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ABSTRACT

We are developing a program system, CSNA, to classify a set of structures into groups

sharing similar structural characters. In the present study, CSNA was applied to the

analysis of NMR structures obtained by the simulated annealing calculation to

elucidate local convergences. A 34-mer RNA, U6-34, having a bulge-out region that is

derived from the human U6 snRNA is used as a target molecule in the present study.

Although the structure calculation was not converged with the conventional method, it

was found by the CSNA analysis that the two stem regions in the molecule were

converged well. Furthermore, one strand of the bulge-out region (A7–A11) was found

to form a continuously stacked structure in two-thirds of calculated structures. In
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conclusion, CSNA can be a novel tool to elucidate the local convergence of the NMR

structure calculations.

Key Words: RNA structure; NMR; Classification; Hydrogen bond; Base–base

stacking.

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for studying

the structure and dynamics of biomolecules in solution and their interactions with

ligands. In the case of RNA structure determination, NMR is more favorable compared

to X-ray crystallography because crystallization of RNA molecules is difficult in many

cases. In the process of structure determination of RNA molecules using NMR, one

of the important parts is the structure calculation. Usually, hundred structures are

calculated using restrained molecular dynamics protocols and at least ten converged

structures having low overall energy are selected as NMR structures. However, due to

the lack of information or intrinsic flexibility of RNA, the output structures are not

converged well. In some cases, it is hard to know what happened by just checking the

total energy and NMR violations. On the other hand, it may happen that, even though

the overall structures are not converged, some parts are converged locally, or more than

one converged structures are simultaneously obtained. Thus, the classification of

structures according to their similarities will be useful for analyzing the character of a

set of calculated structures.

We have reported a system of computer programs, ‘‘Classification System for

Nucleic Acid structure determination (CSNA)’’ to extract the hydrogen bond or base–

base stacking information and classify structures according to the information.[1] In the

previous study, CSNA was applied to the classification of the results of two individual

Figure 1. Secondary structures of RNAs used in this study. A: 34-mer fragment of human U6

snRNA, U6-34. U6-34 consists of a terminal stem (G1–G6/C28–C33), a loop-side stem (G12–

G14/C19–C21), a bulge-out region (A7–A11/G22–G27) and a closing UUCG loop as indicated in

the figure. B: 29-mer fragment of human SRP RNA, HE6.
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restrained molecular dynamics calculations and was found to be useful for the extraction

of the structures with lower energy without checking any energy term. The extracted

structures were as well converged as the lowest energy structures. In this study, we applied

CSNA to analyze local conformation of calculated structures.

A 34-mer RNA fragment U6-34 (Fig. 1A) derived from human U6 small nuclear

RNA (snRNA) is the target of the present study. U6-34 consists of a terminal stem

(G1–G6/C28–C33), a loop-side stem (G12–G14/C19–C21), a bulge-out region (A7–

A11/G22–G27) and a closing UUCG loop and was subjected to the structure de-

termination by the conventional NMR method (for review see Refs. [2–4]). We applied

CSNA to analyze local conformation of the calculated structures of U6-34, comparing

to a case of well-converged structures; a 29-mer RNA (HE6; Fig. 1B) corresponding to

helix 6 of the human signal recognition particle (SRP) RNA[5] Utility of CSNA for the

analysis of local conformation was discussed.

MATERIALS AND METHODS

Structure Determination of U6-34

For U6-34, RNA oligonucleotides were enzymatically synthesized by an in vitro

transcription reaction using T7 RNA polymerase and purified by polyacrylamide gel

electrophoreses. Stable isotopically labeled RNA samples were also prepared by

using [U-13C,15N]NTPs (Nippon Sanso) and NMR spectra were analyzed with the

conventional methods.[2 – 4] Experimental details were described elsewhere (Someya

et al., submitted).

A set of 100 structures was calculated with the InsightII/Discover package

(Accelrys). The simulated annealing protocol is the same with that used for structure

calculation of HE6[5] and details will be submitted elsewhere.

Classification of Structures by CSNA

CSNA was applied to classify the 100 structures of U6-34 or HE6, which have

been obtained by NMR structural calculations. For each of U6-34 and HE6, an ap-

propriate value of threshold was chosen to obtain the best group containing about 10

structures. For each structural group, the averaged pair wise root mean square deviation

(r.m.s.d.) was calculated.

Analysis of the Hydrogen Bonding and Base – Base Stacking Pattern

In the classification procedure of CSNA, two types of lists are produced; one is the

‘‘complete list’’ of the hydrogen bonds and base–base stackings and the other is the

individual list (‘‘bit list’’) for each structure showing the existence of the hydrogen

bonds and base–base stackings in the complete list (for details see Ref. [1]). By using

these lists, the frequencies of the hydrogen bonds and base–base stackings for each pair

of residues were calculated. This part of analysis was performed by a combination of

VisualBasic and Excel (Microsoft) in the present study and will be rewritten with the C

and awk languages to be included in the web system.
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Analysis of the Bulge-Out Region of U6-34

The coordinates of residues A7–A11 are extracted from the set of NMR structures

of U6-34 and subjected to CSNA to classify the structure of this part. Based on the

grouping of the region, the best group obtained by the whole structure analysis was

further analyzed.

RESULTS AND DISCUSSION

Analysis of NMR Spectra and the Structure Calculation of U6-34

Imino proton and non-exchangeable proton signals were assigned and it was

confirmed that U6-34 forms a stem-loop structure with a bulge-out region as shown in

Fig. 1A. Sharp imino proton signals were not observed for residues in the bulge-out

region including U8, G22, U23, G24 and G27. Details for spectral analysis was de-

scribed elsewhere (Someya et al., submitted). A total of 420 NOE distance restraints,

171 dihedral restraints, and 26 hydrogen bonding restraints were used for conventional

structural calculation. The 14 structures with lowest total energy were chosen from a

hundred structures and the r.m.s.d. was calculated to be 2.6 Å. The lowest energy

structures contain neither any NOE restraint ( > 0.2 Å) nor dihedral restraint ( >5�)
violations. The superimposition of the lowest energy structures was shown in Fig. 2A.

It is clear that the structure calculation of U6-34 is not converged well, resulting in the

fluctuation of the global structures. This is due to the intrinsic flexibility of U6-34 and/

or lack of structural information. The long-range structural information obtained from

the residual dipolar couplings may improve the convergence of the global structures.

However, it is still true that structural calculation is not always converged for RNA

molecules due to the conformational flexibility.

Classification by CSNA

The 100 structures of U6-34 described above and HE6 obtained by Sakamoto et al.

were subjected to CSNA. For U6-34, 468 hydrogen bonds and 64 stackings were

detected and, with the threshold of 9, the best group contained 14 structures. The best

group represents the most commonly appeared structures in the set of structures. The

threshold defines the maximum structural difference for structures to be included in a

group. Thus, the smaller value of threshold means that the structural similarity among

the selected structures is higher. The averaged pair wise r.m.s.d. for the best group was

3.3 Å and the superimposition is shown in Fig. 2B. For HE6, 287 hydrogen bonds and

47 stackings were detected and, with the threshold of 6, the best group contained 12

structures. The r.m.s.d. for HE6 was 1.1 Å for the 12 lowest energy structures and 1.6 Å

for the best group. The superimpositions of the lowest energy structures and the best

group are shown in Fig. 2C and 2D, respectively. In the case of HE6, the calculation

was converged well and the smaller value of r.m.s.d. was obtained with the smaller

value of threshold compared to the case of U6-34.

The most obvious difference between the U6-34 and HE6 was observed in the

number of hydrogen bonds in the complete list detected by CSNA; 14 per residue for
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U6-34 whereas 10 for HE6. Probably, this reflects the difference in convergence of the

structure calculation. Because the calculation for U6-34 was not well converged, each

structure takes different conformations, resulting in the increase of the number of

hydrogen bond. Then, we further analyzed the structures of U6-34 to elucidate the

local convergence.

Pattern Analysis of U6-34 and HE6

The patterns of the existence of hydrogen bonds and stackings for each pair of

residues were then analyzed to elucidate the local structural character for U6-34 as well

as HE6. Figure 3A shows the pattern of hydrogen bonds for U6-34. The anti-diagonal

Figure 2. Superposition of U6-34 (A, B) and HE6 (C, D). A, C: The lowest energy structures. B,

D: The CSNA best groups. The best group represents the most commonly appeared structures in the

set of structures. All sets of structures are shown by superimposing all residues. (View this art in

color at www.dekker.com.)
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values reflect the formation of base pairing and it can be seen that almost no hydrogen

bonding was detected in the bulge-out region. Figure 3B shows the pattern of stackings

for U6-34 and, again, almost no stacking was detected in the one strand of the bulge-out

region, G22–C28 (the near diagonal values). These are the reasons why the overall

structure of the best group or the lowest energy group was not well converged. However,

some parts of U6-34 show the formation of hydrogen bonds and stackings including the

two stems and a strand of the bulge-out region (A7–A11). Figure 4 shows the super-

imposition on each of the two stems of the best group of U6-34. As indicated by the

CSNA analysis (Fig. 3A and 3B), each stem is well converged and the r.m.s.d. values of

Figure 3. Mapping of the hydrogen bond and base–base stacking analyzed by CSNA of U6-34

(A, B) and HE6 (C, D). A, C: Mapping of hydrogen bond. B, D: Mapping of base–base stacking.

Information of intra-residue or adjacent residues is indicated by filled bars, and the rest information

is indicated by open bars.
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the terminal stem and loop-side stem were 0.3 and 0.4 Å, respectively. Further analysis

was performed for the bulge-out region as described below.

In contrast, Fig. 3C shows the formation of base pairs throughout the stem of HE6

including two A:C pairs in the middle of stem, which is confirmed by the graph (the

anti-diagonal values). The hydrogen bond for each A:C pair in the middle of stem was

detected in more than 60% of the structures. It should be noted that only one hydrogen

bond is formed in the A:C pair whereas three hydrogen bonds were formed in the G:C

pair and these are reflected in the numbers of hydrogen bonds detected by CSNA.

Figure 3D also shows the stacking interactions throughout the stem. These results agree

with the tertiary structure of HE6 determined by NMR methods [5] as well as the X-ray

crystallography.[6] It is noted that CSNA detected the stacking in the GGAG loops

representing the character of the tetraloop; the continuous stacking of G14–G16 and

the sharp turn between the G13 and G14. Furthermore, it is noted that CSNA detected

some inter-strand stackings (the anti-diagonal values).

Analysis of the Bulge-Out Region of U6-34

As shown in Fig 3A and 3B, A7–A11 in the bulge-out region forms stacking and,

thus, the region was extracted to be subjected to CSNA. Sixty-three hydrogen bonds

and four stackings were detected and 8 groups were obtained with the threshold value

of 2 (Fig. 5A). The best group containing 65 structures shows the r.m.s.d. value of 1.5

Å. Figure 5B shows the superimposition of these structures and it was found that the

five nucleotides A7–A11 are almost continuously stacked although the conformational

fluctuation is rather high. Figure 3A shows the existence of small number of hydrogen

bonds within the bulge-out region and this may contribute to the formation of the

stacked structure of A7–A11. The structures of the best group obtained by the whole

structure analysis described above are indicated by filled bars in Fig. 5A, showing that

the 10 out of 14 structures in the best group of the whole structure analysis were

Figure 4. Local convergence shown in the superposition of the best group for U6-34. The

structures of the best group were superimposed by the (A) terminal stem or (B) loop-side stem.

(View this art in color at www.dekker.com.)
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ORDER                        REPRINTS

included in the best group of the local structure analysis. Figure 5C shows the

superimposition by A7–A11 of the 10 structures, showing that the overall structures

are not converged even though each of the three parts of the molecule, two stems and

one strand of the bulge region, is converged.

CSNA as a Novel Tool for the Analysis of Local Convergence

In the course of the structure determination by NMR method especially for RNA, it

is not easy to find out which part of the molecule is converged when overall structure

is not converged. Present study shows that CSNA will be a useful tool to find out the

local convergence of the NMR calculation. Recently, a novel method using the residual

dipolar coupling was developed to improve the global structure of RNAs during the

NMR structure calculation.[7] Nevertheless, RNA molecules sometimes have internal

Figure 5. Classification of structure of A7–A11 in the bulge-out region of U6-34. A: Distribution

of the number of structures. The value of threshold was 2. The first group (number 1) represents the

best group. The structures in the best group of the whole structure analysis are indicated by filled

bars. B: Stereo view of the superposition of structure in the best group of the local (A7–A11)

analysis. C: The structures included in both of the best groups of the whole and local analyses. The

structures are superimposed by A7–A11. (View this art in color at www.dekker.com.)
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flexibility that makes the NMR analysis difficult, and, in such cases, CSNA can tell us

the conformational character of the set of structures that will be important for the

elucidation of the function of RNA molecules.

In the beginning, CSNA was developed to classify the structures generated by the

structural modeling program MC-SYM,[8] and then applied to the evaluation of NMR

structure calculation.[1,9 – 11] Here, we showed the potential of CSNA to find out the

local convergence and we are trying to apply CSNA to analyze the trajectory of the

molecular dynamics simulations. The trial version of CSNA can be accessed on our

web site (http://rna.le.it-chiba.ac.jp/).

ABBREVIATIONS

snRNA small nuclear RNA

NMR Nuclear magnetic resonance

r.m.s.d. root mean square deviation
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