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Introduction

Hairpins are among the most important secondary
structure elements found in RNA. They are involved
in a variety of RNA functions ranging from nucleation
sites for RNA folding to mediating intermolecular
interactions with other RNAs or proteins. Among
all hairpin loops, tetraloops are the most abundantly
found in RNA. Common stable tetraloop motifs are
e.g. UNCG, GNRA, and CUUG loop sequences (N
representing a pyrimidine nucleotide). Structure de-
termination of RNA tetraloops has provided signific-
ant insight into the structural basis of their stability.

In particular, the structures of the UNCG tetraloops
have been solved both by NMR (Cheong et al., 1990;
Varani et al., 1991; Allain & Varani, 1995a, b) and by
X-ray methods (Nissen et al., 2000; Wimberly et al.,
2000; Ennifar et al., 2000). The 14mer RNA UUCG
tetraloop discussed here is very stable and a wealth of
structural data is available. In addition, the RNA can
be purchased from commercial sources.

This paper provides the near to complete res-
onance assignment of a 14mer hairpin containing a
cUUCGg-tetraloop including the resonances of nuc-
lei not directly bonded to hydrogens. To this end,
new experiments were developed for the assignment of
quaternary carbons in the nucleobases. In addition, the
information of chemical shifts regarding conformation
is evaluated.

While the newly available chemical shifts of car-
bon atoms C2 in cytosines and C4 and C5 in purines
of the nucleobases differ only marginally along the
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sequence and from the chemical shifts found in mono-
nucleotides, 13C and 31P chemical shifts in the phos-
phodiester backbone are sensitive measures of RNA
conformation.

In the first part of this paper we report the reson-
ance assignment of 1H, 15N, 13C, and 31P atoms. In
the second part of this report, the information content
of the chemical shifts of C1′, C2′, C3′, C4′, and C5′ to
derive the sugar pucker mode and the exocyclic torsion
angle γ, the chemical shifts of 31P to detect non-
canonical backbone conformation and the combined
chemical shifts of H5′/H5′′ and C5′ to determine the
spectroscopic assignment at the diastereotopic protons
H5′/H5′′ are analyzed.

Methods and experiments

The uniformly 13C,15N labeled RNA tetraloop
sample with the sequence 5′-PO−

3 -PO−
2 -PO−

2 -GGC-
AC(UUCG)GUGCC-OH-3′ has been purchased from
Silantes GmbH (Munich, Germany). Samples for
NMR-spectroscopy contained ∼0.7 mM RNA in
20 mM KHPO4, pH 6.4, 0.4 mM EDTA and
10% 2H2O. In NMR spectra essentially no du-
plex of the RNA could be detected. 1H chem-
ical shifts are referenced directly to 3-[2,2,3,3-2H4]-
trimethylsilylpropionate (TSP) as an external refer-
ence. 13C and 15N chemical shifts are referenced
indirectly to external TSP (Wishart et al., 1995). The
shifts of 31P are referenced according to the recom-
mendations of IUPAC (Harris et al., 2001).

Spectra were acquired at 25 ◦C, 10 ◦C and at 5 ◦C
on Bruker DRX600, AV700, and AV800 spectromet-
ers equipped with z-axis gradient 1H{13C,15N} or
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Table 1. 1H-, 13C-, and 31P-chemical shift assignments of the ribose moiety and the phosphodiester backbone. Chemical shifts were ref-
erenced to TSP. Superscripts indicate the experiments used for resonance assignment a: NOESY, b: fwd. HCC-TOCSY-CCH-E.COSY, c:
HCP, d: stereospecific assignment by use of selective C5′H5′-HSQC and fwd. HCC-TOCSY-CCH-E.COSY. Signals assigned in different
experiments, are annotated with α: HCCH-COSY, β: 13C edited NOESY and 13C HSQC, γ: 2D-HH-NOESY

C1′a C2′b C3′b,c C4′b,c C5′b,c H1′a H2′b H3′b,c H4′b,c H5′b,c,d H5′b,c,d pc

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

G1 90.9 75.0α 74.2β 83.7 67.7 5.86 4.98α 4.46β 4.60 4.43 4.33 Pγ − 14

Pβ − 25.6

Pα − 12.9

G2 93.0 75.5 73.4β 82.7 66.5 5.95 4.6 4.61β 4.60 4.54 4.36 −3.55

C3 93.8 75.3 72.1β 81.8 64.2 5.57 4.71 4.48β 4.49 4.55 4.08 −4.18

A4 93.0 75.8 72.9 81.9 65.2 6.01 4.65 4.67 4.54 4.60 4.19 −3.88

C5 93.8 75.6 72.1 81.9 65.0 5.38 4.39 4.17 4.43 4.47 4.06 −4.05

U6 94.5 76.0 73.1 82.4 64.6 5.67 3.80 4.56 4.39 4.62 4.17 −4.35

OH2′6.4γ

U7 89.3 74.7 77.7 87.0 67.8 6.14 4.04 4.69 4.51 4.27 4.07 −3.41

C8 89.1 77.7 80.3 84.5 67.3 5.99 4.69 4.51 3.83 2.73 3.65 −5.03

G9 94.5 77.4 75.9 83.2 69.0 6.00 4.85 5.67 4.45 4.23 4.44 −4.92

G10 93.3 75.1 74.6 83.1 69.8 4.47 4.47 4.29 4.42 4.53 4.23 −2.4

U11 93.8 75.4 72.2 81.9 64.0 5.59 4.60 4.60 4.43 4.51 4.11 −4.35

G12 92.9 75.5 72.9 81.9 65.5 5.87 4.6 4.62 4.60 4.56 4.17 −3.95

C13 94.1 75.7 72.1 81.9β 64.5 5.51 4.28 4.45 4.17β 4.59 4.09 −4.4

C14 93.0 77.8α 69.7 83.4 65.1 5.79 4.06α 4.21 4.19 4.51 4.06 −4.1

Table 2. 1H-, 13C-chemical shift assignments of the nucleobases. Entries given in italics were measured at 10 ◦C, all other chemical
shift values were measured at 25 ◦C. Chemical shifts were referenced to TSP. Superscripts indicate the experiments which were used for
chemical shift assignment: a: HNCO, b: HCNC, c: HNCC, d: 13C-HSQC, e: HCN, f: NOESY, g: 13C edited NOESY, h: CPMG-NOESY
and i: TROSY relayed HCCH-COSY

C2 C4 C5 C6 C8 H1 H2 H3 H5 H6 H8 NH2

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

G1 156.3a 153.1b 118.8c 157.1a 139.0de 13.01f 8.17ge

G2 157a 152b 118.9c 161.7a 137.0de 13.41f 7.70ge

C3 158.7b 168.8a 97.6d 140.8de 5.34g 7.75ge 8.67/7.02h

A4 153.1d 147.3i 109.8i 159.6i 139.4d 7.46gd 8.09ge 8.33/6.46h

C5 158.3b 168.5a 97.4d 140.3de 5.23 7.31ge 8.59/7.16h

U6 153.1a 168.0a 105.1d 140.6de 11.83f 5.69g 7.77ge

U7 155.1 169.1a 105.5d 144.7de 11.26f 5.89g 8.05ge

C8 159.9b 168.0a 98.6d 142.8de 6.14g 7.72ge 7.18/6.4h

G9 155.6a 153.4b 118.7c 161.6a 142.9de 9.96f 7.90ge

G10 162.5a 152.3b 119.3c 157.0a 139.0de 13.52f 8.35ge 8.78/6.63h

U11 152.7a 169.4a 102.8d 141.6de 13.80f 5.19g 7.80ge

G12 156.4a 151.8b 119.0c 161.5a 136.2de 12.66f 7.79ge 8.15/6.02h

C13 156.1b 168.4a 97.2d 141.0de 5.30g 7.69ge 8.67/7.06h

C14 156.1b 169.1a 98.4d 141.7de 5.57g 7.69ge 8.48/7.13h
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Figure 1. Pulse sequence of the HNC6C5 experiment with phase sensitive detection using States-TPPI (Marion et al. 1989). Q3 and Q5
pulses (Emsley, L. and Bodenhausen, G., 1992) were used as selective 180◦- and 90◦-pulses (where hatched symbols indicate 90◦ and empty
symbols 180◦ pulses) with a pulse length of 500 µs and 750 µs at 700 MHz, respectively. The delays for the INEPT steps were set to
� = 1/2J(H,N), �1 = 1/2J(N,C6) and �2 = 1/2J(C6,C5). The DIPSI-2 sequence (Shaka et al., 1988) was applied for decoupling of 1H, and
the GARP sequence (Shaka et al., 1985) for decoupling of 15N during acquisition. Sine-shaped gradients were applied with gradient strength
of G1 = 60%, G2 = 40%, G3 = −10%, and G4 = 80%, where 100% is approx. 55 G/cm. Phase cycle: φ1 = y; φ2 = x8,−x8; φ3 = x,−x;
φ4 = x4,−x4; φ5 = x2,−x2; φrec = (x,−x,−x,x)(−x,x,x,−x)2(x,−x,−x,x).

Figure 2. Spectrum of HNC6C5-experiment at 700 MHz and 10 ◦C. The carrier for 15N was set to 154 ppm. Hard 1H pulses were applied
on-resonance at the water frequency. For hard 1H and 15N pulses, field strengths of 27.5 kHz and 7.4 kHz were used, respectively. The
GARP-decoupling (Shaka et al., 1985) during acquisition was applied with a field strength of 1.3 kHz. The 2D experiment was recorded for
8.5h with tmax of 28 ms (100pts, complex), 63 ms (1024 pts, complex) for t1 and t2. The relaxation delay was set to 1.0 s. The dashed lines
separate the spectrum in two parts. The upper part shows the region of 13C chemical shifts between 101 and 104 ppm, whereas the lower one
shows the region between 118 and 120 ppm. The pointed line connects the cross peaks with respective imino-proton resonances.
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Figure 3. Pulse sequence of the HCNC-experiments with phase sensitive detection according to echo/antiecho modulation (Cavanagh
et al., 1991; Palmer et al., 1991). The upper trace for the 13C-channel (a) shows pulses applied at the frequency of C1′ in the
H1′-C1′-N9(N1)-C4(C2)-experiment or at the frequency of the aromatic C8(C6) in the H8(H6)-C8(C6)-N9(N1)-C4(C2)-experiment. The
lower trace for the 13C-channel (b) represents in both cases the frequency of C4(C2). As selective 13C-pulses Q3 (180◦, τP = 2900 µs,
empty symbols) and Q5 (90◦, τP = 2500 µs, hatched symbols) (Emsley and Bodenhausen, 1992) were applied; as selective 15N-pulses
IBURP2 pulses (180◦ τP = 1300 µs) (Geen and Freeman, 1991) were applied. The delays for the inept steps were set to � = 1/2J(HCa),
�1 = 1/2J(CaN) and �2 = 1/2J(NCb). The default phase was x. Phase cycle: φ1 = y φ2 = x,−x; φ5 = (x)16,(−x)16; φ7 = x; φ8 =
x,x,−x,−x; φ9 = y,y,−y,−y; φ4 = (y)8, (−y)−8; φ3 = (x)4,(−x)4; φrec = ((x,−x,−x,x,−x,x,x,−x)(−x,x,x,−x,−x,x,x,−x))2. Sine shaped
gradients were applied with gradient strength of G1 = 50%, G2 = 80%, and G3 = 20.1%, where 100% is approx. 55 G/cm. With the change
of the sign of κ, the phase φ9 is shifted by 180◦ in every second experiment, stored separately and processed according to sensitive-enhanced
echo/antiecho sign discrimination.

Figure 4. H8(H6)-C8(C6)-N9(N1)-C4(C2) experiment at 600 MHz and 25 ◦C. The carrier for 15N was set to 158 ppm. The carrier for 13C is
shifted during the experiments from 138 ppm to 152 ppm and back to 138 ppm (at points c and d annotated in the Figure 3). All 1H pulses were
applied on-resonance at the resonance frequency of water. For hard 1H, 13C and 15N pulses, field strengths of 27 kHz, 22.5 kHz and 7.5 kHz
were applied, respectively. The GARP-decoupling sequence (Shaka et al., 1985) was applied during acquisition with field strength of 0.8 kHz
to 15N and with 1.8 kHz to 13C. DIPSI-2 decoupling of 1H (Shaka et al., 1988) was applied with a field strength of 3.1 kHz. The 2D experiment
was recorded in 16h with tmax of 72 ms (64 pts, complex), 73 ms (512 pts, complex) for t1 and t2. The relaxation delay was set to 1.5 s.



73

Figure 5. 1H,15N-HSQC at 700 MHz with phase sensitive detection using States-TPPI (Marion et al., 1989) recorded at 10 ◦C with the
assignments indicated. In the left part of the spectrum, the secondary structure of the tetraloop is shown. The carrier for 15N was set to 110ppm.
Hard pulses were applied with field strengths of 27 kHz and 7.5 kHz for 1H and 15N, respectively. During acquisition, GARP decoupling
(Shaka et al., 1985) was applied with a field strength of 1.3 kHz. The 2D experiment was recorded in 1.5 h with tmax of 7.6 ms (64 complex
pts, complex), 61 ms (512 complex pts) for t1 and t2. The relaxation delay was set to 1.3 s.

z-axis gradient 1H{13C,31P} triple resonance probes.
Spectra were processed with XwinNMR 3.5 (Bruker)
and analyzed with felix2000 (MSI). Resonance as-
signments were obtained from triple resonance 2D
and 3D NMR experiments such as 2D 1H,13C CT-
HSQC, 2D 1H,15N 1J-FHSQC, 2D 1H,15N 2J-FHSQC
(Mori et al., 1995), 3D HCP (Marino et al., 1994), 3D
HCN (Sklenar et al., 1993), 3D HCCH-TOCSY (Kay
et al., 1993), 3D forward directed HCC-TOCSY-CCH-
COSY (Schwalbe et al., 1995), 2D H(N)CO (Kay
et al., 1994), 3D15N-HSQC-NOESY (Sklenar et al.,
1993), 1H,15N-CPMG-NOESY (Mueller et al., 1995)
as well as 2D TROSY relayed HCCH-COSY (Simon
et al., 2001). Experiments used to assign the nuclei are
indicated in the Tables 1–3 by superscripts.

New NMR pulse sequences

The following new experiments are described: 2D
HNC6C5, 2D H8(H6)-C8(C6)-N9(N1)-C4(C2) and
2D H1′-C1′-N9(N1)-C4(C2). The names of these

pulse sequences are derived from the correlated atoms,
names given in parenthesis are the atoms in pyrimidine
nucleotides, names given without parenthesis are
atoms in purine nucleotides.

The 2D HNC6C5 experiment

For the resonance assignment of the quaternary car-
bon C5 in guanine, a triple-resonance 2D experiment
similar to the HNCOCA sequence (Muhandiram et al.,
1994) has been developed (Figure 1). In an out-and-
back-manner, magnetization is transferred from the
imino proton via the imino nitrogen and the carboxyl
carbon atom to the C5 (1J(N,HN) ∼95Hz; 1J(N,C6)
∼7.5 Hz; 1J(C6,C5) ∼88 Hz), whose chemical shift
evolves in t1. After backtransfer, the imino reson-
ances are detected during t2. Coherences of carbons
C5 (115–120 ppm) and C6 (160–165 ppm) have been
differentiated using shaped pulses. The use of these se-
lective pulses also prevents the magnetization transfer
from nitrogen to carbon C2.
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Figure 6. 1H,13C-CT-HSQC at 600 MHz with the assignments of the sugar region indicated. The carrier for 13C was set to 106 ppm. All
proton pulses were applied on-resonance at the water frequency. Hard pulses were applied with a field strength of 29 and 19 kHz for proton
and carbon, respectively. During acquisition, GARP decoupling was applied with a field strength of 3.8kHz. The 2D experiment was recorded
in 2 h with tmax of 17.6 ms (256 complex pts), 142 ms (1024 complex) for t1 and t2. The relaxation delay was set to 1.5 s.

In the resulting spectrum (Figure 2), the reson-
ances of the quaternary carbons C5 (as singlet due to
selective decoupling of the neighboring carbon atoms)
of nucleotides G2, G9, G10, and G12 and, in addition,
carbon C6 of the only based paired U nucleotide U11
(as a doublet due to 1J(C5,C6)) can be observed. Four
of the five quaternary C5 carbons could therefore be
assigned, the imino resonance of the terminal G1 is
too broad to be observed. Nearly uniform chemical
shift values are observed for the carbons C5 along the
sequence. The average value is similar to the chemical
shift of carbon C5 in a GTP mononucleotide dissolved
in the same buffer (δC5GTP:119 ppm).

The 2D H8(H6)-C8(C6)-N9(N1)-C4(C2) and 2D
H1′-C1′-N9(N1)-C4(C2) experiment

For the assignment of the quaternary carbons C2 in
pyrimidines and C4 in purines, two new pulse se-
quences have been developed that either correlate the
resonances of the sugar H1′ protons or the resonances
of the aromatic H8/H6 protons with C4 and C2 in
purines and pyrimidines, respectively. The experiment
is of the out-and-back-type (Figure 3). The flow of
magnetization is briefly discussed for the experiment
correlating H1′ with N9 and C4 in purines. It consists
of three subsequent INEPT-steps exploiting the scalar
coupling constants 1J(H1′,C1′) ∼170 Hz, 1J(C1′,N9)
∼10–12 Hz, and 1J(N9,C4) ∼20 Hz. For the transfer
from H8 or H6 to the directly bound carbon, delays
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Table 3. 15N-chemical shift assignments of the nucleobases.
Entries given in italics were measured at 10 ◦C, all other
chemical shift values were measured at 25 ◦C. Chemical shifts
were referenced to TSP. Superscripts indicate the experiments
which were used for chemical shift assignment: a: 15N-HSQC,
b:HCN, c: 2J-15N-HSQC, d: HNN-COSY, e: HCCN

N1 N2 N3 N4 N6 N7 N9

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

G1 148.6a 161.7d 233.1c 169.5bc

G2 149.7a 162.6d 234.3c 170.5bc

C3 151.9b 198.1d 99.7a

A4 214.6c 223.6c 86.1a 231.6c 172.2bc

C5 152.4b 197.4d 100.9a

U6 148.1b 161.0a

U7 145.1b 159.5a

C8 151.9b 204.3e 95.1a

G9 144.4a 171.7d 232.9c 172.9bc

G10 149.3a 76.7a 165.5d 234.5c 171.7bc

U11 147.6b 163.6a

G12 149.1a 162.9d 235.6c 170.8bc

C13 152.4b 199.1d 100.6a

C14 153.7b 197.8d 98.9a

Table 4. Canonical coordinates can1
and can2 (ppm) as defined in the text

Nuc. can1 (ppm) can2 (ppm)

G1 −6.5 −17.3

G2 −5.9 −17.1

C3 −5.4 −16.9

A4 −5.6 −17.0

C5 −5.5 −16.9

U6 −5.4 −17.0

U7 −7.6 −17.6

C8 −7.0 −17.6

G9 −5.8 −17.5

G10 −6.1 −17.3

U11 −5.4 −16.8

G12 −5.7 −17.0

C13 −5.4 −16.9

C14 −5.9 −16.8

were tuned to 1J(H8,C8) ∼220 Hz and 1J(H6,C6)
∼185 Hz, respectively, while for transferring mag-
netization from N1 to C2 in cytosine and uracile,
the delay was optimized based on a scalar coupling
1J(N1,C2) ∼12 Hz. The transfer between glycosidic
nitrogen N1 or N9 and the quaternary carbons C2 and
C4 was achieved using selective carbon pulses. During

the first evolution period, no decoupling for carbons
was applied.

In the spectrum of such a type of experiment (Fig-
ure 4), correlation peaks are observed between H8/H6
and the corresponding C4 and C2 resonances as annot-
ated in the figure. The assignment of the quaternary
carbons is possible by relating the spectrum to the
assigned regions H6C6 or H8C8 (or H1′C1′ for the
other experiment) of a constant-time 1H,13C-HSQC.
C4 resonances of guanines are observed as doublets
due to modulation with 1J(C4,C5).

The S/N ratio is better for the experiment starting
at the aromatic hydrogens. Nevertheless, both pulse
sequences could also be applied to an RNA 30mer
(Ohlenschläger et al., 2003) with 13C and 15N labeled
guanine and cytosine residues; for the 30mer, reson-
ance assignment for 14 out of 16 possible resonances
could be achieved (data not shown). According to
the analysis using only two different data sets, the
chemical shifts of the carbon C4 in guanines seem
to vary depending on the extent of base stacking.
Although the maximum difference of chemical shift
values is just 1.7 ppm, resonances for guanines in-
volved in base stacking are shifted upfield compared to
non-base-stacked nucleotides and to mononucleotides
(δC4GTP:154.6 ppm).

Extent of NMR resonance assignment

For the 14 residues of the UUCG tetra loop, essentially
complete assignments could be obtained (Figures 5
and 6). Of all 1H (except 0H-resonances), 13C, 15N,
and 31P resonances, 324 resonances could be assigned,
corresponding to 97% of all resonances. Not assigned
are the resonances of the NH2-groups of guanines G1,
G2, and G9 which are broadened by exchange beyond
detection.

The assigned 1H, 15N, 13C, 31P chemical shifts
and a number of scalar coupling constants of the
cUUCGg tetraloop RNA have been deposited in the
BioMagResBank under accession number BMRB-
5705. The resonance assignment found for nucleotides
C5 to G10 forming the apical tetraloop are similar to
the resonance assignment by the Varani group (Allain
et al., 1995b) for an cUUCGg tetraloop with different
stem residues.

Analysis of chemical shift data

For RNA molecules, chemical shift analysis is espe-
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Figure 7. Plot of canonical coordinate can2 versus can1. Canonical
coordinates are defined in equation 1 in the text following Ebrahimi
et al. (2001). N and S annotate the North and the South conformation
of the ribose moiety respectively, and gg and gt give the conforma-
tion around the exocyclic torsion angles γ (gg stands for γ = 60◦;
gt stands for γ = −60◦).

cially valid, since deviations from average chemical
shifts are predominantly observed for residues deviat-
ing from canonical A-form helical conformation such
as the loop region of the 14mer RNA (Cheong et al.,
1990; Varani et al., 1991; Allain & Varani, 1995b).
For example, the resonance frequencies of C2′H2′
of U6, of C4′H4′ of U7, of C5′H5′/C5′H5′′ of C8
and of N1H1 of guanine 9 differ from those of the
atoms in canonical regions. The observed chemical
shift deviations can in part be explained by inspec-
tion of the structure: The chemical shifts of C2′H2′
of U6 and N1H1 of G9 can be due to the unusual
hydrogen bonds between U6(O2) and G9(N2H2) and
between U6(O2′H2′) and G9(O6). This unusual hy-
drogen bonding pattern results also in the ability
to assign the chemical shift of the hydrogen in the
2′-hydroxy group of U6 in the NOESY spectrum
(δ2′OHU6:6.8 ppm). The unusual chemical shifts of
C4′H4′ of U7 and C5′H5′/C5′H5′′ of C8 can be the
result of a strong variation in the backbone conform-
ation of the loop. The downfield shift of resonances
C3′H3′ and C2′H2′ of G9 can be caused by base
stacking effects.

The dependence of 1H chemical shifts on sec-
ondary structure has been analyzed in detail for a
number of different RNAs including the UUCG tet-
raloop (Cromsigt et al., 2001). Here, we focus on the
analysis of the 13C- and 31P-chemical shift data. 13C-
chemical shift data yielding the sugar pucker modes
could be obtained following the analysis of solid-state
NMR data by Ebrahimi et al. (Ebrahimi et al. 2001),
which is based on the measurement and analysis of
13C-chemical shifts. For this analysis, canonical co-
ordinates were calculated using the chemical shift data
δ.

can1 = 0.179δC1′ − 0.225δC4′ − 0.0585δC5′
(1)

can2 = −0.0605(δC2′ + δC3′ ) − 0.0556δC4′ − 0.0524δC5′

The first canonical coordinate can1 describes the
conformation of the sugar. For can1 > −6.25 ppm,
the sugar is in a North-conformation, for can1 <

−6.25 ppm, the sugar adopts a South-conformation.
The second coordinate can2 determines the conform-
ation of the exocyclic torsion angle γ. If the torsion
angle γ is in a gauche-gauche conformation (γ =
+60◦), can2 > −16.8 ppm. Population of either of
the two gauche-trans conformations (γ = −60◦,180◦)
results in a coordinate can2 larger than −16.8 ppm.
Application of these rules to the chemical shift data
of the UUCG tetraloop allows determination of the
sugar pucker mode of all residues (Table 1, Figure 7).
According to this analysis, residues cytosine 8 and
uracile 7 adopt a C2′-endo conformation; while all
other residues are in a C3′-endo conformation. The
coordinate analysis fails for residue guanine 1, may be
due to a higher conformational flexibility at the 5′-end
of the stem –that can be detected by the analysis of the
3J(H1′H2′) and 3J(H3′H4′) coupling constants (to be
published elsewhere)- or due to the additional charge
of the 5′-terminal phosphate group. These results are
in good agreement with the published structures and
with the analysis of scalar 3J(H,H)-coupling constants
and cross-correlated relaxation rates in the ribose ring
(to be published elsewhere).

Discrimination between gg- and gt-conformations
on the basis of can2 is less convincing. Most of the
values of can2 are clustered in the region between
−16.6 ppm and −17.0 ppm. Only the nucleotides
guanine 1, uracile 7, cytosine 8, guanine 9 and guanine
10 are clearly in the gt-conformation. The uncertainty
of the analysis can be due to the simultaneous use of
the chemical shift of C2′ and C3′ in the calculation.
For the 14mer, the analysis would predict residues
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Figure 8. Expanded plot of the C5′H5′ region of a 1H,13C-CT-HSQC performed on the UUCG-tetraloop with the assignments annotated.
The stereochemical assignment is given in italics if derived from chemical shift arguments alone; all other assignments have been verified by
analysis of 2J(C4′,H5′/H5′′)- and 3J(H4′,H5′/H5′′)-coupling constants.

with can2 > −17 ppm to be in a gg-conformation
around the exocyclic torsion angles γ.

By analyzing the chemical shift data of the
C5′H5′/C5′H5′′ resonances, a stereo-specific assign-
ment of the prochiral H5′/H5′′ protons could be ob-
tained. It is observed that in helical RNA structures the
resonance of the H5′(proS) proton is up-field shifted
with respect to the resonance of the H5′(proR) proton
(Remin et al., 1972). Unfortunately, this rule is not ap-
plicable to non-canonical regions of RNA structures.
However, a stereo-specific assignment is possible by
correlation of the difference in the proton chemical
shift of the proS and proR protons with the respective
carbon chemical shift �δ[H5(proS)-H5(proR)] (δ13C)
(Marino et al., 1996). If one depicts the differences
of the proton chemical shifts versus the carbon chem-
ical shift, the stereochemical assignment is revealed.
The results are in good agreement with the data ob-
tained by the analysis of the 2J(C4′,H5′/H5′′)- and
3J(H4′,H5′/H5′′)-coupling constants (to be published
elsewhere). As shown in Figure 9, a general anticor-
relation could be observed for the carbon chemical

shift of these resonances. An exception is the residue
cytosine 8 which is probably a result of the different
conformation of γ at this loop position.

31P-chemical shifts and their deviations from
standard chemical shifts in A-form RNA are of-
ten taken to be indicative for unusual conformations
around the phosphodiester backbone. Significant vari-
ations of the phosphorous chemical shift from the
mean value of twelve assigned RNA molecules de-
posited in the BMRB-database are observed for the
loop residues uracile 7, cytosine 8, guanine 9 and the
nucleotide guanine 10 that is part of the closing base
pair (Figure 10). The chemical shifts of the residues in
canonical A-form conformation are not significantly
different from the mean value.

Summary

With the application of standard and new NMR-
experiments, a complete resonance assignment of an
14mer RNA containing an UUCG-tetraloop was ob-
tained. The analysis of chemical shift data revealed a
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Figure 9. Plot of the difference of the proton chemical shift of the H5′(proS)proton and H5′(proR)proton versus carbon chemical shift of C5′.
The fitted line has a correlation coefficient R of 0.92.

Figure 10. Deviation of the 31P-chemical shift from the mean value of 31P-chemical shifts from twelve different RNA-molecules deposited in
the BMRB-database. The standard mean deviation is 0.6 ppm not regarding the deviation of the chemical shifts of the phosphorous atoms of
the triphosphate of guanine 1.



79

first insight into the conformation of the tetraloop. In
contrast to proteins, the number of published chemical
shift assignments for RNAs is scarce. However, due
to the smaller number of nucleotide building blocks
and the intrinsic correlation of various torsion angles,
statistical analysis of chemical shift data for secondary
structure prediction is expected to be powerful.
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