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ABSTRACT: G‚A mispairs are one of the most common noncanonical structural motifs of RNA. The 1.9
Å resolution crystal structure of the RNA 16-mer r(GCAGAGUUAAAUCUGC)2 has been determined
with two isolated or nonadjacent G‚A mispairs. The molecule crystallizes with one duplex in the asymmetric
unit in space groupR3 and unit cell dimensionsa ) b ) c ) 49.24 Å andR ) â ) γ ) 51.2°. It is the
longest known oligonucleotide duplex at this resolution and isomorphous to the 16-mer duplex with the
C‚A+ mispairs [Pan, et al., (1998) J. Mol.Biol. 283, 977-984]. The C‚A+ mispair behaves like a wobble
pair while the G‚A+ does not. The G‚A mispairs are protonated at N1 of the adenines as in the C‚A+

mispairs, and two hydrogen bonds in the G(syn)‚A+(anti) conformation are formed. The syn guanine is
stabilized by an intranucleotide hydrogen bond between the 2-amino and the 5′-phosphate groups. The
G(syn)‚A+(anti) conformation can provide a different surface for recognition in the grooves compared to
other G‚A hydrogen bonding schemes. The major groove is widened between the two mispairs allowing
access to ligands. One of the 3-fold axes is occupied by a sodium ion and a water molecule, while a
second is occupied by another water molecule.

Base-pair mismatches are found in both DNA and RNA,
but they are corrected by repair enzymes in DNA (1) and
serve as recognition sites in RNA. G‚A mispairs can adopt
at least five possible conformations (2, 3). Crystallographic
studies so far have shown that G‚A mispairs in DNA adopt
three conformations: G(anti)‚A(anti) (4); G(anti)‚A(syn) (5,
6); G(syn)‚A(anti) (7). NMR studies on DNA have shown
that the G‚A conformations depend on the flanking sequences
(8). Nonadjacent and tandem G‚A mispairs are found in
ribosomal RNAs (9). Various possible conformations of G‚A
mispairs in RNA and their effects on helical regularity have
attracted crystal structural studies. A variety of G(anti)‚A(anti)
conformations have already been found in the crystal
structures of r(CGCGAAUUAGCG) (10), r(GGCCGAAAG-
GCC) (11), and the 62-nucleotide 5S rRNA fragment (12)
(italicized bases are mismatched). We have designed the 16-
mer r(GCAGAGUUAAAUCUGC) with two isolated or
nonadjacent G6‚A27/A11‚G22 mispairs to study their con-
formation(s) and helix distortions.

MATERIALS AND METHODS

Synthesis, Crystallization, and Data Collection.The 16-
mer RNA r(GCAGAGUUAAAUCUGC) (GA duplex) was
synthesized by the phosphoramidite method and purified by

the usual procedure (13). The crystallization was carried out
by the hanging-drop vapor diffusion method at room tem-
perature (293 K). The best crystals were obtained with 1
mM RNA (single-stranded concentration), in the presence
of 50 mM sodium HEPES buffer1 (pH 7.0), 50 mM KCl, 5
mM CaCl2, and 5% PEG400 equilibrated with 30% PEG400
in the reservoir. A crystal of dimensions 0.3 mm× 0.3 mm
× 0.2 mm was mounted in a thin-walled glass capillary with
some mother liquor at one end and sealed for intensity data
collection. The 1.90 Å resolution intensity data comprising
5521 independent reflections (F g 2σ(F)) were collected at
room temperature on our in-house R-AXIS IIc imaging plate
and a 50 kV/100 mA graphite-monochromated Cu KR X-ray
beam. TheRmerge was 7.3%. The data set was 81.0%
complete, and the last resolution bin (1.99-1.90 Å) had
52.5% of the data. The data were processed using the
software Version 2.1 from the Molecular Structure Corp. The
crystal belonged to the rhombohedral space groupR3 with
unit cell constantsa ) b ) c ) 49.25 Å andR ) â ) γ )
51.2°. The asymmetric unit contains one duplex with a
volume/per base pair of 1390 Å3. The structure was solved
and refined in the hexagonal setting with cell constantsa )
b ) 42.53 Å,c ) 128.06 Å, andγ ) 120.0° (Table 1).

Structure Solution and Refinement.Thea and theb axes
for the GA duplex are the same as the 16-mer CA duplex
r(GCAGACUUAAAUCUGC)2 recently solved by us (13)
while thec-axis is about 3% longer. The coordinates of the
CA duplex (NDB ID No. AR0002) were used to start the
refinement of the GA duplex by X-PLOR (14). A total of
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5433 unique reflections (F g 2σ(F)) between 8.0 and 1.9 Å
resolution, representing 80.8% data, were used in the
structure refinement.Rfree was calculated with 10% of
randomly selected reflections (15). The rigid body refinement
dropped theRwork/Rfree to 0.342/0.410 which further dropped
to 0.278/0.329 on positional refinement. At this stage, omit
|Fo| - |Fc| maps were calculated by removing C6 and C22,
one base at a time. The maps clearly indicated that both C’s
were substituted by G’s in the syn conformation (Figure 1a).
Further refinement by Powell conjugate gradient energy
minimization followed by simulated annealing dropped Rwork/

Rfree to 0.248/0.315. The 55 water molecules and 1 sodium
ion were located at various steps of refinement from the|Fo|
- |Fc| difference density maps at or above 3σ level which
simultaneously satisfied 2|Fo| - |Fc| maps at the 1σ level.
Only those sites were accepted as water molecules which
were at hydrogen-bonding distances to the RNA molecule
or neighboring water molecules. IndividualB-factor and
positional refinements dropped theRwork/Rfree to 19.7%/
29.6%. The model contains 678 nucleic acid atoms, 55 water
molecules, and a sodium ion. The root-mean-square deviation
of the model from the ideal geometry was 0.005 Å in bond
lengths and 0.9° in bond angles (Table 1). The atomic
coordinates and structure factors have been deposited with
the Nucleic Acid Database (NDB ID No. AR0006) (16).

RESULTS AND DISCUSSION

Global Conformation.The hexadecamer r(GCAGAG-
UUAAAUCUGC) crystallized as a right-handed A-form
duplex with two nonadjacent G‚A mispairs separated by four
Watson-Crick base pairs. The helical axis changes its
direction at or near the two mispairs producing a curved
helical axis (Figure 2). The helical axis makes an angle of
21° at the two sites where the axis changes its path from a
straight helix. The program CURVES was used for the
calculation of the helical axis (17). Comparison with fiber
A-RNA indicates that the 16-mer has an end-to-end bending
angle of only 3.8°. The helical axis is displaced from linearity
by 1.28 Å at the A11‚G22 mispair and 1.30 Å at the other
mispair G6‚A27.

Table 2a summarizes the torsion angles for the duplex.
The three residues G6, G22, and U30 have the trans, trans

Table 1: Crystal Data and Refinement Statistics for the 16-mer
RNA r(GCAGAGUUAAAUCUGC)

cryst system rhombohedral
space group R3
cell params (hexagonal setting)

a ) b (Å) 42.53
c (Å) 128.06
γ (deg) 120

V/base pair (Å3) 1390
resolution (Å) 1.90
no. of unique reflns (g2σ(F)) 5521
data completeness (%): overall (1.99-1.90 Å) 81.0 (52.5)
Rsym (%) 7.3
resolution ranged used (Å) 8.0-1.9
no. of reflns used (g2σ(F)) 5433
Rwork/Rfree (%) 19.7/29.6
est coordinate error (Luzzati plot) (Å) 0.29
rms dev from target values

param file param_nd.dna
bond length (Å) 0.005
bond angle (deg) 1.0
dihedral angle (deg) 12.6
improper angle (deg) 1.3

FIGURE 1: (a) The|Fo| - |Fc| omit map showing the G(syn)‚A+(anti) in the present structure. (b) Stick drawing of the mismatch conformation.
(c) G(anti)‚A(anti) conformation in r(CGCGAAUUAGCG) (Leonard et al. (1994)). (d) Water-mediated G(anti)‚A(anti) conformation in
r(CCGAUGGUAGUG)/r(GCGAGAGUAGGC) (Correll et al. (1997)). (e) “Sheared” G(anti)‚A(anti) conformations in r(GGCCGAAAGGCC)
(Baeyens et al. (1996)) and r(CCGAUGGUAGUG)/r(GCGAGAGUAGGC) (Correll et al. (1997)).
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conformation forR andγ compared to the more favorable
g-, g+ conformation (18) for the other 27 residues. For the
trans, trans conformation,R is considerably smaller than 180°
while γ is near 180°; â is above 180° in strand 1 while near
180° in strand 2. It is to be noted that the trans, trans
conformation occurs only in one strand at the site where the
helical axis reverses its direction. These backbone conforma-
tions extend the intra phosphorus-phosphorus distances to
6.61 Å for P6-P7, 6.60 Å for P22-P23 and 6.61 Å for P30-
P31 compared to the average of all the P-P distances, 5.74
( 0.23 Å. Superposition with the A-RNA fiber shows that
the divergence of the phosphorus atoms of these three
residues are significantly higher (root-mean-square deviations
of 2.3-2.5 Å) than the rest of the structure. The means of
all the torsion angles (R, â, γ, δ, ε, andú) excluding G6,
G22, and U30 are very close to the A-RNA structure.

Table 2b summarizes the helical parameters calculated
with the program NEWHEL92 (19). The average twist angle
is 32.4°, close to the fiber A-RNA. The largest twist angles
of 36 and 37° of the 16-mer structure are at the penultimate
steps. The average rise is 2.68 Å, and higher values are
observed next to the mispairs. The roll angles for the
successive base pair steps vary significantly, and the largest

FIGURE 2: Stereoviews of the 16-mers with their curved helical
axes, superimposed on the fiber A-RNA linear helix, showing the
reversal of directions for the axis at the mispair sites: (a) GA
duplex; (b) CA duplex.

Table 2: (a) Torsion Angles (deg) and (b) Helical Parameters of
r(GCAGAGUUAAAUCUGC)A)

(a) Torsion Angles

R â γ δ ε ú ø

G1 71.8 87.4 228.2 277.6 184.5
C2 299.0 159.6 54.1 80.2 211.9 285.7 197.1
A3 294.8 172.5 49.7 77.2 207.2 283.6 196.4
G4 303.5 175.6 50.9 80.6 209.1 285.2 199.1
A5 305.0 179.3 45.0 80.8 199.6 284.1 205.5
G6 143.0 195.5 187.0 81.0 225.9 289.6 0.9
U7 295.9 175.8 50.8 81.8 205.9 288.7 195.6
U8 295.2 176.8 53.3 81.0 206.8 280.4 201.4
A9 302.7 170.2 46.7 80.4 209.0 279.5 201.3
A10 310.6 163.6 49.2 80.8 211.7 279.8 199.9
A11 302.3 164.4 54.1 81.8 212.1 280.8 205.6
U12 294.4 175.3 50.1 81.8 216.8 286.3 205.6
C13 294.0 171.4 53.3 81.2 199.2 297.3 204.4
U14 280.2 178.8 63.5 76.2 192.4 291.1 190.5
G15 283.6 184.9 59.3 83.9 211.5 287.0 196.5
C16 303.9 170.3 53.8 79.6 206.4
G17 67.2 85.2 218.6 285.8 186.8
C18 293.2 168.5 53.6 80.5 208.5 288.5 200.4
A19 297.4 177.3 45.1 78.9 210.8 279.6 197.6
G20 314.4 169.5 44.4 78.7 200.9 294.6 198.5
A21 291.6 189.3 50.3 84.7 193.9 290.5 207.3
G22 149.2 187.6 181.9 83.2 222.0 290.1 6.9
U23 292.0 175.2 50.6 81.4 207.5 285.3 194.9
U24 298.8 171.9 56.6 81.7 207.7 280.4 197.8
A25 301.2 171.3 46.3 80.3 202.7 287.5 207.1
A26 303.5 170.7 51.6 80.3 213.5 279.3 199.2
A27 297.4 161.6 59.5 82.5 214.2 277.8 205.1
U28 293.4 177.7 50.0 82.7 218.1 279.8 202.7
C29 309.9 167.0 43.8 78.8 185.5 297.7 209.0
U30 160.3 170.6 177.4 88.7 216.6 293.1 187.5
G31 291.3 179.5 54.9 83.0 214.2 283.7 197.6
C32 308.7 164.3 50.5 78.6 206.0
av 283.7 173.9 64.9 81.4 209.4 285.7 187.4
SD 45.7 8.2 38.8 2.6 9.5 5.7 48.5

(b) Helical Parameters

twist
(deg)

rise
(Å)

roll
(deg)

tilt
(deg)

propeller
(deg)

slide
(Å)

G1‚C32 -17.1
33.6 2.38 -10.16 0.35 -2.87

C2‚G31 -15.9
36.4 2.24 -5.59 -4.13 -3.21

A3‚U30 -14.0
30.8 2.60 1.82 -3.78 -3.33

G4‚C29 -13.6
30.5 3.29 9.12 -2.97 -3.00

A5‚U28 -12.5
32.8 3.02 -4.16 5.17 -3.18

G6‚A27 -13.9
32.7 2.70 8.01 1.08 -3.15

U7‚A26 -10.0
29.9 2.56 -3.00 2.22 -2.99

U8‚A25 -9.8
33.1 2.73 -6.95 -0.62 -2.68

A9‚U24 -3.2
29.7 2.67 -1.93 -1.73 -2.95

A10‚U23 -11.1
33.2 2.68 11.92 -2.63 -3.10

A11‚G22 -12.8
32.6 2.96 -7.52 -2.74 -3.10

U12‚A21 -16.5
30.5 3.27 9.93 0.96 -3.07

C13‚G20 -10.9
29.8 2.62 0.92 4.74 -3.29

U14‚A19 -9.3
37.5 2.18 -4.77 3.75 -3.16

G15‚C18 -15.9
33.0 2.36 -11.62 0.49 -2.98

C16‚G17 -11.2
av 32.4 2.68 -0.93 0.01 -12.4 -3.07
SD 2.3 0.34 7.59 3.03 3.5 0.17
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differences between adjacent steps are seen around the
mispairs. In addition to the trans, trans conformation for the
two guanines, the change in roll angles, which are maximum
at either end of the mispairs, results in the deviation of the
course of helical axis from linearity (20). The molecule is
mainly composed of A‚U base pairs at the middle. The
propeller twist of the central A‚U base pair is constricted,
and the G‚C pairs at the ends are higher. The average tilt
and slide are 0° and-3.07 Å, respectively.

G(syn)‚A+(anti) Mispairs.The glycosyl conformations for
the mismatched base pairs are G(syn)‚A(anti) (Figure 1b)
with two hydrogen bonds, N6(A)‚‚‚O6(G) (2.68/2.75 Å) and
N1(A)‚‚‚N7(G) (2.57/2.50 Å). The shorter distances are
observed for the adenines protonated at N1. The C1′-C1′
distances for the two G‚A+ mispairs are 10.54/10.42 Å and
the λ1 andλ2 are 41.4°/42.9° and 56.0°/56.2°, respectively
(Figure 1b). The nucleotides can display both anti and syn
glycosyl conformations, even though the anti is more
frequent. Further, guanine is more prone to the syn confor-
mation than any other nucleotides (21). Theoretical studies
of guanosine 5′-monophosphate and guanosine 3′,5′-diphos-
phate showed that the glycosyl angle (ø) and the exocyclic
C4′-C5′ torsion angle,γ, are correlated; a syn G favors trans
γ (present structure), and an anti G favorsg+ (22, 23). In
the C3′-endo sugar puckering the syn guanine is additionally
stabilized by a direct hydrogen bond between the N2 amino
group of the base and the 5′-phosphate (Figure 4). While in
the C2′-endo sugar puckered B-DNA, a water molecule
bridges this hydrogen bond (7).

Crystallographic studies on DNA oligonucleotides show
that the conformations of the G‚A mispairs are pH- and
sequence-dependent (4-7). While crystallographic studies
on RNA oligonucleotides do not show a pH dependence
(Table 3), it seems there is a correlation between the sequence
and the type of conformation that G‚A may adopt in RNA.
The sequence 5′-P-G-R-3′ (where P is a pyrimidine and R a
purine) appears to give G(anti) while the present sequence
5′-R-G-P-3′, the only such sequence with G‚A mispair
studied so far where the flanking bases are switched, adopts
a G(syn) conformation. Evidence is still lacking for G‚A
mismatches in RNA for A(syn). Further structural data might
help to determine if the sequence actually plays a role on

FIGURE 3: Major groove widths (P-P distances across the groove
less 5.8 Å) in the present study compared to r(CGCGAAUUAGCG)
(Leonard et al. (1994)) and r(GGCCGAAACCGG) (Baeyens et al.
(1996)).

FIGURE 4: (a) Conformational features of the G(syn)‚A+(anti)
mispairs (in dark lines), with the flanking Watson-Crick base pairs.
The syn G makes the backbone torsion angle to the trans, trans
conformation, and the syn conformation is further stabilized by a
base-backbone hydrogen bond between the N2 amino group and
the 5′-phosphate anionic oxygen atom. Base stacking occurs
between b) A5‚U28 (filled bonds) and G6‚A27 (open bonds), (c)
G6‚A27 (filled bonds), and U7‚A26 (open bonds), (d) C2‚G31
(filled bonds) and A3‚U30 (open bonds), (e) U8‚A25 (filled bonds),
and A9‚U24 (open bonds) and (f) U14‚A19 (filled bonds) and
G15‚C18 (open bonds).
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the types of conformation of the G‚A mismatches. This
information can help in the prediction of the conformations
of unknown RNA systems.

Recognizable Site and Major GrooVe Widening.The
duplex has three interstrand purine-purine stacks at step 2
(C2‚G31/A3‚U30), step 8 (U8‚A25/A9‚U24), and step 14
(U14‚A19/G15‚C17) which locally unstack the two pyrim-
idines in the major groove (Figure 4). Stacking of the mispair
G6‚A27 on the adjacent U7‚A26 base pair exposes the N2
amino group of G6 in the major groove for interaction
(Figure 4d). Similar observation is made for the mispair
A11‚G22. Thus, the unstacking produces a potential recog-
nizable surface for interaction.

The two mispairs expand the major groove to 7.6 Å at
the center (Figure 3) while the minor groove widths remain
unaffected, ranging from 9.6 to 10.6 Å. The unstacked G6
and G22 bases provide interaction sites for ligands while
the expanded major groove might allow their entry. It may
be noted that in the structure with G(anti)‚A(anti) conforma-
tion the major groove is unaffected (10) while in the sheared
G(anti)‚A(anti) structure the major groove width is signifi-
cantly narrowed to 2.2 Å (11). Therefore, the polymorphic
G‚A mispair can affect the grooves of the global structure
differently indicating that the interacting proteins or ligands
may affect the local conformation at the mispair sites and
distort the helix.

SolVents, Metal Ion, and Crystal Packing.Of the 55 water
molecules in the structure, 50 are in the first shell directly
interacting with the RNA duplex, 12 in the major groove, 7
in the minor groove, and 31 hydrating the anionic phosphates
of the backbone. There are some short water bridges between
adjacent phosphates, water bridges between phosphates, and
N7 atoms of G and A and N6 atoms of A. One water
molecule on the 3-fold axis is tetrahedrally coordinated,
making direct contacts with the phosphates of U30 (Figure
5a). Thus, U30 adopts the trans, trans conformation for the
R andγ torsions. A water molecule on the other 3-fold axis
makes hydrogen bonds with 2′-OH of U12, O4′ of C13, and
O2 of C13* (symmetry related to C13) through a bridging
water molecule (Figure 5b). A sodium ion located on the
3-fold axis is octahedrally coordinated to a water molecule
and phosphate of U14 at distances of 2.5 and 2.6 Å,
respectively (Figure 5c). The molecules are packed in the
head-to-tail fashion to form endless helical columns resem-
bling the packing of the RNA octamer r(CCCCGGGG)2 in
a rhombohedral unit cell (24). The crystal packing and
structural features of the CA duplex are nearly the same as
in this structure, but the sodium ion and the water molecules

on the 3-fold axis found in the present structure could not
be located in the former, perhaps due to the limited resolution
(2.5 Å).

Comparison of the GA and CA Duplexes.The present
structure is isomorphous to the 16-mer CA duplex (13). The
two sequences differ in that C6 and C22 in the CA duplex
have been replaced by G6 and G22 in the GA duplex.
However, the replaced guanines are syn while the cytidines
are anti giving, therefore, different geometries for the
mismatches. Both 16-mers crystallized in the same crystal
lattice with N1 of adenine in the mispairs protonated. The
overall conformations are very similar; the root-mean-square
deviation on superposition of the common atoms is 0.60 Å.

Table 3: Comparison of Crystal Structures with G‚A Mispairs in RNA

sequence conformation
C1′-C1′ dist
for G‚A (Å) pH refs

CGCGAAUUAGCG G(anti)‚A(anti) 12.5 6.5 Leonard et al. (1994)

GGCCGAAAGGCC G(anti)‚A(anti) (sheared) 9.5 7.5 Baeyens et al. (1996)
5′CCGAUGGUAGUG3′ a G(anti)‚A(anti) (sheared) 9.6 6.0 Correll et al. (1997)

3′CGGAUGAGAGCG5′

5′CCGAUGGUAGUG3′ G(anti)‚A(anti) (water-mediated) 14.8 6.0 Correll et al. (1997)
3′CGGAUGAGAGCG5′

GCAGAGUUAAAUCUGC G(syn)‚A+(anti) 10.5 7.0 this work
a The boldA’s are involved in reverse Hoogsteen A‚U pairing.

FIGURE 5: Interactions of the water molecules and the sodium ion
located on the 3-fold axis: (a) One of the water molecules directly
hydrogen bonding with O2P of the phosphate groups; (b) the other
water molecule interacting with the RNA duplex through water
molecules; (c) the Na+ ion in an octahedral coordination interacting
with water and O2P atoms.
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Another difference in the GA duplex concerns the backbone
conformations of G6 and G22 which are trans, trans (R, γ)
while those of C6 and C22 in the CA duplex are g-,g+. The
only other residue in the trans, trans conformation in the GA
duplex is U30, while only A10 in the CA duplex is trans,
trans. However, in both structures the helical axes follow
similar course by changing their directions near the mis-
matches, which might be related to a systematic variation
of the roll angles around the mispairs. The other major
difference in the GA and CA duplexes is in the twist angles
between the flanking Watson-Crick base pairs and the
mispairs. In the CA duplex the twist angles are different; on
one side of the mispairs it is higher (36°, 37°) than the
average of 32°, while on the other side it is lower (27°, 26°).
In the GA duplex they are close to the average (Table 2).
The two structures display almost similar base stacking
patterns, but at the mismatches, GA duplex in particular, the
preference is for intrastrand purine-purine overlap. The
difference is manifested in the base stacking of the mispairs
with the 3′-side Watson-Crick pairs. In the wobble C‚A+

pair, the cytosine rotates toward the major groove and the
A+ translates toward the minor groove (13) and stacks with
the flanking 3′-side Watson-Crick pair, the adenine stacks
over adenine with slight overlap, and the two pyrimidines
are totally unstacked (Figure 3c in ref 13). In the GA duplex,
the mismatched pairs stack with slightly better overlap of
the A on one side and the G and U on the other side are
unstacked. It is also interesting to note that the two
significantly different mispairs having varied effects at the
local conformation around them still impart very similar
global changes in the helix, e.g., opening up the major groove
and local perturbations in the helical axes. The positions of
the G‚A+ and C‚A+ mispairs in the duplexes may be a
determinant in having similar effects on the groove widths.

Biological Significance of G‚A Mispairs.G‚A mispairs are
commonly found in the secondary structural motifs of
biological RNA molecules including tRNAs (25), ribosomal
RNA (9, 26, 27), hammerhead ribozyme (28), and group I
intron fromTetrahymena thermophilla(29). The appendant
atoms of the mispairs afford tertiary interactions (30-32),
serve as recognition sites for proteins (12, 33), and also
stabilize three-dimensional structures, for example, the
GAAA tetraloop in ribozymes (28, 34). These functions may
be achieved by the different conformations of the G‚A
mispairs. This study shows that G bases can adopt the syn
conformation and indicates that the G‚A mispairs in RNA
are polymorphic as in DNA. Stacking of the G‚A mispairs
with the flanking Watson-Crick base pair at the 3′-sides
leaves the syn guanines unstacked so that the exocyclic
2-amino group may serve as the potential recognition site
for proteins in the major groove. The widening of the major
groove by the mispairs may produce accessibility to interact-
ing proteins or any other ligands.
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