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Bulges are common structural motifs in RNA secondary structure and
are thought to play important roles in RNA-protein and RNA-drug inter-
actions. Adenosine bases are the most commonly occurring unpaired
base in double helical RNA secondary structures. The solution confor-
mation and dynamics of a 25-nucleotide RNA duplex containing an
unpaired adenosine, r(GGCAGAGUGCCGC): r(GCGGCACCUGCC)
have been studied by NMR spectroscopy and MORASS iterative relax-
ation matrix structural refinement. The results show that the bulged ade-
nosine residue stacks into the RNA duplex with little perturbation
around the bulged region. Most of the bases in the RNA duplex adopt
Cy-endo conformation, exhibiting the N-type sugar pucker as found in
the A form helices. The sugars of the bulged residue and the 5 flanking
residue to it are found to exhibit C,’-endo conformation. None of the resi-
dues are in syn conformation.
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Introduction

Bulge-containing RNA structures are found to
occur in biologically significant stable RNA mol-
ecules, including large and small ribosomal RNAs,
catalytic RNAs and genomic RNA of certain
viruses. Bulged bases in RNA helices are poten-
tially significant in RNA folding, and are thought
to play important roles in specific protein and drug
binding to the RNA and RNA-RNA interactions.
For example, the bulged adenosine base in helix II
of Escherichia coli 5 S ribosomal RNA is important
for the binding of ribosomal protein L18
(Christiansen et al., 1985), and a bulged adenine
base is essential for the binding of the viral coat
protein to the bacteriophage R17 genomic RNA
(Borer et al., 1995). Solution structure of a drug-
RNA complex shows that the aminoglycoside anti-
biotic paromomycin binds to the target RNA to a
pocket created by an A:A mismatch and a single
bulged adenosine base (Fourmy et al., 1996).

Abbreviations used: MD, molecular dynamics; rMD,
restrained MD; MORASS, multiple Overhauser
relaxation analysis and simulation; NOESY, nuclear
Overhauser effect spectroscopy; TOCSY, total COSY.
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Bulged nucleotides have been suggested to facili-
tate conformational transitions in double-stranded
RNA helices (Leontis & Moore, 1986; Wimberly
et al., 1993). Bulge-induced kinks in RNA helices
are significant in the tertiary folding of RNA
(Golke et al., 1994; Zacharias & Hagerman, 1995).
These kinks provide potential recognition sites for
the binding of proteins and drugs. Chemical prob-
ing, crystal studies, and NMR experiments in sol-
ution of bulged RNA duplexes show that bulges
cause widening of minor grooves (Gohlke et al.,
1994; Werner et al., 1995; Portman et al., 1996). A
conserved bulged adenosine molecule in the hepa-
titis delta virus anti-genomic self-cleaving RNA
has been shown to increase the rate of refolding,
from an inactive to an active ribozyme structure
(Perrotta et al., 1999).

Several experiments, including X-ray crystallo-
graphic and NMR studies, have been performed to
address the preferred conformations of bulged resi-
dues in DNA and RNA duplexes. The naturally
occurring frame-shift mutations and the issues of
how cells repair and recognize such structures
have prompted interest in the fine structure of
bulged bases in DNA. NMR studies of DNA
duplexes containing a bulged adenosine base have
revealed that the extra adenosine stacks into the
duplex (Kalnik et al., 1989; Nikonowicz et al., 1989;
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1990; Rosen et al., 1992). In the genomic RNA of
bacteriophage R17 a bulged adenosine base is
stacked into the RNA duplex (Borer et al., 1995).
However, X-ray crystallographic studies on both
DNA (Joshua-Tor et al., 1988, 1992) and RNA (Cate
et al, 1996; Valegard et al., 1994; Ennifar et al,
1999) duplexes revealed that the bulged adenosine
is looped out of the helix. In the reported X-ray
crystal structure of a 13-mer DNA duplex, bulged
A is stacked into the helix in one strand while it is
looped out in the opposite strand (Joshua-Tor, et al.,
1992). Energy-based conformational analysis of
single-base bulges in RNA also showed that a
stacked conformation is the energetically most
favorable form for adenosine bulge (Zacharias &
Sklenar, 1999).

The secondary structure of the RNA duplex con-
taining the bulged adenosine base described here
is shown schematically in Figure 1. The G-C rich
sequence is defined in such a way that alternate
base-pairing is not available for the bases on either
strands, and bulge migration is not expected to
occur in this sequence. G - C base-pairs are placed
both at the end of the duplex as well as flanking
the bulged base. Two A - U base-pairs placed
on each side of the bulge serve as spectroscopic
markers.

Results

Assignment of non-exchangeable
proton resonances

Sequential assignments were based on the aro-
matic-H1’ connectivities and were confirmed by
the aromatic-aromatic cross-peaks and aromatic-
H2'/H3' connectivities (Wiithrich, 1986; Varani &
Tinoco, 1991). The conventional aromatic H8/Hé6-
anomeric H1’ NOE connectivities were observed in
both strands and are shown in Figure 2. Although
neither an A form nor B form geometry was
initially assumed, the sequential assignment of this
duplex followed that for a right-handed helix.

The pyrimidine bases were identified by the pre-
sence of strong intra-residue H6-H5 NOESY cross-
peaks and by comparing the NOESY spectra with
the TOCSY spectra. With the exception of the H5/
H6 cross-peaks of C18 and C24, all intra-residue
pyrimidine cross-peaks were well resolved.
Additional inter-residue NOESY cross-peaks from
the H5 of pyrimidines to the H6/HS8 base proton
of the i — 1 residue were also present. Inter-strand

6
4 5A 12 13

GGCAG GUGCCGC
CCGUCCACCGCG

25 24 23 22 2t 20 19 18 17 16 15 14

Figure 1. Sequence of the RNA duplex with the
bulged adenosine.

NOE connectivities for the H2 protons of A4, A6,
and A19 were also present. The adenosine H2 res-
onances were assigned by their strong cross strand
NOEs to base-paired uridine imino (H3) protons,
and by their sequential NOE to the H1’ of the 3
residue. Weak sequential H1'(n) — H1'(n 4+ 1) con-
nectivities were also observed, and were used to
confirm the H1’' assignments. This connectivity
was not observed between C20-H1' and C21-H1'
Sugar H2' resonances were assigned by comparing
the intensities of intra-sugar NOEs. The sugar H2'
proton is closer to the H1" of the same sugar than
any other protons, irrespective of the sugar pucker.
Sequential H2'(n) - H1'(n + 1) NOE peaks were
observed along both strands. This distance is
approximately 4 A in RNA helices. These sequen-
tial H2'(n) — H1'(n + 1) NOEs thus provide a use-
ful check of the assignment of the H2' protons. A
short mixing time (50 ms) NOESY was also helpful
in assigning the H2' protons. Sugar H2' protons of
the 5 terminal residues resonate downfield from
most of the H2's, probably due to the absence of
ring currents from the 5 residue bases. The H2’s of
the 3'-terminal residues are shifted upfield com-
pared to other sugar H2' protons, probably due to
the absence of phosphate groups at the 3’ ends. A
form RNA duplex NOE connectivities were
observed for all the bases in both strands, except
for C13 and C25 (the bases at the ends of the
helices), and for G5 and A6. In A form helices, the
sequential H2' to H8/H6 NOE cross-peak is stron-
ger than the intra-residue peak.

Although partly overlapping, the other sugar
protons (H3’, H4', H5 and H5”) were assigned
from the 2D TOCSY spectra. Assignment of H3'
resonances were confirmed by their medium-inten-
sity NOEs to H8/H6 of their own residues and the
sequential residue in the 3'-direction. A 'H/3'P
heteronuclear TOCSY experiment (Kellog, 1992)
was carried out to help with the assignment of H3'
and H4’ protons. Due to the poor dispersion of the
phosphorus resonances (within a range of 0.7
ppm), connecting the H3 and H4' protons from
one base to the next was not possible. Intra-sugar
NOEs were also used to confirm the assignments
of the sugar protons. The H1’-H4' distance is short-
er than the H1-H3' distance, irrespective of the
sugar pucker. The H4'-H5'/H5" scalar cross-peaks
were either overlapped or too weak to be seen in
the TOCSY, due to the small coupling constants
(less than 3 Hz). Stereospecific assignments for the
H5'/H5” were not made. It is assumed that the H5’
protons resonate downfield from the H5” (Varani
& Tinoco, 1991).

Sequential aromatic-aromatic cross-peaks were
observed for all the residues in the first strand
(residues G1 through to C13) with the exception of
the U8-G9, because of the almost identical chemical
shift of the U8-H6 and G9-H8 resonances. In the
second strand (residues G13 through C25), sequen-
tial aromatic-aromatic cross-peaks were seen for
residues G14 through C24, including a weak NOE
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Figure 2. Sequential aromatic-H1’ NOESY connectivities for the (a) top and (b) bottom strands.

peak between C20-H6 and C21-H6, opposite the
bulged adenosine, A6.

Exchangeable imino protons

Imino proton spectra of the RNA duplex in
water were collected as a function of temperature.
The two downfield peaks, assigned to U22 and US,
broaden and disappear first from the spectrum as
the temperature increases. The imino resonances
corresponding to G7 and G5, the bases flanking
the bulged residue, also disappear at lower tem-
peratures than other Gs. The resolved imino pro-
tons broaden in a sequential manner on raising the
temperature and have been assigned by one and
two-dimensional NOE experiments. Uridine imino
protons were identified by intense cross-peaks in
the imino-aromatic region of the NOESY spectra,
which corresponds to the interaction between the
uridine imino and H2 proton of adenosine to
which it is paired. As expected, two intense peaks
were observed corresponding to A4/U22 and U8/
A19 base-pairs. The uridine imino protons served
as starting points for the sequential assignment of
imino and amino protons. For the assignment of
the imino region, we also used imino guanosine to
amino cytosine to H5/H6 cytosine walk. The
proton chemical shifts are deposited at the Bio
MagResBank (http://bmrb.wisc.edu) (Accession
number: 4745) and also available in Table S1
(supplementary material).

Sugar puckering and glycosidic torsion angles

The absence of most H1'-H2' cross-peaks in the
TOCSY spectra indicates that most of the bases are
adopting predominantly N-type sugar puckering
as found in A form helices. However the bulged
adenosine residue (A6) and the guanosine 5 to it
(G5), show H1'-H2' scalar cross-peaks, indicating
that these residues adopt C,-endo conformation.
Previous observations, both in NMR and in

crystals, show that in bulged RNA duplexes the
sugars of the bulged residue and the 5 flanking
residue often exhibit C,-endo conformation
(Wimberly et al., 1993; Borer et al., 1995; Portmann
et al., 1996). Theoretical calculations also resulted in
the same conclusion (Zacharias & Sklenar, 1999).
The residues at each end of the helix also showed
weak H1’-H2' scalar peaks, indicating a mixed Cs-
endo and C,-endo sugar puckering for these bases
due to dynamics at the ends of the helix. The inter-
residue intensities between H8/H6 to H3' are
greater than H8/H6 to H2/, indicating the glycosi-
dic torsion angles are anti. None of the residues
appear to be in syn conformation, since the inten-
sity of the inter-residue H8-H1'" NOE cross-peaks
are weaker relative to the intensity of the intra-resi-
due H5-H6 cross-peaks of cytosines.

Evidence for helical stacking of
bulged adenosine

Evidence of the stacked nature of the bulged
adenosine residue is first presented on the basis of
an observed downfield shift of the H8 and H2 pro-
tons of the bulged A6 with the increase in tempera-
ture (Nikonowicz et al., 1990). Above the melting
temperature, base-pairing and stacking interactions
are disrupted in the duplex. Aromatic proton
chemical shifts are sensitive to the degree of stack-
ing, and the observed change in the chemical shifts
of A6 protons is due to the disruption of stacking
upon melting the RNA duplex.

The observation of sequential NOEs between G5
sugar protons (H1'/H2'/H3') and the A6-H8 pro-
ton and the NOEs between A6 sugar protons and
G7-H8 indicates that the bulged A6 residue is
stacked into the duplex. Moreover, sequential aro-
matic-aromatic cross-peaks were observed for G5-
A6-G7. However no cross-peak was observed
between C20-H6 and C21-H6. A very weak NOE
cross-peak was observed between C20-H1’ and the
C21-H6. Sequential H1'(n) - H1'(n +1) NOE
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Table 1. Refinement results summary

Iter %rms, o ® R-factor Q!¢ factor Erotaly E Const) Force®/ Y%error®
Model 180.4 0.5635 0.1209 - - 3.0/25
1 148.5 0.5299 0.1090 —1031 72 4.0/23
2 125.3 0.5154 0.0994 —1032 8.5 5.0/21
3 104.4 0.4485 0.0874 —1031 21.6 6.0/19
4 96.0 0.4675 0.0921 —1022 36.7 7.0/17
5 84.5 0.4033 0.0740 —1028 447 8.0/15
6 70.6 0.3979 0.0755 —-1021 78.2 9.0/13
74 73.9 0.4022 0.0738 —1021 82.0 10.0/10
(SA)* 742+ 84 0.4072 £ 0.08 0.0742 £ 0.008 —1028 +8 82.6 +6.4 10.0/10

2 MORASS iteration number.

® The average of the %rms differences between the experimental and theoretical volumes.
¢ Flat-well potential function parameters (force constant in kcal/mol A% Error is the permitted % error on the constraining

distances).
4 Values for the final averaged structure.

¢(SA) Values for the ten structures with lowest constraint energy.

connectivities were observed for residues C18-A19-
C20, and between C21-U22, but not between C20
and C21. In the 250 ms mixing time NOESY, a
weak cross-peak was observed between C20-H6
and C21-H5. However, this cross-peak was not
seen in the 50 ms NOESY spectra. These obser-
vations suggest an increased spatial separation of
C20 and C21, possibly due to a wedging effect of
the facing A6 residue that is stacked into the helix,
resulting in increased distance between C20 and
C21.

Several inter-nucleotide NOE cross-peaks
observed for the H2 proton of A6 residue indicate
that this bulged adenine base is stacked into the
helix. The H2 proton of A6 shows NOE cross-
peaks to the H1’ sugar protons of A6 and G7. The
crucial evidence for helical stacking comes from
the inter-strand NOE cross-peak observed between
the H2 of the bulged A6 and the H1’ of C21 on the
opposite strand. Moreover, the amino proton of A6

showed weak NOESY cross-peaks to the amino
protons of residues C20 and C21, on the opposite
strand.

Structure calculation

Distance restraints obtained from integrated
NOESY volumes using MORASS program were
used in the structure calculation. A total of 419
restraints were used. The structure was calculated
by an iterative complete relaxation matrix refine-
ment method using MORASS/AMBER. The pro-
gress of the iterative refinement was monitored by
several key indicators (described in Materials and
Methods), which are summarized in Table 1. Both
experimental and theoretical %rms (volume) values
start relatively high and gradually settle down to
lower values with an increased percentage of
volume merging between the experimental and
theoretical volumes. As expected, the R-factor and

Figure 3. Stereoview of the final
averaged structure. The structure
was obtained with dihedral
restraints on the backbone.
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the Q1/9-factor were also found to decrease as the
refinement progressed. The structures clearly
improved at each refinement step. The energetics
of the molecule, such as the total energy, constraint
energy and potential energy, were also monitored
during the iterative refinement. Both the total
energy and the constraint energy increased in
value as the error bars and force constants on the
restraints were tightened during the molecular
dynamics refinement.

A stereoview of the final averaged structure is
shown in Figure 3, and an ensemble of ten struc-
tures with lowest constraint energy is shown in
Figure 4. The overall structure of this bulged
duplex is well defined by NMR. The heavy atom
rmsd for the ten structures (shown in Figure 4) is
1.3 A and the rmsd for the local structure around
the bulge, shown in Figure 4(b), (for residues G5-
A6-G7, and C20-C21) is 1.1 A. Structural refine-
ment statistics are shown in Table 2.

To test the quality of the refinement, 2D NOESY
volumes were calculated based on the final aver-
aged structure, and were compared to the exper-
imental 2D NOESY volumes. As can be seen in the
plot in Figure 5, most of the calculated volumes fit
very well with the experimental volumes, indicat-
ing the high quality of the final structure and the
refinement process. The MORASS program was
used to calculate the volumes from the final struc-
ture. Significant deviations between calculated and
experimental NOESY volumes were seen for resi-
dues at the termini, where fraying of the strands
and the resulting dynamics are not accounted for
in the volume calculation. Agreement of exper-
imental and calculated volumes indicates that not
only the distance restraints are satisfied but also
that the relaxation matrix approach is satisfied
(Wu et al., 1997).

Refinement with torsional angle restraints

To test the effect of restraints on the backbone
dihedral angles, we carried out two independent
sets of refinements. For the first set of refinements,
no restraints were used on the backbone dihedral
angles. Sugar puckering restraints on residues G5
and A6 were used as to restraint these two sugars
to be in B form. Glycosidic angles were not
restrained. For the second set, along with the sugar
puckering restraints on G5 and A6, torsional
restraints were also used on backbone dihedrals
and glycosidic angles as described in Materials and
Methods.

The rmsd between the two final averaged struc-
tures obtained from the two sets of refinements,
shown in Figure 6, is 1.2 A. Analysis of helical par-
ameters (Table 3) and torsional angles for the two
final averaged structures revealed that major
differences were seen only at the ends of the helix.
No significant difference in energies were observed
between the two final averaged structures.

Figure 4. (a) Overlay of ten final structures with low-
est constraint energy. (b) Overlay of the bulged region
from the ten final structures with lowest constraint
energy. The structures were obtained from r-MD with
backbone dihedral restraints.

Discussion

Preferred conformation of the
bulged adenosine

Why do X-ray and NMR analyses disagree over
the conformation of adenine bulge duplexes? In all
X-ray crystal structures of A bulge DNA and RNA
duplexes, the adenine base is flipped out of the
helix, while in NMR solution structures adenine is
stacked into the helix. The fact that results of our
studies and those of other NMR studies on bulged
adenine bases differ from the results of X-ray crys-
tallographic studies may be attributed to the differ-
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Table 2. Structure determination statistics

A. Distance Restraints

Inter-residue 267
Inter-residue 146
Inter-strand 6
B. Structure statistics SA (SA)
Distance violations (A)  >1.0 1 1.240.1
>0.5 4 46+0.8
>0.2 14 16 +1
Largest distance violation (A) 1.09 1.17
Angle violations® >5° None None
>2° None None
C. Mean deviation from ideal covalent geometry
Bond angles (deg.) 241 248 £ 04
Bond lengths (A) 0.011 0.012 + 0.001

D. rmsd for all heavy atoms (relative to the mean structure)

ten lowest energy
All residues
Bulged region

132 A
1.09 A

2 For the r-MD set using torsional restraints on backbone
angles.

ences in solution and solid-state conditions. The
following reasons may be attributed for the differ-
ence in the results. First, a looped out structure
may be stabilized by inter-molecular contacts in
crystal. A 13-mer DNA duplex, d(CGA-
GAATTCGCG),, was studied by both X-ray
(Joshua-Tor et al., 1988) and NMR (Nikonowicz
et al., 1990). In order for the 13-mer to stack end-to-
end in the crystal, it must be straight. Wedging in
of the bulge base forces the structure to kink and
consequently the duplex adopts in solution a bent
geometry which is not favored for stacking and
crystallization. Although the crystal structure for
this 13-mer was originally proposed to have the
bulge adenosine in an extrahelical conformation,
later analysis of the X-ray structure showed that
the bulge adenosine is indeed in an intercalating
conformation (Joshua-Tor et al.,, 1992). However,
the duplex receiving the bulge adenosine molecule
is from a different molecule in the crystal and the
bulge adenosine base connects one duplex to
another. Clearly in dilute solution, such intermole-
cular interactions will not be a factor and the
duplex can adopt its low-energy (stacked in) con-
formation. Secondly, exposing the aromatic base to
solvent is energetically costly, and therefore, an
unfavorable conformation in solutions. Thirdly, the
divalent metal ions, such as Mg®*, may stabilize
the looped out adenine in crystals. All reported
NMR studies were performed in solutions contain-
ing no MgZJr or other divalent ions, whereas most
crystals were grown in Mg®-containing media.
From the NMR data of our RNA bulge, we see
no evidence of either a second conformation or
rapid equilibration with a significantly populated
looped out form. Note that the rmsd of the heavy
atom coordinates are in fact lower in the bulge
region than for the molecule as a whole. In
addition the NOEs in the bulge region are all

Experimental Volumes

Calculated Volumes

Figure 5. Plot of the experimental volumes versus
theoretical volumes. Theoretical volumes were calcu-
lated from the final averaged structure refined without
dihedral restraints. Linear regression is shown as a con-
tinuous line and the linear fit through the origin with a
unity slope is shown in broken line.

100 % relative intensity to those in the stem, indi-
cating that a significant population of the extra-
helical conformation is not present (we make the
assumption that NOEs to a flipped out, confor-
mationally flexible base would be negligible). Thus
within the signal-to-noise ratio of the experiment
we can estimate that less than 10% of the bulge
RNA is in a flipped out conformation.

Bulged adenosine is inserted into the duplex
with little perturbation

The ability to trace NOE connectivities between
the base aromatic protons and their own and the
5'-flanking sugar H1’, H2', and H3' protons along
the (G5-A6-G7) segment and the (C20-C21) seg-
ment shows that the bulged adenosine A6 is
accommodated into the helix with minimal disrup-
tion of the duplex. Inter-residue aromatic-aromatic
and sugar-aromatic NOESY cross-peaks were
observed for the residues flanking the bulged resi-
due. These cross-peaks provide further evidence
that the bulged residue and the neighboring resi-
dues are stacked upon each other very well. There
is no line broadening seen for the resonances of
A4, G5, A6, G7 or U8 protons, indicating little or
no dynamics around the bulged residues (other
than possible very fast dynamic averaging).
Analysis of helical parameters further supports the
conclusion that the bulged residue is inserted with
little or no perturbation. The helical parameters fol-
low that of an A form helix. However, deviations
from a regular A form duplex are observed at the
bulged site. The bulged residue A6, and the
5'-flanking residue G5, have Cy-endo sugar pucker,
while the rest of the residues (except the ones at
the ends of the strands) exhibit Cs-endo sugar puck-
ering. The observed change in the sugar puckering
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Figure 6. Overlay of the final averaged structures
from r-MD with and without backbone dihedral
restraints.

around the bulge site result in increased entropy,
and thereby may offset the free energy change
associated with the insertion of the bulged residue
into the duplex (Ennifar et al., 1999).

Compression of major groove and the expansion
of the minor groove at the bulge site is evident by
the smaller roll for the base-pairs flanking the
bulged residue compared to the rest of the base-
pairs in the duplex (Table 3). Despite the expansion
of the minor groove and the compression of the
major groove, no severe unwinding of the helix is
observed. Helical twist remains ~33° throughout
the helix, although a slightly higher twist is
observed near the bulge. Expansion of the helical
backbone near the bulge region is reflected by the
short helical rise around the bulge, 2.8(+0.2) com-
pared to 3.5(+0.4) for the rest of the helix. How-
ever, the inter-strand P-P distance remains the
same throughout the helix.

Observation of imino resonances between base-
paired residues flanking the bulged residue shows
that the bulged residue is inserted with little or no
perturbation and the bulged region is well defined.
This is supported by the Cartesian rmsd of 1.1 A
for the bulged region among the ten structures
with lowest constraint energies. Although the
bulged residue is inserted into the helix with little
perturbation, the wedge-like insertion introduces a
kink in the helical axis of the duplex that could
serve as potential recognition sites for proteins and
drugs that bind to specific regions of RNA.

The NMR structure shows a normal anti confor-
mation for the stacked in A6, further supporting
the conclusion that the A6 is inserted into the
duplex with little pertubation.

The stacked adenine base induces a kink of
~28° (£4°) on the helical axis. Pronounced kink-
ing at bulge sites were observed in gel retardation,
chemical probing and NMR experiments. The
observed kinking of 28° in this RNA duplex is
higher compared to the 15-16 ° kinking per bulged
residue generally observed in RNA and DNA
duplexes. Fluorescence resonance energy transfer
(FRET) studies on a DNA and RNA duplexes with
a seven-residue bulge showed a kinking of 90°
(Gohlke et al., 1994). Gel retardation studies also
revealed a kinking of ~15° per bulged residue
(Zacharias & Hagerman, 1995).

Effect of dihedral restraints on MD refinement

We have argued against using tight restraints on
the backbone dihedral angles during the MD
refinement. Previously, we have reported
(Gorenstein, 1994) that large amplitude & and {
torsional angle fluctuations can occur during
restrained-MD for B-DNA duplexes. Fluctuations
for these two important torsional angles indicate
transitions between low energy B; (e =g —; {=1)
conformations to higher energy By (e=1t {=g—)
conformations. These results (Gorenstein, 1994)
clearly demonstrated that there are significant vari-
ations in the relative populations of B; and By; con-
formations for duplex deoxyoligonucleotides in
solution. Therefore, placing no restraints on the
backbone dihedral angles will allow a greater
degree of conformational flexibility and eliminates
artificial claims of higher precision in the refined
structures. In contrast to DNA duplexes, RNA
duplexes generally exhibit greater variation (and
dynamics) in torsional angles o and y (Saenger,
1984) on the 5'-side of the phosphate group.

We have shown earlier from simulation studies
that helical parameters and backbone torsional
angles may be accurately reproduced by the hybrid
matrix methodology (Kaluarachchi et al, 1991). The
perfect data simulations suggest that, indeed, inter-
proton distance restraints in principle derived from
NOESY function to adequately define both the
local helical parameters and the backbone torsional
conformation. Since no direct distance constraints
fix the position of phosphate ester atoms that
define o and {, reproduction of these two angles
may be poorer than the other angles. A greater
level of variation is seen between the two final
averaged structures for o and 7y, while no signifi-
cant differences are seen between the two struc-
tures for the other torsional angles. This suggests
that these torsional angles are dynamically aver-
aged in solution. However, alternatively adding
more volume restraints to the MORASS calcu-
lations could result in better reproduction of nearly
all the backbone torsional angles throughout the
sequence (Kaluarachchi et al., 1991).
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Table 3. Inter-base-pair helical parameters for the final refined structures (A) with dihedral restraints and (B) without

dihedral restraints

A. Helical parameters for the final structure refined using dihedral restraints

Base-pair step SHF SLD RIS TLT ROL TWS
G2-C24/G1-C25 0.77 -2.0 3.0 -0.99 9.2 28.99
C3-G23/G2-C24 0.01 -1.8 3.5 7.51 0.8 37.46
A4-U22/C3-G23 1.61 -19 3.1 8.12 1.8 32.66
G5-C21/A4-U22 —-0.26 -2.1 2.6 3.52 2.3 34.01
U8-A19/G7-C20 0.76 -1.8 2.8 —0.94 17 33.93
G9-C18/U8-C20 —-0.33 -18 3.2 8.07 -1.6 31.96
C10-G17/G9-C18 0.42 —2.2 3.4 3.35 12.1 35.48
C11-G16/C10-G17 0.68 —22 3.2 4.38 48 30.69
G12-C15/C11-G16 0.94 -15 41 10.19 224 31.92
C13-G14/G12-C15 0.28 —2.2 3.7 -8.87 7.5 35.26
B. Helical parameters for the final structure refined without dihedral restraints

Base-pair step SHF SLD RIS TLT ROL TWS
G2-C24/G1-C25 0.83 —2.6 4.7 1.18 412 30.31
(C3-G23/G2-C24 —0.25 —24 34 3.21 -3.8 38.48
A4-U22/C3-G23 1.13 —22 3.1 5.73 1.6 29.65
G5-C21/A4-U22 0.02 -2.0 2.7 2.69 2.0 34.61
U8-A19/G7-C20 0.45 -18 2.9 3.01 0.2 33.85
G9-C18/U8-C20 0.25 -17 3.6 6.31 29 33.21
C10-G17/G9-C18 0.21 —22 3.2 1.76 11.9 32.58
C11-G16/C10-G17 0.52 —21 3.2 1.61 5.5 30.55
G12-C15/C11-G16 —-0.06 -14 5.1 5.04 30.7 23.73
C13-G14/G12-C15 0.13 -1.23 29 —-9.49 14.2 26.31

Abbreviations: SHF, shift; SLD, slide; RIS,

rise; TLT, tilt; ROL, roll; TWS, twist.

Because of the crankshaft-type motion of the A;
to Ay conformational transition, the actual length
of the sugar-phosphate backbone is not signifi-
cantly different in the two conformations. Thus the
NOEs will not be greatly perturbed and use of
fixed distance constraints (within a flat-well energy
function) will still allow sampling of the different
A1/ Ay conformations. For DNA duplexes, a similar
effect is found for the B; versus By conformation
groups. Thus, the mixed conformational dynamics
observed for a number of the phosphate groups in
the RNA bulge duplex likely more accurately rep-
resents the true depiction of the structure. If we
were to constrain the backbone into the more nor-
mal (A; for RNA or B; for DNA) torsional angles,
without explicit experimental data supporting
these torsional angles, then we could well be mis-
representing the relative dynamics of these mol-
ecules. Indeed for DNA duplexes (Kaluarachchi
et al., 2000) analysis of coupling constants, NOESY
distance restrained structures and restrained
molecular dynamics (r-MD), strongly supports a
picture of considerable dynamic flexibility along
the sugar phosphate backbone.

Relaxation matrix refinement

In larger biomolecules, such as this RNA duplex,
the two-spin approximation leads to systematic
errors in estimating inter-proton distances, since
indirect magnetization transfer via other protons
(spin-diffusion) contributes significantly to NOE
intensities even at short mixing times. The two-
spin approximation requires that the NOESY

derived distances be obtained from vanishingly
short experimental mixing times where the build-
up of NOESY intensity is proportional to the
inverse sixth power of the inter-proton distance
and the effects of spin diffusion are minimal. Since
most of the structurally important longer range
NOEs are not observed at these short mixing
times, the use of the two-spin approximation has
raised concern over the accuracy of the refined
NMR structures derived by this methodology.
Unfortunately, in many RNA NMR structures
refined from 'N/"*C-edited NOESY spectra, the
two-spin analysis is widely utilized. The MORASS
complete relaxation matrix procedure utilizes an
incremental replacement of the theoretical volumes
with the experimental values as the iterative refine-
ment proceeds. This allows a more robust Eigen-
value/Eigenvector solution to the Bloch relaxation
equations, and more precise (and hopefully accu-
rate) depiction of the true solution structure.

Materials and Methods

The NTPs were obtained from Sigma and the T7 RNA
polymerase enzyme was prepared from the over-produ-
cing E. coli strain BL-21 containing plasmid pAR219
obtained from Brookhaven National laboratory, NY
(Davanloo et al., 1984). Other reagents used in the tran-
scription reaction were purchased from Pharmacia.
RNAses along with the RNA sequencing kit were
obtained from Pharmacia LKB laboratories. Radioactive
[y-**P]ATP was obtained from Dupont. DNA templates
were obtained in purified form from Midland Certified
Reagents, TX.
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RNA synthesis and purification

The RNA strands, r(GGCAGAGUGCCGC) and
r(GCGGCACCUGCC) were synthesized separately by
in vitro run-off transcription of the appropriate DNA
templates using T7 RNA Polymerase (Millgan et al.,
1987). The transcription reaction contained 40 mM Tris-
HCl (pH 8.1), 20 mM MgCl,, 5 mM DTT, 1 mM spermi-
dine, 4 mM each of ATP, CTP, GTP and UTP, 10 mM
GMP, 0.01% (w/w) Triton X-100, and 112 nM template
and 50 pg/ml T7 RNA polymerase incubated at 37°C
for overnight. The RNA products were precipitated
using cold ethanol and the strands were purified by
polyacrylamide gel electrophoresis under denaturing
conditions (8 M urea). The RNA strands were extracted
from the gel by electroelution, and concentrated by ultra-
filtration wusing Centricon-3 centrifugal concentrator
devices (Amicon). The sequences of the RNA strands
were verified by established enzymatic sequencing
methods using RNAs U2, BC and T1 (for details, see
Thiviyanathan, 1992).

Sample preparation

The RNA strands, dissolved in buffer containing
100 mM NaCl, 10 mM sodium phosphate (pH 6.8) and
0.02 mM EDTA, were mixed in 1:1 stochiometric ratio
calculated from their molar extinction coefficients
(Puglisi & Tinoco, 1989) and were annealed by heating
the mixture to 80°C and slowly cooling back to room
temperature. Single-strand contaminants were removed
by running the annealed sample down a Sephadex-100
size-exclusion column. Purity of the sample was tested
again by running an analytical gel. Samples used for
non-exchangeable proton NMR experiments were lyo-
philized several times from *H,O before dissolution in
99.96 % *H,O (obtained from Cambridge Isotope Labora-
tories).

NMR experiments

Two dimensional NOESY and TOCSY spectra at room
temperature in 2H,0 were collected at 500 MHz on a
Varian VXR-500 instrument. Phase-sensitive two dimen-
sional NOESY spectra were collected with quadrature
detection using a spectral width of 5000 Hz and mixing
times of 50, 250 and 400 ms. The real and imaginary
data points were acquired sequentially. Attenuation of
the residual HOD resonance was achieved by low power
pre-saturation pulse during the relaxation delay. The
data sets were collected with 512 t; experiments using
2048 complex points in the t, dimension and 32 scans
per t; increment. The relaxation delay was three seconds.

Two-dimensional TOCSY data were collected with a
spectral width of 4400 Hz and 100 ms mixing time. The
TOCSY data set were collected with 2048 complex points
in the t, dimension and 256 t, increments. Phosphorus
spectrum of the RNA duplex in *H,0O at 25°C was
obtained at 81 MHz on a Varian XL-200 instrument.
The 'H/®P hetero TOCSY experiment (Kellog, 1992)
was performed at 240 MHz on a Varian UnityPlus
instrument.

Data processing and analysis

The 2D data sets were processed using Felix program
(version 95; Biosym Inc., San Diago, CA) to give a data
matrix of 2048 x 1024 real data points after zero-filling

in both dimensions. Only the real part of the matrix was
stored. A 90° shifted sine bell apodization function was
used in both dimensions. Baseline correction was done
using the FLATT routine provided in the Felix program
(Guntert & Wiithrich, 1992). Peaks were picked using the
automated peak-picking routine available in the Felix
program. The linewidth was set at 10 Hz for the auto-
mated peak-picking and the box sizes were manually
adjusted for each peak of interest.

Distance and torsional angle restraints

Distance restraints were calculated from the integrated
NOESY cross-peaks between non-exchangeable protons,
using the iterative hybrid relaxation matrix program,
MORASS (Post et al., 1990; Meadows et al., 1997). The
intra-residue H5-H6 volume of pyrimidine bases were
used as the ruler to derive distances from NOESY
volumes. The cross-peaks between exchangeable protons
were qualitatively classified as weak (1.9-5.5 A), medium
(1.9-4.5 A), and strong (1.9-3.5 A). A total of 419 distance
restraints derived from integrated NOESY cross-peaks
were used for the structural refinement. To ensure Wat-
son-Crick base-pairing in the helix, as shown by the
assigned imino peaks, hydrogen bond restraints were
added between the base-pairs in the duplex. A total of
12 hydrogen bond restraints were used at an equilibrium
distance of 1.9 (+0.19 A) with a force constant on each
restraint of 15 kcal/mol A% Only one hydrogen bond
restraint was applied to either A - U (between N1 of A
and H3 of U) or G - C base-pairs (between H1 of G and
N3 of C) to allow variable propeller twist between the
base-pairs during the refinement.

Cirendo sugar puckering restraints were introduced for
the sugars of G5 and A6 residues, based upon the
observed H1'-H2' scalar cross-peaks. A Ciyendo confor-
mation was assigned to all the ribose sugars of residues
except G1, G5, A6, C13, G14, and C25, based on the
absence of H1'-H2' scalar cross-peaks indicating a weak
Iz The sugars of the terminal residues (G1, C13,
G14, and C25) were not restrained. Two independent
sets of MD refinements were carried out to compare the
effect of using restraints on backbone dihedral angles
during MD calculations. In the first set, no backbone
dihedral restraints were used. Sugar puckering restraints
were used on sugars of A6 and G5 to restraint them to
be in Ciendo conformation. Glycosidic angles were not
restrained. For the second set, dihedral restraints were
used as described below. Since all of the *[p;s and
®Jp.us coupling constants were small (less than 5 Hz)
B angles were restrained to be in the trans conformation
(Wijmenga et al., 1993). Additionally, loose dihedral con-
straints (£30°) were used for o and {, derived from stan-
dard values for an A form helix (Saenger, 1984) for all
residues except residues G5, A6 and the residues at the
termini, based upon the narrow range of *P chemical
shifts found for all phosphate groups (Gorenstein, 1994)
and the absence of H1'-H2' cross-peaks in the TOCSY
spectra. Glycosidic torsional angle y was restrained to be
anti (180(£40)°) for all residues, based upon the lack of
strong intra nucleotide H1'-H8/H6 NOE cross-peaks.
The ¢ angles were derived from H3'(n)-P(n + 1) coup-
lings, and are restrained to be trans for all residues
(210(£40)°). The y angles were restrained to be in
gauche™ (60(+40)°) based on small coupling constants
between H4'/H5 and H4'/H5". The § angles were
restrained, however, Cyendo sugar puckering restraints
were used for all residues except, G5 and A6 which were
restrained to be Crendo, and the terminal residues for
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which no restraints were used. The force constant was
set to 25 kcal/mol deg? on each dihedral restraint.

Structure refinement

Structure refinement was done using the iterative
MORASS/AMBER procedure as described (Kaluarachchi
et al., 1991). Initial model structure was built using the
xLeap visual interface (Schafmeister et al., 1995) provided
in the AMBER suite. In the starting structure, the bulged
adenosine residue was inserted into the helix, as several
convincing experimental NOEs indicated that the bulged
residue is inserted into the helix. The initial structure
was energy minimized for 3000 steps without any
restraints. To neutralize the negative charges on phos-
phate groups 23 Na* counter ions were placed around
phosphate groups. A rectangular box was added, pro-
viding at least 10 A of explicit TIP3P water molecules
yielding 4692 water molecules. Molecular dynamics
(MD) simulations were carried out using the SANDER
module of AMBER 5.0 (Case et al., 1997) with SHAKE
applied to all hydrogen atoms and 2 fs time steps. A
10 A cutoff was applied to the Lennard-Jones inter-
actions. Constant pressure was maintained with isotropic
scaling. At first, the water box was subjected to a series
of equilibration MD runs while holding the solute fixed
(Cheatham et al, 1995). During the equilibration steps,
when position constraints on solute molecules were
gradually relaxed, and the final refinement runs particle
mesh Ewald method (Darden et al., 1993; Konerding
et al., 1999) was used to calculate the electrostatic inter-
actions. The resulted structure was used as the starting
structure for the subsequent rounds of refinement. The
errors (i.e. uncertainties) in the calculated inter-proton
distances were described using a flat-well energy penalty
function (Gorenstein et al., 1990) in which the width of
the flat-well is defined as a percentage of the equilibrium
inter-proton  distance, r§%. The flat-well span was
decreased from an initial value of +£25% 7§ to ca 10%
while the distance restraint force constants were
increased accordingly as the structures approached con-
vergence. For each iteration, theoretical volumes were
calculated from a model structure based on isotropic
tumbling with a correlation time of 3.0 ns. This corre-
lation time was determined by optimizing the match
between the theoretical NOE volumes and the exper-
imentally determined NOE volumes. Previous calcu-
lations by others (Mujeeb et al., 1993) indicate that linear
DNA molecules with less than 13 base-pairs behave iso-
tropically. Theoretical volumes were merged with the
experimental volumes to form a hybrid matrix, which is
diagonalized to yield the complete relaxation rate matrix
from which the inter-proton distances are calculated.
These distances were used in restrained molecular
dynamics (r-MD) refinement using AMBER (version 5.0)
(Case et al., 1997). The output structure from the r-MD is
then used as the model structure in the next iteration.
The entire procedure, including data simulation, is
repeated until internal consistency among the calculated
and observed 2D NOESY spectra and the output struc-
ture is reached.

For the r-MD procedure, the starting structure was
first energy minimized with the NOE constraints for
3000 steps. A 12 ps of restrained molecular dynamics
protocol with temperature annealing was performed on
the energy minimized model (temperature is increased
from 298 K to 600 K for 4 ps; cooled to 298 K over the
next 4 ps; continued at 298 K for the last 4 ps). The aver-
aged structure from the last 4 ps of the r-MD was energy

minimized for 3000 steps, and the resulting structure
was used as the starting structure for the next iteration.

During r-MD, the non-bonded interaction cutoff dis-
tance was set to 8 A and a distance dependent dielectric
constant was used with an integration time step of 1 fs.
The charges at the 5 and 3’-ends of the RNA strands
were modified to avoid non-physical electrostatic inter-
actions.

The progress of the iterative refinement process was
monitored by several key factors, indicating the match
between experimental NOESY volumes and theoretical
NOESY volumes calculated from the refined structure.
The rms errors in the volumes were used as the first
criterion for monitoring the refinements. The %rms
(volume) is given by:

V& — b 2
Y%rms (volume) = |1/N E < d v J ) x 100%
- %

where a or b can be either the experimental or theoretical
2D volumes to give the %rms(exp) or %rms(the), respect-
ively.

The R-factor (Gonzalez, et al., 1991) that is similar to
the R-factor used in X-ray crystallography was also used
as a refinement criteria. The R-factor is given by:

Zz] z]

R=
Zz} ij

We have suggested that the %rms (volume) is a very
useful measure of quality of fit to the spectra, since it
weighs the percentage differences in the theoretical and
experimental volumes for both large and small cross-
peaks equally. The R-factor is regarded as a poorer
measure of the quality of the refined structure since it is
often dominated b?I the largest cross-peaks. Another
quality of fit, the QU'/®-factor (Thomas et al., 1991), also
better reflects the quality of the structure since it weighs
more heavily on the weak cross-peaks (longer, inter-resi-
due distances) compared to the R-factor. The Q(/® factor
is defined as:

Ziij|(V?j)l/6 (Vb 1)
Y172 Tl (v)VC + (V)

Qo) —

The dihedral angles and the helical parameters of the
final averaged structures were calculated using
CURVES5.3 program (Lavery & Sklenar, 1988). All struc-
tures were built and displayed with MIDAS2.1 (Ferrin
et al., 1988).
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