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ABSTRACT

Here we demonstrate the presence of the A ′-RNA
conformation using the single crystal structure of a
tridecamer: r(UGAGCUUCGGCUC). The average A ′-RNA
conformation deduced from X-ray fiber diffraction data
had only been available previously, but now the
presence of the A ′-RNA conformation has been found
in a single crystal structure for the first time. Statistical
analysis showed that the A ′-RNA conformation is
distinguishable from the A-RNA conformation in a plot
of the major groove width against the base pair
inclination angle. The major groove of the A ′-RNA
conformation is wide enough to accommodate a
protein or peptide while that of the A-RNA conformation
is too narrow to do so. The presence of the A ′-RNA
conformation is significant for protein–RNA interaction.

INTRODUCTION

The sequence CUUCGG is known to form a thermally extra-
ordinarily stable hairpin loop structure in solution (1–4). However,
in a crystal, the tridecamer r(UGAGCUUCGGCUC) forms a double
helix with an internal loop of four successive non-Watson–Crick
base pairs instead of a monomeric hairpin loop structure, as
previously reported (5,6). We have already reported the crystal-
lization and crystal structure of the tridecamer using data at low
resolution (7,8) and found that the local geometry of the
non-Watson–Crick base pairs was similar to that in previous
structures. In this study, we report a newly refined crystal structure
based on new data obtained at higher resolution and examined it
from the viewpoint of the conformational polymorphism of double
helical RNA.

The major groove of nucleic acids has the potential to interact
with proteins. As well as many transcriptional regulatory
proteins, several proteins or peptides, such as Tat and Rev, bind
to the major groove of the double helical regions of their target
RNAs (TAR and RRE) (9,10). In such complexes, the conformation
of the RNA duplex, especially the major groove width, is an
important factor. The major groove of the A-RNA conformation
is too narrow to accommodate a protein. In fact, it was observed

that Tat and Rev increased the major groove widths of target
RNAs upon binding. As in TAR and RRE, in the crystal structure
of the 62 nt domain of Escherichia coli 5S rRNA, helix IV of a
putative ribosomal protein (L25) binding site has a significantly
wider major groove (11). Accordingly, it is crucial to determine
the conformations of RNA duplexes themselves.

Numerous attempts have been made to clarify the conformational
polymorphism of double helical polynucleotides by means of the
X-ray fiber diffraction technique (12–16) and solid state 31P
NMR of RNA fibers (17). With respect to RNA, there are two
major right-handed conformers; one is A-RNA, which has 11 nt
in one helical pitch, and the other is A′-RNA, which has 12 nt in
one helical pitch (16). However, the A′-RNA conformation is so
rare in a single crystal that the conformational difference between
A- and A′-RNAs has not been well studied. Furthermore, their
conformations are so similar that they cannot be confidently
discriminated from each other by means of root mean square
deviation (r.m.s.d.). Accordingly, it is necessary to study their
conformations in detail and to establish a novel method for
classifying closely related but different conformations.

MATERIALS AND METHODS

Crystallization

The sample for crystallization was synthesized by means of the
solid-phase phosphoramidite method and purified as described
(2). The numbering of the bases and the base pair scheme in a
crystal are presented in Figure 1a. Crystals were grown in a sitting
drop vessel by means of the vapor diffusion technique at 10�C
from a solution of 0.5 mM RNA tridecamer, r(UGAGCUUCGG-
CUC), 6.7 mM sodium cacodylate buffer (pH 6.5), 1.3 mM
sodium phosphate, 13.3 mM NaCl, 3.3 mM BaCl2, 3.7 mM
spermidine·3HCl and 0.8% polyethylene glycol #400 (PEG400),
against 4% PEG400 as a reservoir. The crystals belong to the
monoclinic space group, C2, with one tridecamer per asymmetric
unit and cell dimensions of a = 38.49 Å, b = 32.30 Å, c = 38.76 Å
and β = 117.56�.
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Figure 1. (a) The numbering of the bases and the base pair scheme are shown.
A crystallographically independent molecule is presented in bold and
symmetrically related molecules are presented in normal type with asterisks.
The helices piled up along the c-axis are also presented in italics. Because of the
disordered structure, U1 has two conformers, U1a and U1b, which are denoted
as U1a,b for short. The bold and thin broken lines represent Watson–Crick base
pairs and non-Watson–Crick base pairs, respectively. The black ovals represent
the crystallographic two-fold axis. (b) Stereo view of the double-stranded form
of the tridecamer.

Data collection

A single well-formed crystal was mounted and sealed in a glass
capillary and then intensity data up to 1.8 Å resolution were
collected. The numbers of observed reflections and reflections
above 0.4σ(F) were 3556 and 3288, respectively. The completeness
was 90.1 and 82.6%, respectively. The diffraction intensities were
recorded in the θ/ω scan mode at a scan speed of 6�/min and a
scan width of 1.2� with a Rigaku AFC5R diffractometer using
graphite monochromated CuKα radiation (λ = 1.5418 Å). The
unit cell dimensions were refined with 2θ values of 20 reflections
in the range of 16� < θ < 22�.

Structure determination

The crystal structure was solved by the molecular replacement
method (18–21), using a single-stranded A-form dodecamer of

r(GAGCUUCGGCUC) as the initial model. This gave a unique
solution with reasonable packing at the R value of 40.0%. The
resulting coordinates were subjected to rigid body refinements,
refinements of individual atomic coordinates by the conjugate
gradient method (22) and simulated annealing (23,24). Finally,
37 water molecules were introduced. The details are described in
the supplementary material (Fig. S1). The final structure gave an
R value of 19.8% for the working set of diffraction data [2942
reflections from 10.0 to 1.8 Å with |F| > 0.4σ(F)] and a free R
value of 24.1% [318 reflections from 10.0 to 1.8 Å with |F| >
0.4σ(F)]. In all the above refinement stages, the free R values
were used (25). As judged from a Luzzati plot (26), the estimated
error of atomic coordinates is 0.20 Å. The deviations from the
standard bond length and bond angle values are 0.005 Å and
0.90�, respectively. All structure calculations were performed
with X-PLOR v.3.851 and improved topology and parameter files
(27) were used throughout the refinements. QUANTA96 at the
Research Center for Structural Biology was also used for
graphics. Final coordinates were deposited in the Nucleic Acid
Database (ID AR0005).

Calculation of structure parameters

Helical parameters, groove widths and torsion angles were
calculated using the program CURVES (28,29). In Table 1, the
mean x-displacement, inclination, rise, twist, minor groove width
and major groove width for each duplex are listed, but other
structure parameters are not. This is because the standard
deviations of the omitted parameters for each duplex were much
larger than the differences in the structure parameters between
conformers, which means that the omitted parameters did not
reflect differences in the conformation. The omitted parameters
were insufficient for classification of the completely different
conformations of the A- and B-form duplexes. They were
insufficient for the classification of RNA duplexes as well.
Caution must be taken regarding the parameter ‘twist’, because
the standard deviation of ‘twist’ in each duplex was larger than the
difference between conformers. It is, however, included in
Table 1 because ‘twist’ is said to be an important parameter for
the classification of nucleic acid conformations. The sequences,
and their PDB and NDB ID codes, used for the calculation of the
structure parameters are listed in the legend to Table 1. To
calculate the major groove width precisely, oligomers of >10 bp
were selected. However, oligomers including G-A pairs were
eliminated because of their irregular backbone geometries. In the
calculation of the structure parameters for the tridecamer, the
5′-terminal uridine at the dangling end was eliminated. Finally,
the mean structure parameters of all the oligomers were averaged
in terms of the structure parameters (AVERAGE) and then the
standard deviation of each structure parameter was calculated
(SD). These two parameters are structurally meaningless, but are
required to calculate the normal distribution of each mean
structure parameter for the following cluster analysis. The torsion
angles of the oligomers are listed in Table 2.

Cluster analysis of RNA oligomers

The normal distribution of each mean structure parameter was
calculated in terms of the structure parameters using AVERAGE
and SD in Table 1 (supplementary material, Table S1). Then the
pair-wise distances between the oligomers were calculated using
the normal distributions of the structure parameters (supplementary
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Figure 2. The mean inclination value of each oligomer duplex is plotted against
the value of the mean major groove width of each oligomer duplex. Each point
represents the corresponding oligomer duplex. The coordinates and names of
the oligomers were taken from PDB, using its code. 1SDR and 280D include
two duplexes per asymmetric unit, which are named 1SDR1 and 1SDR2 for
1SDR and 280D1 and 280D2 for 280D. The legend to Table 1 gives the names
and sequences of the oligomers. A-RNA (fiber) and A′-RNA (fiber) represent
the structures obtained from fiber diffraction data.

material, Table S2). They were clustered by means of the nearest
neighbor method and transformed into a dendrogram (Fig. 3).
Details are given in the supplementary material (Tables S1 and
S2).

RESULTS

Description of the structure

The crystal structure of the tridecamer r(UGAGCUUCGGCUC)
contains one strand of the tridecamer and 37 water molecules per
asymmetric unit. The 5′-terminal uridine residue adopts two
conformations, with an occupancy of 0.5, because of the
statistical disorder due to the asymmetric base pair around the
crystallographic two-fold axis. The sequence, with the numbers
of bases, and the interactions between the symmetrically related
molecules are presented in Figure 1a.

Two strands of the tridecamer related by the crystallographic
two-fold axis form a double-stranded structure (Fig. 1), as
previously reported (5,6), instead of a monomeric hairpin loop
structure. As a result, in the middle of the helix, four successive
non-Watson–Crick base pairs (two G-U and two C-U pairs) are
formed. A 2|Fo| – |Fc| map of the G-U pair is presented in the
supplementary material (Fig. S1). Nevertheless, throughout the
double helix, the right-handed structure is kept not only in the
Watson–Crick base pair portion but also in the non-Watson–Crick
base pair portion (Fig. 1b). The double helices are piled up along
the crystallographic c-axis to form a pseudo-continuous double
helix through the intermolecular U-U pair which has a similar
arrangement to the Hoogsteen-like trans U-U pair (30). A
detailed description of the U-U pair is given in the supplementary
materials (Figs S2 and S3).

The arrangements of the non-Watson–Crick base pairs are
similar to the previously reported structures, 255D (5) and 165D
(6), which have the same core sequence, ‘CUUCGG’. The
r.m.s.d. values of the core sequences in a double-stranded form
between the tridecamer and the previous structures (5,6) were

Figure 3. A dendrogram of the cluster analysis results. Oligomers are linked by
the nearest neighbor method at distances which are listed in the supplementary
material (Table S2) in bold. The legend to Table 1 gives the names and
sequences of the oligomers.

calculated. The r.m.s.d. between the tridecamer and 255D and that
between the tridecamer and 165D were 1.12 and 1.40 Å,
respectively, which indicates that the structure of the tridecamer
is close to the previous structures and was refined correctly.

Evidence for the A′-form

The overall structure of the double helix was compared with those
of the canonical A-RNA and A′-RNA conformers (11 residues/
turn for the A-form and 12 residues/turn for the A′-form) (16).
The r.m.s.d. of the coordinates from the tridecamer duplex to
A-RNA and A′-RNA are 1.60 and 1.13 Å, respectively. This
showed that the conformation of the tridecamer is rather similar
to that of A′-RNA. However, the r.m.s.d. values were not very
different from each other, so we could not determine the
conformation of the tridecamer from these values.

To clarify the conformational properties in detail, we have
listed in Table 1 the mean helical parameters, the major and minor
groove widths of the tridecamer, together with those of canonical
A-RNA, A′-RNA and B-DNA, and the single crystal structures
of the oligonucleotides determined in previous works (5,31–37).
All the coordinates were taken from PDB and their names
represent the PDB codes (the legend to Table 1 gives the
sequences and their NDB codes). 1SDR and 280D contain two
double helices per asymmetric unit, which are named 1SDR1 and
1SDR2 for 1SDR and 280D1 and 280D2 for 280D. To calculate
the major groove widths precisely, oligomers of >10 bp were
selected. The parameters which are efficient for the classification
of the conformations are listed in Table 1.

As far as the conformation of the RNA duplex is concerned,
there are two remarkable features. (i) The major groove widths of
the tridecamer and 255D are significantly greater than those of the
others. (ii) The inclination angles of the tridecamer and 255D are
much smaller than those of the others. When the major groove
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Mean and (sd) indicate the mean structure parameter and standard deviation for each oligomer. AVERAGE and SD indicate the average value and its standard
deviation of each structure parameter, respectively. The coordinates used here for the calculation of the structure parameters, except for those of the tridecamer,
were taken from PDB (also NDB), the ID numbers being 1RNA (ARN035) for r(UUAUAUAUAUAUAA)2 at 2.3 Å resolution (31), 205D (URL029) for
r(GGACUUUGGUCC)2 at 2.6 Å resolution (32), 1SDR (ARL062) for r(UAAGGAGGUGAU)·r(AUCACCUCCUUA) at 2.6 Å resolution (33), 280D
(URL050) for r(GGCGCUUGCGUC)2 at 2.4 Å resolution (34), 255D (ARL037) for r(GGACUUCGGUCC)2 at 2.0 Å resolution (5), 1BNA (BDL001) for
d(CGCGAATTCGCG)2 at 2.3 Å resolution (35), 2BNA (BDL002) for d(CGCGAATTCGCG)2 at 2.7 Å resolution (36), 3BNA (BDLB03) for d(CGCGAATT-
BrCGCG)2 at 3.0 Å resolution (37) and 4BNA (BDLB04) for d(CGCGAATTBrCGCG)2 at 2.3 Å resolution (37). 1RNA, 255D, 205D, 1SDR, 280D and the
tridecamer are RNA duplexes. 1BNA, 2BNA, 3BNA and 4BNA are B-DNA duplexes. A-RNA, A′-RNA and B-DNA represent the average structures deduced
from X-ray fiber diffraction data.

Table 1. Mean helical parameters and major and minor groove widths

widths were plotted against the inclinations, two clearly separated
clusters appeared (Fig. 2). Interestingly, each cluster contains
canonical A- and A′-RNAs, respectively. The standard deviation
of each point along both axes is smaller than the distance between
the clusters. From these data, we concluded that these two clusters
must be assigned to the A-RNA and A′-RNA groups, respectively.
This implies that the presence of the A′-RNA conformation was
confirmed in the single crystal structures, i.e. the tridecamer and
255D belong to the A′-RNA conformation, while 1RNA, 1SDR1,
1SDR2, 205D, 280D1 and 280D2 belong to the A-RNA
conformation.

Cluster analysis

We performed cluster analysis using all the structure parameters
to reconfirm that the conformations of these oligomers can be
divided into two groups. In cluster analysis in general, samples
are classified based on the similarity of variables which represent
the features of the samples. As mentioned previously, the mean
structure parameters in Table 1 are variables which define the
global conformational features. Therefore, cluster analysis can be
performed using these parameters directly. However, they include
distances and angles and also their values are dispersed. If the
values in Table 1 are used for cluster analysis, the results might
be affected only by a certain parameter which has the largest
value. Accordingly, we calculated the normal distribution of each
structure parameter before the cluster analysis and then calculated
the distances, based on their normal distributions, between all

combinations of the oligomers, A-RNA, A′-RNA and B-DNA
(supplementary material, Tables S1 and S2). The oligomers,
A-RNA, A′-RNA and B-DNA, were clustered by means of the
nearest neighbor method and the resulting dendrogram is
presented in Figure 3. The dendrogram shows the distances
between clusters or duplexes. A short distance means that the
compared structures are similar to each other.

The B-DNA group and all the RNA groups are separated by
quite a great distance (4.13). As expected, the A-RNA and
A′-RNA groups in Figure 2 were found to form different clusters
with this method as well and they were separated by a distance of
1.53. On the other hand, the longest distance in each cluster was
0.84 and 0.66, respectively, which are much shorter than that
between the A-RNA and A′-RNA groups. The differences in the
inter- and intra-group distances are significant. This indicates that
nucleic acid conformations can be classified by means of cluster
analysis.

Comparison of torsion angles in A- and A′-RNAs

The mean torsion angles with their standard deviations for
duplexes are listed in Table 2. In spite of the apparently different
conformations of A- and A′-RNAs, the backbone torsion angles
(α, β, γ, δ, ε and ζ) exhibited basically the same mean values for
A- and A′-RNAs. The differences in the mean torsion angles were
much smaller than the standard deviations. Only the χ angles of
A- and A′-RNAs showed a difference which is comparable with
their standard deviations. In conclusion, only the χ angle was
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Mean and sd indicate the mean torsion angle and standard deviation for each oligomer. AVE(A-RNA) and SD(A-RNA) indicate the average
value and its standard deviation of each torsion angle for A-RNA, respectively. AVE(A′-RNA) and SD(A′-RNA) indicate the average value
and its standard deviation of each torsion angle for A′-RNA, respectively.

Table 2. Mean torsion angles

slightly different between A- and A′-RNAs among all the torsion
angles. The reason why backbone torsion angles are not affected
by the difference in the conformation will be discussed later.

DISCUSSION

We showed that the A- and A′-RNA conformations could be
classified as to the major groove widths and inclination angles
(Fig. 2). In other words, the differences in the major groove width
and the inclination angle between A- and A′-RNAs are clearer
than that in the helical twist angle (Table 1), although the helical
twist angle is still an important parameter for the classification of
RNA duplexes. Then we further confirmed that the plot of the
inclination versus the major groove width (Fig. 2) and the cluster
analysis (Fig. 3) were basically unchanged even if other protocols
were used for calculation of the structure parameters (38). Even
at this stage, there remain two problems. One is how to correlate
an inclination angle with a major groove width, and the other is
why the backbone torsion angles of the two conformers are not
different from each other (Table 2). Here we present a possible
explanation which may solve the two problems at the same time.
As shown in Figure 4a, if the inclination becomes smaller, the
backbone of strand a moves downward and that of strand b
upward. Consequently, the major groove width becomes larger
vertically. As far as this model is concerned, the torsion angles do
not need to change except for the χ angle. The change in the χ
angle is expected to be approximately the same as the change in
the inclination, because the vectors of the glycosyl bonds are
nearly parallel to the rotation axis of the inclination angle. In fact,
the difference in the inclination angles (8�) between A- and
A′-RNAs is comparable with the difference in the χ angles (6�)
between them (Table 2). Then we simulated the widening of the
major groove (Fig. 4b). The vertical shift due to the inclination
change is 2.6 Å, as indicated by a blue arrow (Fig. 4b). However,
this value is less than the difference in the major groove width
(4.5 Å) between A- and A′-RNAs and there should be a
horizontal shift such as the decreased helical twist of A′-RNA
relative to A-RNA (unwinding). The mean unwinding angle per

base pair between A- and A′-RNAs is 2.7� and the nearest
phosphorus atoms across the major groove are separated by 4 or
5 bp (Fig. 4b). Thus, the accumulated unwinding angle is
∼14–16� and the resulting horizontal shift is ∼2.4–2.8 Å (Fig. 4b).
Finally, the major groove is widened by ∼3.5–3.8 Å (Fig. 4b),
which is approximately the same as the difference in the major
groove width between A- and A′-RNAs.

We also demonstrated the presence of the A′-RNA conformation
using the structure of a tridecamer in a single crystal. Then we
further retrieved the occurrence of the A′-RNA conformation in
the crystal structures of biologically active RNA molecules such
as hammerhead ribozymes (39,40), the P4–P6 domains of group
I intron (41,42) and the 62 nt domain of 5S rRNA (11).
Interestingly, we found that helix IV of 5S rRNA adopted the
A′-RNA conformation. It has characteristic features of the
A′-RNA conformation, i.e. a wide major groove (8.7 Å) and a low
inclination angle (9.5�). More interestingly, helix IV was
suggested to be the binding site for the ribosomal protein L25, by
the results of enzymatic probing (43–45). It could be thought that
helix IV becomes ready for protein binding by taking on the
A′-RNA conformation. Thus, the wide major groove of the
A′-RNA conformation could be utilized for interaction with
proteins, since the major groove of the A-RNA conformation is
too narrow to accommodate a protein or peptide. Next we present
space-filling models of the tridecamer, helix IV of 5S rRNA and
canonical A- and A′-RNAs to determine their major groove
widths (Fig. 5). As is apparent from Figure 4, the major groove
of A-RNA indicated by X-ray fiber diffraction data (Fig. 5a) is
quite narrow, while that of A′-RNA indicated by X-ray fiber
diffraction data (Fig. 5b), the tridecamer (Fig. 5c) and helix IV of
5S rRNA (Fig. 5d) are wide enough to accommodate a protein or
peptide. Thus, a difference in the major groove widths between
A- and A′-RNA is evident.

Here we conclude that the crystal structure of the tridecamer
belongs to the A′-RNA conformation and have revealed detailed
structural features of the A′-RNA conformation at nearly atomic
resolution. We also discussed the possible function of the
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Figure 4. (a) Explanation of the correlation between the inclination angle and
major groove width. A view from the major groove of the base pair (black bar).
Green curved lines, black bars and open circles represent the backbones of
nucleic acids, base pair planes and the rotation axis for inclination, respectively.
Black and blue arrows indicate the rotational direction of inclination and
vertical shifts of the strands, respectively. The vertical major groove width is
presented as ]. (b) The RNA duplex is presented as a cylinder and we assumed
the radius of the cylinder to be 10 Å. Circles with the character P indicate the
nearest phosphorus atoms across the major groove. The blue arrow and
characters are the vertical shift and its value, respectively. The red arrow and
characters are the horizontal shift and its value, respectively. The resulting
major groove widening is indicated in black characters.

A′-RNA conformation in a biological system. So far, it is
reasonably safe to conclude that the A′-RNA conformation,
which has a wide major groove, must be taken into consideration
for RNA–protein interaction.
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