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ABSTRACT

Bulged nucleotides play a variety of important roles in RNA structure and function, frequently forming tertiary
interactions and sometimes even participating in RNA catalysis. In pre-mRNA splicing, the U2 snRNA base pairs with
the intron branchpoint sequence (BPS) to form a short RNA duplex that contains a bulged adenosine that ultimately
serves as the nucleophile that attacks the 5 9 splice site. We have determined a 2.18-Å resolution crystal structure of
a self-complementary RNA designed to mimic the highly conserved yeast ( Saccharomyces cerevisiae ) branchpoint
sequence (5 9-UACUAA CGUAGUA with the BPS italicized and the branchsite adenosine underlined) base paired with
its complementary sequence from U2 snRNA. The structure shows a nearly ideal A-form helix from which two
unpaired adenosines flip out. Although the adenosine adjacent to the branchsite adenosine is the one bulged out in
the structure described here, either of these adenosines can serve as the nucleophile in mammalian but not in yeast
pre-mRNA splicing. In addition, the packing of the bulged RNA helices within the crystal reveals a novel RNA tertiary
interaction in which three RNA helices interact through bulged adenosines in the absence of any divalent metal ions.
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INTRODUCTION

Unpaired adenosines are a common feature in RNA
structures and are disproportionately represented in
certain large folded RNAs such as the 16S ribosomal
RNA (Gutell et al+, 1985)+ In the few known RNA ter-
tiary motifs, adenosines are present more often then
any of the other 3 nt (Ferre-D’Amare & Doudna, 1999)+
In addition, single bulged adenosines within otherwise
duplex RNAs are catalytically important in pre-mRNA
splicing and group II self-splicing introns and allow the
antigenomic HDV self-cleaving RNA to avoid a kinetic
folding trap (Perrotta et al+, 1999)+

In nuclear pre-mRNA splicing, introns are removed
by a large RNA–protein machine referred to as the
spliceosome+ The spliceosome is made up of five ribo-
nucleoprotein particles (snRNPs) and approximately 100
non-snRNP associated proteins that specifically recog-
nize introns and catalyze their removal through two
transesterification reactions (reviewed in Staley & Guth-
rie, 1998; Burge et al+, 1999)+ Three regions within the
intron itself are involved in the transesterification reac-

tions, the 59 splice site, the branchpoint sequence (BPS),
and the 39 splice site+ In the first transesterification re-
action, an adenosine within the BPS attacks the 59
splice site and in the second reaction the newly freed
59 exon attacks the 39 splice site+ The BPS is highly
conserved in the yeast Saccharomyces cerevisiae,with
a consensus sequence of UACUAAC, and the branch-
site adenosine (underlined) is always used to attack
the 59 splice site (Rymond & Rosbash, 1992; Spingola
et al+, 1999)+ In other organisms, such as humans, the
consensus BPS is less conserved, and either of the
two adjacent adenosines can be used to attack the 59
splice site (Query et al+, 1994)+ There are also a few
examples of the other 3 nt being used as the nucleo-
phile (Adema et al+, 1988; Hartmuth & Barta, 1988;
Dyhr-Mikkelsen & Kjems, 1995; Zabolotny et al+, 1997)+

Specific recognition of the BPS occurs several times
during splicing+ The BPS is first recognized by a single-
strand RNA-binding protein referred to as the branch-
point binding protein or splicing factor 1 (Arning et al+,
1996; Berglund et al+, 1997)+ The branchsite adenosine
is especially important for this interaction, suggesting
that it is recognized even in this early event in the
splicing pathway+ The branchpoint binding protein ap-
pears to be involved only in early recognition because
it is present only in the early stages of spliceosome
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formation (Rutz & Séraphin, 1999)+ Subsequently, U2
snRNP binds and apparently displaces the branchpoint
binding protein to form the BPS–U2 snRNP RNA du-
plex (Parker et al+, 1987; Wu & Manley, 1989; Zhuang
& Weiner, 1989)+ In this base-paired structure, the
branchpoint adenosine is unpaired and likely bulged
out and available for interactions that will position it for
nucleophilic attack (Query et al+, 1994)+ A U2 snRNP
associated protein U2AF65 has been shown to stabi-
lize the BPS–U2 snRNP RNA duplex (Ruskin et al+,
1988; Valcarcel et al+, 1996)+ As the spliceosome
reaches the correct conformation for catalysis, other
proteins interact with the BPS (MacMillan et al+, 1994;
Chiara et al+, 1996)+ These includes p14, which specif-
ically crosslinks to the branchsite adenosine (Query
et al+, 1996) and may play a role in positioning the
branchsite adenosine for attack at the 59 splice site+ In
addition to these proteins, the RNA of the snRNPs is
thought to be involved in forming the catalytic core of
the spliceosome and, therefore, is also making intimate
contacts with the BPS and branchsite adenosine (re-
viewed in Nilsen, 1998)+

To explore the conformational and structural features
at bulged adenosines, we have determined the crystal
structure of a self-complementary RNA (59-UACUA
ACGUAGUA with the BPS in bold, the branchsite aden-
osine underlined and the complementary region from
U2 snRNP shown in normal font) designed to mimic
the BPS–U2 snRNP interaction+ The structure shows
two different conformations for the bulged adenosine+
One of these conformations positions the 29 OH in a
manner amenable to nucleophilic attack and the other
does not+ In addition, the interactions between the bulged
adenosine of two different helices with the minor groove
of a third helix in the crystal lattice show how bulged
adenosines can be used to form a novel RNA tertiary
interaction involving three helices+

RESULTS AND DISCUSSION

Overview of the structure

The structure of the bulged adenosine RNA helix de-
scribed here shows how unpaired adenosines can flip
out of an RNA helix with only minor structural devia-
tions from an ideal A-form helical conformation+ Two
different base-pairing schemes are inherent to the
BPS–U2 snRNP RNA interaction and because two
copies of this interaction are present in the self-
complementary RNA crystallized in these studies, three
possible secondary structures exist (Fig+ 1)+ The base-
pairing scheme shown in Figure 1A leaves the branch-
site adenosine unpaired (position 6, underlined) whereas
the scheme shown in Figure 1B leaves the preceding
adenosine (position 5) unpaired+ The third possibility
is simply a mixture of the two previous base-pairing
schemes (Fig+ 1C)+ In the yeast S. cerevisiae, the sixth

position is used almost exclusively as the nucleophile
in forming the 29–59 linkage with the 59 splice site (Ry-
mond & Rosbash, 1992) whereas in mammalian splic-
ing, either the fifth or sixth position can be effectively
used as the nucleophile (Ruskin et al+, 1986; Query
et al+, 1994)+ The structure we have solved exhibits the
base-pairing scheme shown in Figure 1B in which the
fifth nucleotide on each strand is unpaired and flipped
out of the helix+

The overall three-dimensional structure, shown in Fig-
ure 2A,B, shows that the two bulged adenosines adopt
two rather different conformations, as will be discussed
later+ The global conformation of the helix is surpris-
ingly similar to an idealized A-form helix (Fig+ 2C) and
is not substantially bent, under/over wound, or globally
distorted in any other way, but is only locally distorted
near the sites of the bulges+ This result shows that
single bulged nucleotides can easily be accommo-
dated in duplex RNAs without causing major perturba-
tions such as major groove widening or bending of the
helix+

FIGURE 1. Possible secondary structures of the U2 snRNA–BPS
helix used for crystallization+ A: Base pairing between U2 snRNP
and the BPS in the spliceosome+ B: The branchsite adenosines (X6,
Y6 underlined) are unpaired+ C: The adenosines adjacent to the
branchsite (X5, Y5) are unpaired and the branchsite adenosines are
paired with the uridine+ It is this secondary structure observed in the
crystal structure+ D: One branchsite adenosine is unpaired and one
adjacent adenosine is unpaired (X5, Y6)+
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Helical regions of the structure

The individual nucleotides in the helical region of this
RNA all adopt nearly ideal A-form conformations, with
the exception of those near the bulged nucleotides+
The torsion angles of the sugar–phosphate backbone

are plotted versus the nucleotide position in Figure 3+
Interestingly, an asymmetry exists in the torsion angles
for the two RNA strands, which are hereafter called X
and Y+ For example, alpha for X7 is 1608 whereas alpha
for Y7 is 2858, which is more similar to A-form RNA
(Fig+ 3)+ This is due to the different conformations of the

FIGURE 2. Overall structure of the U2 snRNA–BPS RNA and a comparison with A-form RNA+ A: The backbone and bulged
base of the RNA X chain is shown as an aqua ribbon and the other backbone (Y chain) is shown in orange+ B: The RNA
is rotated 908 about the Y axis in comparison to the view in A+ C: Superposition of standard A-form RNA (purple) with the
bulged adenosine RNA structure displays the similarity between the two structures+

FIGURE 3. Torsion angles for the backbone of the two RNA chains (X, Y)+ The bulged adenosine RNA helix deviates from
A-form RNA in nucleotide positions 4–8+ The C29 endo conformation for the X5 adenosine is labeled in the graph plotting
the torsion angle delta versus nucleotide position+ These angles were generated using the program Freehelix (Dickerson,
1998)+
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two bulged adenosines+ In strand X, the bulged aden-
osine (X5) is in a C29 endo conformation and is point-
ing out away from the helix, whereas in strand Y the
bulged adenosine (Y5) is more parallel to the helix+ The
nucleotides opposite the bulge (nt 9 and 10) adopt ca-
nonical A-form conformations+ In each strand, the tor-
sion angle deviations adjacent to the bulge appear to
compensate for the bulged nucleotides allowing the
helix to return to an A-form conformation+ The fact that
the RNA maintains a conformation so similar to A-form
through torsion angle deviations despite the bulged nu-
cleotides would suggest that stacking is the dominant
structural driving force in this RNA structure+

The effects of the bulged adenosines on base stack-
ing in the RNA helix were evaluated using the program
Freehelix (Dickerson, 1998) to determine rise, twist,
and inclination for the base pairs+ The bulged adeno-
sines were omitted from the duplex for these calcula-
tions+ The average rise is 2+7 Å per base pair with a
range of 2+5 to 3+0 Å per base pair; the average twist is
33+68 with a range of 29+78 to 39+48; and the average
inclination is 15+78 with a range of 11+48 and 19+58+ These
average values are very close to those of A-form RNA,
which has a rise of 2+8 Å per base pair, a twist of 32+78,
and an inclination of 168+ The closely related A9-form
RNA has a rise of 3+0 Å per base pair, a twist of 30+08,
and an inclination of 10+08 (Arnott et al+, 1973)+ Even
the base pairs on either side of the bulged nucleotides
are very close to the A-form values+ The base step
flanking X5 has a rise of 2+5 Å, a twist of 39+48, and
inclinations of 15+78 and 11+48, and the base pairs flank-
ing Y5 have a rise of 2+8 Å, a twist of 36+98, and incli-
nations of 13+28 and 15+98+ This analysis shows that
although the phosphate backbone is quite flexible and
can easily accommodate a bulged nucleotide, base
stacking is robust and maintains a conformation that is
strikingly similar to A-form RNA+ This ability of RNA to
incorporate bulges with only local distortions appears
to be a common theme, because similar results have
been obtained in other duplexes with bulges (Cate et al+,
1996; Portmann et al+, 1996; Ennifar et al+, 1999)+

Bulged adenosines

The two bulged adenosines in the structure described
here adopt two different orientations+ Superposition of
the two chains (Fig+ 4A) shows that it is only in the
region of the bulge that the two chains differ signif-
icantly+ Nucleotide X5 (aqua) adopts a C29-endo
conformation and Y5 (orange) adopts a C39-endo con-
formation which, together with the differences in torsion
angles, places these bulged adenosines in very differ-
ent orientations although they are embedded in the
same BPS–U2 snRNA helix+

The two bulged adenosine conformations observed
here were compared with six other RNAs containing
bulged adenosines from the P4-P6 domain of a group I

ribozyme (Cate et al+, 1996), the MS2 stem-loop RNA
(Valegard et al+, 1994), a stem-loop of a spliced leader
RNA (Greenbaum et al+, 1996), and an RNA/DNA chi-
mera (Portmann et al+, 1996; Fig+ 4B,C)+ In these var-
ious structures, the base of the bulged adenosine is
observed to be both parallel or perpendicular to the
nearby bases in the helix and the sugars adopt several
conformations+ The bulged adenosines generally do
not fold back to interact with the helix except for the
bulged adenosine in the NMR structure of a spliced
leader RNA, which hydrogen bonds with a 29 OH of a
ribose group in the RNA helix (Greenbaum et al+, 1996)+
In the other structures determined by X-ray crystallog-
raphy, these bulged adenosines interact with neighbor-
ing RNA helices within the crystal lattice, or with protein
in the case of the MS2 bulged adenosine (Valegard
et al+, 1994), which likely stabilizes the specific
conformations observed in these structures+ Bulged
adenosines might otherwise sample many different con-
formations+ Intercalation of bulged adenosines into the
RNA helix has also been observed in the NMR struc-
ture of the uncomplexed MS2 RNA and in NMR struc-
tures of other duplex RNAs (Borer et al+, 1995; Smith &
Nikonowicz, 1998; Thiviyanathan et al+, 2000)+

The variety of structures observed for bulged aden-
osines suggests that they are quite malleable and could
be utilized in a variety of ways for RNA tertiary inter-
actions, protein interactions, and RNA chemistry+ In the
context of the spliceosome, a bulged adenosine acts
as a nucleophile, and several RNAs and proteins ap-
pear to position the branchsite adenosine in a flipped
out position for attack at the 59 splice site (Query et al+,
1994)+ Although other factors appear to be involved in
positioning the branchsite adenosine, it is interesting to
note that in our structure, one of the bulged adenosines
(Y5, orange) is in a conformation allowing the 29 OH to
interact with a neighboring helix (Fig+ 5A)+ The bulged
adenosine of chain X, on the other hand, is oriented so
that its 29 OH is not interacting with another helix and
does not appear to be as accessible as the 29 OH of
the Y5 adenosine (Fig+ 5B)+ Even though the 29OH of
the Y5 bulged adenosine in this structure is being used
in crystal packing interactions (see next section for de-
tails), it is tempting to speculate that an orientation sim-
ilar to this one would allow the spliceosome to activate
this 29OH for nucleophilic attack+

Crystal packing and RNA
tertiary interactions

The RNA helices stack to form long pseudo-continuous
helices within the crystal lattice, as commonly occurs in
crystals of nucleic acids+ However, the lattice inter-
actions between these long, stacked helices are unique+
The bulged adenosines from neighboring helices stack
on one another and fit tightly into the minor groove of a
third helix to form a three helix interaction (Fig+ 6)+
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Seven hydrogen bonds lock the two stacked bulged
adenosines into the minor groove of the third helix+ The
atoms involved in these hydrogen bonds and the dis-
tances between appropriate hydrogen bond donor and
acceptor groups are listed in Table 2+ For clarity each of
the three helices will be given a roman numeral for
identification (see Fig+ 6 and Table 2)+ Five of the hy-
drogen bonds involve 29 OH groups and one of these is
a direct 29 OH–29 OH hydrogen bond+ The bulged X5
(helix I, aqua) adenosine is making two hydrogen bonds
to the base (O2) and ribose (29 OH) groups of the X9
uridine of helix III (Fig+ 6C) through its base groups (N1
and N6)+ The bulged Y5 adenosine (helix II, orange)
forms the other five hydrogen bonds via its ribose (29
OH and 39 OH) and base (N1 and N3) groups and the
ribose (29 OH) and base groups (N2 and N3) of the
X8-Y7 G-C base pair of helix III (gray)+ Adenosines

interacting with the minor groove have been seen be-
fore (Portmann et al+, 1996; Su et al+, 1999), and in the
case of the P4-P6 domain, there are three examples in
which adenosines interact in the minor groove in a sim-
ilar fashion as observed for the Y5 adenosine in this
structure (Cate et al+, 1996)+ This is the first observa-
tion of bulged adenosines being used to form a three-
helix interaction+

In addition to direct hydrogen bonding and stacking
interactions, two water molecules (W1, W2) bridge the
three-helix interaction observed here (Fig+ 6A, red
spheres)+ One of these waters, W1, sits above the
bulged adenosines and bridges helix II (orange) and
helix III (gray) via four hydrogen bonds in a geometry
close to tetrahedral+ This water (W1) is well ordered in
its pocket (Fig+ 7) and has a crystallographic B-value
that is comparable to those of the surrounding RNA

FIGURE 4. Superposition of bulged adenosines+ A: Comparison of X chain (aqua) and Y chain (orange) by superimposing
the two chains+ B: Superposition of eight bulged adenosines from otherwise Watson–Crick duplex RNA structures shown
in stereo+ For clarity only the backbones and bulged adenosines for each molecule are shown+ Phosphates are shown as
silver van der Waal spheres+ The bulged adenosines from the structure described here are shown in aqua and orange as
previously and are thicker compared to the other bulged adenosines+ The other bulged adenosines are two from the P4P6
crystal structure (red and yellow), two from the RNA/DNA chimera crystal structure (fucia and purple), one from the MS2
complex crystal structure (green), and one from the RNA spliced leader NMR structure (black)+ C: The superposition is
rotated 908 in comparison to the view in B and again shown in stereo+
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(35–40 Å2)+W2 also bridges helix II via the N7 group of
Y5 (bulged adenosine) and helix III via the 29 OH group
of Y8 (guanosine)+ These hydrogen bonds are listed in
Table 2+ The other 20 ordered water molecules in this
structure form hydrogen bonds with only one helix+

Although divalent metals frequently mediate RNA
packing and tertiary interactions (Laing et al+, 1994;
Cate et al+, 1997; Ennifar et al+, 1999), the structure of
the bulged adenosine helix described here is free of
divalent metal ions, and no ordered monovalent ions
appear to be involved in the packing interactions+ Crys-
tallization is dependent upon the presence of sperm-
ine, but there is no apparent electron density for ordered
spermine in this structure, suggesting that it is either
disordered or exists at low occupancy+ Perhaps RNA
tertiary interactions involving bulged nucleotides are
less dependent upon the presence of metals than other
types of RNA tertiary interactions as they can maintain
a greater than usual distance between the phosphate
backbones of adjacent helices+ The three-helix inter-
action described here brings the phosphate groups to
within 5 Å in one location, but otherwise maintains spac-
ing of greater than 7 Å+ The type of three-way RNA
interaction described here may provide a generally use-
ful scheme for folding in RNAs by bringing together

three helical regions+ Crystal packing interactions have
previously served as models for relevant tertiary inter-
actions; for example, the hammerhead ribozyme struc-
ture (Pley et al+, 1994) provided a tetraloop–minor groove
interaction that is similar to the now commonly ob-
served tetraloop–tetraloop receptor motif (Costa &
Michel, 1995; Cate et al+, 1996)+

Implications for pre-mRNA splicing
and self-splicing Group II RNAs

In the yeast S. cerevisiae, the U2 snRNA–BPS is highly
conserved in sequence, presenting the possibility that
this sequence forms an unusual RNA structure that
might explain the nucleophilic character of the branch-
site adenosine+ In light of our structure, however, this
does not appear to be the case because the structure
described here is essentially identical to A-form RNA+
Although it is possible that when the adjacent adeno-
sine (X6/Y6) is unpaired and flipped out, the RNA adopts
a structure that specifically positions this nucleotide for
nucleophilic attack, our structure suggests that addi-
tional information, from other RNAs or proteins, is re-
quired to orient the branchsite adenosine and properly
select the correct phosphodiester bond for attack+

FIGURE 5. Position of the 29OH in the bulged adenosine RNA struc-
ture+ A: The Y chain is again shown in orange and for clarity only the
bulged adenosine (Y5) is shown with everything else being repre-
sented by a ribbon through the phosphate backbone+ A neighboring
helix from the crystal lattice is shown in gray+ B: As in A, only X5
(bulged adenosine) is shown as an all atom representation in aqua+
In both A and B, the 29 OH is highlighted as a van der Waals sphere
and the nitrogen atoms are shown in purple and the oxygen atoms
in red+

TABLE 1 + Crystallographic statistics+

Data collection Native Iodine-1 Iodine-2

Resolution (Å) 2+18 2+2 2+9
Unit cell

Space group P21 P21 P21

a (Å) 28+75 28+90 28+84
B (Å) 42+40 42+72 42+56
c (Å) 33+14 33+34 33+17
b (8) 92+87 92+10 92+77

Total observations 20,240 9040 3716
Unique observations 4125 3885 1752
Intensity/sIntensity 13,820/460 11,035/1334 2620/315

(Last shell) (245/94) (365/209) (340/131)
Completeness 96 93 92

(Last shell) (94) (96) (88)
Rsym 0+048 0+089 0+095

(Last shell) (0+38) (0+49) (0+34)
Riso — 0+30 0+23
Rcullis — 0+66 0+47
Phasing power — 1+49 1+80
Occupancy — 1+09 0+92 0+72 0+71
Asymmetric unit 1 duplex 1 duplex 1 duplex

Model refinement

Resolution limits (Å) 8–2+18
Data selected All
Bulk solvent mask No
Rcrystal 25+3%
Rfree (10%) 27+6%
Average B value 58 Å
Waters in the model 22
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The crystal packing interactions described here shed
light on how the spliceosomal RNAs and proteins might
position the branchsite adenosine for nucleophilic at-
tack through base stacking and hydrogen bond inter-
actions+Abulged adenosine is also an important element
in self-splicing group II RNAs in that it also acts as the
branchsite nucleophile in the first step of catalysis and is
found unpaired in a helical region of the RNAtermed do-

main VI (Qin & Pyle, 1998)+ Recently it has been shown
that domain VI is in contact with domain V, another crit-
ical helical element of group II introns (Podar & Perlman,
1999)+ Domains V and VI also interact with the 59 splice
site, which is in yet another helical region+ Perhaps a
three helix interaction similar to the one described here
could be involved in defining the catalytic site during the
first step in the self-splicing group II RNA reaction+

FIGURE 6. RNA tertiary interactions revealed by crystal packing+ A: The packing observed in the crystals as viewed down
the helical axis (C axis of the unit cell) of the RNA+ For clarity the three different helices are labeled with roman numerals,
helix I contains the X5 bulged adenosine shown in aqua, helix II contains the Y5 bulged adenosine shown in orange and
helix III is shown in gray+ Three red spheres represent the waters (W1,W2) at the three helix interface+ B: This view is rotated
908 from the view in A+ The bulged adenosines and the adjacent helix are shown in a van der Waals representation to
demonstrate the packing interaction occurring at this interface+ For clarity the other two helices are shown as ribbons+
Phosphates are shown in yellow in helix III+ C: Stereo view showing the bulged adenosines interacting in the minor groove
of the adjacent helix+Only the two bulged adenosines (X5: helix I, Y5: helix II) and two base pairs (X8 guanosine base paired
with the Y7 cytosine and X9 uridine base paired with the Y6 adenosine) from helix III are shown+ The amino groups are
shown in blue and the oxygen groups in red+ The hydrogen bonds are shown as green lines+
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MATERIALS AND METHODS

RNA synthesis, purification,
and crystallization

The RNA (UACUAACGUAGUA) was synthesized using Per-
septive Expedite RNA amidites on an Expedite 8909 Oligo-
nucleotide Synthesizer or by Dharmacon Research, Inc+
(Boulder, Colorado)+ No differences were observed in crys-
tallization of RNAs from these two different sources+ RNAs
were deprotected as recommended by their respective man-
ufacturers and purified using a Nucleopac PA-100 anion ex-
change HPLC column (Dionex) equilibrated in 25 mM Tris
(pH 8+0), 0+5% Acetonitrile, and 240 mM NH4Cl and heated to
85 8C+ A gradient of NH4Cl (100–800 mM) was used to elute
the RNA+ Peak fractions were concentrated using an Amicon
Flow cell, twice precipitated with ethanol, and then dried and
resuspended in 1/10 TE+ Vapor diffusion using the hanging
drop method was employed to crystallize the RNA+ RNA at a
concentration of 2–5 mg/mL was mixed in a 1:1 ratio with well
solution containing 10% 2-methyl-2,4-pentanediol (MPD), 10–
25% glycerol, 25 mM Tris (pH 7+5) and 1–3 mM spermine and
then equilibrated against 1 mL of well solution at 30 8C for
1 day and then at 14 8C for several more days+ Crystals
obtained maximum size within one week+

Data collection, structure determination,
and refinement

Native and derivative data were collected from crystals
(mounted directly from crystallization drops) at room temper-
ature using an R-AXIS IIC detector and a Rigaku RU-H2R
rotating anode generator equipped with the MSC/Yale design
focusing mirrors (Molecular Structure Corp+, The Woodlands,
Texas)+Although crystallization conditions (presence of MPD
and glycerol) were optimal for freezing, the mosaicity was
always high, precluding the use of this data for structure
determination+Data were reduced to reflection intensities using
DENZO and SCALEPACK (Otwinowski & Minor, 1997)+ Space

group, unit cell parameters, and the data reduction statistics
are listed in Table 1+ The structure was solved using multiple
heavy atom isomorphous replacement (MIR) using two
5-iodouridine substituted RNAs (at positions 1 and 9)+ The
iodine positions were identified by inspection of difference
Patterson maps and by difference Fourier methods (Collab-
orative Computational Project, 1994) and then refined using
MLPHARE (Otwinowski, 1991)+ The heavy atom refinement
statistics are listed in Table 1+After density modification using
the program DM (Cowtan & Main, 1998), the electron density
maps were of sufficient quality to build in 4 bp on either end
of the helix and also the uridines at positions 1 and 9 using O
(Jones et al+, 1991)+ These nucleotides were refined as indi-
vidual rigid bodies using CNS (Brunger et al+, 1998), and
combined electron density maps were then generated using
phases calculated from these coordinates together with the
experimental phases (phase combination)+ The remainder of
the molecule (except the bulged adenosines) was then fit into

FIGURE 7. A bridging water in the three helix RNA interaction+ The color scheme is the same as in previous figures+ The
map shown in dark gray is an omit map at 1+6 sigma+ This water (W1, red) is making four hydrogen bonds between helices II
and III (details are in Table 2), which are shown in green+

TABLE 2 + Hydrogen bonds at the three-helix interface+

Helix I
(aqua)

Helix II
(orange)

Helix III
(gray)

Bridging
H2O

Distance
(Å)

N6 Ade X5 O2 Uri X9 2+90
N1 Ade X5 29OH Uri X9 2+67

N1 Ade Y5 29OH Cyt Y7 2+61
N3 Ade Y5 N2 Gua X8 3+08
29OH Ade Y5 29OH Gua X8 2+52
29OH Ade Y5 N3 of Gua X8 2+73
39OH Ade Y5 29OH Gua X8 3+05
29OH Uri Y4 W1 3+20
O2P Ade Y6 W1 2+57

29OH Gua Y8 W1 2+58
049 Uri Y9 W1 3+18

N7 Ade Y5 W2 3+15
29OH Gua Y8 W2 3+15

For orientation within the helix, X8 guanosine is base paired to the
Y7 cytosine+
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these combined maps+ After another round of rigid body re-
finement in CNS, the bulged adenosines were added and
several rounds of manual refitting and positional refinement
were carried out using O and CNS+ Water molecules were
introduced into 2Fo–Fc electron density if they were within
hydrogen bonding distance of an appropriate hydrogen bond
donor or acceptor group on the RNA+ Currently, Rfree 5 27+6%
(10% of data) and Rcrystal 5 25+3%+

Accession numbers

The atomic coordinates and structure factors for the BPS–U2
snRNA duplex have been deposited in the Nucleic Acid Data-
base with accession number 1I9X+
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