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ABSTRACT duplex. The structure of an A—l pair which lacks the N2 amino

group must conform to one of either type I, lll or V motifs.
Inosine has chemical properties very similar to guanosine

although the missing N2 amino group gives inosine a versatility

for base pairing with other bases in an A-form duplé). (This

is utilized by some tRNA molecules which have inosine at the

5'-end of the anticodon where it appears to pair with adenosine,

uridine or cytidine without destabilizing the dupléx?)and also

in the middle position of an anticodon to pair with adenodige (

. : Only a few crystal structures of inosine containing duplexes have

duplexes stack above one another in the cell forming been solved. These include the structures of the deoxynucleotides

a pseudo-infinite helix throughout the crystal. A N B ; _
hydrated calcium ion bridges between the 3 '-terminal {,(\Zﬂgzmé(csmi (tl)g)éeaga:l%— 1\%?bble base pait and an -C

of one molecule and the backbone of another. The
tandem A-l mismatches are incorporated with only
minor distortion to the backbone. This is in contrast to
the large helical perturbations often produced by
sheared G—A pairs in RNA oligonucleotides.

The X-ray crystallographic structure of the RNA duplex
[((CGCAIGCG)] » has been refined to 2.5 A. It shows a
symmetric internal loop of two non-Watson—Crick
base pairs which form in the middle of the duplex. The
tandem A-I/I-A pairs are related by a crystallographic
two-fold axis. Both A(anti)—I(anti) mismatches are in a
head-to-head conformation forming hydrogen bonds
using the Watson—Crick positions. The octamer

The crystallographic structural analysis of the RNA octamer
described below allows comparison between tandem A-I/I-A
pairs, A—G/G—A pairs9) which occur rarely in nature, and
G-A/A-G tandem pairs which occur with much greater
frequency in biological systemss).

INTRODUCTION

Internal loops are one of the most common elements of RNMATERIALS AND METHODS

secondary structure. In fact, as shown by several crystallographic

and NMR analyses of RNA oligomers, symmetric internal loop€rystallization and data collection

are not ‘loops’ at all, but runs of non-Watson—Crick base pairs

within a continuous double heli%{9). The RNA double helixin The RNA oligomer of sequence CGCAIGCG was synthesized

these structures is distorted to varying degrees depending on @mel purified as described previouslg). Crystals were grown in

sequence of the internal loop. hanging drops at room temperature from a solution containing
The RNA octamer r(CGCAIGCG) has been crystallized and its.5pl of 1.5 mM r(CGCAIGCG) and 1.fl of crystallization

three-dimensional structure determined at 2.5 A resolution. Nokwuffer consisting of 0.2 M calcium chloride, 0.1 M HEPES pH 7.5

canonical base pairing between the central nucleotides leads to &mel 28% polyethyleneglycol (PEG) 400. The drops were

formation of tandem A-I, I-A base pairs within a double helix. equilibrated against crystallization buffer and bipyramidal
Assuming that at least two hydrogen bonds must form to produceedles appeared after 24 h.

a stable base pair, there are five possible pairings betweerThe crystals were mounted in thin walled quartz capillaries for

adenosine and guanosirdg). These are shown in FiguteType  X-ray data collection on a Rigaku R-axis IIC diffractometer using

| base pairs are in the head-to-head conformation and for@u Ko radiation A = 1.5418 A). Data were measured atQ4

hydrogen bonds between the hydrogen of N6(A) and O6(G) angingw scans with a scan width of ZThe data belonged to either

between the N1(A) and the hydrogen of N1(G). Type Ill pairs forrspace group R&2 or P§22 with dimensions of a = b = 39.05 A,

hydrogen bonds between N6(A) and O6(G) and between N7(&)=58.85 Ap = = 90° andy= 120. A total of 5952 reflections

and N1(G). Type V pairs form bonds between N6(A) and O6(G)ere measured which reduced to 1014 unique reflections. This

and between N1(A) and N7(G). The sheared type Il base pair arggpresented 91.8% of a complete data set. Ffag,Ror this data

type IV base pair both induce large backbone distortions in thveas 7.9%. The refinement statistics are shown in Table
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adenosines and inosines in the duplex. The structure was then
subjected to cycles of rigid body, positional and simulated
annealing refinement with X-PLOR using data havie§d-in

the resolution range 12—2.5 A. This resulted in a final R factor of
24.6% and Ree Of 26.6%. The refined model consists of a single
RNA octamer, six water molecules and one calcium molecule per
asymmetric unit.

The geometry of the model is good with root mean square (rms)
deviation from ideal bond lengths of 0.013 A for the ribose/base
and 0.017 A for the backbone. The rms deviation from the
canonical values for the angles was 1:86he van der Waals
distances for both inter- and intra-molecular contacts are good
with no evidence for clashing.

Table 1.Refinement statistics

Resolution 25.0-2.52 A
Number of measurements 5952
Number of unique reflections 1014
Rmerge 7.9%
Completeness 91.8%
Space group R@2
Dimensions 39.05 A, 39.05 A, 58.85 A, 90
90°, 120
Number of non-hydrogen RNA 199
atoms (per unique strand)
= Number of solvent molecules 6
(per unique strand)
Figure 1. The five possible A—-G mismatches (adapted from Gautle¢ret R factor (%) (B30) 24.6%
al., 10). The adenosines are coloured red, the guanosines are coloured blue arfdiree 26.6%
the bases aranti except where noted. rms Deviations from ideality
Bond length 0.011 A
Bond angle 1.7¢

Structure solution and refinement

The structure was determined by molecular replacement (MR
using X-PLOR 20). A number of search models were tried RESULTS

including a canonical A-form RNA duplex in both space group,
P6,22 and P&2 but produced no satisfactory solution. A

uplex structure

successful solution was found using the three base pair fragmditte octamer r(CGCAIGCG) forms a self-complementary duplex

CGC:GCG from the decamer structure of Leoredrdl. (21) in

Table 2. Sugar—phosphate backbone and glycosyl torsion arfgles (

in the crystal (Al duplex) with a global helical rise of 2.76 A per
space group RB2. The top peak in the direct PC search followedase pair and helical twist of 32°3per base pair which places
by translation gave a solution with a high translation function anidlin the A-form family £2). The pseudorotation angles indicate
a good packing function. Rigid body refinement of the modehat the ribose moieties in the structure belong to tHee@B
reduced the R factor from 46.4% to 41.8%. The electron densitggmily (Table2) except for the adenosines which have ae3p
maps generated at this stage showed the positions of the missiibgse pucker.

Residue X a B Y 3 13 C Pseudo-rotation
C1l -174.7 -70.4 169.1 60.7 80.9 -153.0 —71.7 10.2

G2 -177.8 -59.4 -160.5 58.7 79.1 -152.3 -61.4 9.2

C3 -149.6 -175.0 152.4 36.5 81.3 -161.8 -60.7 6.6

A4 -165.3 —54.6 157.1 155.0 93.1 -118.8 —69.5 336.6

15 -163.9 —60.5 -176.2 49.1 74.5 -164.3 —-69.1 22.6

G6 -173.4 —-94.2 -153.5 45.3 81.5 -177.9 —-42.0 17.2

Cc7 -163.6 176.0 -176.2 58.9 81.4 -178.4 -62.7 35.1

G8 -179.8 - - 156.5 88.8 - - 20.4

A-form RNA  -158 -68 178 54 82 -153 -71 18

Note: As the structure is symmetrical, the parameters for the remaining bases (C9—G16) are identical to those aboveoBraeesdiffer from canonical A-form

by >15.
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Figure 2.(a) A ribbon representation of [[((CGCAIGCG)TThe calcium atoms
are represented by crosses at either end of the duplex. The mismatched reg
is shown in a different coloutb) The same representation rotated by.90

8

G ca2+

Figure 4. Duplexes stacked upon one another in a head-to-head fashion and a
| duplex from the next layer interacting at the interface between the first duplex.
(The two stacked duplexes are shown in yellow and orange. The duplex from
the next layer is red.) The hydrated calciums (purple with waters shown in blue)
c -5/ lie at the interface of two duplexes but only bond to one member of the
s pseudo-helix and then to the backbone of the adjacent duplex.

el
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11 10

Figure 3. Schematic view of the [r((CGCAIGCG)]showing the two ; ; ;
non-Watson—Crick base pairs (boxed). A crystallographic two-fold axis aroundeXp"ijIon of the minor groove (12'06 Aat its IargeSt) and the

the A—I/lA mismatches relates the wo halves of the duplex. diameter of the helix to increase to 19.2 A (c.f. 17.4 Ain standard
A-form). Table4 also shows that the roll and tilt values are highest
around the tandem mispairs. No measurement of the major
From Figure2 it can be seen that the helix has a deep, narrogroove could be made as there is not a full turn of the helix.
major groove and a wide, shallow, minor groove. The averageWe have observed the calculations of helical distortion
width of the minor groove is 11.1 A which is consistent with theletermined by the CURVES algorithm to be dependent upon the
minor groove width of A-form RNA. However, the groove width definition of the non-canonical base pairs in the internal loop.
is increased in the region containing the tandem A—I mismatciiherefore, we have used a second approach to measure the helica
Here it has a width of up to 12.06 A. The separations betweeleformation due to the internal loop. By the superposition of
adjacent phosphorus atoms on the same strand range from 5.3€eigonical A-form helices onto the Watson—Crick ends of the
6.24 A with an average distance of 5.87 A which is the same astamer duplex, the angle and displacement between the helical
the native A-form. axes can be easily calculated. Using this method, the two axes
The Al duplex consists of Watson—Crick base paired endsirrounding the internal loop in the Al duplex are nearly colinear
flanking tandem adenosine—inosine mismatches 8Fidn the  (translational displacement 0.1 A and interhelical angl®) Oir2
crystal, duplexes stack above one another in a head-to-hemwhtrast to other internal loop structures which show high
fashion with the 3terminal of one molecule joined via a water bending or displacemerit,).
bridge to the 3terminal of the next (further discussed in water
structure). This stacking forms a discontinuous pseudo-infinitleacking
helix throughout the crystal (Fid). At the junction of adjacent
helices, there is a distance of 5.25 A from the phosphate of residliee duplexes stack one above another in the crystal as discussec
G8 to the phosphate of a symmetry related G8 residue. above and shown in Figude The duplexes also form in layers
Analysis of the A-Il duplex using the program CURVES)( beside one another related by &0the adjacent layer. The layers
indicated that the helical axis is curved by 286m linear. The lie such that the junction between two helices in the first layer
largest region of irregularity is around the mismatch. The A-interacts with the backbone of the next duplex at residue G6
base pairs are offset by 1.32 A from a linear axis. The kink angléSig. 4). This junction contains a calcium ion and its neighboring
between the two A—I base pairs and between the A—Il base pair amaters (discussed later). The packing is mainly stabilized by the
its neighboring Watson—Crick base pair are 5This causes an hydrated calcium and interactions at théeBminus. There is also
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a Table 3. Geometric parameters for base pairs in [r((CGCAIGEG)]

CI'-CI"=12.TA

Base pair Propeller twistf) C1'-C1' (&) Inclination ¢) Offset

C1-G16 0.79 10.51 5.0 0.00
G2-C15 -11.91 10.56 4.8 0.46
C3-G14 —7.37 10.84 7.5 1.07
A4-113 —4.29 12.67 18.6 1.32

Table 4.Helical parameters [definitions as for CURVES (23)]

Step Rise Angle Slide Roll Tilt Twist
C1-G2 3.26 2.29 -2.34 -0.18 -0.39 32.60
G2-C3 2.78 0.59 -3.00 1.97 4.69 32.98
C3-A4 2.80 5.34 -1.85 15.15 8.45 31.60
A4-I5 1.72 5.25 -1.85 13.68 -0.02 24.61
Average 2.77 3.08 -2.32 6.81 0.01 31.29
A-form 2.8 - -15 -0.4 13.0 32.7

There is only minor distortion to the backbone caused by the
tandem A-I base pairs. However, the increased helical diameter
necessary to incorporate the purine—purine A-—l pair is
accompanied by a reduced rise per residue of only 1.7 A for the
A-I/I-A step and, as can be seen from Fidgiead Tablel, a low
helical twist angle (249 between the A—I/I-A base pairs. This
allows for maximum stacking of the tandem mismatches. Itis also
worth noting the pyrimidine preceding the A—l mismatch (C3,
C11) is unstacked on thés3de (Fig.5b) leaving it available for
interaction with other molecules.

Metal binding site and water structure

Figure6 shows the site of the hydrated calcium ion. One calcium
ion is associated with each strand of the duplex. It is bonded to the
Figure 5. (a) The A—I base pair showing the hydrogen bortgsT fie stacking O1P of residue G6 Vla,‘ a Wat?r molecule and with theaDa
of the A—I base pair on the preceding C-G base paifhé stacking oftandem O3 atoms of the '3terminal residue G8 from a symmetry related
A-l base pairs. Both A-I mismatches are in the head-to-head imino hydrogetnolecule. The calcium is hydrated with four waters surrounding
bonded conformation. it at a distance of 2.6-2.7 A. As it lies between helices, there is
sufficient room to accommodate the relatively bulky hydrated
calcium without causing any large distortion to the helical nature
a hydrogen bond between the' @2residue G2 and the Oaf  of the duplex. Two symmetry related hydrated calcium atoms are
residue 15 of a molecule related by crystallographic symmetryonly 6.0 A apart. Two of the four water molecules associated with
the calcium also interact with backbone atoms of the duplex.
Water 1001 is 2.6 A from O1P (residue G6) and water 1003 is also
associated with O3residue G8) at a distance of 2.6 A. Water
The A-l base pairs in the structure of [[([CGCAIGCG@Joptan 1005 acts as a bridge between two adjacent molecules in a helix,
A(anti)-I(anti) type | conformation, as shown in Fig@teThe linking the 3-residues across the phosphates. The waiRr3sA
two hydrogen bond distances are 3.0 A for N1(A)-N1(l) and 3.ftom each O1P (residue G8) and 3.2 A from each O2P (residue
A for N6(A)—06(1). The propeller twists of the A-I base pairs areG8). Finally, water 1006 lies within 2.7 A of O1P (residue I5).
—4.3° (Table3). The C1(A)—C1'(l) distance is 12.67 A compared There are indications that there are more water molecules
with 10.64 A, the average in the base paired region. An increaassociated with the structure, most likely with the backbone
in the backbone torsion anglBsy andd and a decrease fn  atoms, especially the phosphate oxygens. These lie on crystallo-
around the adenosine allow an expansion at the mismatch whigtaphically special positions (sites of crystal symmetry
allows the larger A—I base pairs to be incorporated into the dupleadements), however, and have not been refined. It is notable that
The glycosyl angles are in the anti range (Watson—Crick 5262 no waters were observed in the region of the A—I mispairs. The
with values of 54.8 for the inosine and 48 4or the adenosine. waters around the calcium are well ordered with an average B

Conformation of the A—Il base pairing
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A-G/G-A at 37C (19,26). This is consistent with the structural
observation that the guanosine N2 amino moiety is not involved
in base pairing9) or easily available for hydrogen bonding with
solvent. The greater stability of A—l pairs may also arise from
differences in pKa's for | (8.8) and G (9.2)9. It should be
noted, however, that the thermodynamics of the duplexes have
only been characterized in the absence of divalent cations and
thus may not represeint vivo conditions

Several examples of A—-l and A—G base pairs have been
observed in crystal and NMR studies of DNA and RNA
oligomers as summarized below.

Two A-l mismatches have been observed in crystals of DNA
oligomers. The structure of [d(CGCIAATTAGCG)](14)
showed that the purine—purine mismatch was in the type lli
A(syn)-l(anti) conformation. The mismatch was incorporated
into the B-DNA helix with little distortion of either local or globall
conformation. The structure of [d(CGCAAATTIGCG)]
containing two adenosine-inosine pafgy) showed the mis-
matches in the A(anti)-I(syn) type V conformation. Again, there
was little or no perturbation of the helix. Leonatdl (27) used
ultraviolet melting studies to show that pH was crucial for the
conformation of the mismatch. Below pH 6.5 the base pairs adopt
the protonated AHanti)-I(syn) conformation, whilst in the pH
range of 6.5-8.0 the base pairs are in the non-protonated
A(anti)-I(anti) conformation. Crystallization at or below pH 6.5
preferentially selects the anti-syn base pairs. Our crystals were

Figure 6. The calcium binding pocket. The calcium (black sphere) is grown at pH 7.5 and, in agreement with these findings, are in the
surrounded by four water molecules (blue) and binds via a water to the 01P 0 (anti)—l(anti) conformation

a guanosine residue and to the ribose oxygens of-teen@inal of an adjacent
duplex. The crystal structure of an RNA dodecamer

[((CGCGAAUUAGCG)p duplex incorporating two G(anti)—

A(anti) type | mismatche() shows a number of features also
factor of 27.5 R The water molecule which lies near O1pobserved in the A-I duplex. In both cases, the-C1 distances
(residue 15) is not as well ordered and has a B factor of 28.2 A at the purine—purine pairs are mcreasec[b;& from regular

Analysis of the B factors for the molecule show that the dupleR-form RNA. There are also decreases in the twist and rise

is relatively rigid. There is greatest mobility at theesminus of ~ around the mismatches. The N1(G)-N1(A) distance compares
each strand, whilst thé-8rminus is relatively less mobile. This favourably with the A structure, but the N6(A)-O6(G) distance
is probably due to the stabilizing effect of the hydrated calciurfif 3.0 Ais smaller than the corresponding distance in A- (3.4 A).
bound to the Bterminus. The adenosine ribose ring and thdhe G—A mismatch is incorporated into the duplex with little
inosine base have above average B factors, but the density fi€ltange to the structure of the phosphodiester backbone. The

good in these regions. A-I/I-A structure also shows that the mismatches are accommo-
dated by small distortions to the backbone (Tahle
DISCUSSION A functionally and structurally important single G—A mismatch

has been observed in the NMR structure of the Rev responsive
Tandem A-G and A-I base pairs are among the most thermodlement of HIV-1 (RRE)Z8). This mispair has a similar GL1
namically stable of all possible combinations of tandem misdistance to that of A—I: 12.9 Ain RRE, 12.7 A for A-l. The G-A
matches (after G-U pairs] §24). Yet despite their physical mismatchin RRE helps expand the major groove to allow the Rev
stability, tandem A—G/G—A mismatches are not seen in ribosomgiotein to bind to the RNA and regulate splicing and transport of
RNA (18,25). It has been shown by NMR studi€sd(18) that mMRNA from the nucleus2Q).
G-A/A-G and A-G/G-A tandem mismatches have different The structure of the double helical RNA octamer
structures, when flanked by & G-G base pair. These studies[((GGCAGGCC)} has been solved by NMR)(and shown to
indicate that A—-G/G-A tandem pairs adopt an A-like conformaincorporate tandem type | A-G mismatches with similar N1-N1
tion, leading to the suggesti¢iB) that A-G/G-A is rarely found hydrogen bond lengths, GLC1 distances, and angles between
in nature because its similarity to A-form RNA does not induc¢he glycosyl bonds as those observed in the tandem A-I pairs.
a unique, recognizable structural change in the duplex. Since thisey both also have a decrease in the rise (1.7 Afor A-land 2.1 A
N2 amino group is missing from inosine as compared tfor A-G) and the twist (24for A—l and 27 for A-G) between
guanosine, the A-l base pair can only assume conformationstbé mismatches. Again, the N6—O6 bond is shorter in A—G than
type I, Il or V. In this structure, both A—I base pairs conform tan A-l: 3.1 and 3.4 A, respectively. The A-l/I-A and the
type |, the imino-hydrogen bonded head-to-head conformatioA—G/G—A mismatches and their flanking base pairs superimpose
This is the same conformation seen for the A-G/G—A motif in theithin an rms deviation of 0.84 A. Overall, both the A-l/I-A
NMR structure of the octamer [r((GGCAGGCEID). Interest-  duplex and the A-G/G-A structure are very similar to standard
ingly, the A—I/I-A motif is[1l kcal/mol more stable than the A-form RNA.
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Sheared (type 1I) G-A mismatches have been observed in tREFERENCES

crystal structures of hammerhead catalytic RN£,31) and an
RNA dodecamer duplex [(GGCCGAAAGGCG)R). A dival-
ent metal (i.e. M&", Mg2*") binding site was identified in the 2
pocket between the preceding Watson—Crick C-G and the G-A
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