixing time is optimal for the
observation of the entire ribose spin system simultaneously.
Other mixing times (6–24 ms) optimize magnetization
transfer between a subset of the ribose carbons. In compari-
son, this transfer is incomplete for the 13C-only sample (Fig.
4A). While it is more difficult to deconvolute the connectiv-
ity pattern in the 2* region using a fully protonated sample,
in the deuterated sample we obtain parallel ladders of carbon
resonances at the chemical shift of each H1* and H2 * pair,
which provide two independent routes for assigning the car-

FIG. 3. One-dimensional spectra of CT-C(CC)H TOCSY spectra of
bon resonances. An example of this ladder is shown for G32d4-13C TAR using (A) C r H CP transfer without deuterium decoupling,
in Fig. 4 (obtained with the pulse sequence in Fig. 2C).(B) C r H INEPT transfer with deuterium decoupling, and (C) C r H
One surprising observation is that crosspeaks are better dis-CP transfer with deuterium decoupling. Spectra were taken on the Varian

Inova 600-MHz spectrometer. persed in the H2 * /C1 * region than in the H1 * /C1 * region.
This is clearly seen in Fig. 4B for G32 and G33 whose
overlapped resonances in the H1 * position are well resolved

strated by a number of workers (12) ; deuterium decoupling
as expected improves the signal-to-noise considerably (Fig.
3) . The pulses can also be implemented with the preserva-
tion of the two orthogonal coherence pathways (13) com-
bined with gradients to select the desired coherence pathway
(14) (Fig. 2B) or with WATERGATE water suppression
scheme (15) for samples in water. In our hands we do not
observe any significant gain with the gradient, sensitivity-
enhanced versions. Use of constant time improves the resolu-
tion in the carbon dimension by eliminating the 13C homonu-
clear coupling, and allows one to distinguish the 1* and
5 * resonances from the 2 *, 3*, and 4 * resonances, since

The phase cycle for (A and C) is as follows: a Å x ; b Å x , y , 0x , 0y ;
d Å [8x , 8(0x)] ; u Å [2x , 2(0x)] ; F Å [4y , 4(0y)] ; g Å y , and rec FIG. 4. Two-dimensional CT-C(CC)H TOCSY spectra of (A) 13C only

TAR and (B) d4- 13C TAR at 257C using the sequence in Fig. 2C. SpectraÅ [(x , 0x , 0x , x) , (0x , x , x , 0x)] . For (B) the phase cycle is g Å [4y ,
4(0y)] , and F Å x ; all the other phases are the same as those for (A and were recorded on a Varian Inova 600-MHz spectrometer using 16 scans

per increment. The parallel ladder of carbon resonances at the chemicalC). The pulse program is available from the authors (kwaku@stentor.
mit.edu). shifts of the H1 * and H2 * are shown for G32.
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tency check of the assignments at the H1* and H2 * positions
(Fig. 5) . As can be seen from Fig. 5 all the carbon reso-
nances are easily assigned at the C1* and C2 * chemical shifts
in the carbon–carbon plane at each H1 * or H2 * resonance
position. An example is shown for G32 at both the H1 * and
H2* planes. Note how the overlap of the G32 with G33 in
the H1 * position is easily resolved in the H2 * plane. The
use of a constant-time delay proportional to an odd integer
multiple of the one-bond carbon–carbon scalar coupling
constant (1/JCC) allows one to easily distinguish 1* and 5 *
resonances from the 2*, 3*, and 4 * resonances because in
this case the sign of the cross peaks for C1* and C5* reso-
nances is opposite to that of C2 *, C3 *, and C4* resonances.

In summary, new isotopic-labeling patterns and NMR ex-
periments are presented that facilitate assignment of all ri-
bose carbons and H1 * and H2* protons in RNAs uniformly
13C-labeled and selectively deuterated at the 3*, 4*, 5 *, and
5 9 positions. The combination of selective deuteration, cross-
polarization transfer, and deuterium decoupling improves the
transfer of magnetization around the ribose ring. These and
other combinations of labeling and pulse sequence method-
ology should prove invaluable for the study of large RNAs,
RNA–ligand, and RNA–protein complexes.
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