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Abstract The conformational dependence of 13C chem-

ical shift values of RNA riboses determined by liquid-state

NMR spectroscopy was evaluated using data deposited for

RNA structures in the RCSD and BMRB data bases.

Results derived support the applicability of the canonical

coordinates approach of Rossi and Harbison (J Magn

Reson 151:1–8, 2001) in liquid-state NMR to assess the

sugar pucker of ribose units in RNA.
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Introduction

The conformational dependence of 13C chemical shift

values of ribonucleic acid sugars as determined by liquid-

state NMR spectroscopy was evaluated. RNA constitutes a

central player in gene expression including regulatory

processes. Currently over 600 RNA high resolution struc-

tures determined by X-ray crystallography and liquid-state

NMR spectroscopy are available.

The utilisation of heteronuclear chemical shift infor-

mation based upon e.g. the ‘chemical shift index’ (CSI) as

introduced by Wishart and Sykes (1994) is nowadays an

accepted supplemental tool in protein NMR structure

determination. Although studies to rationalise a shift-

structure relationship by solid-state NMR and SCF/DFT

approaches exist (Ebrahimi et al. 2001; Rossi and Harbison

2001; Xu and Au-Yeung 2000; Xu et al. 1998), an

approach in RNA structure determination by NMR equiv-

alent to the CSI is currently not established, probably also

due to the delay in the increase of the number of nucleic

acid structures for which heteronuclear chemical shift

information became available by using stable isotope

labelling techniques (Batey et al. 1992; Nikonowicz et al.

1992).

Based on their work on DNA 13C chemical shifts

(Santos et al. 1989), Harbison et al. investigated the con-

formational dependence of the 13C chemical shifts in ribo-

nucleotides and -nucleosides (Ebrahimi et al. 2001; Rossi

and Harbison 2001). As result, an elegant approach to

extract conformational information about sugar puckers

and exocyclic angles from heteronuclear RNA chemical

shift data via two canonical coordinates was proposed

(Ebrahimi et al. 2001; Fürtig et al. 2003).

This has prompted us to perform a survey and evaluation

of data deposited for RNA structures in the RCSB and

BMRB data bases.

Materials and methods

In a first step all entries with 13C assignments for the sugar

moieties were identified in the BMRB. The 23 data sets

(for a complete list see Table S1 in the Supplementary

materials) were extracted and each entry was checked for

availability of full assignments for all five backbone carbon

atoms (C10, C20, C30, C40, C50). Residues with only
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partially assigned carbon data had to be excluded from

further analysis due to the nature of the two formulas for

the canonical coordinates (see below). The resulting data

set comprised 429 residues with complete sugar/backbone

carbon data.

The calculation of the canonical coordinates was per-

formed for the 429 residue data set following (Rossi and

Harbison 2001). Essentially, the method is based on the

calculation of the two canonical coordinates can1 and can2

as a sum of products of empirically derived constants

multiplied by the chemical shift value of the respective

sugar backbone carbon atom.

can1 ¼ 0:179dC10 � 0:225dC40 � 0:0585dC50 ð1Þ
can2 ¼ �0:0605dðC20þC30Þ � 0:0556dC40 � 0:0524dC50 ð2Þ

The location of a residues coordinates in the plot of can2

(y-axis) versus can1 (x-axis) should then allow a prediction

of its sugar pucker and exocyclic torsion angle

conformation. can1 values above -6.77 are taken as

indication for a C30-endo conformation while can2 below

-16.82 predict a c-torsion angle in gauche-trans (gt)

conformation.

In the RCSB data base the PDB entries corresponding to

hits in the BMRB (cf. Table S1) were extracted and records

relating to RNA solution structures were identified. Sub-

sequently, the coordinates of the respective model

representative for the NMR structural ensemble were

analysed. In cases where the PDB entry information for the

representative conformer was lacking, the mean structure

for the ensemble was generated with the program MOL-

MOL (Koradi et al. 1996) and the structure with the least

backbone r.m.s.d. to the mean structure was selected as

model for further analysis. In parallel, the corresponding

publications were screened for information about confor-

mational averaging of sugar pucker states. The respective

residues were also excluded from further analysis.

For the selected models the sugar torsion angles m1, m2

and d as well as the exocyclic torsion angle c were deter-

mined using the coordinate files. Torsion angles and

literature information were used to classify the two main

pucker conformations C30-endo and C20-endo as well as the

rotational states gg and gt of the torsion angle c according

to Saenger (1983).

50- and 30-Terminal nucleotides were removed from the

analysis since—irrespective of the conformations deposited

in the PDB data—end fraying effects cannot be ruled out.

These dynamic effects are often concomitant with a change

in sugar conformation and therefore are prone to obscure

the distribution statistics obtained for can1.

From the first ensemble plot of the canonical coordinates

(calculated according to (1) and (2)) it became obvious that

the chemical shift entries deposited in the BMRB were

calibrated according to at least two different reference

values (Fig. S1). Consistency was reached only when

several of the data sets were recalibrated by subtraction of

1.6 ppm which corresponds to the usage of different ref-

erence systems (DSS vs. TMS referenced to 10% dioxane

at 67.8 ppm) as outlined by Wishart and Sykes (1994) for

the protein case. Thus subsequently, the identified deviat-

ing data sets (see remark in Supplementary materials

Table S1) were recalibrated and the corresponding canon-

ical coordinates (Fig. S2) were re-evaluated.

Results and discussion

Conformational states in the structure data base

Analysis of the 429 residues for which a full chemical shift

data set was available resulted in 377 sugar puckers (88%)

in C30-endo conformation and 52 conformers (12%) in

C20-endo. A few sugar moieties could not unambiguously

be assigned to one of the canonical sugar pucker confor-

mations based on the m1, m2 and d torsion angles and were

excluded from analysis, even when applying very relaxed

limits.

Conformational predictions by the canonical

coordinates

Figures 1 and S2 show the plot of the canonical coordinates

can1 vs. can2. The highest number of residues (93%) clearly

clusters at the C30-endo side of the diagram (can1 [ -6.77;

left of solid vertical line) as expected for residues in an

A-form RNA. In addition, the exocyclic torsion c is pre-

dicted to be mainly populated (75%) in the gg conformation

(can2 [ -16.82; below horizontal line). The remaining

residues show a C20-endo conformation with an exocyclic

torsion in gt state. It becomes also evident that the analysed

chemical shift data here do rarely (\1%) reflect a C20-endo/

gg torsion angle combination. Already this finding indicates

a strong correlation of the predictions derived from the

chemical shift data with the experimentally determined

distribution of conformers (see above).

Comparison on the structural level

Further validation was obtained by correlation of the sugar

pucker of individual residues as found in the RNA structure

deposited in the RCSB with their respective chemical shift-

derived canonical coordinates. This analysis indicates that

in 94% of C30-endo cases and 93% of C20-endo cases the

predicted and experimentally determined sugar pucker

coincide (Fig. 1) using the can1 limit of -6.77. Correct
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predictions were also obtained using data from two

RNA:protein complexes (cf. Table S1).

However, we noticed a nucleotide-specific difference.

While predictions for purines (A, G) match well the can1

limit given (Rossi and Harbison 2001), C20-endo confor-

mations for pyrimidines (C and U) tend to extend to

smaller can1 values (see Fig. 2). This suggested that the

concept of conformational discrimination based on can1

coordinates could be fine-tuned in a nucleotide-specific

manner. Indeed, when limiting to a smaller value of -6.05

for the pyrimidines, percentages for the C20-endo predic-

tion increased from 39 to 77% at the expense of only 6% of

correct C30-endo cases (Fig. 1).

In contrast to the clear separation of sugar pucker modes

via can1, no clear chemical shift dependence for the con-

formation of the exocyclic torsion angle c could be

detected. Figure 3 shows the canonical coordinates marked

by torsion angle state. It is clearly seen that no significant

discrimination for residues in the gg and gt conformations

exists. This applies also if the analysis is performed in a

nucleotide specific way (data not shown).

For the presented study of the 614 RNA depositions in

the RCSB only 324 structures solved by NMR methods

were harvested. Based on the analysis of coordinates of 208

RNA structures with NMR data submitted (64%) only 23

sets (11%) could be identified with virtually complete

assignments of carbon atoms (C10, C20, C30, C40 and C50)
as deposited in the BMRB data bank. Hence, the survey

presented had to be restricted to a rather small basis set.

Still, chemical shift data for 429 residues could be evalu-

ated. These included 134 guanosines (31%), 78 adenosines

(18%), 133 cytosines (31%) and 84 uridines (20%).

The results derived serve as an indication for the

applicability of the canonical coordinates approach (Rossi

and Harbison 2001) in liquid-state NMR. Adjustment of

the limits for the C30-endo/C20-endo classification based on

the presented empirical findings could increase the reli-

ability of the prediction: We propose to use the can1 limit

for discrimination between the C30-endo/C20-endo pucker

Fig. 1 Canonical coordinate predictions and experimentally observed

C30-endo (white) and C20-endo (black) conformations. The dashed

line indicates the proposed threshold for pyrimidines

Fig. 2 Canonical coordinate

predictions and experimentally

observed C30-endo (white) and

C20-endo (black) conformations

separated by nucleic acid type.

The dashed line indicates the

proposed new threshold for

pyrimidines

Fig. 3 Canonical coordinate predictions and experimentally observed

gg (white) and gt (black) conformations
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modes as introduced by Rossi and Harbison (2001) only for

the purine nucleotides A and G. In addition, for pyrimi-

dines a can1 threshold of -6.05 should be applied to assign

C30-endo conformations to C and U residues.

As further support for the applicability of the concept

the result of a DNA shift evaluation might be used. Of 244

DNA data sets with NMR data deposited in the RCSB only

one data set was found to contain carbon chemical shift

data (1KR8). This prevented an extension of the full

analysis to DNA. However, the structure mentioned

describes a short DNA mini-hairpin with a stem of three

base pairs in B-form (Padrta et al. 2002). Analysis in terms

of canonical coordinates showed that for all residues a

C20-endo conformation was predicted (Fig. 4). With the

exception of the terminal C7 all sugar pucker modes in this

DNA structure exhibited C20-endo conformation.

From the results presented the utilisation of the canon-

ical coordinates concept at two different stages of NMR

structure analysis of RNA can be envisaged: (1) Analysis

of the carbon chemical shifts in terms of the canonical

coordinate can1 will lead to a reliable prediction of C30-
endo sugar conformations after the resonance assignment

step. Especially for a fast structure determination of

smaller RNA, for which the approach should not suffer

from resonance overlap in the carbon dimension, this

method could provide a useful cross-check tool for sugar

conformations estimated by other approaches (e.g. TOCSY

or 3J coupling data). (2) In analogy to the Ramachandran

plot used to determine anomalous protein backbone

conformations, the canonical coordinates can be employed

to assess the quality of the experimentally determined

sugar conformations for a given NMR structure. Unfortu-

nately, a similar discrimination between the gg and gt

conformational states for the exocyclic torsion angle c was

not observed here precluding the use of the canonical

coordinates approach for a reliable prediction of this

phosphate backbone torsion angle.
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