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ABSTRACT

Domain 5 (D5) is absolutely required for all catalytic functions of group II introns. Here we describe the solution NMR structure,
electrostatic calculations, and detailed magnesium ion-binding surface of D5 RNA from the Pylaiella littoralis large ribosomal
RNA intron (D5-PL). The overall structure consists of a hairpin capped by a GNRA tetraloop. The stem is divided into lower and
upper helices of 8 and 5 bp, respectively, separated by an internal bulge. The D5-PL internal bulge nucleotides stack into the
helical junction, resulting in a coupling between the bulge A25 and the closing base pair (G8–C27) of the lower helix.
Comparison of the D5-PL structure to previously reported related structures indicates that our structure is most similar, in the
helical regions, to the crystal structure of D5 from yeast Ai5g (D5-Ai5g) and the NMR structure of the U6 snRNA stem–loop
region. Our structure differs in many respects from both the NMR and X-ray structures of D5-Ai5g in the bulge region.
Electrostatic calculations and NMR chemical shift perturbation analyses reveal magnesium ion-binding sites in the tetraloop,
internal bulge, and the AGC triad in the lower stem. Our results suggest that the structure, electrostatic environment, and the
magnesium ion-binding sites within the tetraloop, bulge, and triad regions are conserved features of the splicing machinery of
both the group II introns and the spliceosome that are likely key for catalytic function.

Keywords: Adaptive Poisson-Boltzmann electrostatics; magnesium ion binding; NMR structure; P. littoralis ribosomal RNA
intron; RNA catalysis; residual dipolar coupling

INTRODUCTION

Self-splicing group II introns and the megadalton splice-
osome share many strikingly conserved and functionally
important structural features that suggest a linked evolu-
tionary history (Sharp 1985; Cech 1986; Jacquier 1990;
Villa et al. 2002). In particular, the highly conserved and
catalytically important group II intron domain 5 (D5)
element and the conserved intramolecular stem–loop
(ISL) found in the spliceosomal U6/U6atac small nuclear
RNAs (snRNAs) have similar structural features. Beyond
the structural similarities, D5 can also replace U6/U6atac
in an in vivo functional assay (Shukla and Padgett
2002).

D5 is a key component of the catalytic core of the self-
splicing group II introns, and it interacts with domains 1, 2,
and 3 (D123) to activate both chemical steps of splicing.
Extensive biochemical studies have shown that D5 is a
centerpiece for organizing the catalytic core of this group
II intron ribozyme (Michel et al. 1989; Koch et al. 1992).
Through an extensive network of tertiary contacts, it stabil-
izes the rest of the group II intron active folded core
involving D123 (Fig. 1; Costa and Michel 1999; Boudvillain
et al. 2000). Previous biochemical studies have shown
that the 2¢-OH groups of the last two adenines in the GAAA
tetraloop (A17 and A18) and the highly conserved
C–G base pairs (C5–G30 and C4–G31) in the lower helix
tether D5 onto the tetraloop receptor in D1 via the z–z¢ and
k–k¢ interactions, respectively (Fig. 1A; Abramovitz et al.
1996; Boudvillain and Pyle 1998; Boudvillain et al. 2000).
Base pairs in the upper helix of D5 (G12–C21, C11–G22)
are also expected to form a network of base triple l–l¢ inter-
actions with domain 1 (D1) (Fig. 1A; Boudvillain et al. 2000).
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Finally, the D5 bulge nucleotide C25 (A25) forms a F inter-
action with intron nucleotide 5 in D1 and a C2 interac-
tion with one of the highly conserved nucleotides in the
J2/3 linker region (Fig. 1A; Podar and Perlman 1999; de
Lencastre et al. 2005). D5 is therefore at the heart of the
catalytic machinery of this class of ribozymes.

Recent solution NMR and X-ray crystal structures of D5
from yeast Ai5g group II intron (D5-Ai5g) and an NMR

structure of an extended U6 ISL revealed some similarities
and differences in their conformational fold (Zhang and
Doudna 2002; Sashital et al. 2004; Sigel et al. 2004). The
base-pairing pattern within the important D5 internal bulge
region remains controversial, however. In the D5 structure,
an initially proposed C25–G26 bulge was revised based on
chemical probing and sequence covariation analysis to a
U9*G26 wobble pair and unpaired A24 and C25 (see Fig.

FIGURE 1. Sequence and secondary structure of the Pyllaiela littoralis (PL) large ribosomal subunit group II intron and the D5 RNA 2D structure
as deduced from the NMR data. (A) D5 (circled) is shown in the context of the rest of the ‘‘Six-wheel’’ domain architecture of the PL group II
intron. The D5-PL sequence highlighting sites for metal ion binding, intronic component binding, and chemistry are shown together with the
extended U6 intramolecular stem–loop structure. The sequences for D5-PL and yeast D5-Ai5g differ in only three positions indicated by magenta
circles. The corresponding Ai5g sequence of U27–A8 and C25 are indicated with arrows pointing from the D5-PL to D5-Ai5g sequence. The AGC
triad nucleotides are highlighted in magenta for both D5 and U6 ISL. The various tertiary interactions between D5 and D123 are also indicated. (B)
NMR evidence for Watson-Crick base pairs in D5-PL shown in A using direct detection of Watson-Crick G–C and U–A base pairs at pH 6.5 and
298 K. Except for U9 and G26, all the imino correlations are observed. (C) Sequential base-ribose walk for the bulge region in D5-PL. A 500 MHz
1H–1H NOESY spectrum of D5-PL was acquired at 45�C in D2O on an �1 mM RNA sample in 10 mM phosphate buffer (pH 6.5) and 100 mM
KCl. The NOESY mixing time was 250 msec. The sequential walk is continuous from G8 to C11 and C23 to A28 and depicted, for clarity, only for
the bulge region.
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1A; Michel et al. 1989; Costa et al. 1998; Konforti et al.
1998). The crystal structure confirmed the U9*G26 wobble
configuration and showed the bulge nucleotides A24 and
C25 flipped out from the helix (Zhang and Doudna 2002).
The NMR structure, in contrast, indicated that the bulge
nucleotides A24 and C25 are stacked into the helical struc-
ture, while the U9*G26 wobble was not observed. Instead,
G26 had a syn conformation and was flipped down into the
major groove of the lower helix in close proximity to the
AGC triad (Sigel et al. 2004).

A striking similarity between group II intron D5 and the
spliceosomal U6/U6atac snRNAs is the presence of an invar-
iant RGC (R = A or G) triad within their respective con-
served lower helical RNA elements (Fig. 1A). In a metal-
specificity switch experiment, the replacement with sulfur of
the nonbridging oxygen 5¢ of A2 of the AGC triad of Ai5g

inhibited activity in the presence of Mg2+. Activity was
restored by addition of Cd2+, suggesting that this oxygen
coordinates an essential metal ion (Gordon and Piccirilli
2001). The inference of coordinated metal ion within this
RGC triad, however, has not been demonstrated conclusively
for yeast U6 within the spliceosome (Fabrizio and Abelson
1992; Yu et al. 1995). What has been demonstrated for U6 is
that a phosphorothioate adjacent to the highly conserved
bulge nucleotide U80 undergoes a similar metal rescue
(Yean et al. 2000). The equivalent position in D5, A24, is a
divalent ion-binding site that does not undergo metal rescue
(Chanfreau and Jacquier 1994; Sigel et al. 2000; Gordon and
Piccirilli 2001; Zhang and Doudna 2002).

Two well-studied group II introns are from yeast Ai5g and
Pylaiella littoralis (PL). The mitochondrial genes encoding the
large ribosomal RNA (LSU) are interrupted by four group II
introns in PL, of which the second intron of the LSU not only
self-splices but also does so under most of the conditions
tested (Fontaine et al. 1995, 1997; Costa et al. 1997). These
self-spicing reactions are critical for the expression of the
mitochondrial genes. Even though Ai5g and PL share signifi-
cant similarities in their domain organization at the secondary
structure level, at least four important differences exist
between them. First, PL has an overall higher GC content
(40.9%) than Ai5g (20.5%) (Costa et al. 1997). Second, the
catalytically important D5 structural elements differ at one
position in the bulge region (A25 in PL and C25 in Ai5g) (Fig.
1A) and two positions in the lower helix (G8–C27 in PL and
A8–U27 in Ai5g) (Fig. 1A). Intriguingly, the 8–27 base pair
and the nucleotide at position 25 covary in a catalog of D5
sequences, suggesting a coupling between these positions
(Shukla and Padgett 2002). Third, in vitro self-splicing of
Ai5g requires rather unphysiological salt conditions [100
mM Mg2+ and 500 mM (NH4)2SO4], whereas the PL intron
retains the ability to self-splice at low magnesium ion concen-
trations (0.5–10 mM) and moderate monovalent salt concen-
trations [100 mM KCl or (NH4)2SO4] (Jarrell et al. 1988;
Costa et al. 1997). Fourth, for PL, tight binding of the 5¢-
exon requires both intron domain I (D1) sequences and the

lower helix of D5 (Costa and Michel 1999), whereas neither
D5 nor domain III (D3) contributes any energy to D1 binding
of a 5¢-exon substrate in the yeast Ai5g intron (Qin and Pyle
1997). These four differences suggest that either the structures
of the two D5s are not the same, and/or they may engage the
rest of the intronic elements differently for both steps of
splicing. Either way, a solution structure of a distinct D5 is
desirable both as an independent structure from a different
group II intron ribozyme and as a molecular probe to further
our understanding of the mechanism of splicing.

As a first step toward determining the conformation of
the key active-site components of the PL group II intron,
we have carried out solution NMR structural studies of an
isolated D5-PL. The bulge region of D5-PL adopts a con-
formation different from the X-ray crystal structure of D5-
Ai5g, while both D5-PL and the X-ray D5-Ai5g structures
are significantly different in orientation relative to the lower
helix of the NMR D5-Ai5g structure. Moreover, electro-
static calculations and detailed NMR Mg2+ titration anal-
yses indicate that magnesium ions bind specifically to the
minor groove surfaces of the bulge nucleotide A24 and the
tetraloop residue G19, and the major groove face of the
AGC triad nucleotide A2 but not G3.

RESULTS

Spectral analysis of D5-PL

To understand the role of structure and electrostatics in D5
group II intron catalytic function, we determined the struc-
ture of D5-PL by NMR spectroscopy, used the coordinates to
compute the electrostatic properties, and mapped the
detailed magnesium ion-binding surface of D5. For this
purpose, we used a 36-nt model RNA corresponding to
nucleotides 2366 (designated nucleotide 1)–2399 (designated
nucleotide 34) (Costa et al. 1998) with an extra GC pair
appended to the end to improve transcription efficiency.

Assigning the D5 spectra proved particularly challenging,
requiring a battery of homonuclear and multidimensional
NMR experiments coupled with nucleotide specific label-
ing. These included through-bond experiments that directly
link base–base, base–ribose, and ribose–ribose functional
groups (Dayie 2005).

From the analyses of NMR spectra, we obtained the
secondary structure of D5-PL shown in Figure 1A. All the
imino resonances, except those of the bulge U9, were
observed in the 1H–15N HSQC and could be assigned in a
two-dimensional (2D) 1H–1H NOESY spectrum. Using a
newly proposed experiment that links exchangeable imino
protons with nonexchangeable aromatic protons, the U9
imino proton could be correlated with its aromatic C6
carbon and imino N3 nitrogen resonances (Dayie 2005).
A Watson-Crick conformation for U9–A24 is ruled out by
the imino proton chemical shift of U9 (11.2 ppm) and the
absence of hydrogen-bond correlations between H2 of A24
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and N3 of U9. The Watson-Crick pair G8–C27 that is
adjacent to the bulge is readily seen in the JNN HNN-
COSY experiment (Dingley and Grzesiek 1998): we ob-
served a cross-peak between the G8 imino proton (H1)
and nitrogen (N1) and the acceptor N3 resonance of C27
(Fig. 1B). In the bulge region, characteristic sequential and
stacking interactions are observed that indicate continuous
nuclear Overhauser effect (NOE) contacts from G8 to G10
and C23 to C27. On the 3¢-side of the bulge, we observe the
following NOE: C23 H1¢–A24 H8, A24 H1¢–A25 H8, A25
H1¢–G26 H8, G26 H1¢–C27 H6, C27 H1¢–A28 H8. On the
5¢-side, we detect G8 H1¢–U9 H6, and U9 H1¢–G10 H8
(Fig. 1C). Unlike what was reported for D5-Ai5g (Sigel et
al. 2004), we do not observe NOE contact between H8 of
G26 and H1¢ of A28. A24 H2 forms an
interstrand NOE with G10 H1¢, makes a
sequential contact with A25 H1¢, and
stacks with the H2 proton on the base
of A25. A25 H2 forms NOE contacts
with G26 H1¢ and H8 but not with U9
H1¢ or C27 H6/H5. The 1H–1H TOCSY
experiment to determine the ribose
pucker and the 1H–1H NOESY experi-
ment to determine the glycosidic tor-
sion indicate all but A16, A24, and
A25 adopt 3¢-endo sugar puckers and
all nucleotides except G26 adopt an
anti conformation. We observe very
strong intranucleotide NOE between
resonances of H8 and H1¢ of G26 at long
mixing times (250 msec) and medium to
strong NOE from G26 H8 to H1¢ at
shorter mixing times (50 msec), suggest-
ing a syn glycosidic geometry for G26.

In agreement with other studies,
upfield-shifted imino resonances were
observed for the G19 H1 (11.45 ppm)
and U14 H3 (11.35 ppm) protons of the
G*U wobble, and their imino protons
had strong NOE contacts with each
other. As expected for a stacked G*U
base pair, the U14 H3 imino proton also
has NOE contacts to those of G15 and
U20. The GAAA tetraloop exhibits NOE
cross-peaks and chemical shifts consis-
tent with earlier NMR structures
(Jucker et al. 1996). For example, the
H1¢ proton of the loop-closing nucleo-
tide G19 is unusually upfield-shifted to
3.88 ppm as expected for a classical
GNRA fold (Jucker et al. 1996). Simi-
larly, the H1 imino proton of G15,
which is protected from solvent, is
upfield shifted (10.51 ppm), and has
NOE contacts with the H1 imino pro-

ton of U14 and the H8 aromatic proton of A18 as expected
for a G–A mismatch and formation of a GNRA tetraloop.

Structure of D5-PL

The structure of D5-PL was calculated from 549 NOE dis-
tances, 304 dihedral torsion angles, and 37 residual dipolar
coupling (RDC) restraints. Measurement of intrabase 2JNN

couplings across hydrogen bonds enabled the unambiguous
identification of the base-pairing scheme within D5 and
provided restraint for structure calculations (Table 1). Only
NMR-derived restraints were used in the structure calcula-
tions. Initial structure calculations used only NOE distance,
hydrogen bonds, and dihedral angle restraints. This resulted

TABLE 1. Structural statistics for D5-PL

With RDC Without RDC

A. Restraints for structure calculations
No. of structures

Accepted 10 30
Calculated 30 100

No. of intraresidue distance
restraints 349 349

No. of interresidue distance
restraints 200 200

No. of dihedral restraints 304 304
No. of hydrogen-bond restraints 60 60
No. of dipolar coupling restraints 37 0

B. Average RMS deviation of experimental data
Average RMS deviation of

distance (Å) 0.019 0.018
Average RMS deviation for

dihedral angle (�) 0.676 0.528
Average RMS deviation for

RDC (Hz) 2.5 0

C. Average RMS deviation from idealized geometry
Bonds (Å) 0.017 0.018
Angles (�) 0.628 0.659
Improper(�) 0.344 0.330

D. Violations
NOE violations >0.2 Å 0 0
Dihedral violations >5� 0 0

E. Heavy atoms average RMS deviation from the mean
structure and (RMS pairwise difference between
structures) (Å)

Overall 0.65 6 0.13
(0.97 6 0.20)

1.34 6 0.38
(1.99 6 0.52)

Lower helix (residues 1–8, 27–34) 0.43 6 0.07
(0.64 6 0.14)

0.72 6 0.13
(1.07 6 0.27)

Upper helix (residues 10–14, 19–23) 0.33 6 0.07
(0.49 6 0.11)

0.63 6 0.16
(0.93 6 0.22)

Tetraloop (residues 15–18) 0.34 6 0.07
(0.51 6 0.18)

0.47 6 0.08
(0.70 6 0.16)

Bulge (residues 9, 24, 25, 26) 1.35 6 0.16
(2.00 6 0.34)

1.42 6 0.42
(2.12 6 0.66)

Bulge (residues 9, 24, 26) 0.86 6 0.07
(1.28 6 0.34)

1.42 6 0.42
(2.12 6 0.66)
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in well-defined local structural elements and good overall
global structure. The root mean square deviation (RMSD) of
the 10 lowest energy structures over all heavy atoms from the
mean structure for the lower helix is 0.72 Å, for the upper
helix is 0.63 Å, and for all residues is 1.34 Å (Table 1).

To further improve the accuracy and precision of the
NMR structure, we derived long-range structural informa-
tion from measured residual dipolar couplings (RDCs).
Partial alignment of the 13C, 15N-labeled D5-PL sample
was achieved using �22 mg/mL Pf1 phage as cosolute.
One-bond 1H–13C RDCs were measured for 34 aromatic
and 18 ribose groups. Use of all 52 measured RDC restraints
increased the precision of the structures to an overall
RMSD (over all heavy atoms) of 1.08 6 0.21Å, and
RMSD (over all heavy atoms) for the local lower and
upper helical structural elements of 0.61 6 0.23 Å and
0.60 6 0.19 Å, respectively (data not shown). The RDCs
did not, however, improve the precision of the bulge and
tetraloop structures. Because this is likely caused by the
flexibility of these two regions (K.T. Dayie and N.V.
Eldho, unpubl.), we carried out a systematic refinement
process that used relaxation as a filter. Omitting all the
flexible tetraloop and bulge A25 nucleotides in the RDC
refinement further improved the RMSD of both the global
and local structures of D5-PL (Fig. 2; Supplemental Fig. 1
[see below for Supplemental Data information]). The
RMSDs improve to 0.65 6 0.13 Å for the overall structure,
and the upper and lower helices improve to 0.33 6 0.07 Å
and 0.43 6 0.07 Å, respectively (Table 1). The RMSD for
superimposition of the tetraloop and bulge regions also
improves to 0.34 6 0.07 Å and 0.86 6 0.07 Å, respectively
(Table 1). Refinement with RDC for the entire or part of the
tetraloop residues leads to increased heavy-atom RMSD
values for the loop residues (0.5–0.6 Å). Similarly, inclusion
of the RDC data for the bulge A25 nucleotide leads to an
increased RMSD value for the entire bulge region, and the
conformation of A25 remains ill-defined. Thus, use of 37
measured RDC values (that omitted those of the tetraloop
and A25) led to a further improvement of the D5-PL
structure. Back-calculations of RDCs were in agreement
with the experimental values for the RDC refined structures
(Supplemental Fig. 1E). Overall, these values indicate the
structure of D5-PL is of high quality.

D5-PL adopts lower and upper helical stems of 8 and 5
bp, respectively, separated by an internal bulge. Nucleotides
from G10 to U14 and G19 to C23 form the A-form upper
stem, while those from G1 to G8 and C27 to C34 form an
A-form lower stem. The four nucleotides U9, A24, A25, and
G26 are unpaired and form the internal bulge (Fig. 3A). The
upper helical stem is terminated by a conserved GNRA-type
(N is any nucleotide, R is a G or A) tetraloop.

The overall D5-PL structure compares quite favorably
with the high-resolution structure of U6 ISL and less well
with the D5-Ai5g NMR structure (Fig. 3; Sashital et al.
2004; Sigel et al. 2004). The pairwise RMSD, over the helical

regions, of D5-PL NMR to U6 structure is 2.0 Å, to D5-
Ai5g X-ray is 3.9 Å, and to D5-Ai5g NMR is 6.2 Å. The
upper helical region is the most similar among the four
structures with pairwise RMSDs of 0.5 Å (U6), 1.2 Å (D5-
Ai5g NMR), and 1.4 Å (D5-Ai5g X-ray). Compared to the
upper helix, the lower helical region has higher pairwise
RMSDs of 1.2–2.5 Å between the four structures. On the
other hand, the tetraloop region has the most similar struc-
ture among the three D5 structures (0.8–0.9 Å) and is
slightly different from the U6 structure (1.6 Å). This is
not surprising since U6 has an extra nucleotide in the loop.

The conformation of the critical bulge region in D5-PL
differs from previously determined X-ray and NMR struc-
tures of D5-Ai5g. Similar to the NMR D5-Ai5g structure,
the bulge nucleotides in D5-PL also form a loose stacking
interaction (Fig. 4). U9 stacks onto the preceding G8 and
the succeeding G10. G8 base-pairs to C27 at the top of the

FIGURE 2. Solution NMR structure of D5-PL. (A) A stereo repre-
sentation of the superposition over the 10 lowest energy conformers of
D5-PL. (B) A stereo representation of the D5-PL structure closest to
the mean.
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lower helix, and G10 base-pairs to C23 at bottom of the
upper helix. These two base pairs form the floor and roof of
the bulge (Fig. 4A). Unlike the arrangement of the ana-
logous C25 in the NMR D5-Ai5g structure, A25 adopts at
least two conformations, one of which forms a continuous
stacking interaction with A24; the other conformers extrude
slightly into the minor groove of the bulge and pack at
�90� against A24, away from the Hoogsteen face of G8
(Fig. 4A). This latter conformation is intermediate to the
complete extrusion of C25 into the minor groove seen in
the X-ray structure of D5-Ai5g. These conformations come
out of the structure calculation regardless of whether RDCs
were included or omitted for this residue. G26 does not
pack against the AGC triad as observed in the NMR D5-
Ai5g structure. Instead, it packs into the major groove
against G8 to potentially shield the G8–C27 base pair
from solvent exposure and allow the direct observation of
the imino proton resonance of G8. The contortion of the
lower and upper helices and the severe kink observed in the

D5-Ai5g NMR structure is not seen in D5-PL (Fig. 4C). For
instance, in D5-PL, the backbone phosphate–phosphate
distances from U9 to A24, A25, and G26 are 22.1–23.4 Å,
21.3–22.7 Å, and 19.4–21.4 Å, respectively. In D5-Ai5g

NMR structures, the corresponding distances are 13.8–
16.2 Å, 12.3–14.6 Å, and 13.5–16.8 Å, respectively. The
width of the bulge in the D5-Ai5g NMR structure is com-
paratively shorter than in D5-PL (Fig. 4C). Interestingly, in
the D5-Ai5g X-ray structure, the equivalent distances for
U9 to A24, C25, and G26 are 21.5, 21.96, and 17 Å, respec-
tively. The U9 to A24 and C25 distances are much closer to
what is observed in D5-PL. Not surprisingly, because of the
U9*G26 wobble pair observed in the X-ray structure, the
U9 to G26 distance is much shorter than that in D5-PL. It is
harder to compare the U6 ISL bulge width because there is
only one nucleotide within the bulge region. Nonetheless
the backbone phosphate–phosphate distance from U80 (the
equivalent of A24 in D5) to C66 and C67, the two flanking
bases on the opposite strand, is 18.5 to 18.8 Å, respectively.
One consequence of this bulge conformation is that the
backbones of the two strands in D5-PL are held farther
apart, compared to that of the D5-Ai5g NMR structure
(Fig. 4C), to effectively create a hole in the center of the
bulge region surrounded by the five nucleotides U9, G10,
A24, A25, and C27. A similar hole is observed in the X-ray
structure of D5-Ai5g but not in the NMR structures of D5-
Ai5g and U6. Another striking consequence of this bulge
arrangement within D5-PL is that the hydrogen-bonding
groups of G26 point away from putative catalytic groups of
the AGC triad, which likely rules out any joint participation
of G26 and the AGC triad in catalysis. Indeed, as we show
below, G3 is especially unresponsive to Mg2+ ions, which
calls into question its presumed catalytic role.

Surface electrostatic potential distribution in
D5 and U6

Electrostatic properties play an important role in RNA
molecular interactions because of the high negatively
charged backbone of nucleic acids (Honig and Nicholls
1995; Draper 2004). To visualize the charge distribution
around D5, we calculated the surface electrostatic potential
map using the nonlinear mode of the Adaptive Poisson
Boltzmann Solver (APBS) (Holst et al. 2000; Baker et al.
2001) and visualized the results with Pymol (http://pymol.
sourceforge.net/). Mapping the electrostatic potential to the
molecular surface of D5-PL reveals a striking overall pattern
of negative electrostatic potential of the D5 structure with
smaller regions of positive potential. As expected for RNA
structures (Honig and Nicholls 1995; Chin et al. 1999),
regions of very high negative electrostatic potential cluster
mostly in the major grooves of the tetraloop, AGC triad,
and internal bulge regions (Fig. 5A,B). The major groove of
the triad region is substantially more electronegative than
the minor groove (Fig. 5A,B). Similarly, the tetraloop re-

FIGURE 3. Schematic of D5 and U6 structures highlighting differ-
ences and similarities. (A) Solution NMR structure of D5-PL depicting
the three critical structural regions of the tetraloop, bulge, and triad
AGC regions. (B) X-Ray crystal structure of D5-Ai5g depicting extra
helical conformation of the bulge A24 and C25 nucleotides. (C) Solu-
tion NMR structure of U6 ISL depicting the three critical structural
regions of the tetraloop, bulge, and triad AGC regions. (D) Solution
NMR structure of D5-Ai5g. The atomic coordinates for the D5-Ai5g
and U6 structures are from PDB codes 1KXK, 1R2P, and 1XHP (6–8).
The overall RMSD from the mean structure and the RMS pairwise
difference between structures are shown below each structure based on
the 10 lowest energy conformers for the NMR structures. For the X-
ray structure, we show the resolution. For ease of comparison, we also
depict the 2D sequences below each structure.
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gion is electronegative in both the major and minor
grooves, but the minor groove is more electropositive
than the major groove. Interestingly, the internal bulge
has sites of intense negative potential in both grooves, es-
pecially around the cavity created by the bulge geometry in
D5-PL (Fig. 5A,B). The three-dimensional (3D) electrosta-
tic potential contours at �1.5kT/e reveal two regions of iso-
potential cavities in the minor grooves of the tetraloop and
AGC triad regions (Fig. 5C). Both regions are likely sites
of RNA–RNA interaction.

Given the structural similarities between U6 ISL and D5, we
tested whether they also share conserved electrostatic features.
We calculated the electrostatic potential map and isopotential
contours for D5-PL and U6 extended ISL. For both D5 (Fig.
5A–C) and U6 (Fig. 5D–F) structures, areas of large negative

potential accumulate in the major
grooves of the tetraloop, the internal
bulge, and triad regions. The minor
groove is not as negatively charged (Fig.
5A,B,D,E). In D5-PL, a cavity exists in the
internal bulge region (Fig. 5A,B) that is
absent in U6. These results suggest the
bulge, tetraloop, and AGC regions are
likely specific magnesium ion-binding
sites in both U6 and D5 RNA substruc-
tures. The NMR titration experiments
discussed next were used to test this
hypothesis for D5-PL.

D5-PL has three Mg2+ ion-binding
sites

Given that D5 is a potential metal-bind-
ing platform for the group II intron
ribozyme (Steitz and Steitz 1993), we
monitored directly the chemical shift
changes of proton, carbon, and nitrogen
sites for every nucleotide in D5 in the
presence of increasing amounts of mag-
nesium ions using resolution-optimized
NMR spectroscopy experiments (Dayie
2005). Under identical experimental
conditions, any observed differences in
chemical shifts between unbound and
magnesium-bound D5-PL would indi-
cate a change in the local chemical
environment of each nucleotide because
of direct or indirect D5–metal ion inter-
action. Unlike a previous study limited
to proton probes only (Sigel et al. 2004),
this NMR approach provides exquisite
detail about site-specific changes in the
chemical environment of most atoms
(proton, carbon, and nitrogen sites) in
D5 (Figs. 6, 7; Supplemental Figs. 2–4),

especially in the tetraloop (G15, A16, A17, A18, G19), the
bulge (U9, A24, A25, G26) and the conserved (A2, G3, C4)
triad regions.

Analyses of the ribose carbon (C1¢) (Fig. 7A; Supplemen-
tal Fig. 2), aromatic carbon (C2, C5, C6, C8) (Fig. 7B;
Supplemental Figs. 3, 4), and aromatic nitrogen (N1, N3,
N7, N9) (Figs. 6, 7C), groups reveal very strong magnesium
ion binding primarily in the tetraloop and internal bulge
regions for D5-PL (Figs. 6, 7). Mg2+ affects the tetraloop
region more strongly than any other region, in contrast to
what is observed for D5-Ai5g, where the bulge region is the
most affected (Sigel et al. 2004). For the ribose H1¢–C1¢
resonances, the tetraloop G15, A16, A17, A18, and G19
nucleotides undergo the greatest chemical shift changes
(>0.1 ppm), with G19 having the largest shift of 0.52 ppm

FIGURE 4. Comparison of D5-PL and D5-Ai5g NMR structures. (A) Stereoview of the
superposition over all heavy atoms of the 10 lowest energy structures of the bulge nucleotides
(U9, A24, [excluding A25], G26) and surrounding base pairs (G8–C27 and G10–C23) within
D5-PL. (B) Stereoview of the superposition over all heavy atoms of the 10 lowest energy
structures of the bulge nucleotides (U9, A24, [excluding C25], and G26) and surrounding base
pairs (A8–U27 and G10–C23) within D5-Ai5g. (C) Stereoview of the superposition of repre-
sentative (structure closest to the mean structure) D5-PL and D5-Ai5g bulge structures
(nucleotides 8–10, 23, 24, 26, 27).
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(Fig. 7A). Other than G15, none of these resonances were
significantly perturbed in the D5-Ai5g NMR structure
(Sigel et al. 2004). In the bulge region, A24 undergoes the
largest chemical shift change (0.11 ppm), while U9, A25,
and G26 are barely affected by Mg2+ (Fig. 7A). This con-
trasts with the results for D5-Ai5g, where C25 is the most
perturbed bulge nucleotide in the H1¢ region. For the aro-
matic carbons, a similar trend is observed (Fig. 7B). The
functional groups within the shallow minor groove (H2,
C2, N1, N3) of the bulge A24 nucleotide undergo signifi-
cant chemical shift change (>0.2 ppm), whereas those for
U9, A25, and G26 are barely affected by Mg2+ (Fig. 7A,B).
However, the functional groups within the deep major
groove (H5, C5, H8, C8, N7) of the surrounding bulge
nucleotides are also perturbed (>0.1 ppm) (Fig. 7B,C).
Similar to D5-Ai5g, H8–C8 of G10 is perturbed. Unlike
D5-Ai5g, N7 of G8 (H2 for A8 in D5-Ai5g) and H5–C5 of
U9 are also perturbed by Mg2+; yet, none of the functional
groups probed for A25 in D5-PL are responsive to Mg2+

(Fig. 7A–C). Some of these differences may be due to being
able to probe more sites, with higher-resolution NMR
experiments than has hitherto been done, and some could
well be intrinsic differences between the two D5s.

Equally significant, none of the G3 functional groups
probed (ribose C1¢, base C8, aromatic N7 and N9) is
responsive to Mg2+. Lack of responsiveness of G3’s N7 to
Mg2+ (Figs. 6, 7C) is particularly intriguing given a previous

expectation that catalysis likely proceeds with N7 and O6
groups on G3 (Konforti et al. 1998). Similar to D5-Ai5g, we
observe only small to no changes for the aromatic and
ribose carbons of the AGC catalytic triad region (Fig.
7A,B); but unlike D5-Ai5g, the deep major-groove nitrogen
N7 positions of A2 and G31 are selectively responsive to
Mg2+ ions (Figs. 6, 7C). This is perhaps the single most
significant difference between D5-Ai5g and D5-PL. In the
case of D5-Ai5g, divalent ion binding was detected only
with Mn2+ and only from the minor-groove face of the
catalytic triad (Sigel et al. 2004). X-Ray analysis also failed
to uncover any divalent ion binding within the AGC triad
region (Zhang and Doudna 2002). It is likely that probing

FIGURE 5. Comparison of calculated molecular electrostatic surface
potential and 3D isopotential contours of D5-PL and U6-ISL. Nega-
tive surfaces are in red (�25kT), neutral surfaces in white (0kT), and
positive surfaces in blue (10kT) for D5 (A,B) and U6 (D,E). The 3D
isopotential contours are displayed for D5 (C) and U6 (F) at�1.5kT/e.
The major grooves of the tetraloop and the AGC triad regions and the
minor groove of the internal bulge are shown for D5 (A) and U6 (D).
The major groove of the bulge region and the minor grooves of the
tetraloop and the AGC triad regions are shown for D5 (B) and U6 (E).
The 3D isopotential contours are displayed from the major groove of
the bulge region and the minor grooves of the tetraloop and the AGC
triad regions for D5 (C) and U6 (F) at �1.5kT/e. Cavities appear over
the minor groove faces of the tetraloop and bulge, and are indicative of
likely sites of contact with other RNA elements.

FIGURE 6. NMR spectra showing the chemical shift perturbations of
D5 nucleotides on binding MgCl2 in the N1, N3, N7, and N9 aromatic
region. Arrows depict residues with the most chemical shift perturba-
tion with increasing magnesium ion concentration (0 and 10 mM),
indicative of a likely ion-binding site. Residues in the triad region (A2
and G3) and the bulge (A24) are boxed. Note how A2’s N7, but not N9
nor N3, is selectively perturbed and A24’s N3, but not N1, is selectively
perturbed. G3 is not perturbed at the N7 or N9 positions.
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the N7 position in D5-Ai5g by NMR could also uncover
this Mg2+-binding site.

Projection of the NMR titration data onto the 3D D5-PL
structure reveals an overlap with the regions predicted by
the electrostatic calculations (Figs. 7D–G). Consistent with
the electrostatic calculations, all three critical regions
important for binding and catalytic function are selectively
sensitive to Mg2+ ions, indicative of likely metal ion-bind-
ing sites.

DISCUSSION

Because the highly conserved and catalytically important
group II intron D5 element is absolutely critical for ribo-
zyme function and shares similar structural features with
the U6/U6atac ISL found in the spliceosomal snRNAs,
much effort has gone into elucidating the X-ray and NMR
solution structures of D5-Ai5g and the NMR solution

structure of the U6 ISL (Zhang and Doudna 2002; Sashital
et al. 2004; Sigel et al. 2004). The analyses of this structure
of D5-PL from a different group II intron ribozyme and
identified Mg2+ ion-binding sites reveal striking similarities
and differences with the previous structures. Our results
lend further support, with some qualifications, to the
resemblance of D5 to U6 within the catalytic core of each
splicing machine.

The 3D structure of D5-PL has the same global architec-
ture as the D5-Ai5g and U6 ISL but with important local
structural differences (Figs. 2–4). Both D5-Ai5g and D5-PL
structures adopt lower and upper helical stems of 8 and 5
bp, respectively, separated by an asymmetric internal bulge
(Fig. 3A,B,D). This contrasts with the U6 ISL that adopts a
similar-sized lower helix but an upper helical stem of 4 nt
(Fig. 3C). The structural data, therefore, explain the obser-
vation that for D5 to function efficiently in a U12-depen-
dent spliceosome in vivo, a single base pair from the upper

FIGURE 7. Chemical shift perturbations from MgCl2 titration mapped onto the D5-PL solution NMR structure. Changes in chemical shift
between free D5-PL and 10 mM bound D5-PL as a function of nucleotide sequence in the (A) ribose C1¢, (B) aromatic carbon, and (C) aromatic
nitrogen regions of D5-PL. Shown to the right of each panel are the configurations of the standard Watson-Crick base pairs for G–C and A–U as
well as the wobble GU pair. The base and the ribose atoms probed in this study are highlighted as spheres, and the edges facing the deep major
grooves and shallow minor grooves of RNA helices are indicated. Projection of the Mg2+ ion binding onto the D5 solution NMR structure
indicates that metal ion binding occurs in both the major and minor grooves of the tetraloop and bulge regions (E,G), but only in the major groove
of the triad (E,G). Shown also for comparison are the electrostatic calculations (D,F) taken from Figure 5, A and D.
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helical stem of the D5 structure had to be removed (Shukla
and Padgett 2002).

Of great interest is the unusual configuration of bases in
the internal bulge region, a region shown to be critical for
metal ion binding and containing several catalytically
important residues. D5 from Ai5g and PL differ only at
positions 8, 25, and 27 such that the 8–27 base pair is G–C
or A–U in PL and Ai5g, respectively, and the unpaired
bulge nucleotide 25 is A or C in PL and Ai5g, respectively.
In a recent study, Shukla and Padgett evaluated a database
of eukaryotic group II D5 elements, and they noted that
when the 8–27 base pair is a G–C as in D5-PL, the 24 and 25
nucleotides are AA or AU 36% of the time each. Similarly,
when the 8–27 base pair is A–U as in D5-Ai5g, the 24 and
25 nucleotides are AC or AU 41% and 31% of the time,
respectively. Only 1% of D5s have an Ai5g-like A–U base
pair and a PL-like AA bulge, and only 3% of D5s have a PL-
like G–C base pair and an Ai5g-like AC bulge. Intermediate
sequences between D5-PL and D5-Ai5g, therefore, appear
highly disfavored and are inactive for splicing in vivo
(Shukla and Padgett 2002).

The solution NMR structures provide a possible explana-
tion for these observations. Both D5 NMR structures, but
not the X-ray structure, indicate that the three unpaired
bulge nucleotides (U9, A24, A25/C25) are stacked within
the helix (see Fig. 4). The unpaired G26 adopts a syn
conformation that enables it to pack against the major
groove of the lower helix. The short backbone distances
within the bulge of the D5-Ai5g NMR structure allow U9
to come within hydrogen-bonding distance of C25, whereas
the long backbone distances within the bulge region of the
D5-PL structure preclude a U9–A25 hydrogen bond. In the
D5-Ai5g NMR structure, U9, C25, and U27 form tight
packing interactions that likely create a restricted environ-
ment that may be obstructive for a purine ring at position
25. This contrasts with the D5-PL NMR structure. Herein,
those three nucleotides are not as tightly packed, so as to
contribute to the wider bulge width that can easily accom-
modate a purine at position 25. It is also instructive that
A25 still does not have a well-defined conformation in the
RDC-refined ensemble, ruling out a single rigid conforma-
tion in solution. A GC Watson-Crick base pair at positions
8 and 27 may, therefore, allow the unpaired residue 25 to be
either a purine or a pyrimidine. An AU pair at positions 8
and 27 could likely restrict the unpaired residue 25 to be a
pyrimidine. Given that D5 interacts with other intronic
elements within the full intron, triple interactions are also
likely. Nonetheless, a structural coupling probably exists
between position 25 and the 8–27 base pair to modulate a
conformation of the bulge important for catalysis in the
group II intron.

In addition to coupling between structure and function,
electrostatics is expected to modulate RNA catalytic func-
tion (Honig and Nicholls 1995; Draper 2004). Our electro-
static calculations and detailed NMR magnesium ion

perturbation analyses reveal some similarities but striking
and significant differences between D5-PL and D5-Ai5g.
Consistent with previous Tb3+ and Mg2+ metal ion cleavage
experiments (Sigel et al. 2000) and X-ray analysis of D5-
Ai5g (Zhang and Doudna 2002), our current results impli-
cate A24 in the bulge and G19 in the tetraloop nucleotides,
but not the triad G3 nucleotide, in Mg2+ ion binding. This
metal binding of the bulge A24 nucleotide within D5 par-
allels that of the U80 within the yeast spliceosomal U6 ISL
implicated in binding and catalysis (Chanfreau and Jacquier
1994; Yean et al. 2000; Huppler et al. 2002). Our results, in
agreement with all these previous studies, suggest that the
bulge is likely one of the key metal-binding platforms in
these ribozymes and the spliceosome. Surprisingly A25
(C25 in Ai5g) is only slightly responsive to Mg2+ ions, in
contrast to what is observed in D5-Ai5g. Paradoxically, the
triad G3, the single most important residue implicated in
function, is also surprisingly unresponsive to magnesium
ions in all the sites probed by NMR: ribose C1¢, base C8,
aromatic N7 and N9. This suggests that G3 N7 is unlikely to
coordinate any metal ions as previously suggested (Konforti
et al. 1998), at least in the ground state. However, unlike
previous studies, we provide direct evidence for specific
magnesium ion binding to the N7 position of A2 within
the major groove face of the triad region (Figs. 6, 7C). These
results are consistent with a functional role for the major
groove of the AGC triad in both the group II intron D5 and
the spliceosomal U6 (Boulanger et al. 1995; Peebles et al.
1995; Gordon and Piccirilli 2001; Hilliker and Staley 2004).
For instance, Gordon and Piccirilli (2001) showed that the
Sp phosphorothioate diastereomer at position 2 and both
phosphorothioate diastereomers at position 3 significantly
reduced the efficiency of splice site hydrolysis. However,
thiophilic metal ions could only rescue inhibition caused by
the Sp diastereomer at position 2 but not those at position 3
(Gordon and Piccirilli 2001). These data and our current
results suggest that both the pro-Sp oxygen and N7 at
position 2 likely coordinate essential metal ions from the
major groove of the AGC triad in D5, not from the minor
groove as recently proposed (Sigel et al. 2004). This site was
probably missed in the initial D5-Ai5g studies because the
N7 position was not probed. The similarity of the distribu-
tion of large negative electrostatic potentials in the AGC
triad region of both D5 and U6 also suggests the N7 of A2
in U6 may be responsive to magnesium ions, and that both
D5 and U6 are likely metal-binding substructures within
their respective splicing machines. The hypothesis that the
N7 of A2 in U6 (and D5-Ai5g) is responsive to divalent
ions is readily testable with the experiments described here,
and could further strengthen the linkage between the group
II intron ribozymes and the spliceosome.

In summary, the results presented here suggest that three
critical structural motifs, namely, the tetraloop, the internal
bulge, and the AGC triad within D5, are strategically placed
to bind essential metal ions and to position functional
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groups essential for catalysis that have strong parallels in the
spliceosome. Our results lend further support to similarities
between D5 and U6 snRNA in their overall conformations,
electrostatic environment, and the magnesium ion-binding
sites of the tetraloop, bulge, and triad regions. These con-
served features of the splicing machinery of both the group
II introns and the spliceosome are likely key for their
catalytic function. We hypothesize that strong negative
electrostatic potential at the tetraloop, internal bulge, and
triad regions are likely critical determinants for the catalytic
function of this group of ribozymes and the corresponding
U6/U6atac structures in the spliceosome.

MATERIALS AND METHODS

Sample preparation

The RNA samples were synthesized by in vitro transcription with
T7 RNA polymerase and synthetic DNA templates (Operon Tech-
nologies, Inc.). Isotopically labeled NTPs (ISOTEC) were used to
prepare the RNA using established protocols (Milligan and Uhlenbeck
1989; Batey et al. 1995) as described previously (Dayie 2005). After
dissolving in NMR buffer (100 mM KCl, 10 mM potassium
phosphate at pH 6.5, 8% D2O [or 100%], without or with mag-
nesium [1–10 mM for the titration], and trace of sodium azide),
the sample is heated to 363 K for 2 min and cooled rapidly on ice
for 10 min. For residual dipolar coupling measurements, the Pf1
filamentous phage (ASLA Ltd.) was exchanged into the final NMR
buffer by repeated 1-h ultracentrifugation at 95,000 rpm and
dissolution of the bacteriophage pellet into the NMR buffer. 13C,
15N-labeled D5 RNA samples containing phage were prepared by
dissolving the phage pellets into the NMR sample to a final phage
concentration of �22 mg/mL as checked by the quadrupolar
splittings of the 2H NMR signal.

NMR spectroscopy

NMR experiments were run on four-channel UNITYINOVA 500
and 600 MHz spectrometers equipped with actively shielded z-axis
gradient triple resonance probes. Details of the suite of NMR
experiments used for both assignment and structure calculations
are presented elsewhere (Dayie 2005). Hydrogen bonds were iden-
tified from a 2D 2JNN-COSY experiment (Dingley and Grzesiek
1998). One-bond residual dipolar couplings were measured from
2D 1H–13C TROSY (Meissner and Sorensen 1999) spectra on a
fully labeled 13C, 15N D5 RNA sample, recorded with and without
Pf1 phage. The experiments were measured using both constant
time and nonconstant modes in the carbon dimension with sepa-
rate experiments acquired for aliphatic and aromatic 1H–13C
groups. One-bond 1H–13C couplings were measured for H1¢–
C1¢, H2–C2, H5–C5, H6–C6, and H8–C8 sites within the RNA.

Magnesium ion titration

The D5-PL magnesium ion-binding surface was mapped by a
chemical shift perturbation method that used resolution opti-
mized 2D 1H–13C NMR (Dayie 2005) and two-bond 1H–15N

HSQC experiments. Increasing amounts of MgCl2 solution (final
total concentrations of 1, 4, and 10 mM) were titrated into �0.28
mM 13C/15N-labeled D5-PL sample. Each complex was heated to
363 K for 1 min and rapidly cooled on ice for 10 min before taking
the NMR spectra. Binding was monitored through changes in the
peak positions of each nucleotide. Experiments were conducted in
10 mM potassium phosphate buffer, 100 mM KCl (pH 6.5) at 45�C.
For each experiment, a sweep width of 16,000 Hz, a 1.3-sec recycle
delay, and 256 scans were used. The combined ribose and base
chemical shift perturbations were calculated as Dd = [(DdH)2 +
(DdX � x)2]1/2, where DdH and DdX are the chemical shift changes
(for H = 1H and X = 13C or 15N, respectively) observed in D5 on
adding Mg2+ ions, and the scaling factor x reflects the relative
chemical shift ranges for both protons, carbons, and nitrogens in
each region (x = 0.24, 0.18, and 0.20, respectively for the ribose
carbon, aromatic carbon, and nitrogen regions) (Farmer et al. 1996).

Structure calculation

All the NMR experiments described above were processed by
NMRPipe (Delaglio et al. 1995) and analyzed by Sparky (T.D. God-
dard and D.G. Kneller, SPARKY 3, University of California, San
Francisco; http://www.cgl.ucsf.edu/home/sparky/). The structures
were calculated based on a dynamical simulated annealing method
implemented in the CNS program (Brunger et al. 1998). Planarity
and hydrogen bonding for all base pairs indicated by exchangeable
2D-NOESY, 3D-15N-NOESY and trans-hydrogen bond experiments
were enforced during the calculation. Weak planarity constraints (25
kcal/mol Å�2) were used for the bases involved in base-pairing as
revealed by the trans-hydrogen bond experiments (Fig. 1B). Con-
sistent with these data, the backbone torsion angles for residues in
the helical region (1–8, 10–14, 19–23, and 27–34) were constrained
to A-form values (a = �62, b = 180, g = 47, e = �152, z = �73)
with allowed deviations of 615� (Sanger 1984). The bulge and
tetraloop were left unrestrained. Table 1 is the summary of restraints
used for the structure calculation. Nucleotides that showed strong
H1¢–H2¢ and H1¢–H3¢ cross-peaks in a 50-msec 1H–1H TOCSY
(A16, A24, A25) were restrained to a C2¢-endo or S-type
(145� 6 30�), and nucleotides that did not show H1¢–H2¢ peaks
were restrained to C3¢-endo or N-type (83� 6 15�). Analysis of H1¢-
aromatic NOEs from 50 msec and 250 msec 1H–1H 2D NOESY
experiments indicated all nucleotides except G26 fell into the anti
glycosidic torsion range. G26 was constrained to a x angle of
70� 6 30�, and all the other nucleotides were constrained to x

angles of �160� 6 15�. Default values for NMR structure determ-
ination of nucleic acid using CNS were implemented with only
minor changes to incorporate an RDC refinement protocol (Clore
et al. 1998; Bax et al. 2001; Warren and Moore 2001).

Using CNS, a structure file and an initial extended structure
were generated. From this extended structure, 100 structures were
calculated with random initial velocities. An initial 40-psec (1-fsec
time steps), high-temperature (20,000 K), torsion-angle-restrained
molecular dynamics was followed by a 100-psec (2-fsec time steps)
slow-cooling step (20,000 K to 1000 K) for the initial structures. At
the final stage of the calculations, 35 psec (3.5-fsec time steps)
of slow-cooling (1000 K to 300 K) restrained molecular dynamics
was performed in Cartesian coordinate space. Finally the
structures were subjected to 2000 steps of conjugate gradient
minimization.
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After this initial calculation, structures were evaluated for con-
vergence, and a structure was accepted if it contained no violations
of NOE restraints >0.2 Å and no dihedral angle violations >5�.
Structures were also rejected if the RMSD of bonds from ideal
values was >0.02 Å, or the RMSD of angles and impropers was
>5�. Thirty structures that clustered in the lowest energy range
were accepted and used to calculate the average structure. Struc-
tures were visualized using the software packages Insight II (MSI),
Pymol (http://pymol.sourceforge.net/), and Nuccyl (http://
www.biosci.ki.se/groups/ljo/software/nuccyl.html). These 30
structures were then used for the subsequent refinement by the
measured residual dipolar coupling constants. Initial values of the
magnitude of the axial (Da) and rhombic (R) components of the
alignment tensor were estimated using both the histogram
approach (Clore et al. 1998; Bax et al. 2001) and the best fit of
the measured RDCs to the initial low-energy structures without
violations using PALES (Zweckstetter et al. 2004). Values from
these two methods were used to perform a 2D grid search. The
minimum obtained was then used to refine the structures itera-
tively. The optimal values from the systematic grid search were
Da = �34 and R = 0.2. Initially all 52 RDC values were used for
the refinement. Because these did not improve the bulge and
tetraloop structural regions, we performed a systematic refinement
procedure. Using our unpublished observations that the tetraloop
and bulge region of D5-PL were dynamic on the picoseconds
to nanoseconds time scales (K.T. Dayie and N.V. Eldho, unpubl.),
first we omitted all the RDCs belonging to the tetraloop nucleo-
tides. Second, we omitted all the RDC values of the bulge nucleo-
tides. Third, we replaced all or some of the RDC values of
the tetraloop nucleotides and combined these with different per-
mutations of all or part of the RDC values of A24, A25, and G26.
For each of these bulge and/or tetraloop combinations, the struc-
tures were refined by cooling from 1000 K to 300 K in 50 cycles of
restrained Cartesian coordinate space for a total of 40 psec.
The force constant for the RDCs was increased from 0.0001 kcal
mol�1 Hz�2 to 0.2 kcal mol�1 Hz�2. This was followed by a final
round of 10 cycles of 500 steps of a Powell energy minimization.
We used the Module program to visualize the results (Dosset et al.
2001).

Electrostatic calculations

The electrostatic potentials in and around D5-PL, D5-Ai5g, and
U6 extended ISL were calculated using the Adaptive Poisson-
Boltzmann (APBS) software package, which incorporates the
Manifold Code libraries to efficiently solve the Non-Linear Pois-
son-Boltzmann (NLPB) equation (Holst et al. 2000; Baker et al.
2001). The coordinates of U6 and D5-Ai5g are taken from the
published work (Zhang and Doudna 2002; Sashital et al. 2004;
Sigel et al. 2004) deposited in the PDB (D5-Ai5g NMR, 1R2P; D5-
Ai5g X-ray, 1KXK; U6, 1XHP). Hydrogens were added to the X-
ray structure using Insight II (Version 2000; Molecular Simula-
tions Inc., 2000). For all the structures, charges and atomic radii
were assigned using the AMBER force field parameters (Cornell et
al. 1995). The electrostatic potential was obtained by solution of
the NLPB equation at 100 mM ionic strength with a solute dielec-
tric of 2 and a solvent dielectric of 78.5. Calculations were repeated
for other ionic strengths to match experimental conditions for
each structure, where known. Because these had no effect on the

overall electrostatic potential maps obtained, the results are pre-
sented for 100 mM.

[Note: Coordinates for the D5-PL structures calculated with
RDCs have been deposited in the Protein Data Bank (http://
www.rcsb.org), accession code 2F88.

SUPPLEMENTAL DATA

Supplemental materials are available from the authors
(please send an e-mail message containing the keyword
D5 to dayiek@ccf.org).
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