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The X-ray structures of two crystal forms of the RNA duplex [CGCG(5-FC)G], are the first
crystal structures for an RNA duplex containing alternating CG base pairs with unmodified
2’-hydroxyl groups. The triclinic and the rhombohedral crystal forms (PDB ids 3jxq, 3jxr) differ
in the molecular packing, the amount of ordered structure and in molecular details, especially the
hydration. The P1 data extend to 1.45 A resolution, while the R32 data reach 1.25 A. In both
structures the RNA oligomers take the form of a right-handed half-turn with conformational
parameters close to the canonical A-RNA. The duplexes stack coaxially in the crystal lattice.

The geometry of C:G vs. 5-FC:G pairing is similar in terms of H-bond geometry. In CG steps,
inter-strand guanines are parallel while cytosines are not parallel. In steps GC this motif is
reversed. Both structures contain ordered water molecules, forming characteristic hydration
network in the major and the minor grooves. In addition to water, the triclinic structure contains
four magnesium cations, one of them forming an inner complex with a phosphate. Two types

of unusual interactions are observed. In the major groove, the 5-fluorocytidine residues form
C-F---H-O-H hydrogen bonds with water molecules. In the minor groove, intermolecular
contacts include C-H hydrogen bonds (C1’-H1---02’ and C4'-H4'---O4') between two

ribose rings.

Introduction

Double-stranded RNA helices exist principally in the right-
handed A-form. RNA duplexes containing alternating
pyrimidine-purine steps e.g. poly(CG)!, (CGCGCG),? or
(CGCG),* can be induced to undergo helicity reversal with
the formation of Z-RNA, which distinguishes them from other
RNA duplexes. The process is promoted not only by high salt,
such as 6 M NaClO,4, but also by proteins containing Zo
domain e.g. ADARI.* The mechanism of salt-induced A to Z
reversal has not been fully understood and in order to resolve
this question one needs a detailed knowledge about the
structure and hydration of both right- and left-handed RNA
helices.

In view of this we have earlier analysed, using NMR,
the right-handed structures of (CGCGCG), and 2'-O-
Me(CGCGCG), in low-salt solution (150 mM NaCl).> The
structure of the (CGCGCG), appeared to be overwound, with
an average of 9.7 bp per turn, and a unique stacking pattern
and helical parameters, thus showing a geometry considerably
deviating from a canonical A-RNA. At that time we were
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unable to crystallise (CGCGCG), but we determined two
crystal structures of 2’-0-Me(CGCGCG),. In both cases, the
structures were similar to parent (CGCGCG), determined in
solution and revealed a characteristic hydration pattern of a
single row of water molecules in the minor groove, directly
stabilising unique base stacking interactions.’*” More
recently, we reported a high resolution NMR structure of
the (CGCGCGQG), in the left-handed form induced by high salt
(6.0 M NaClO,).” Unfortunately, the NMR method used
cannot reveal the hydration pattern. Until now, the hydration
pattern of a Z-RNA is available for the low salt X-ray
structure of the left-handed dUr(CG); helix, complexed with
the Za domain of the ADARI enzyme.®

To date there is no X-ray structure of right-handed RNA
duplex containing alternating CG base pairs and bearing
unmodified 2’-hydroxyl function, which would allow an
inspection of the hydration of both CG and GC steps. Here,
we present the X-ray structures of two crystal forms of
[CGCG(5-FC)G],. The duplex containing S-fluorocytidine
residue (abbreviated 5-FC) was obtained for '°F NMR study
and, in contrast to (CGCGCQG),, can be crystallised.

Results
Molecular packing and the refined models

In the triclinic structure the asymmetric unit (the unit cell)
contains two RNA duplexes stacked end-to-end (chains A + B
and K + L). This arrangement is repeated in the crystal lattice
to form parallel semi-continuous columns (Fig. 1a). In the
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rhombohedral structure the asymmetric unit contains one
complete duplex (chains A + B) and one strand of a second
duplex. The other strand is symmetry-related to the first by a
crystallographic two-fold axis located between the strands
(chains K + K*, where * denotes a symmetry-related chain).
The duplexes in the rhombohedral structure also stack end-to-end
and form semi-infinite columns in the crystal lattice (Fig. 1b).
The duplex A + B is tightly packed against its symmetry
mates and well ordered, whereas the duplex K + K* is
surrounded largely by solvent space and poorly ordered. This
accounts for the poorer R-factor statistics of the rhombo-
hedral structure, despite its nominally higher resolution,
compared with the triclinic structure (Table 1). The triclinic
structure also contains a relatively larger amount of ordered
solvent molecules, which surround evenly both the RNA
duplexes. In addition to water molecules, four magnesium
cations have been identified in the triclinic structure, based on
the regularity and distances within their coordination spheres.
The positions of the fluorine atoms modifying the C5 cytidine
residues were clearly visible in electron density maps in both
structures.

The overall structure and conformational parameters

In both crystal forms, self-complementary hexamers
CGCG(5-FO)G form approximately one half-turns of an
RNA helix. The helices belong to the A-type RNA.’

Sugar, glycosidic bond and backbone conformation. In both
duplexes, most of the conformational parameters describing
the phosphor-sugar backbone are typical of the canonical
A-helix.” The sugars are in stabilised C3’-endo pucker with
the average P value 12°, except for G2 in chain A of the
rhombohedral structure, which has been modelled in the
C2’-exo conformation (P = —1°). All residues are charac-
terised by high pucker amplitudes (average @ = 44°) and by
anti glycosidic bond angles. The latter and the o, B, v, d, €,
backbone torsion angles (Supplementary Table 1%) fall in the
range typical for the A-family of right-handed helices.’ The y
torsion angle ranges from 38° to 90° describing their (+)
gauche (+sc) conformations, except G4, chain L of the
triclinic structure, which has y = 177° (=) gauche (ap). The
B positive values (159-179°) and ¢ (—135 to —162°) torsion
angles indicate a favoured trans conformation of corresponding
bonds. In two instances  takes a negative value: for G4,
chain L triclinic, which is correlated with the y angle
mentioned above.

Base pairs and stacking geometry. Watson—Crick base
pairing is observed throughout the duplex in both crystal
forms. The geometry of C:G vs. 5-FC:G pairing is similar in
terms of H-bond lengths (in the range 2.8-2.9 A). Every C:G
or 5-FC:G pair has a characteristic negative propeller twist
ranging —8 to —18°. Analysis of helical parameters reveals
that they fall in the range typical of A-RNA, differing
considerably from the previously studied 2’-O-methylated
analogues®*? (Supplementary Table 21). For example, the rise
parameter is on average 2.7 A, higher by 0.3 A than the
methylated structures but similar to (CGCGCQG), studied in
solution.®® The [CGCG(5F-C)G], structure is less tightly

(b) ‘

W

Fig. 1 Crystal packing of the [CGCG(5-FC)G], duplexes in (a) the
triclinic and (b) the rhombohedral crystal lattices. The content of the
asymmetric units are drawn using the “sticks” model. The symmetry-
related molecules are shown only in the cartoon mode.

wound (from 10.4 to 11.3 bp/turn) than the previously
reported (CGCGCG), in solution (9.7 bp/turn)’ or 2'-O-
Me(CGCGCG), RNA crystal structures (9.9 and 10.2 bp/turn).®*?
A characteristic stacking pattern was observed for both the
crystal structures. Within CG steps, inter-strand guanines are
parallel while cytosines are not parallel. In GC steps this
relationship is reversed. The arrangement is similar to the
2’-0-Me(CGCGCG), structures®? and has not been observed
in other RNA crystal structures. In GC steps considerable
inter-strand stacking of guanines is observed (Fig. 2), which is
a typical feature of A-RNA.’

Ions and hydration

Magnesium binding. Four ordered magnesium sites were
located in the triclinic crystal lattice and none in the rhombo-
hedral structure. Two Mg>" ions are in the major groove,
where they interact with ordered waters molecules associated
with O6 and N7 sites of guanines. Two others stabilise close
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Table 1 Summary of the X-ray data and model refinement for [CGCG(5-FC)G],

Crystal Triclinic Rhombohedral
Beam line EMBL-BW7A EMBL-X13
Wavelength/A 1.100 0.802

Space group Pl R32:H

Cell parameters
Resolution range/A 20.0-1.45 (1.47-1.45)¢
Mosaicity (°) 1.2
Exposure time per image (min.) 1

b 0.041 (0.297)

Rmcrgc

(I/o(D) 26 (2.7)
Completeness (%) 93.7 (80.0)
No. unique reflections 9441
Overall multiplicity 3.1(2.2)
Reflections >3c (%) i 79 (45)
B-factor from Wilson plot (A% 14
Ryork 0.172
Riree’ 0.205
Number of RNA atoms 510
Number of metal ions 4 Mg>*
Number of water molecules 132
Solvent content (%) 40
r.m.s. deviation from ideal values

Bond lengths/A 0.011
Bond angles (°) 2.02
PDB code 3jxq

a=212,b=265c=223A,a=0976, p = 105.5,y = 109.4°

a=b=4l.1,¢c = 1433 A
25.0-1.25 (1.27-1.25)
0.4

1
0.043 (0.484)
26 (4.2)

99.2 (99.8)
13173

8.6 (1.7)

83 (58)

17
0.219
0.276
381

0

60

45

0.018
2.35
3jxr

“ Values in brackets are for the highest resolution shell. ? Runerge = Zpir ZlI{hkD)—(I(hkD)|/Zpiy Z; T(hkl), where I(hkl) and (I(hkl)) are the
observed individual and mean intensities of a reflection with indices /k/, respectively, Z; is the sum over the individual measurements of a reflection
with indices ikl and X, is the sum over all reflections. ¢ Ry, was calculated using 5% of the total reflections chosen randomly and omitted from

the refinement.

Fig. 2 Stacking pattern within CG (a) and GC steps (b) of the
[CGCG(5-FC)G], duplex.

contacts of phosphates from symmetry-related duplexes. One
of the magnesium cations (Fig. 3) forms an inner complex with
a phosphate oxygen atom (distance = 2.2 A).

Major groove hydration. The major groove of
[CGCG(5-FC)G], is narrow but deep and the minor groove
is broad and shallow. The grooves are hydrated in a regular
way, with the majority of ordered waters located in the major
groove. The patterns of hydration in the structures can be
compared to the related crystal structure of (CCCCGGGG),;
the first study in which the RNA duplex hydration scheme has
been presented in detail.'®

Fig. 3 Magnesium cation forming an inner complex with a phosphate
group in the triclinic [CGCG(5-FC)G], crystal structure.

The water molecules in the major groove form a regular
pattern, similar to that observed in the 2’-O-Me(CGCGCG),
structures.®*® As in other A-RNA crystal structures,'? most
of the intra-strand phosphate oxygens (O1P) are water-
bridged with W-O1P distances ranging from 2.8 to 3.3 A.
Those bridges form one edge of a water network H-bonded
(average distance 2.7-2.9 A) with N7 and O° of guanines as
primary base sites. The N*~H of cytosines are less strongly
involved with an average distance 3.1 A (Fig. 4a).

The C-F bonds in the 5-modified cytosines also partici-
pate in the scheme of the major groove hydration
(Fig. 4b). Water oxygen atoms come as close as 2.9 A to the
fluorine atoms, indicating significant H-bonding interactions
(C-F---H-O-H). The electronegative character of the
fluorine atom is clearly seen in the 2F,—F. map, as a dis-
location of electron density from the fluorine towards the
carbon atom.
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Fig. 4 Hydration of C:G pairs within the [CGCG(5-FC)G], duplex
from the triclinic crystal structure: (a) G6 (chain A):C1 (B) and (b) G2
(K): (5-FC)5 (chain L). The fluorine atom of the 5-fluorocytosine is
shown in turquoise. The blue contours represent the 2F,—F,. electron
density map drawn at the 1o level. Hydrogen bonds are indicated with
dashed lines.

Minor groove hydration. The minor groove contains a dense
network of water molecules (Fig. 5). Three types of inter-
actions can be distinguished. The main features of hydration
are pairs of water molecules that span the 2’-hydroxyl groups
of ribose moieties from opposite strands. This has been
recognised as a typical feature of A-RNA.!*'? Additionally,
the same waters are often involved in H-bonding of the base of
the same nucleotide: O2 of cytosine and N3 of guanine. The
third type of interactions involves bridging, by single water
molecules, of carbonyl oxygen atoms from inter-strand parallel
cytosines. Only one example has been observed of an analo-
gous bridge between the N3 atoms of guanine residues.

A characteristic feature in both crystal structures is the
presence in the minor groove of intrusions from neighbouring
molecules, in contrast to the major groove, where only water
and magnesium cations are observed. The contacts involve
sugar-sugar CI’-H1’---O2’ and C4'-H4'-..O4’ interactions.
Two pairs of such interacting ribose rings are observed,
involving two S-fluorocytidines and two guanosines. The
distance between the C and O atoms is 3.3-3.6 A and their
relative geometry indicates C—H hydrogen bonds (Fig. 6).
Among other intruding groups are 2’-hydroxyls and phospho-
diesters from neighbouring molecules (Fig. 5).

Discussion

Although the triclinic and the rhombohedral crystals differ
in molecular packing, the overall structure of the RNA
duplexes take similar forms of right-handed half-turns with

conformational parameters close to the canonical A-RNA
(Supplementary Tables 1 and 2f), with end-to-end stacking
of the molecules. The one instance of an unusual torsion angle
of the sugar-phosphate backbone (y = 177° for G4, chain L,
Supplementary Table 17) is difficult to explain but clear in the
electron density. The presence of the 5-fluorocytidine residues
does not alter the typical C:G base pair geometry. This seems
to be significant for RNA studies in solution, by '’F NMR
spectroscopy, using 5-fluorocytidine-labelled oligonucleotides.'!#
Interestingly, the fluorine atoms of the S5-fluorocytidine
residues form hydrogen bonds with water molecules, intro-
ducing additional elements to the hydration pattern, unavail-
able to unmodified cytidines (Fig. 4). To our knowledge, this is
the first experimentally observed C(sp?)-F---H-O bond
between a modified nucleobase and solvent water. Hydration
of C-F bonds was previously observed for DNA duplexes
containing  2’-deoxyribo-2,4-difluorotoluene nucleoside
analogue, an isostere of 2’-deoxythymidine.'"> The role of
fluorine as a hydrogen bond acceptor in organic compounds
has been examined, based on the available small-molecule
crystallographic data, NMR and theoretical calculations.'¢
Those studies indicated that such interactions occur rarely,
having lower energies than classical H-bonds.

Three of the four ordered magnesium cations interact with
water molecules without disrupting the hydration pattern of
the RNA. The two Mg?" ions in the major groove are
associated with the water molecules that form the spine
hydrating the Hoogsteen edge of guanine residues. The third
magnesium cation is lodged between neighbouring duplexes, it
is fully hydrated and spans three different phosphate groups
via the waters from its coordination sphere. The fourth
magnesium cation exceptionally sheds a water molecule from
its hydration sphere and forms an inner complex with a
phosphate oxygen atom.

In our previous studies we examined the structure of
2'-0-Me(CGCGCG)s, especially its minor groove hydration.®”
The present structure complements the study by showing the
hydration of unmodified RNA duplex containing alternating
CG base pairs. When the 2’-hydroxyl groups are methylated,
the minor groove contains only a single row of ordered water
molecules, linking and positioning pairs of nucleobases along
the strand. This demonstrates how hydration supports the
distinctive cross-strand parallel arrangement of the bases.
When the 2'-hydroxyl groups are free, the minor groove is
filled with ordered water molecules which, in addition to
stabilising the relative positions of the bases, are engaged in
spanning the two strands and stabilising the conformation
within the nucleotide residues.

The question of the hydration scheme of right-handed RNA
duplexes with (CG),, sequence is relevant in connected with the
yet unknown mechanism of helicity reversal. The reversal can
be induced by proteins containing Zo. domain e.g. ADARI,
under low-salt conditions.* In order to promote this trans-
formation in the absence of the protein, salt concentrations as
high as 6 M NaClOy are necessary.” The interaction of salts
with the polyanionic structure of nucleic acids and their
water shells is the driving force in the helicity reversal of
right-handed RNA or DNA (CQG), tracts. Salts at high
concentration screen the repulsion between electronegative
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Fig.5 A stereo view of a part of the hydration network of the minor groove in the triclinic crystal structure of the [CGCG(5-FC)G], duplex. The
red contours represent the F,—F, “omit” map drawn at the 3o level. Hydrogen bonds are indicated with dashed lines. A fragment of an intruding,

neighbouring duplex is shown in blue.

G6(A*)

Fig. 6 A stereo view of the sugar—sugar interaction between neighbouring duplexes in the triclinic crystal form, involving C-H- - -O hydrogen
bonds: a pair of CI’-H1---O2’ and a pair of C4'-H4'---O4’. The blue contours represent the 2F,—F, electron density map drawn at the 1o level.

Hydrogen bonds are indicated with dashed lines.

phosphates in the left-handed form'® and interacts with the
water shell around RNA leading to its dehydration.®”?° In
contrast to the DNA field, were various mechanisms have been
proposed to describe B = Z DNA transition, there is no
model of the RNA helicity reversal. Therefore, in order to
evaluate the mechanism of A = Z transition under high salt
conditions, information is necessary not only about atomic
coordinates but also their hydration schemes on the atomic
level, under different salt concentrations. This paper provides
such data for the right-handed (CG), RNA duplex, thus
promoting further studies on the RNA helicity reversal
mechanism.

The clarity of the hydration pattern in both grooves suggests
that the bound water molecules play a structural role and
can be considered part of the RNA structure. Nevertheless,

the water molecules are readily displaced when macro-
molecules interact or associate with small ligands. The water
molecules can be displaced by groups with similar
H-bonding potential, e.g. ligand’s hydroxyl groups, which
preserves the basic H-bonding pattern.®®2! The present study
also provides examples of interruption of the solvent’s regular
H-bonding scheme by neighbouring RNA chains (Fig. 5). The
intrusions are stabilised by unusual C-H hydrogen bonds
between pairs of interdigitated sugar moieties (Fig. 0).
Although hydrogen bonding interactions involving C-H
bonds are rarely observed (including the sugar ring oxygen
atom??) and rather weak, the interface between the sugar rings
features four of them. Therefore, their combined effect can
be significant in stabilising the interaction between two RNA
duplexes.
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Experimental

Crystallization and data processing

The self-complementary hexamer CGCG(5-FC)G was
prepared by an automated solid-phase synthesis using
phosphoramidite chemistry, deprotected under standard
conditions®® and purified by Sephadex G10 filtration. The
duplex was crystallised at 20 °C by the hanging drop/vapour
diffusion method. Crystals of the triclinic form were prepared
under the following conditions: The reservoir initially
contained 0.5 ml of solution containing 2.0 M lithium sulfate,
10 mM magnesium chloride and 50 mM MES at pH 5.6. The
crystallization drop was prepared by mixing 3 pl of RNA at
5 mg ml~" and 3 pl of the reservoir solution. After several
days, when no crystals appeared, 0.5 ml of MPD was added to
the reservoir, giving the final MPD concentration 50% v/v.
Crystals of the rhombohedral form were obtained under the
following conditions: The reservoir initially contained 0.5 ml
of solution containing 1.6 M ammonium sulfate, 10 mM
magnesium chloride and 50 mM HEPES at pH 7.0. The
crystallisation drop initially consisted of 3 pl of 5 mg ml™!
RNA solution and 3 pl of the reservoir solution. After several
days, when no crystals appeared, 0.1 ml of MPD was added
twice to the reservoir, at several days’ interval, giving the final
MPD concentration 28% v/v.

X-Ray diffraction data were obtained on the EMBL BW7A
and X13 beam line at the DORIS storage ring, DESY,
Hamburg. Prior to mounting, the crystals were transferred
to cryoprotectant solutions similar to the reservoir solution
but containing in addition 20% v/v glycerol. The crystals
remained in the cryoprotectant solution for approximately
1 min, i.e. only the time that was needed to pick them again
in the cryo-loop. The crystals were transferred in cryo-loops
directly to the goniostat and vitrified in the stream of cold
nitrogen gas. The diffraction images were recorded on a MAR
CCD 165 mm detector. The diffraction intensities were inte-
grated and scaled using the program suite Denzo/Scalepack.>*
The crystals and X-ray data are summarised in Table 1.

Structure solution and crystallographic refinement

Both crystal structures were solved by molecular replacement
(MR) using the program Molrep.>® The rhombohedral structure
was solved first using as the search model the atomic coordi-
nates of the 2/-O-Me(CGCGCG), RNA (pdb id 1i7)).%
A solution obtained for one duplex in the asymmetric unit
gave an R-factor of 0.55 and the correlation coefficient of 0.41,
which was not outstanding, but was selected nevertheless
because it gave reasonable base-pair interactions between
symmetry-related duplexes in the crystal lattice. Electron
density maps, 2F,—F, and F,—F,, calculated using phases
derived from the initial MR model were initially poor but
sufficient for refining and extending the model until it was
complete. The triclinic structure was solved using as the search
model the atomic coordinates of RNA from the rhombohedral
structure. Although the asymmetric unit contained two RNA
duplexes, a MR solution was obtained only for one duplex.
The second duplex was built gradually, based on electron
density maps, during the refinement. The atomic models were

refined using the program Refmac52® from the CCP4 program

suite.”” Towards the end of the refinement of the rhombo-
hedral structure, anisotropic atomic temperature factors were
refined. It resulted in the decrease of both the R-factor and the
Ryee by approximately 0.025. Solvent molecules were inserted
using the program ARP/wARP?® with automatic determina-
tion of statistically significant density levels for inclusion of
new water molecules. The program Coot was used for
visualization of electron density maps and manual rebuilding
of the atomic model.*® Helical parameters were calculated
using the 3DNA software.® All pictures were drawn in
PyMOL v0.99rc6.%!
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