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ABSTRACT

The first synthesis of a non-uniformly deuterium
labelled 21mer RNA is reported using our ‘NMR-
window’ concept, showing its unique app lication in the
unambiguous NMR assignment of the non-exchange-
able aromatic and sugar protons.

INTRODUCTION

As the number of nucleotide residues increases in an oligo-DNA
or RNA, the use of high-field NMR spectroscopy in the
elucidation of the structure and dynamics poses severe problems
because of the spectral overlap caused by the repeating nucleotide
units, the line-broadening due to decreased T2 relaxations (1), and
a slower tumbling rate finally causes an increase in T1 relaxation
(1). It has only recently emerged that one way to overcome this
inherent size limitation problem is the development of isotope
labelling techniques. Enormous efforts have thus been invested in
the enzyme promoted synthesis of uniformly 13C/15N labelled
RNA and their structure elucidation using triple resonance
spectroscopy (2–4). We, on the other hand, have developed
synthetic methodologies for specific deuteration of nucleosides,
which are then incorporated into the specific domains of an
oligonucleotide using solid phase synthesis protocol in a
non-uniform manner to solve the overcrowding problem in their
1H-NMR spectra (5–9). Thus these synthetic partially-deuterated
oligonucleotides have a 1H-NMR-invisible part and a short
1H-NMR-visible part (‘NMR window’), which is then used to
extract structural information (Fig. 1; 5,6). We have earlier
demonstrated (7,8) the application of this unique ‘NMR window’
concept on a self-complementary 20mer DNA, showing that the
overcrowding of proton resonances in the NMR-window part is
considerably reduced, thereby enabling us to assign proton
resonances to determine the NOE volumes as well as the 3JHH
couplings accurately (9).

We herein show for the first time that this ‘1H-NMR window’
concept is equally applicable in the NMR studies of large
oligo-RNA as exemplified by a comparative study with a natural
21mer (Fig. 1a) and its deuterated analogue (Fig. 1b). It has been
demonstrated in this work that it would have been very difficult

to assign the resonances of the natural 21mer RNA (Fig. 1a)
without the direct help of the deuterated 21mer analogue
(Fig. 1b).

MATERIALS AND METHODS

The deuterium labelled 2′,3′,4′#,5′,5′′ -2H5-β-D-ribonucleoside
derivatives (Fig. 1c) were prepared by our published procedure
[5,6; further improved unpublished preparation protocol for the
deuterated sugar and the deuterated nucleoside blocks are
available from the authors’ lab (Fax: +46 1855 4495; e-mail:
Jyoti@BioorgChem.uu.se)]. Triethylamine trihydrofluoride (10)
was purchased from Aldrich. 1,3-Dichloro-1,1,3,3-tetraisopro-
pyldisiloxane (11) and 2-cyanoethyl N,N-diethyl-chlorophosphor-
amidite (12) were prepared using literature procedures.
Analytical TLC was carried out using Merck pre-coated Kiesel-
gel 60 F254 glass backed plates. Kieselgel G60 from Merck was
used for short column chromatographic separations. DEAE-
Sephadex G-25 super fine, DNA grade (Pharmacia, Sweden) was
used for gel filtrations.

Deuteration of C-5 position of uridine (13) and its conversion
to C-5 deuterated cytidine (14), protection of different nucleobases
(benzoyl for A and C and phenoxyacetyl for G) (15,16) and
tert-butyldimethylsyilyl for 2′-OH hydroxyl functions (17),
phosphitylation of 3′-OH (18,19) of 5′-DMTr base protected
deuterium labelled ribonucleoside blocks by 2-cyanoethyl N,N-
diethyl-chlorophosphoramidite were achieved by published pro-
cedures (20,21). All building blocks were satisfactorily
characterized by 1H- and 31P-NMR. The 31P chemical shifts for
the natural and deuterated phosphoramidites were within the
experimental error.

RNA synthesis and purification

The natural and deuterium labelled 21mer RNAs were prepared
by the solid phase phosphoramidite method on an ABI DNA/
RNA synthesizer model 394 equipped with eight ports for the
addition of the four natural and four sugar deuterated phosphor-
amidite blocks for the synthesis of the deuterated 21mer (Fig. 1b).
The standard programs for 1.0 µmol scale RNA synthesis from
ABI were used in a way to have 10 min coupling time (1 µmol
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Figure 1. (a) The natural 21mer hairpin RNA. (b) The partially-deuterated analogue of 21mer RNA incorporating deuterated blocks as shown in (c), where Base =
adenin-9-yl, guanin-9-yl, C5-2H-cytosin-1-yl or C5-2H-uracil-1-yl (>95% 2H enhancements). The partially-deuterated blocks are located in the stem region and are
shown in the ‘outline’ font and the nucleotides in the ‘NMR-window’ region is shown in ‘bold’ font in (b). The partially-deuterated sugar residues shown in (c) for
specific incorporation into the 21mer RNA using our ‘NMR-window’ approach (5–9) has the following deuterium enrichments: >97 atom % 2H at H2′, H3′ and H5′/5′′
sites, ∼65 atom % 2H at H4′. (d) The arrows show the observed NOE connectivities between base-paired G imino protons and sugar H1′ of the 3′-end of the same
strand as well as to H1′ of the 3′-end of the opposite strand denoting the A-type RNA in the stem region of 21mer (32).

scale × 12 syntheses). After deprotection in saturated ethanolic
ammonia for 7 days at ambient temperature, the solvent was
evaporated. The residue was redissolved in neat triethylamine
trihydrofluoride and stirred for 17 h at ambient temperature. After
17 h, the mixture was desalted by using a Sephadex G 25 gel
filtration column. The crude mixture was analysed by reversed
phase HPLC and the peak for the main product (Rt = 46 min) was
integrated for 78.5% giving an average coupling yield of ∼99%.
Purification of the oligomers was carried out by preparative
reversed phase HPLC (Gilson system consisting of Model 305 &
306 Pumps, 811C Dynamic Mixer and 118 UV Detector) on a
Kromasil 100-5C18 (250 × 8 mm2) reversed phase column with a
linear gradient of 0→30% buffer B (0.1 M TEAA pH 6.8, 50%
CH3CN) in buffer A (0.1 M TEAA pH 6.8, 5% CH3CN) over a
period of 50 min with a loading of 25 OD units of crude RNA per
injection. Appropriate peaks were collected and evaporated. The
purified residue was co-evaporated with double distilled H2O
several times and loaded to Dowex 50 WX (Na+ form).

Preparation of NMR sample

Finally, samples (∼200 OD units each) were lyophilized to
dryness several times from D2O. The solid powder of the natural
or deuterated 21mer RNA was then dissolved in 0.5 ml of H2O
or D2O buffer containing 100 mM NaCl, 10 mM NaD2PO4,
10 µM EDTA and 0.02% NaN3 (pH 6.5) for NMR measure-
ments. The final concentrations of the samples were ∼1.6 mM.

Nuclear magnetic resonance spectroscopy

1H-NMR spectra were recorded on a Bruker AMX 500 NMR
spectrometer (1H at 500.13 MHz). Phase-sensitive NOESY
experiments (22) were performed at 21�C using the following
parameters: mixing time 0.3 and 0.6 s, 4K complex data points in
t2, 512 complex data points in t1, a relaxation delay of 5.0 and
3.5 s, a sweep width of 5050.5 Hz in both dimensions, acquisi-
tions per FID was 128; a shifted squared sine-bell apodization
function was applied for both dimensions. The data were
zero-filled in t1 to give 2K × 1K complex data points. The residual
water resonance was saturated during the relaxation delay.

Two-dimensional data sets for DQF-COSY (23) spectra were
collected in the phase-sensitive mode with the time-proportional
phase incrementation with phosphorus decoupling. Typically
4096 data points were collected for each 512 t1 values in
DQF-COSY experiments. The 4096 × 512 data points were
resolution enhanced by a shifted squared sine-bell window
function in both t1 and t2 directions, then Fourier transformed and
phase adjusted, a relaxation delay of 3 s was used. The data were
collected with the non-spinning sample to avoid t1 noise. The
NOESY experiments in 90% H2O/10% D2O mixture (24) at 5
and 21�C (with mixing time of 0.3 and 0.6 s, relaxation delay of
2.5 s) were performed with a final spectra of 2K × 1K real data
points after Fourier transformation. The spectra in 90% H2O/10%
D2O mixture were corrected for the excitation profile (24).
One-dimensional experiments in aqueous solutions were per-
formed by using the pulse sequence 45–tm–45 (tm = 195 µs,
relaxation delay of 10 s) with a sweep width of 5050.5 Hz.

RESULTS AND DISCUSSION

The sequence and a possible folded 2D structure of 21mer RNA
(Fig. 1a) corresponding to residues 114–134 within the trp leader
mRNA transcript in Escherichia coli has been thought to provide
the termination and the anti-termination signals recognized by
RNA polymerase. Hence, attempts have been made earlier to
study this G-C rich 21mer by 600 MHz NMR (25), where the
imino protons were clearly observed but could not be assigned
because of the spectral overcrowding in the aromatic, anomeric
and other regions where other aliphatic sugar protons absorb.
These considerations led us to decide to use this 21mer hairpin
RNA to show the applicability of our ‘NMR-window’ concept.

The imino proton resonances in 1D spectra at 500 MHz is
shown in Figure 2a, which is the same both for natural and the
deuterated 21mer RNA. The appearance of relatively sharp imino
proton resonances for the 21mer RNA in the downfield region
shows that they arise due to the hydrogen-bonded helix as shown
in Figure 1a or b. The assignment of the imino proton resonances
shown in Figure 2a and c is based on the comparative analysis of
the NOESY spectra of both for the natural and the deuterated
sample at 5 and 21�C in H2O and D2O (vide infra). Unlike earlier
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Figure 2. (a) Resonances of imino protons from the 1D 1H-NMR of the
deuterated analogue of the 21mer RNA (Fig. 1b) in H2O-D2O (90:10%, v/v)
containing 100 mM NaCl, 10 mM NaD2PO4, 10 µM EDTA and 0.02% NaN3
(pH 6.5) at 5�C. (b) The imino-anomeric and (c) the imino-imino regions of the
NOESY spectrum of the deuterated 21mer RNA at 5�C. The imino-imino walk
from G2 to G17 is traced with a dashed line. The diagonal peaks in 2D NOESY
in (c) and imino proton resonances in 1D spectrum in (a) are marked by
numbered capital letters as shown in Figure 1a. The cross-peaks between imino
protons and H1′ of the next residue both at the 3′-end of the same strand and
at the 3′-end of the opposite strand are observed and marked, thereby
establishing the connectivities in Figure 1d.

work (25), we have observed sequential imino–imino cross
connectivities (Fig. 2c) at both 5 and 21�C in the NOESY spectra
at 300 and 600 ms mixing time, but they could not be assigned
easily without the knowledge of the assignment of aromatic-H1′
region (vide infra). Here, we faced one of the most complex
problems involving the elucidation of the starting point of the
NMR assignment task, which is often one of the most difficult
issues to solve in RNA structure determination (26). We assumed
that since the most downfield imino proton resonance at 13.56
p.p.m. at 5�C rapidly exchanges with the bulk water, and this is
also the first signal that disappears from the NOESY spectrum as
the temperature of the sample is increased, this peak could be
either from the 3′-terminal G2 residue or from G15 (the closing
base-pair which is a part of the loop). On the other hand, the most
upfield imino proton resonance at 12.32 p.p.m. is a nice candidate
for the terminal imino proton of the G2 or G15 residue to start the

sequential walk since this peak is rather broad compared with any
other imino resonances but the problem is that this imino
resonance exchanged very slowly compared with the resonance
at 13.56 p.p.m. This problem could not be simply resolved by
looking at the imino–imino and imino–H1′/H5 region of the
NOESY spectra. It only could be unambiguously tackled by
looking at the aromatic-H1′ as well as other NOE cross-connecti-
vities of the non-exchangeable protons in the deuterated 21mer.

Figures 3, 4 and 5 show expanded parts of 2D NOESY
spectrum of the natural and the deuterated analogue of 21mer
RNA. Their aromatic-H1′ region is found to be reasonably well
dispersed (compare Fig. 3a and b). On the other hand, the H2′,
H3′, H4′ and H5′/5′′  regions of the natural 21mer are far more
crowded compared with the corresponding regions in the
deuterated counterpart (compare Fig. 4a with b and Fig. 5a
with b). In order to design an appropriate deuterated analogue of
the 21mer RNA in such a manner that the starting point of our
NMR assignment of the non-exchangeable protons could be fixed
in advance, we chose the following strategy. Since all adenine
aromatic protons are normally more downfield than other
aromatics, we found that all H8-H1′ cross-peaks of all four A
residues (A1, A10, A11 and A14) of 21mer were dispersed and
observed in the downfield region of the spectra (Fig. 3a). Hence,
we chose to incorporate the deuterated nucleotide residues
(Fig. 1c) in the whole stem region that covers only one adenine
nucleotide (i.e. A1) at the 3′-terminus as shown in Figure 1b.
Since these deuterated blocks (Fig. 1c) have H1′ residual proton
but not H2′ (see Fig. 1 legend for details), hence by examination
of the DQF-COSY spectra (compare Fig. 6a with b) of the natural
versus the deuterated 21mer RNA, we found that the cross-peak
H1′-H2′ of A1 residue has vanished whereas the H1′-H2′
cross-peaks for A10, A11 and A14 in the loop part are clearly
observed. This strategy also worked very well for the U21
residue, which could be assigned unambiguously from the
comparison of the DQF-COSY spectra of natural and deuterated
RNA, and hence it could also be used as the starting point for the
assignment. This approach could be of considerable importance
as a general strategy for establishing the starting point for the
assignment of resonances of large RNA since the terminal
nucleotide residue will be expected to always have a preference
for the S-type conformation. Hence if we incorporate a deuterated
block such as shown in Figure 1c at this position, we would
always observe the disappearance of the H1′-H2′ cross-peak in
the DQF-COSY spectra compared with the natural counterpart.

One other important point about incorporating the deuterated
block such as shown in Figure 1c in the synthesis of the
non-uniformly deuterated 21mer analogue (Fig. 1b) is as follows.
In the natural 21mer, the NOE cross-peaks for (H1′-H8/H6)i and
H1′i–1-H8/H6i in the aromatic-H1′ region were obscured by
H5-H6 cross-peaks, which added more complexity to our
problem for further assignment. This is evident from a compari-
son of a sequential walk from G2 to G6 and C8 to U9 residues in
Figure 3a and b, which was solved by 95% 2H enrichment at the
C5 of uracil (27–31) and cytosine (31) residues as shown in
Figure 1c and incorporating them in the stem part of the
deuterated RNA (Fig. 1b). Thus the H5-H6 cross-peaks for those
deuterated residues vanished in the NOESY and DQF-COSY
spectra (compare Fig. 3a with b and Fig. 7a with b).

Figure 3a and b shows the aromatic-H1′/H5 region of the
NOESY spectrum of the natural 21mer and its deuterated
analogue. It can be seen from a comparison of Figure 3a with b
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Figure 3. For the sake of comparison, identical regions of the NOESY spectra correlating between aromatic and anomeric H1′ resonances are shown in (a) for natural
21mer RNA (Fig. 1a) and in (b) for the partially deuterated 21mer RNA analogue (Fig. 1b), which have been acquired in 2H2O at 24�C. The dashed lines connect
the NOE cross-peaks between H1′ and H8/H6, which are observed in both (a) and (b) starting from the A1 residue. The cross-peaks belonging to (H1′-H8/H6)i
intraresidual protons are marked by numbered capital letters as shown in Figure 1a. The cross-peaks showing interaction between aromatic H5 and H6 proton of
cytosine or uracil are marked when they are visible. Since H5 proton in uracil and cytosine has been substituted by deuterium in the deuterated analogue (Fig. 1b),
the H5-H6 cross-peaks for these deuterated pyrimidine residues are only very faintly observed (>95% 2H enhancement at C5), which are shown by empty square boxes.
Note that the assignment of the aromatic-H1′ cross-peaks for C3, C4, C5 and U9 residues in natural 21mer RNA in (a) has been achieved with the help of the deuterated
analogue as shown in (b). The small differences in the chemical shifts between the natural 21mer, spectrum (a), and its partially-deuterated analogue, spectrum (b),
result from small differences in the concentration.

that the sequential connectivities in the deuterated 21mer in
Figure 3b are easily traced starting from the intraresidual
(H1′-H8)i cross-peak of A1 to all other residues without any
problem because of absence of H5-H6 cross-peaks of C4, C5 and
U21, and are summarized in Table 1. The NOESY spectrum at
300 ms mixing time had numerous aromatic/aromatic cross-
peaks (data not shown) that also support the assignments shown
in Table 1.

The aromatic H6/H8 to H2′, H3′, H4′, H5′ and H5′′  region in
the natural 21mer of RNA (Fig. 4a) was found to be overcrowded
from the overlapping sugar resonances due to the isochronous
chemical shifts of the H2′, H3′, H4′, H5′ and H5′′  protons for most
of the nucleotide residues (see the box in Fig. 4a). This makes the
sequential walk from (H2′-H8/H6)i to H2′i–1-H8/H6i and from
(H3′-H8/H6)i to H3′i–1-H8/H6i almost impossible even for those
nucleotides in the loop part where the chemical shifts of aromatic
protons of A10, A11 and A14 are shifted downfield (Fig. 4a). The
situation is, however, dramatically changed in case of the
deuterated analogue of 21mer RNA (compare Fig. 4a with b) in
which many cross-peaks for H6/H8 to H2′, H3′, H4′, H5′ and H5′′
have become well resolved (see the box in Fig. 4b), and therefore
they could be sequentially traced from C8 to G15 residues in the
non-deuterated loop very easily. It is noteworthy that the H3′
resonances are shifted more downfield than H2′ resonances for
A11, G13, C8, U9 and U12 residues, whereas this is reversed for
A10 and A14 residues. From the aromatic-aromatic cross-peaks,

we see, however, that all loop residues are well stacked (data not
shown). Hence, without a full structural refinement, we are
unable to point out why the chemical shifts of H2′ and H3′ in the
loop residues are reversed.

The expanded H1′/H5 to its own H2′, H3′, H4′, H5′ and H5′′
NOESY regions for the natural and the deuterated 21mer RNA
are shown in Figure 5a and b, respectively, and when resolved
they are connected by straight horizontal lines. The crowded area
in the NOESY spectra for the natural 21mer is shown in the boxed
area in Figure 5a, which can be seen to be much simplified in the
deuterated 21mer as shown in Figure 5b. A perusal of Figure 5b
for the deuterated 21mer shows that each H1′ of seven
non-deuterated nucleotide residues in the loop has exhibited
cross-peaks with its own H2′, H3′ and H4′. The assignment of the
H2′ resonances of loop is achieved from the H1′-H2′ cross-peaks
observed in DQF-COSY spectrum (Fig. 6b), which is confirmed
by the sequential walk from (H2′-H8/H6)i to H2′i–1-H8/H6i (Fig.
4b). Assignment of the H3′ and H4′ resonances was achieved
primarily from the cross-peaks between H3′-H4′ in DQF-COSY
spectrum (data not shown), and also confirmed by the sequential
walk from (H3′-H8/H6)i to H3′i–1-H8/H6i (Fig. 4b). The H2′,
H3′, H4′, H5′ and H5′′  of the stem part of the natural 21mer RNA
could not be assigned due to severe overlap of their H1′ chemical
shifts (see the box in Fig. 5a). This problem could not be tackled
with the present deuterated 21mer since all stem residues were
deuterated, and hence they were not 1H-NMR observable. The
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Figure 4. A comparative analysis of the NOESY spectra of aromatic to H2′/H3′/H4′/H5′/H5′′  region for the natural 21mer RNA (Fig. 1a) in (a) and its deuterated
analogue in (b) in 2H2O at 24�C is shown. A comparison of the boxed areas in (a) and (b) shows that a significant number of resonances that were overlapping or
nearly overlapping in this region for natural 21mer RNA in (a) are now well resolved in case of the corresponding deuterated analogue in (b). The cross-peaks belonging
to the same residue are connected by dashed lines and the appropriate assignments have been labelled.

Figure 5. A comparative analysis of the NOESY spectra of H1′/H5 with the H2′/H3′/H4′/H5′/H5′′  region for the natural 21mer RNA (Fig. 1a) in (a) and its deuterated
analogue in (b) in 2H2O at 24�C is shown. A comparison of the boxed areas in (a) and (b) shows that a significant number of resonances that were overlapping or
nearly overlapping in this region for natural 21mer RNA in (a) are now well resolved in case of the corresponding deuterated analogue in (b). The cross-peaks belonging
to the same residue are connected by dashed lines and the appropriate assignments have been labelled.
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Figure 6. A comparison of contour plots of the DQF-COSY spectra in 2H2O at 24�C, showing the H1′-H2′ region for the natural 21mer RNA in (a) and its deuterated
analogue in (b). This shows that the H1′-H2′ cross-peak for the terminal A1 and U21 residues found in the natural 21mer in (a) has vanished in the spectrum of the
deuterated analogue in (b) because these residues are deuterated. Note that the sugars in the loop preferably adopt S-type conformation, and hence their H1′-H2′
cross-peaks are easily observed in the spectra of both natural and deuterated 21mer RNA. It may also be noted that the last 7C-15G base-pair of the stem, which is
also a part of the loop, is however in the N-type conformation as the rest of the residues of the stem as evident by the absence of their H1′-H2′ cross-peaks. The small
differences in the chemical shifts between the natural 21mer, spectrum (a), and its partially-deuterated analogue, spectrum (b), result from small differences in the
concentration.

Figure 7. Comparison of contour plots of the DQF-COSY spectra in 2H2O at 24�C, showing the H8/H6-H1′/H5 region for the natural 21mer RNA in (a) and its
deuterated analogue in (b). It can be seen that only three H5-H6 cross-peaks belonging to three pyrimidine residues of the loop (U12, U9 and C8) are visible in the
spectrum of the deuterated analogue (b), whereas all H5-H6 cross-peaks of all pyrimidine residues (i.e. C3, C4, C5, C7, C16, C20 and U21) are observed in the natural
21mer RNA as seen in (a).

obvious solution to this problem is to synthesize a second
deuterated analogue of the 21mer RNA in which the loop part
should be deuterated and the stem part should be left natural.

Having achieved the assignment of all H1′ resonances of all
nucleotide residues of the 21mer RNA, our next step was the
identification of NOE connectivities between base-paired G imino
protons and the sugar H1′. We expected (32) that the NOE
cross-peaks for a typical A-type RNA should arise through a
pathway from G(imino)–G(hydrogen-bonded amino)–G(non-hy-
drogen-bonded amino) to both the H1′ of 3′-end of the same strand
and of the opposite strand (see Fig. 1d). Indeed, Figure 2b shows two
NOE cross-peaks for every imino proton in the H1′/H5 region for

the deuterated 21mer because the resonances from H5 to imino
proton through the pathway G(imino)–C(hydrogen-bonded
amino)–C(non-hydrogen-bonded amino) to H5 are not observed in
this imino-H1′/H5 region of spectrum because of C5 deuteration. In
the same part of spectrum, however, all three cross-peaks have been
detected from the fully protonated 21mer RNA (data not shown).
Since the imino proton of G2 is expected (Fig. 1d) to show two
cross-peaks from imino(G2) to H1′(U21) and from imino(G2) to
H1′(C3), and this has indeed been found (Fig. 2b), the resonance at
13.47 p.p.m. has been unambiguously assigned to the imino proton
of the G2 residue. This assignment has been further confirmed by
the sequential walk through imino-imino protons (see Fig. 2c).
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Table 1. Chemical shifts of the aromatic (H8/H6/H5/H2), sugar H1′, H2′, H3′ and H4′, 5′/5′′  protons and exchangeable imino and amino protons at 21�C based
on NOESY and DQF-COSY data of both natural and the deuterated 21mer RNA

Residue H8/H6 H5/H2 H1′ H2′ H3′ H4′ H5′,H5′′ NH NH2

1A 8.36a 7.36a 5.91a 4.90a 4.70a 4.38a 4.08, 3.98a f h

2G 7.64a f 5.70a b b b b 13.47e h

3C 7.76a 5.29c 5.60a b b 4.39a b f 8.68e, 6.87e

4C 7.82a 5.54c 5.55a b b 4.38a b f 8.52e, 6.88e

5C 7.80a 5.52c 5.51a b b 4.44a b f 8.37e, 6.74e

6G 7.58a f 5.72a b b 4.48a b 12.91e h

7C 7.49a 5.16c 5.47a b b 4.39a b f 8.39e, 6.90e

8C 7.71a 5.55a 5.72a 4.38a 4.48a 4.08a 4.08a, 4.08a f h

9U 7.72a 5.67a 5.61a 4.30a 4.53a 4.08a 4.08a, 4.08a g f

10A 8.24a 7.99a 5.75a 4.70a 4.64a 4.29a 4.08a, 4.04a f h

11A 8.14a 8.07a 5.93a 4.67a 4.93a 4.37a 4.28a, 4.06a f h

12U 7.65a 5.68a 7.66a 4.30a 4.55a 4.01a 4.09a, 4.09a g f

13G 7.84a f 5.74a 4.76a 4.86a 4.35a 4.17a, 4.10a g h

14A 8.32a 8.18a 6.05a 4.91a 4.74a 4.64a 4.40a, 4.36a f h

15G 7.41a f 5.33a b b 4.36a b 13.13e h

16C 7.70a 5.20c 5.59a b b b b f 8.44e, 6.65e

17G 7.53a f 5.79a b b 4.50a b 12.28e h

18G 7.24a f 5.76a b b 4.48a b 12.74e h

19G 7.23a f 5.78a b b 4.48a b 13.29e h

20C 7.59a 5.22c 5.60a b b 4.41a b f 8.58e, 6.98e

21U 7.82a 5.57c 5.85a 4.10a 4.22a 4.22a b g f

aVisible in the natural 21mer RNA but could only be assigned unambiguously on the basis of the data from the deuterated analogue.
bNot extractable from the NMR spectra of the natural 21mer RNA because of the crowding or lack of sequential connectivity. They are also not extractable from
the deuterated counterpart due to the substitution of these protons by deuterium.
cVisible only in the natural 21mer RNA because they are substituted with deuterium in the deuterated counterpart.
eHave been observed in both natural and deuterated RNAs dissolved in H2O-D2O (9:1, v/v) at 21�C.
fUnexisting resonance.
gResonance is not observed because of rapid exchange with water.
hUnassigned resonance.

All the connectivities seen in the deuterated analogue of 21mer
RNA (Figs 2c, 3b and 4b) were typical for a right-handed A-form
helix and these connectivity patterns were also found to continue
for the nucleotide residues of the loop (Figs 3b and 4b) suggesting
that the unpaired loop bases in 21mer RNA form a sort of
continuation of the helical stack. Even the NOE connectivities
from 1′U12 to 2A11, 1′G15 to 2A14 and 1′A11 to 2A10 are
observed (Fig. 3b). In addition, because of unambiguous
assignment with the help of deuterated analogue, we also find
important peculiar structural feature of the loop as evident by
8A11–1′U9 or 1′G13–8G15 NOE connectivities (Fig. 3b).

We have thus obtained, on average, 18 intra and internucleoti-
dyl NOE constraints per nucleotidyl residue for seven nucleotides
in the loop as well as their dihedral constraints for the sugar
residues. In addition, we see the typical A-RNA type NOE pattern
for the stem part of the 21mer RNA as well as a clear picture of
the sugar conformation of the constituent nucleotides in the stem
part of the deuterated RNA. This knowledge is now being used
for NMR-constrained molecular model building studies, which
will be reported elsewhere. Work is in progress to incorporate
13C/15N isotopes specifically in the loop region (i.e. in the

‘NMR-window’ part) of the 21mer RNA for obtaining additional
torsional constraints (33). We are also now extending this work
for studying the active sites of ribozymes.

The ‘NMR-window’ concept described above for a complete
sequential assignment of a reasonably large oligo-RNA using the
combination of deuterated and natural phosphoramidite building
blocks shows that the approach is indeed synthetically and
spectroscopically feasible. The deuterated nucleosides are now
easily accessible (5) since deuterated sugars can be easily
prepared directly in >240 mmol scale in one pot. The two other
important problems that are being tackled in our lab are (i) to
improve the coupling yield of the phosphoramidites on a large
scale solid phase synthesis for large oligo-RNA preparation, and
(ii) improvement of the separation techniques that would lead to
large oligo-RNA in a pure form in multimilligram quantities.
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