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Abstract

The crystal structure of the alternating RNA
r(CGUAC)dG with a 3'-terminal deoxy G residue has
been determined at 1.76 A resolution. The crystal
belongs to the orthorhombic space group €222, unit-
cell dimensions a = 29.53, b = 44.61 and ¢ = 94.18 A,
with two independent duplexes (I and II) per asym-
metric unit. The structure was solved by the molecular-
replacement method. The final R factor was 18.8% using
4757 reflections in the resolution range 8.0-1.76 A. The
model contains a total of 496 atoms and 85 solvent
molecules. The two duplexes form the repeating unit and
stack in the usual head-to-tail (5',3'/5',3’) fashion into a
pseudocontinuous helical column. Almost all of the 2'-
hydroxyl groups are engaged in the three modes of
water-mediated interactions to the base N3/O2 atoms,
the sugar O4’ atoms and the backbone phosphates. Thus,
the 2'-hydroxyl group of RNA is probably contributing
to the stability of the duplexes.

1. Introduction

More than two decades ago tRNA was the only RNA
crystal structure known (Schimmel ez al., 1979). During
the past decade other RNA crystal structures have been
unravelled: the hammerhead ribozyme (Pley et al., 1994;
Scott et al., 1995, 1996), the P4-P6 domain of group I
intron (Cate et al., 1996) after the model of the entire
intron was proposed by Michel & Westhof (1990),
complexes of RNA with proteins (Rould er al., 1989;
Ruff et al., 1991; Biou et al., 1994; Arnez & Steitz, 1994;
Oubridge et al., 1994; Valegard et al., 1994) and duplex
RNA (Dock-Bregeon et al., 1988, 1989; Holbrook et al.,
1991; Leonard et al., 1994; Betzel et al., 1994; Cruse et al.,
1994; Portmann et al., 1995; Schindelin et al., 1995;
Baeyens et al., 1995; Wahl, Ban et al., 1996). Complex
RNA’s, like tRNA, rRNA, ribozyme, have double helical
stems, loops and other tertiary structures, while DNA’s
are commonly composed of duplexes. Here, we report
the crystal structure of the pyrimidine—purine alter-
nating RNA hexamer duplex, r(CGUAC)dG. The all-
DNA analog d(CGTACG) of this hexamer sequence has
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been determined with daunomycin intercalating
between the terminal dCpG steps (Wang et al., 1987). It
was hoped that the RNA analog with a terminal dG
would also intercalate daunomycin at the rCpdG/rCprG
steps.

2. Experimental
2.1. Synthesis and purification

The oligonucleotide RNA hexamer was synthesized
using solid-phase phosphoramidite chemistry on an
Applied Biosystems (ABI) nucleic acid synthesizer
(Model 391). The oligomers were cleaved from the solid
support using a 3:1 ammonium hydroxide/ethanol solu-
tion and deprotected overnight by incubation at 328 K
in the same solution (Wahl, Ramakrishnan et al., 1996).
The resulting material was lyophilized and the 2'-
hydroxyl groups were deprotected by incubating with
0.6 ml of tetrabutylammonium fluoride in tetra-
hydrofuran (THF) at room temperature for 24 h. Next a
0.6 ml volume of 0.1 M triethylamine acetate (TEAA)
was added to the RNA, the mixture lyophilized and
precipitated with ammonium acetate/ethanol. The
precipitate was dissolved in 400 pl of buffer (0.05 M
ammonium acetate, pH 7.0, 20% acetonitrile) and
further purified by ion-exchange fast protein liquid
chromatography using a gradient of 0-1 M lithium
chloride in 20% acetonitrile, followed by lyophilization
and ethanol precipitation. A 4 mM stock solution of the
oligonucleotide single strand was prepared in water to
carry out crystallization trials.

2.2. Crystallization and data collection

The hanging-drop vapor-diffusion method was used
for the crystallization. Each drop contained 2 mM RNA
(single-stranded concentration), 2.5 mM magnesium
acetate, 0.5 mM spermine, 10 mM sodium cacodylate
buffer (pH 6.5) and 0.2 mM daunomycin hydrochloride
(DMA) against a reservoir containing 50% MPD at
291 K. Crystals appeared within 2 d and continued to
grow for a week. The lack of red color in the crystals
indicated the absence of daunomycin. A single crystal of
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dimensions 0.2 x 0.15 x 0.05 mm was mounted in a glass
capillary. The crystal belongs to the orthorhombic space
group €222, with unit-cell dimensions a = 29.53, b =
44.61 and ¢ = 94.18 A. The asymmetric unit contains two
RNA duplexes with a volume of 1292 Af per base pair.
The X-ray data were collected to 1.76 A resolution on
the in-house R-axis IIc imaging plate with Cu Ko
radiation and a Rigaku generator operating at 50 kV and
100 mA. The data were processed using the R-axis
software from Molecular Structure Corporation. The
4757 reflections, 76% complete, (F > 20F) in the reso-
lution range 8.0-1.76 A, with an R, of 6.7%, were
used for refinement. The data completeness in the
resolution range 8.0-2.0 A is 80 and 65% in the range
2.0-1.76 A.

2.3. Structure solution and refinement

The structure of the oligonucleotide hexamer,
r(CGUAC)dG, was solved by the method of molecular
replacement using the program AMoRe (Navaza, 1994).
The starting atomic coordinates were from the hexamer
stretch r(UAUAUA) from the octamer sequence
r(GUAUAUAJC (Wahl, Ban et al., 1996). For the rota-
tion search the data between 8.0 and 2.0 A was used with
a box size of 22 x 22 x 45 A and a search radius of 10 A.
All the top 25 peaks from the rotation-function calcu-
lation were used for the translation search in AMoRe
and subsequently for rigid-body refinement using the
FITTING program. The top peak gave a correlation
coefficient of 64.7% for one duplex, yielding an R factor
of 51%. The second duplex, which again corresponded
to the highest peak, was obtained by fixing the first
duplex and performing another translation search,

5 rc1 . aG12 3
| | Molecule I
rG2 - rCl11
| I
rU3 - rAl0
! |
rAd - rU9
| | Base Steps Distance (A)
rCs + rGs8 Molecule I Molecule IT
di;s . rlC7 P2-P3 5.54 5.61
¥ s |p3-p4 5.55 5.87
P4-PS 5.64 5.50
¥ rc1 - aG12 ¥ [pspe 597 6.00
| I P8-P9 5.64 5.57
rG2 - rCll - -
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Fig. 1. (@) Schematics of the stacking of the two independent duplexes.
The intrastrand phosphate—phosphate separations are also listed.
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Table 1. Crystal data and refinement statistics

Space group

i C222; (Orthorhombic)
Unit-cell dimensions (A)

a 29.53

b 44.61

c 94.18
Molecules per asymmetric unit Two duplexes
Resolution range (A) 8.0-1.76
No. of reflections (F > 2.00F) 4757

Data completeness (%) 76

Final R value (%) 18.8
Final model
Nucleic acid atoms 496
Water O atoms 85

R.m.s. deviation from ideal geometry
Parameter file param_nd.dna
Bond lengths (A) 0.007
Bond angles (°) 1.4

followed by rigid-body refinement as before. The two
highest peaks gave a correlation coefficient of 75.2%
and R factor of 47%. Refinement of the structure was
continued using the program package X-PLOR
(Briinger, 1992). After a few cycles of rigid-body and
positional refinement the R factor dropped to 34.2%
(Riree 40.8%). At this point a 2F, — F, map was calcu-
lated, displayed on CHAIN (Sack & Quiocho, 1992).
The correct bases corresponding to the sequence
r(CGUAC)dG were incorporated and the refinement
continued. Positional refinement dropped the R factor
t0 30.4% (Riree 35.8%). This was followed by simulated
annealing (Briinger, 1988) to remove any model bias by
heating to 3000 K and slow cooling to 300 K at sampling
intervals of 0.5fs. Refinement of the individual
temperature factors including all data to 1.76 A gave an
R factor of 25.8% (Rfree 29.9%). The drug daunomycin
was not found in the molecular structure. A total of 85
water molecules were picked from the electron-density
maps in steps (Biswas & Sundaralingam, 1997).
Positional and temperature-factor refinement of the
structure including the water molecules resulted in
an R factor of 18.8% (Rjrec 23.2%). The final model
contains 496 atoms for the two duplexes and 85 water
molecules.

The r.m.s. deviation from ideal geometry of the
bond lengths and bond angles are 0.007 A and 1.4°,
respectively. The refinement statistics are listed in
Table 1. The atomic coordinates and structure factors
have been deposited with NDB (Berman et al.,
1992).%

+ Atomic coordinates and structure factors have been deposited with
the Nucleic Acid Database (Reference: ARF0108). Free copies may be
obtained through The Managing Editor, International Union of
Crystallography, 5 Abbey Square, Chester CH1 2HU, England
(Reference: GRO755). At the request of the authors, the atomic
coordinates will remain privileged until 1st December 1998 and the
structure factors will remain privileged until 1st December 1998. A list
of deposited data is given at the end of this issue.
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3. Results and discussions
3.1. The molecular structure

The asymmetric unit contains two right-handed A-
RNA hexamers, r(CGUAC)dG with 9.79 base pairs per
turn. The duplexes are packed in the usual head-to-tail
fashion (5',3'/5',3") (Figs. 1 and 2) and form the repeating
unit of an infinite pseudocontinuous helix. The super-
position of molecule I over molecule II gives an r.m.s. of
0.35 A. The bases are all anti and the puckering of the
ribo furanose sugars are C3'-endo, characteristic of A-
RNA/A-DNA duplexes. All the backbone C4'—C5’ (y)
bonds assume the favorable gauche” conformation and
the intrastrand phosphate-phosphate distance for the
two molecules ranges from 5.50 to 6.15 A, average
5.71 A (Fig. 1).

3.2. Alternating helical parameters

The helical parameters of the pyrimidine—purine
alternating duplex (Table 2), calculated with the
program NUPARM (Bhattacharyya & Bansal, 1990),
exhibit interesting alternation which are particularly
pronounced for the roll and buckle. The twist and the
roll angles in the alternating A-RNA duplex are higher
for the 5'pyrimidine-3'purine (5'Y-3'R) steps and lower
for the 5'purine-3'pyrimidine (5'R-3'Y) steps to avoid
steric clashes between the base pairs (Dock-Bregeon et
al., 1989). Similar trends have also been observed for
DNA (Calladine, 1982; Dickerson, 1983). The twist
angles at the CpG steps (average 34.5°) are slightly
higher than those at the UpA (average 30.3°) steps but
no such trend is observed for the corresponding roll
angles. The buckle and propeller twist are also alter-
nating and exhibit somewhat lower values for the 5'-
Y-R-3' base pairs and higher values for the 5-R-Y-3’
pairs.

3.3. Hydration

3.3.1. Minor and major grooves. Out of a total of 85
water molecules 34 are involved in the hydration of the
minor and major grooves. The minor-groove N2 of
guanine and O2 of cytosine of the terminal base pairs,
dG12-rC1 in molecule I and dG6-rC7 in molecule II, are
linked through a water molecule besides the Watson—
Crick hydrogen bond. A cross-strand water bridge
occurs between the minor-groove atoms in adjacent
bases, U9(02) and C5(02) of molecule II. In the major
groove both single and double water bridges are
observed. In molecule I, the N7 of G8 is linked to O6 via
two water molecules and similar water bridge occurs
between the N7 and N6 of A4. Also intrastrand
hydrogen bonding between adjacent bases of C5(N4)
and dG6(0O6) occur through a single water molecule,
while a double water molecule bridges U3(0O4) and

r(CGUAC)dG

A4(N7) in molecule I. In molecule II similar interactions
occur, U9(04)---W---A10(N6) and G2(N7)---
W-.-W...U3(04). A water molecule is commonly found
to bridge the purine N7 to the O1P both in molecule I
G2, A4, dG6, dG12 and molecule II dG6, A10. The base
hydration of the RNA duplex is listed in Table 3.

3.3.2. 2'-Hydroxyl groups. The 2'-hydroxyl group
confers additional hydration and stability to the duplex.
The 2'-hydroxyl group hydrogen bonds through a water
molecule in three modes of interactions: to the base N3/
02, the sugar ring O4’ and the backbone ester O3'. In
the first mode, a water molecule bridges the backbone

Molecule I

Fig. 2. (a) Pseudocontinuous stacking of four duplexes into a helical
column. Base stacking at the two junctions of molecule I and II (b)
intramolecular and (c) intermolecular stacking.



BISWAS, MITRA AND SUNDARALINGAM

Table
Base steps Twist (°)
Duplex I
C1-G12

35.09
G2-Cl11

32.65
U3-A10

30.71
A4.U9

31.75
C5-G8

35.09
dGe6-C7
Duplex II
C1-dG12

36.00
G2-.C11

30.98
U3-A10

2. Helical parameters of r(CGUAC)dG

Roll (°)

18.48

18.64

12.03

-9.97

—16.18

—18.35

—8.45

—16.48

—11.58

—13.08

—18.91

—13.33

Propeller twist (°)

Buckle (°)

—0.59
2.63
—0.81
3.44
—4.55

4.20

—=8.11

0.10

Table 3. Groove hydration of r(CGUAC)dG duplexes

Major-groove sites
Water

Residue Atom type

Duplex I

C(1)

G(2) 06
N7
o1pP

uU@3) 04

A(4) N7
N6

C(5) N4

dG(6) N7
06

C(7)

G(8) 06
N7

A(10) N7

C(11)

dG(12) N7

Duplex II

G(2) N7
06

U®3) 04

A(4) N7

C(5)

dG(6) N7

C(7)

G(8)

u) 02

A(10) N7
N6

c(11)

N4

W14
W24

W14
w42

w42
W68
W10
W68

W27
W36
w7

W29

W56
W31
W3l

W28

W49

W54
Wil
W54
W31
Wil

Distance (A)

323
3.40
3.42
3.28
2.98
2.71
3.50
3.32
2.48
2.63

3.04
2.65
2.90

2.66

2.82
2.62
3.33

2.49

2.49

2.98
2.80
3.48
3.28
3.49

Atom type

02

02

N3
02

Dx (A)

—0.57
—0.18
0.13
0.54

0.39

0.01
—0.39

-0.23

Minor-groove sites

Water

W37

W4
Wo6
W74

W41

W46

W1

W16

W37

w21

w9
Ws1
w62
W75
W55
w47

W8
W75

w2

w9

Distance (A)

3.39

2.71
3.48
2.75
3.41

2.49
2.85
324

2.83
2.61
2.79

3.11
3.13
291
2.88
2.94
2.94
2.88

2.62
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r(CGUAC)dG

(©)

(d)

Fig. 3. Three modes of hydration of the 2'-hydroxyl group: with the base (a) cytosine O2 and (b) adenine N3, (c¢) with O3’ ester O atom and (d)

with an adjacent sugar ring O4’ via water molecules.

02’ to the bases, purine N3 or to the pyrimidine O2
(Figs. 3a and 3b), characteristic of A-RNA’s (Portmann
et al., 1995; Wahl, Ban et al., 1996). The majority of the
purine bases, viz. G8, A4, A10 of molecule I, and G2,
G8, A10 of molecule II, and some of the pyrimidine
bases, viz. C7, C11 of molecule I and C7 of molecule 1I,
display the above hydration pattern. It is interesting that
the O2"s of U3 and C11 of molecule II are bridged by
two water molecules to the O2’s of the respective bases.
In the second mode, the O2" hydroxyl group interacts
with the adjacent sugar ring O4’ on the 3’ side through a
water molecule (Fig. 3¢) between G8-U9 (molecule I),
U3-A4, C5-dG6, C7-G8 and C11-dG12 (molecule II).
The third mode of interaction of the O2' is with the
phosphate ester O atoms, O3’, of the same residue (Fig.
3d) as in G2, C7, G8 of molecule T and A4 of molecule
IL.

3.3.3. Backbone phosphates. The compressed RNA
backbone allows the phosphate anionic O atoms, O1Ps,
of P4-P5, P5-P6, P8P9 of molecule I and P4-P5 of
molecule II, to be bridged by a water molecule. Such
O1P-O1P water bridges are commonly found in A-type
duplexes, as in A-DNA (Saenger et al., 1986; Wahl &
Sundaralingam, 1996) and A-RNA (Portmann et al.,
1995; Wahl, Ban et al., 1996). However, in one instance a
water molecule is found to bridge the O1P of P10 to the
O2P of P11, in molecule II. Another common mode of
water molecule bridges is between O1P and the ester

05’ as in U3, U9 and A4 of molecule I and U3, U9, G2
and A10 of molecule II.

3.4. Intermolecular interactions involving the 2'-OH
group

The tight packing of the duplexes in the unit cell (Fig.
4a) leads to a large number of intermolecular contacts
involving the 2'-hydroxyl group. These are mainly direct
lattice contacts and sometimes are water mediated.
Direct lattice interactions occur between the 2'-hydroxyl
groups of A4 and A4*{ in molecule I and similarly
between U9 (molecule I) and G8* (molecule 1) and also
between U3 and C11* (molecule II) (Fig. 4b). These
02'—02' interactions are different from the ‘ribose-
zipper’ mode of interaction (Cate et al, 1996). Inter-
molecular direct contacts also occur between O2' and
04/, viz. O2’(C11) interacting with O4’(U3*) in mole-
cule I and O2'(U3) interacting with O4’(C11*)in mole-
cule TI. An unusual interaction occurs between O2' of
G2 with O2" and O3’ of C11* (Fig. 4b). This is similar to
the intramolecular water bridge, mentioned earlier,
between 02 and O3'.

This illustrates how the 2'-hydroxyl groups are
responsible for the stability of the RNA molecule.

T Asterisks symmetry-related molecules.
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(a)

(b)

Fig. 4. (a) Stereoview of the packing in the unit cell. (5) Adjacent columns interact through the 02': 02'-02' interactions (top) and O2' interacting
with 02" and O3’ ester.
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