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Structure of an RNA duplex with an unusual G-C
pair in wobble-like conformation at 1.6 A resolution

The structure of the RNA duplex r(CUGGGCGG)-r(CCGC-
CUGG) has been determined at 1.6 A resolution and refined
to a final R factor of 18.3% (Rf. = 24.1%). The sequence of
the RNA fragment resembles domain E of Thermus flavus 5S
rRNA. A previously undescribed wobble-like G-C base-pair
formation is found. Owing to the observed hydrogen-bond
network, it is proposed that the cytosine is protonated at
position N3. The unusual base-pair formation is presumably
strained by intermolecular interactions. In this context, crystal
packing and particular intermolecular contacts may have
direct influence on the three-dimensional structure. Further-
more, this structure includes two G-U wobble base pairs in
tandem conformation, with the purines forming a so-called
‘cross-strand G stack’.

1. Introduction

The 5S rRNA is located in the central protuberance of the
large ribosomal subunit near the peptidyl transferase, but its
precise function in protein biosynthesis remains unclear
(Erdmann et al, 1971; Hartmann et al, 1988; Horne &
Erdmann, 1972; Moore, 1995). X-ray structure analysis will
support a more detailed understanding of the 5S rRNA
structure—function relationship. The recently published
structures of Escherichia coli 5S TRNA domains with and
without binding proteins (Correll et al., 1997; Dallas & Moore,
1997; Stoldt et al., 1999; Lu & Steitz, 1999) have already
provided some detailed insights about RNA-protein inter-
actions in particular 5S rRNA regions. Moreover, the recently
published atomic structure of the large ribosomal subunit
from Haloarcula marismortui reveals the three-dimensional
jigsaw puzzle of the ribosomal proteins and RNAs, including
the 5S rRNA (Ban et al., 2000), at 2.4 A resolution. However,
the sequences for H. marismortui and T. flavus 5S rRNA differ
remarkably in the region which is examined and described in
this report. Unfortunately, extensive attempts to crystallize the
complete uncomplexed T. flavus 5S rRNA in our laboratory
have resulted in crystals which diffract only to about 7.5 A
(Lorenz et al., 2000). The difficulties in obtaining suitable
crystals for high-resolution structures of large RNA molecules
have encouraged us to consider synthesis of selected motifs of
the 5S rRNA according to the secondary-structure model, as
shown in Fig. 1 (Betzel et al., 1994; Correll et al, 1997,
Perbandt ef al., 1998). The structure analysis and description
we present here includes the formation of a wobble-like G-C
base pair observed for the first time for an RNA duplex, which
leads us to propose a protonated state of the involved cyto-
sine. The protonation of cytosine at N3 in RNA oligonucleo-
tides has already been observed at pH 6.8 (Leitner ef al., 1998)
and it has also been shown that the protonation of cytosine
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bases is essential in forming DNA triple helices (Leitner et al.,
1998). Before this, the only base pairs observed to have a
single protonated cytosine were those of the form (C-C"); the
first was in the crystal structure of acetyl cytosine (Marsh et al.,
1962), but subsequently this form was seen in polycytidylic
RNA (Akrinimski ef al., 1976; Hartmann & Rich, 1963). Single
C-C" base pairs have also been observed in the structure of the
complex of ribo- (CpA) and proflavin (Westhof et al., 1980;
Westhof & Sundaralingam, 1980), in a tetrameric DNA
structure (Gehring et al., 1993), and in the intercalated four-
stranded cytosine-rich metazoan telomere (Kang et al., 1995).

2. Material and methods
2.1. Synthesis and crystallization

The solid-phase synthesis of oligonucleotides was
performed on a PCR-Mate EP model 391 DNA synthesizer
(Applied Biosystems) with 2'-O-triisopropylsilyl-protected
phosphoramidite synthons. Incubation of the controlled-pore
glass beads in a 1 ml moisture-free ammonium—ethanol solu-
tion [3:1(v/v)] at 328 K for 24 h removed the protecting groups
on the phosphates and on the exocyclic amino groups of the
bases. Subsequent incubation at room temperature for 72 h in
1.1 M tetrabutylammonium fluoride (TBAF) in tetra-
hydrofuran—absolute ethanol [10:1(v/v)] removed the
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Figure 1
Schematic diagram of the 5S rRNA. Domain E is additionally indicated
by a box. Roman numerals designate helical domain regions.

Table 1
Crystal data and refinement statistics.
Space group R32
Unit-cell parameters (A)

a=b 41.9

c 127.1
Resolution range (A) 20-1.6
No. of unique reflections 5994
Total No. of reflections 43171
Overall redundancy 4.9
Rgymm (final shell) 0.066 (0.291)

Completeness (%) 96.1
R factor (Ryree) 0.183 (0.241)
R.m.s. deviation from ideality

Bond lengths (A) 0.023

Bond angles (°) 1.4

Torsion angles (°) 4.6

Improper angles (%) 1.9
Average B factors (A%)

Nucleic acid atoms 27.9

Water O atoms 38.7
2'-hydroxyl protecting group. The deprotected oligo-

ribonucleotides were desalted by ion-exchange chromato-
graphy on a Qiagen Tip 500 column (QIAGEN) and the RNA
was eluted with 2 M triethylammonium acetate (TEAAc) pH
7.0. Samples were evaporated to dryness and resuspended in
distilled water. The full-length product was purified by
reversed-phase HPLC on an ODS C18 Beckman Ultrasphere
column (4.6 x 250 mm) heated at 318 K. The nucleotide
composition was reanalysed by mass spectrometry and it was
verified unambiguously that each strand of the duplex
contains only one uridine base. The exact concentrations of
the single-stranded RNA oligonucleotides were determined
by means of the Lambert-Beer equation, applying the molar
extinction coefficients: oligol nt79-86 = 62 167 and oligo2
nt90-97 = 60 171 I mol ' cm™!). A 1:1 ratio of both strands at
a single-strand concentration of 1 mM was incubated at 363 K
for 10 min and subsequently cooled to room temperature. The
crystals were grown by the hanging-drop vapour-diffusion
method using 025 mM RNA, 12mM spermine tetra-
hydrochloride, 80 mM KCl, 20 mM BaCl, in 40 mM sodium
cacodylate buffer pH 6.0 and 10% (v/v) MPD and equilibrating
against 1 ml 40% MPD in the reservoir at room temperature.
Data were collected at 100 K with synchrotron radiation (A =
1.0 A) at ELETTRA (Trieste, Italy). The diffraction data were
indexed and integrated using the program DENZO (Otwi-
nowski & Minor, 1997). The space group was assigned to be
the rhombohedral space group R32 with one duplex in the
asymmetric unit. The data-collection statistics are summarized
in Table 1.

2.2. Structure solution and refinement

The structure was solved by molecular-replacement
methods using the program AMoRe (Navaza, 1987). A
rotation—translation solution was obtained for one molecule in
the asymmetric unit using a 8 bp RNA fragment of the crystal
structure of the synthetic r[U(UA)¢A], oligoribonucleotide
(Dock-Bregeon et al., 1988) as a search model. For the
refinement, the programs REFMAC (Collaborative Compu-
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tational Project, Number 4, 1994) and X-PLOR 3.1 (Briinger,
1992a) were applied and a subset of the reflections (5%) was
utilized for the Ry, calculations (Briinger, 1992b). A rigid-
body refinement of the initial solution reduced the R factor to
37.8% and Ry, to 44.7% (from initial values of 47.2 and
55.4%, respectively) for all data in the resolution range
10-2.5 A. A few cycles of restrained refinement reduced the R
and Ry, values further to 32.1 and 41.9%, respectively. At this
stage, all bases were subsequently corrected according to the
real duplex sequence and further cycles of refinement were
performed. A total of 80 water molecules and one Ba** ion
were located as peaks above the 3o level in a F, — F, differ-
ence map which had peaks above 1o in the 2F, — F, density
map. For regions of particular interest (e.g. the wobble-like
G-C base pair), simulated-annealing omit maps were calcu-
lated to verify the structure without bias. The following cycles
of individual isotropic B-factor refinement reduced the R

Figure 2

Stereoview of the final structure superimposed on a 2F, — F, difference electron-density map contoured
at the 1o level. In a deep pocket of the major groove the bound Ba** ion is shown with electron density

contoured at the 100 level.

GUA 81

Figure 3
Stereoview of the bound Ba®* ion in octahedral coordination geometry. The Ba®* ion is complexed by two
guanines and three water molecules; in particular, the N7 and O6 of guanine are involved. All distances
are included.

GUA 81

value to 224% and Rpe. to 27.1%. Finally, anisotropic
B-factor refinement reduced the R and Ry, values to 18.3 and
24.1%, respectively, for all data in the resolution range
20-1.6 A. The entire structure is well ordered as shown in
Fig. 2. The refinement statistics are also summarized in Table 1.

3. Results and discussion
3.1. Overall structure description

The RNA duplex adopts a standard A-form conformation,
with all the helical parameters resembling those of an A-RNA
as summarized in Table 2. The program NEWHEL (Dick-
erson, 1989) was used to calculate the local helical parameters.
There are 11 residues per helical turn, with an average helical
twist of 32.8°. The helical twist angle for the G-U wobble step
is 44.8° and for the step after the ‘unusual’ G84-C92 base pair
35.7°, which are both significantly
higher than the average twist
angle. The average rise per residue
is 2.6 A. The average propeller
twist is —10.7° and the displace-
ment of the base pairs towards the
minor groove is 4.7 A. All of the
ribose rings of the present struc-
ture are either in C3'-endo or 2'-
exo-3'-endo puckering conforma-
tions and all « torsion angles are in
the g~ conformation and corre-
lated with y torsion angles which
are in the g conformation (data
not shown).

3.2. Hydration and ions

A total of 80 independent
solvent molecules and one Ba** ion
were identified in the crystal
structure. 19 solvent molecules are
located in the minor groove, 47 in
the major groove and 14 are
located along the sugar backbone.
The backbone and the 2'-hydroxyl
groups are particularly well
hydrated. The 2'-hydroxyl groups
form direct or water-mediated
contacts with various regions
within the duplex and are also
involved in extensive inter-
molecular interactions, with a
preference for guanine N2 atoms
and backbone O atoms. The Ba**
ion has a octahedral coordination
geometry and three direct contacts
towards two purines. The other
three coordination sites are occu-
pied by water molecules inside the
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Table 2
Helical parameters.

Calculated with the program NEWHEL (Dickerson, 1989).

Twist (°) Rise (A) X-Disp (A) Prop. (°)

C79-G97 -3.8 —6.7
30.8 33

U80-G96 38 —17.7
44.8 2.0

G81-U95 —4.9 -7.8
28.7 2.8

G82-C94 52 -79
29.4 2.4

G83-C93 —55 —10.2
27.9 31

C84-G92 —53 —10.7
35.7 2.0

G85-C91 —4.7 —13.0
32.7 2.7

G86-C90 —4.7 —12.4

Average 328 2.6 —4.7 —-10.8

SD 5.5 0.5 0.6 33

major groove. As observed in other RNA crystal structures for
the coordination of Mg2+ ions (Correll et al., 1997; Pan et al.,
1993; Pley et al., 1994; Scott et al., 1995; Cate & Dounda, 1996),
the Ba® is also coordinated by the N7 and O6 of a guanine
(Fig. 3).

The position of the Ba>* ion does not however appear to be
fully occupied; it refined well with an occupancy of 0.5.
Moreover, the coordination contacts are relative lengthy, as
shown in Fig. 3, which indicates the prospect of an easy
substitution by solvent water. K* and Na* were also refined for
this position. However, they were ruled out because even with
full occupancy and the lowest B value the subsequently
calculated F, — F, difference electron density showed signif-
icant residual density. Consequently, a half-occupied Ba>* was
confirmed.

3.3. Wobble-like G-C* base pair

The crystal structure exposed an unusual G-C base pair in
non-Watson—Crick formation. The three hydrogen bonds
expected for a standard G-C base pair could not be observed
for the base pair C84-G92. According to distance criteria, two
hydrogen bonds GuaO6-CytN3 (2.87 A) and GuaN1-CytO2
(3.01 A) are formed. As a result, the base-pair step C84-G92/
G85-C91 stacks with a high twist angle of 35.7° and a low rise
angle of 2.0 A (Table 2). The hydrogen-bonding pattern for
this region is unusual, but the atoms involved, which are
clearly verified by simulated-annealing omit difference
electron-density maps, show typical hydrogen-bond distances
(Fig. 4). In particular, the GuaO6-CytN3 distance supports the
evidence that CytN3 is protonated. There are two possibilities
to explain this special hydrogen-bond distance: either the
cytosine is in the imino-form, which is known to be quite
unlikely (Saenger, 1987), or the cytosine has an additional
proton at N3. The protonation of cytosine bases in oligo-
nucleotides is not unusual and under weakly acidic conditions

more than two pH units above the pK, of monomeric cytosine
bases (about 4.2) is feasible in principle (Leitner et al., 1998).
For deoxycytidylic acid polymers, the protonated cytosine
structure was stable up to pH 7.0. The stability of the crystal
lattice may have raised the pK for haemoprotonation even
higher than pH 7.0 (Kang et al., 1995). As mentioned before,
protonated cytosines have been previously observed in crystal
structures, but this is the first time it has been observed in a
cytosine-to-guanine (G-C") base pair. Furthermore, this
unusual base-pair formation is additionally stabilized by
neighbouring water molecules and intermolecular RNA-RNA
interactions: CytN4 is stabilized by a hydrogen bond to a water
molecule and GuaN2 by a hydrogen bond to a 2’-hydroxyl
group of a symmetry-related molecule, as shown in Fig. 4. The
figure also indicates that the crystal packing obviously has a
significant influence on the base-pair formation of these two
nucleotides.

Unfortunately, it is not possible to compare this part of the
T. flavus 5S rRNA with the H. marismortui 5S TRNA (Ban et
al., 2000), as the base-pairing scheme and the sequence are
different for both organisms. Furthermore, at this region the
H. marismortui 5S TRNA has one additional and bulged
uridine.

3.4. Tandem G-U base pairs

The tandem G-U base-pair formation in the structure is the
most frequent ‘mismatch formation” found in the ribosomal
RNA (Wu et al., 1995). Three types of adjacent G-U pairs have
been described (Gautheret et al, 1995). The present G-U
motif belongs to type 1, which is seven times more frequently
observed than types 2 and 3 (Wu et al., 1995). G-U base pairs
in principle provide three potential hydrogen-bond acceptors,
therefore offering more recognition diversity for protein—
RNA interaction. The crystal structure of this RNA duplex
reveals the conformation of a type 1 tandem wobble G-U base
pair (Fig. 5). In contrast to the three hydrogen bonds expected
in G-C Watson—Crick base pairs, the G-U wobble base pairs
have only two hydrogen bonds: GuaN1-UriO2 and
Gua06-UriN3. A type 1 tandem of G-U base pairs, which is
flanked on both sides by Watson—Crick bases, was first
observed in the X-ray structure of domain A of 7. flavus 5S
rRNA (Betzel et al., 1994). Subsequently, two other X-ray
structures (Correll et al., 1997; Biswas et al, 1997) and one
NMR structure (Dallas & Moore, 1997) confirmed this struc-
tural motif. All of these structures show identical conforma-
tion and stabilization by solvent waters and therefore this
motif can be regarded as structurally conserved. Also in this
region, the U-G/G-U step has a relatively high twist angle of
44.8° and a low rise of 2.0 A (Table 2), resulting in a so-called
‘cross-strand G stack’, because the G of one G-U base pair
stacks with the G of the neighbouring G-U base pair, which
appears from the opposite strand. The hydration pattern of
the wobble G-U base pair is highly conserved and can be
compared with those found in other X-ray structures including
single G-U pairs (Auffinger & Westhof, 1998; Miiller et al.,
1999).
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4. Conclusions

The principles of RNA folding and conformation are impor-
tant features determining RNA structure and function.
Therefore, it is of great interest to indicate and recognize
structural RNA motifs that are responsible for the mediation
of intermolecular contacts and are essential for RNA folding
and function. The frequent appearance of G-U wobble pairs in
ribosomal RNA can be partly rationalized on the basis of
structural information revealed by several crystal structures of
RNA during the last few years (Betzel et al., 1994; Correll et
al., 1997; Dallas & Moore, 1997; Biswas et al., 1997). The
stacking of two guanine bases and the presence of three
potential hydrogen-bond acceptors in each G-U pair may be a
distinguishing structural feature recognized by proteins prior
to their interaction with rRNA. The overall conformation of

Figure 4

The G92-C84 base pair in wobble-like arrangement is superimposed by
the corresponding F, — F, simulated-annealing omit difference electron
density shown in green at a level of 2.00. The displayed water molecules
were also omitted for calculating the difference electron density. Instead
of the three expected hydrogen bonds, only two [GuaO6-CytN3 (2.9 A)
and GuaN1-CytO2 (3.0 A)] are identified according to distance criteria.
This unusual wobble-like base pairing is further stabilized by RNA-RNA
interactions with a symmetry mate (indicated by #) as well as surrounding
water molecules.

Urigs
Gua8l
Figure 5

The wobble formation of two adjacent G-U base pairs is stabilized by
three ‘structural’ water molecules.

those motifs is found to be identical in different RNA struc-
tures. Direct biochemical evidence for the involvement of
water molecules in the immediate vicinity of G-U in minor-
groove interactions has been also presented (Henderson et al.,
1998). For linear DNA molecules, it was recently shown that
the additional protonation of cytosine bases is essential for the
formation of triple helices (Leitner et al., 1998) and for that
reason it should be expected to be an element of major
importance in folding of nucleic acids. In the structure
presented here, only the protonated state of Cyt84 provides a
sufficient explanation for the unusual conformation of the G-C
base pair. As mentioned before, this particular formation is
probably achieved by intermolecular interactions arising from
the crystal packing effects. It will be interesting to see whether
this novel base pair will be also observed in other structures,
including for example the structure of the complete 7. flavus
5S RNA.
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