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Conformational Transitions in RNA Single Uridine and Adenosine Bulge
Structures: A Molecular Dynamics Free Energy Simulation Study

André Barthel and Martin Zacharias
School of Engineering and Science, International University Bremen, D-28759 Bremen, Germany

ABSTRACT Extra unmatched nucleotides (single base bulges) are common structural motifs in folded RNA molecules and can
participate in RNA-ligand binding and RNA tertiary structure formation. Often these processes are associated with conformational
transitions in the bulge region such as flipping out of the bulge base from an intrahelical stacked toward a looped out state.
Knowledge of the flexibility of bulge structures and energetics of conformational transitions is an important prerequisite to better
understand the function of this RNA motif. Molecular dynamics simulations were performed on single uridine and adenosine bulge
nucleotides at the center of eight basepair RNA molecules and indicated larger flexibility of the bulge bases compared to
basepaired regions. The umbrella sampling method was applied to study the bulge base looping out process and accompanying
conformational and free energy changes. Looping out toward the major groove resulted in partial disruption of adjacent basepairs
and was found to be less favorable compared to looping out toward the minor groove. For both uridine and adenosine bulges, a
positive free energy change for full looping out was obtained which was ~1.5 kcal mol~" higher in the case of the adenosine com-
pared to the uridine bulge system. The simulations also indicated stable partially looped out states with the bulge bases located in
the RNA minor groove and forming base triples with 5’-neighboring basepairs. In the case of the uridine bulge this state was more
stable than the intrahelical stacked bulge structure. Induced looping out toward the minor groove involved crossing of an energy
barrier of ~3.5 kcal mol~" before reaching the base triple state. A continuum solvent analysis of intermediate bulge states indicated
that electrostatic interactions stabilize looped out and base triple states, whereas van der Waals interactions and nonpolar

contributions favor the stacked bulge conformation.

INTRODUCTION

Besides double stranded regions, folded RNA molecules
frequently contain mismatches, internal loops, hairpin loops,
and extra unpaired bases (bulges). These secondary structure
motifs can be of functional importance for ligand binding,
catalysis, and protein recognition during regulation of gene
expression (1-7). Extra bases that lack a pairing partner in
the complementary strand, known as bulges, are one of the
most abundant motifs in many biological RNA molecules
(6,8,9). A structural property of regular double stranded
A-form RNA is the deep and narrow major groove, which is
hardly accessible to ligands or peptides for complex forma-
tion. Additional extra bulge bases can introduce bends and
kinks into RNA helices that result in a partial unwinding of
the helix and an opening of the major groove (10-14).
Bulges in double stranded RNA do not only affect ligand
binding indirectly by changing the helical structure but
may also participate directly in specific binding interactions
(15-17). For example, the transactivation response element
(TAR) of the human immunodeficiency virus contains a
three-nucleotide bulge structure that is recognized by the
viral Tat protein and undergoes conformational changes
from a partially stacked to a looped out form that involves
formation of a base triple upon Tat binding (18-21). The
Escherichia coli MS2 phage coat protein binding site (22) is

Submitted October 17,2005, and accepted for publication December 6,2005.

Address reprint requests to Martin Zacharias, School of Engineering and
Science, International University Bremen, Campus Ring 1, D-28759 Bremen,
Germany. Tel.: 49-421-200-3541; Fax: 49-421-200-3249; E-mail: m.zacharias@
iu-bremen.de.

© 2006 by the Biophysical Society

0006-3495/06/04/2450/13  $2.00

an RNA hairpin tetraloop containing a single adenosine
bulge. In the unbound state the adenine bulge base stacks
into the helical RNA stem (23). The bulge conformation
changes to an extrahelical looped out state upon binding of
the viral coat protein (15).

Structural studies, e.g., x-ray crystallography or NMR
spectroscopy can give insights into the importance of single
and multiple bulges in RNA for specific interactions with
proteins, peptides, and other ligands. However, structural
analysis alone gives only little information on the structural
flexibility of bulge elements and the energetics of structural
transitions in this motif. Knowledge of the free energy con-
tribution of structural transitions in bulge motifs such as the
looping out of the bulge base upon ligand binding is im-
portant for the understanding of the mechanism of induced fit
binding to RNA.

Molecular dynamics (MD) simulations can be helpful to
elucidate the mechanism of the bulge base looping out
process and to give an estimate of the associated change in
free energy. The MD approach has been used extensively to
study nucleic acids (24) including studies of bulge-contain-
ing RNA and DNA (25,26). It is also possible to enforce
structural transitions in MD simulations by adding a penalty
potential (umbrella potential) that biases the sampled con-
formations toward a desired state. Such umbrella sampling
calculations allow us to extract the work or free energy re-
quired to achieve a structural transition in the target molecule.
For example DNA repair and methylation requires the
coupled breaking of a basepair (bp) and flipping out of one
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base to interact with the repair or methylation enzyme (27).
The umbrella sampling technique has been used to investi-
gate the breaking of a bp and looping out of one base in
several MD studies, resulting in associated free energy changes
of ~10-23 kcal mol ' (28-35). The looping out of an extra
stacked bulge base in the absence of a complementary base
in the second strand has so far not been studied. It is expected
that this conformational change requires less free energy
since no canonical Watson-Crick (WC) bp needs to be dis-
rupted. In this study, looping out of single base bulges in
A-form RNA has been studied using MD simulations and the
umbrella sampling method. Since the presence of a bulge can
destabilize a dsSRNA molecule, an RNA model system con-
sisting of eight G:C bps with a repeating CpG sequence and
an extra bulge nucleotide between the fourth and the fifth bp
was chosen. The single bulge is the simplest bulge motif al-
lowing a systematic check of the convergence of the umbrella
sampling calculations. Simulations were performed on uracil
and adenine bulge bases representing pyrimidine and purine
nucleo-bases, respectively. In addition to the looping out free
energy profile, identification of intermediate structures asso-
ciated with local minima in the free energy pathway has been
possible. The parent canonical RNA (without the bulge nu-
cleotide) was also investigated as a reference system to study
the impact of the bulge conformation on the helical structure.

MATERIALS AND METHODS

All MD simulations were carried out with the AMBER 6 program suite and
the parm94 force field (36). RNA bulge start structures (5'-CGCGBCGCG/
5'-CGCGCGCG; with B being either adenosine or uridine) adopting a
stacked bulge conformation were generated using the nucgen module of
AMBER 6. Added to fill a cubic box were ~4000 TIP3P water molecules,
leaving at least 10 A between solute atoms and the boundaries of the box.
Electroneutrality was achieved by adding 15 sodium counterions. Initial
energy minimization (2000 steps) of the system was performed with the
SANDER module of the AMBER 6 package. After minimization the
systems were gradually heated up to 300 K with positional restraints (force
constant 50 kcal mol™! Afz) on RNA atoms over a period of 0.25 ns,
allowing water molecules and ions to move freely. During an additional
0.25 ns, the positional restraints were gradually reduced to finally allow
unrestrained MD simulation of all atoms over a subsequent total simulation
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time of 4 ns. The final structure of the equilibration run was used as the initial
structure for the bulge base looping out. The long range electrostatic inter-
actions were treated with the particle-mesh Ewald (PME) method using a
cutoff distance of reguorr = 9 A. The SHAKE algorithm (37,38) was used to
constrain bond vibrations involving hydrogen atoms, which allows a time
step of 7 = 2 fs. Thermal equilibrium was achieved with the Berendsen
thermostat (39). Helicoidal parameters of recorded structures were deter-
mined using the CURVES program (40,41). For comparison an 8 bp dsSRNA
without a bulge (5'-CGCGCGCG), was equilibrated and analyzed in the
same way as the bulge structures.

The umbrella sampling method was used to calculate the difference in
free energy between the bulge RNA molecules in stacked and loop out
conformations, respectively. The dihedral angle 6 spanned by the atoms
RB5.N1(N9), RB5.C1’, RC6.C1’, and RG13.C1’, where B denotes the
bulge nucleotide, was chosen as the reaction coordinate (Fig. 1 B).

Umbrella potentials with a force constant k = 0.06 kcal mol ' deg 2 (k =
200 kcal mol~"' rad™?) were distributed uniformly along the reaction co-
ordinates at a distance of Af,.; = 5°. Consecutive sampling windows of 0
were started from equilibrated structures of the last run in the previous set.
The resulting calculated PMF depends on the timescale of the sampling runs
and converged with increasing simulation time per sampling window. For the
final potential of mean force (PMF) calculations, the systems were simulated
for 2 ns per umbrella sampling window to achieve good convergence. The
value of the dihedral angle 6 was recorded every 0.1 ps. The potential of mean
force was calculated from the recorded data sets using the WHAM (weighted
histogram analysis method; 42—44) as implemented by Grossfield (45).

The MM-GBSA (molecular mechanics generalized-Born continuum sol-
vent) approach (46-48) was applied to the RNA bulge sites for the umbrella
sampling windows in the range —35° = 6 = 145° to analyze energetic
contributions to the bulge base looping out process. The bulge nucleotides as
well as the flanking bps were extracted from the recorded trajectories of the
umbrella sampling. The structures were evaluated using the generalized
Born continuum model (49-51) as implemented in AMBER (36) using the
mbondi set of atom radii (52) and a salt concentration of 0.15 mol 17! in
combination with a surface area dependent nonpolar solvation term. The
total energy of a conformer (E,) is given as a sum of Coulomb (Ecou),
Lennard-Jones (E,qw), bonded contributions, electrostatic solvation (Egg),
and nonpolar solvation contributions (Eg,,+ characterized by a surface area
tension coefficient, y = 0.005 kcal mol ™! A’z).

RESULTS

Unrestrained molecular dynamics simulation of
the RNA with intrahelical stacked bulge bases

Unrestrained MD simulations (4 ns) of the RNA molecules
with intrahelical stacked bulge bases (Fig. 1 A) and of the 8

s rc FIGURE 1 (A) Basepairing scheme
of the single base bulge RNAs, B, de-
notes bulge nucleotides A or U. (B)
Definition of the dihedral angle reaction
coordinate 6 used for umbrella sam-
pling (indicated as bold line between

s5RyU NI and Cl1’ atoms of the bulge base
(5RU) and the C1’ atoms of the neigh-
boring nucleotides 6 and 13).
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bp dsRNA reference structure resulted in stable root mean
square deviations (Rmsd) of the central parts of the mole-
cules with respect to the start structures (data not shown). For
the dsRNA reference structure, this agrees with an NMR
study that indicates a fully paired structure for this sequence
in solution (53). In the case of the uridine bulge some tran-
sient fraying (opening) of the terminal bp was observed. The
dihedral angle 6 as defined in Fig. 1 B was measured during
the unrestrained simulations. This dihedral angle approxi-
mately describes the angular orientation of the bulge base
with respect to the neighboring bp. In the case of the single
uridine bulge, the dihedral angle is asymmetrically distrib-
uted over a wide range of angles from —80° to —20° with the
maximum at —57° (Fig. 2). A more positive value of 6 indi-
cates motion of the base toward the minor groove (a more
negative value indicates looping toward the major groove of
the RNA). The probability distribution P(0) shows a longer
tail toward lower absolute values of 6 (minor groove con-
formations). In contrast, the P(0) distribution of the adenosine
bulge system (Fig. 2) is more symmetric, i.e., a bell shaped
curve centered at —40°, and the distribution covers a range of
~30°, i.e., it is narrower than the distribution found for the
uridine bulge system. Thus, the unrestrained simulations
indicate a greater mobility of the stacked uracil bulge base
than the adenine bulge base. A shoulder in the A bulge P(6)
appears that may arise from the occupation of an additional
substate of the bulge.

To study possible base-base interactions involving the
bulge base during unrestrained MD, the hydrogen bonding
pattern between the bulge base and bases complementary to
the bulge flanking bases was investigated (Fig. 3). The cor-
relation plots reveal hydrogen bonding interactions between
the bulge base and adjacent bps. In the case of the uridine
bulge, in most of the trajectory snapshots the bulge flanking
bps are intact and the uracil base does not interfere with the
neighboring bp geometry. In a few snapshots the classical
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FIGURE 2 Probability distribution of dihedral angle 6 for unrestrained
bulge simulations in stacked conformation with a bin width of 1°.
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basepairing of the 5’ bulge flanking bp breaks and a non-
canonical U-C bp is established. The lifetime of this bp confor-
mation is very short, as expected; i.e., the U-C bp decays
rapidly. The situation is different for the adenosine bulge system.
The correlation plot indicates a partially stable RC6-RG13 bp
and hydrogen bonding between RA5-RG13. Most of the snap-
shots exhibit a bifurcated (RC6-RG13)-RA6 base triple, i.e., the
canonical C-G bp is not completely broken (Fig. 3).

The correlation plot of the A-G bp formation with respect
to the torsion angle 6 (Fig. 4) indicates a restricted flexibility
of the adenine base when it participates in the base triple. The
formation of an A-G bp with a hydrogen bond distance of
1.9 A to 2.5 A restricts the torsion angle 6 in the range of
—50° to —30°. The disruption of this non-WC bp and the
formation of a classical conformation (WC bp and stacked
extra adenine) lead to a shift of § to more negative values.

Based on the probability distributions P(0) of the unre-
strained MD simulations, the minimum in free energy for the
stacked conformation in both bulge systems is predicted to
be at ~—60° and —40° for the uridine and the adenosine
bulge system, respectively.

Potential of mean force for the bulge base
looping out to the minor groove

The unrestrained MD simulations indicate that the bulge
bases are significantly more mobile on the nanosecond time-
scale compared to bases involved in a regular WC bp. The
potential of mean force for the bulge looping out process was
investigated using umbrella sampling with a quadratic re-
straining potential for the dihedral angle 0 (see Materials and
Methods). Investigations on the convergence of the PMF
with respect to the simulation time per sampling window
revealed that a simulation time of 2 ns per window resulted
in reasonable convergence (Fig. 5). Interestingly, the PMF
converges rapidly for 6. = —40° up to 0,y = 60° (in this
range of 6 the bulge base is still in contact with the RNA
stem structure) but requires more sampling (2 ns per win-
dow) for the looped out and solvent exposed bulge structures
(eref = 600)'

The potential of mean force for the complete bulge base
looping out process starting from the final structure of the
unrestrained simulations along the reaction coordinate 6 is
shown in Fig. 6. The free energy profiles for both uridine and
adenosine bulges exhibit a wide low free energy region cov-
ering a range of more than 30° for the bulge systems adopt-
ing a stacked conformation. The minimum in free energy of
the uridine bulge in stacked state is located at —44°, which is
close but does not exactly correspond to the maximum of the
probability distribution P(0) of the relaxed and unrestrained
structure. However, the free energy at that point (8 =—57°)
is <0.25 kcal mol ' higher. The adenosine bulge RNA
in stacked conformation has its minimum in free energy at
0 = —40°, which is in exact agreement with the expectation
from the torsion angle distribution of the unrestrained
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simulation. The bulge base looping out toward the major
groove, i.e., more negative values of 6, leads to a plateau in
free energy, which is at 6 ~ —60° only 0.5 kcal mol " higher
than at 8 = —40°.

Looping out of the uridine bulge to the minor groove
(increasing values of ) starting from the stacked state results
in an increase in free energy, which can be explained by the
introduction of tensions in the RNA backbone of the bulge-
containing strand and a decreasing RG4/RUS base stacking.
The PMF reaches a maximum at § = —5°, which is asso-
ciated with a structural change in the bulge region of the
molecule. This transition state is ~3.7 kcal mol~' higher in
free energy than the initial state. The bulge base slides out of
the helical stack and a hydrogen bond is established between
RG4.H21 (NH, group) and RU5.04, i.e., a RG4-RC14-RUS5
base triple is formed (Fig. 7). Interestingly, an analogous
base triple has been observed by other authors using MD
simulations with a single uracil bulge base establishing an
RA.H6-RU.O4 hydrogen bond to its 5’ flanking A-U bp in

&
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FIGURE 4 Correlation between RAS5.H61-RG13.06 hydrogen bond
length and torsion angle 6 during unrestrained adenosine bulge simulations.
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the minor groove (25). The base triple conformation relaxes
by further looping out, reaching a minimum in free energy at
6 = 25°, which is even lower than the initial stacked con-
formation by ~1 kcal mol . The base triple is stable up to
0 ~ 60°. Further looping out releases the bulge base to the
minor groove to become completely solvent exposed. The
PMF then maintains a constant level of AG & 5.5 kcal mol ™!
with respect to the initial stacked conformation.

Looping out the adenine bulge base results in a qualita-
tively similar PMF profile. The adenine base slides out to the
minor groove at § ~ —7° and forms a base triple with the 5’
flanking bp. However, in contrast to the uridine bulge this
base triple has a completely planar geometry (Fig. 8; in the
case of the uracil bulge base, the bulge base is in a tilted
orientation relative to the adjacent bp; Fig. 7). The barrier
between stacked and triple state is ~3 kcal mol ™', slightly
lower than the corresponding transition state of the uridine
bulge system. In contrast to the equivalent barrier in the case
of the uridine bulge, it has a shoulder located at 6 = —15°.

AG [keal/mol]

2 L . . .
-40 20 0 20 40 60 80 100 120 140
6 [deg]

0-1000 ps -

0-100 ps — 0-500 ps ------ 0-2000 ps -
FIGURE 5 Convergence of the potential of mean force calculations on
uridine bulge with respect to sampling interval (data gathering time is given

after 50 ps equilibration during each 5° step in the dihedral angle 6).
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FIGURE 6 Potential of mean force (2 ns data gathering per 5° step) for uri-
dine and adenosine bulge base looping out along the reaction coordinate 6.

This shoulder arises from the formation of an intermediate
hydrogen bond between RA5.H62 and RC14.02 as well as
by interbase stacking between RA5 and RC6. The coplanar
orientation of the adenine bulge base in the triple base with
the adjacent RG4-RC14 bp allows the formation of hydrogen
bonds to both the guanine and the cytosine base with an
average bond length of (RA5.N7-RG4.H21) = 2.0 A and
r(RA5.H61-RC14.02) = 2.2 A, respectively. This bulge
conformation has its minimum in free energy at 6 = 15° and
is ~0.5 kcal mol~" higher than the stacked conformation.
Further looping out results in an increase of the calculated
PMF. The base triple is retained up to 40° and then the
adenine bulge base is released toward the minor groove. The
completely looped out conformation of the adenosine bulge
RNA molecule is ~7 kcal mol ' higher in free energy than
the initial stacked conformation. This result indicates that in
the case of an extra adenosine bulge the full looping out
requires ~1.5 kcal mol~' more free energy than the same
process in the case of a uridine bulge.

Evolution of the backbone conformation

The bulge base looping out process is also accompanied by
conformational rearrangements of the RNA backbone at the

w8 #

FIGURE 7 Stereo view of the uridine bulge (simulation snapshot) located
in the minor groove forming a base triple with the 5" flanking bp during the
PMF simulations at 6. = 25°.
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FIGURE 8 Stereo view of the adenosine bulge forming a base triple with
the 5’ flanking bp in the minor groove during the PMF simulations of the
adenosine bulge system at ,.f = 15°.

bulge nucleotide itself as well as at the 5’ flanking nucle-
otide. Fig. 9 shows the average values of the six backbone
torsion angles of the bulge nucleotides and their flanking
nucleotides.

The conformational changes in the RNA backbone at the
bulge sites are accompanied by a slight decrease of y5 as well
as of ¢ and {5 (backbone torsion angles at the bulge nucle-
otide) in going from the stacked conformation to the base
triple, due to the coaxial rotation of the ribose sugar ring of
the bulge nucleotides. The key backbone torsion angle change
appears to be the increase in ¢s since it is seen in both the
uridine and adenosine bulge cases. The result indicates that
partial looping out and formation of a base triple in the minor
groove does not require major changes in the nucleic acid
backbone structure. However, at values of 6 ~ 65°, when the
base triple disrupts and the bulge base is released the normal
vector of the ribose mean plane alters from a perpendicular to
a parallel orientation with respect to the helical axis. The full
looping out process is accompanied by a concerted rise of &5
and a drop of {s. In addition, the bulge nucleotide ribose
rings change their sugar pucker from the C3’ endo to the C2’
endo conformation, indicated by the rise of &5 (Fig. 9). The
torsion angle a5 changes transiently from the —g to the +¢
regime. Interestingly, in the case of the looped out adenine
bulge base (§ > 80°) one can also observe both a change in
the ¢, torsion angle and the ribose pucker toward a C2’" endo
state one nucleotide before the bulge site.

The conformational changes are not restricted to the bulge
nucleotide alone. The backbone of the 5" flanking nucleotide
is also affected by the bulge base looping out process. In
particular, the torsion angles ¢ and { change their regime that
reveals a flip over of the phosphate linker group orientation.
Furthermore, the sugar pucker of the adjacent guanosine
(nucleotide 4) switches from the C3’ endo to the C2’ endo
conformation in the case of the uracil bulge base looping out.
The observed «/7y flips at the 5’ uridine adjacent nucleotide
do not interfere with the dihedral angle 6 and thus do not
affect the free energy profile. Since in each step of the
looping out simulation a set of three consecutive windows is
sampled at once, the entire looping out path is accomplished
within a few nanoseconds of MD simulation and does not
exceed the average lifetime of the flipped a/y conformation.
Hence, a relaxation or even frequent transitions were not
observed during these studies.
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The comparison of the structures at the final sampling
window, i.e., 8 = 145°, shows different backbone confor-
mations at the bulge sites. However, key features observed in
both looped out adenosine and uridine bulges are a concerted
change of ¢ and { at the bulge nucleotides as well as a tran-
sition of the bulge and 3'-neighboring nucleotide sugar
pucker toward C2'-endo states (the transition at the neigh-
boring nucleotide was only partially seen in the case of the
adenosine bulge structure). Very similar backbone confor-
mations have been observed in experimental structures of
looped out extra nucleotides (14). The obtained final con-
formations of the adenosine and the uridine bulge site are
very close to experimental structures, as demonstrated by the
superposition of a snapshot from the simulation and the
experimental structure of the MS2 phage adenosine bulge
(15,54; Fig. 10).

Helical parameters of initial and final states

The helical parameters for the bulge systems in stacked as
well as in looped out conformation were calculated from the
trajectories at 6. = —35° and +145° using the program
Curves (40,41). Most of the average helical bp parameters
were not significantly affected by the presence of the central
bulge nucleotide compared to a simulation of the dsRNA
reference structure. Note, that the Curves analysis of the
bulge-containing molecules only concerns the helical pa-
rameters of the bps (the bulge base is not included).

As expected the presence of the bulge base in the stacked
form affects the rise and twist between flanking bps. Inter-

0 20 40 60 80100120140
Brer [deg]

estingly, the increase in rise is localized to the step between
bulge flanking bps but also affects the next nearest neigh-
boring bp steps in the case of the uridine bulge. For both
bulge cases an ‘‘overtwisting’’ of the step formed by the bps
flanking the bulge was observed, whereas a reduced twist of
the next bp step was found (Figs. 11 and 12). The bulge also
results in an increased tilt of the central bp step.

For the looped out conformation of both bulge systems,
the situation is different. The base-base as well as the inter-
basepair parameters of the adenosine bulge RNA are in good
agreement with those of the parent RNA molecule (Fig. 12).
This includes rise and twist of bps flanking the bulge nucleo-
tide as well as the average roll and twist angles. The uridine

FIGURE 10 Superposition of experimental (blue) and simulated (red)
adenosine bulge structures with respect to the C1’ atoms of the bps. (A)
Snapshot from a simulation in the stacked state compared to an experimental
stacked adenosine bulge; Protein Data Bank code 17RA (54). (B) Snapshot
from a fully looped out bulge state (6, = 145°) compared to the experi-
mental structure of a single adenosine bulge of the phage MS2 RNA
operator; Protein Data Bank code 1E6T (63).

Biophysical Journal 90(7) 2450-2462
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FIGURE 11 Averaged helical bp and base
step parameters of uridine (red) and adeno-
sine (green) bulged RNA in stacked confor-
mation as well as of canonical dSRNA (blue)
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bulge RNA has slightly different properties in the looped out
conformation than the adenosine bulge RNA. One reason is
the different backbone conformation around the bulge
nucleotide, which results in an insufficient bp stacking of
both bulge flanking bps. A small increase of twist and tilt
angles at the bulge bp step and a local undertwisting at the
subsequent bp step as well as a shift of rise in the bulge
adjacent bp step was observed compared to the regular helix.

Energetics of the looping out process using the
MM-GBSA approach

The umbrella sampling method allows us to calculate the
potential of mean force or free energy change along the
looping out reaction coordinate including energetic as well
as entropic contributions. To get an impression on the various
energetic contributions to the process MM-GBSA were per-
formed (46,48). The analysis was performed on the recorded
trajectories (only solute coordinates) of the sampling win-
dows with 200 frames per window. The potential energy was
averaged over the trajectory and decomposed into its ener-
getic contributions. The nonbonded energy contributions,
e.g., van der Waals, Coulomb, and generalized Born energy
are of particular interest. To reduce the influence of fluc-
tuations due to interactions far away from the bulge site, the
MM-GBSA approach was applied to the core region of the
RNA molecules; i.e., the bulge nucleotides and the flanking
bps were extracted from the trajectories. The resulting average
MM-GBSA energy contributions still showed considerable
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fluctuations between neighboring simulation trajectories.
Nevertheless, clear trends to estimate energetic contributions
for stacked, intermediate triple and fully looped bulge con-
formations can be extracted. The results of the MM-GBSA
calculations (Figs. 13 and 14) roughly reflect the PMF profile
generated by the umbrella sampling. The profiles of the
potential energy and the nonbonded energies can be divided
into three regimes representing the stacked, the intermediate
base triple, and the looped out conformation.

For the uridine bulge RNA, the potential energy rises in
going from the first to the second regime, i.e., when the bulge
base slides out of the helical stack to form the base triple with
the adjacent bp. The van der Waals energy is reduced due to
the loss of base stacking interaction upon slide out of the
base. The base triple formation results in a decrease of both
the potential energy and the van der Waals energy. After
crossing a barrier of ~6 kcal mol ' with respect to the stacked
state, the potential energy is even lower in the base triple
conformation than for the initial stacked state (by ~2 kcal
mol ' compared to ~1 kcal mol™' found in the PMF cal-
culation). The barrier height is similar to the barrier height
obtained during the PMF calculation (~4 kcal mol™ ). The
intermediate base triple structure is stabilized by electrostatic
interactions but has a slightly higher van der Waals energy
compared to the stacked state. At 6 ~ 60°, when the base
triple breaks, the total energy and especially the van der
Waals energy and nonpolar surface area dependent contri-
bution increase. The electrostatic energy (sum of Coulomb
and generalized Born (GB) solvation energy) increases when
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FIGURE 12 Averaged helical bp and base
step parameters of adenosine (red) and adeno-
sine (green) bulged RNA in looped out confor-
L 1 mation as well as of canonical parent RNA
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the bulge base slides out and contributes together with the
van der Waals term to the energy barrier for looping out of
the bulge base. The base triple formation results in a decrease
of electrostatic energy, i.e., a stabilization of the structure, due
to the formation of a new hydrogen bond and more favorable
electrostatic solvation. The electrostatic energy decreases fur-

-510 T T T T T T T

L
3/4
basepair step

I L
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parent RNA

ther when the base triple breaks at § = 60°. The total calculated
MM-GBSA energy difference between stacked and looped out
uracil structures was ~7 kcal mol ™', slightly larger than the
calculated PMF free energy difference (5.5 kcal mol™").

The adenine base looping out exhibits qualitatively similar
features in the energy profiles as observed for the uracil
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bulge base. Again one can distinguish two low energy re-
gimes. In this case the lowest energy regime represents the
bulge stacked state separated from a second low energy
regime representing the minor groove triple state. Interest-
ingly, similar to the calculated PMF the stacked state MM-
GBSA energy is slightly lower (~0.5 kcal mol™") than the
minor groove triple state. Also, the barrier energy height
separating the stacked and triple states appears to be slightly
smaller (~4 kcal mol ') than for the uridine bulge, which
was also found for the PMF profiles. The fully looped out
regime (9 > 60°) differs in total energy by ~9 kcal mol '
from the stacked state (Fig. 14). Interestingly, the electro-
static contribution strongly stabilizes the triple state and in
contrast to the uracil looping out process, the electrostatic
energy increases beyond 6 = 70°, when the adenine base
becomes completely solvent exposed. Consistent with the
results from the PMF calculations, looping out of the uracil
bulge is predicted to be more favorable by ~2 kcal mol ™
compared to looping out of an adenine bulge.

Further looping out and flipping toward
the major groove

To obtain a full cycle of bulge base looping, we attempted to
loop the bulge bases in the looped out conformations (0.t =
145°) further toward the major groove. However, further in-
crease of the dihedral angle 6 resulted in conformations with
the vectors RB5.N1(N9)-RB5.C1’ and RB5.C1'-RC6.C1’,
which determine the dihedral angle 6, becoming colinear and
remaining trapped in this conformation. This observation in-
dicates that the pseudodihedral angle 6 is not useful to loop
out the bulge base beyond 0 values above ~150°.
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We also tried to loop out the bulge bases from the initial
conformation toward the major groove starting from sam-
pling window 6. = —35°. Looping out along the major
groove pathway includes passing the bulge nucleotide ribose
unit through the helical stem. The movement of the polar
sugar through the intrahelical space between the helical
stems was unfavorable and lead to a disruption of the
flanking bps at ,.f = —80° and also changes of the backbone
at the complementary strand. Disruption of the flanking bps
could not be prevented by including restraints to keep the
flanking bps in a paired geometry during an equilibration
phase. It occurred in both bulge RNAs and was independent
of the starting structure and simulation time. Further looping
out did not lead to a ‘“‘reclosure’’ of flanking bps. Our
conclusion from this result is that the barrier of bulge looping
out to the major groove appears to be considerably higher
than looping out to the minor groove. The forced movement
of the bulge base and the ribose sugar through the narrow
cleft between the flanking bps leads to major conformational
changes that do not relax on the timescale of our simulations.

DISCUSSION

Extra unmatched bulge bases are frequently found in folded
RNA molecules and often participate in RNA-ligand as
well as tertiary interactions (6,8,9). Structural and molecular
modeling studies of single base bulges indicate that this
motif can adopt a variety of conformations and can change
its conformation upon ligand binding (14-16,55-57). In this
study, explicit solvent MD simulations have been used to
study the dynamics of uridine and adenosine bulges in RNA
and compare it with the dynamics of regular dsSRNA. In the
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unrestrained simulations on the bulges starting from intra-
helical stacked conformations, both adenine and uracil bulge
bases showed larger mobility than bases involved in WC bps
and formed temporary non-WC bps or bifurcated bps to
flanking bases on the opposite strand. However, no sponta-
neous transition to a looped out conformation was observed,
indicating a barrier to slide out of the stacked state.

In addition, the process of single bulge base looping out
along the minor groove pathway was studied by applying the
umbrella sampling method using a pseudodihedral angle as
reaction coordinate supplemented with MM-GBSA studies
on the generated conformers. The calculated free energy
profiles for the forced uracil and adenine looping out process
exhibited similar characteristics. A broad low free energy
region around the stacked initial conformation was found
which agrees with the broad probability distribution of the
dihedral angle 6 observed during unrestrained simulations.
This also agrees with previous MD studies on other bulge
systems (25,26) and NMR studies (58) that indicate larger
mobility of bulge bases even in the stacked intrahelical state.
Looping out to the minor groove lead to the sliding out of
the bulge base from the helical stack. This sliding out is
accompanied with a decrease of stacking interactions and an
increase in backbone tension that causes an increase in free
energy. Further looping out passes an energy barrier and
enables the formation of intermediate base triples with the 5’
flanking bp, which are very stable over a range of § = 40—
60°. In the case of the extra uracil, this conformation was
found to be more stable than the stacked intrahelical bulge
conformation. Interestingly, this result agrees with an NMR
structure of a single uracil bulge in the P4 element from
bacterial RNase P that also indicates an extrahelical bulge
base contacting the RNA minor groove (59). Interestingly, in
arecent MD study of the concerted breaking of a bp in RNA
and looping out of an adenine base, a second local free
energy minimum (besides the stacked and basepaired state)
was also found with the adenine base located in the minor
groove (60). When the base triple conformations were broken
upon further looping out, the bulge bases become fully
solvent exposed without contacts to the RNA. This event
was accompanied by characteristic changes in the nucleic
acid backbone; e.g., ribose pucker has changed from the
C3’ endo to C2' endo conformation at the bulge and the
3’-neighboring nucleotide and concerted changes in the ¢
and ¢ torsion angles. Similar backbone conformations have
been described in x-ray structures of looped out single
adenosine bulges in A-form RNA/DNA hybrids (14) and
have been found in previous conformational analysis studies
of single base bulges (56). The final fully looped out con-
formation of the adenosine bulge also showed close agree-
ment (in terms of atomic Rmsd) with the single adenosine
bulge x-ray structure of the phage MS2 RNA (15).

For both the uridine as well as the adenosine bulge, the
PMF calculations predicted a positive free energy change of
5.5 and 7 kecal mol ™", respectively, for the fully looped out
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versus stacked conformation. A positive free energy change
is expected due to the loss of bulge base stacking interactions
as well as by the solvent exposure of the hydrophobic bulge
bases. Since the adenine base interacts more strongly with
the bulge flanking bps and is more hydrophobic, the free
energy difference between stacked and looped out states is
larger than for the uracil bulge base. In the case of the aden-
osine bulge, the calculated preference of the stacked state
agrees with the observation that in solution single adenosine
bulges tend to adopt a stacked intrahelical conformation (55).
However, conformations with the adenine bulge base con-
tacting the RNA minor groove have also been observed, for
example, for a uracil to adenine mutation of the single base
bulge of the P4 stem of RNase P (61). In the case of the
uridine bulge, extrahelical structures have been found, how-
ever, often with the bulge base still contacting the RNA helix
(59), agreeing qualitatively with this study of a stable
extrahelical uracil base contacting the RNA in the minor
groove. When comparing the calculated free energy changes
with an experimentally observed equilibrium of stacked ver-
sus looped out bulge conformers, it is important to keep in
mind that looped out forms represent an ~4 times larger
range of conformers with respect to the present reaction co-
ordinate than stacked bulge structures (see Fig. 6). This
larger conformational range of looped out forms lowers the
effective free energy difference between stacked and (any)
looped out form by ~1 kcal mol~'. As expected the cal-
culated free energy for looping out of a bulge base is smaller
than results obtained for the combined breaking of a bp and
subsequent looping out one base (32,33,60,62). Depending
on the type of bp in DNA (32,33,62) and RNA (32,60), free
energy changes of 10-23 kcal mol™' were found. It should
be emphasized that the free energy difference associated with
the looping out of a bulge base might depend considerably
on the sequence context. Both the bulge base interaction with
neighboring bps in the intrahelical stacked state as well as the
stacking interaction of neighboring bases in the looped out
state will influence the free energy difference. It is also likely
that the stability of intermediate states (e.g., base triples) de-
pends on the surrounding sequence. A systematic analysis of
the sequence context dependence is possible in future studies
by performing free energy calculations of bulge base looping
in different sequence environments.

MM-GBSA calculations based on the recorded trajectories
showed significant variations between neighboring simula-
tion windows, however, reflected the characteristics of the
looping out process obtained from the PMF calculations
qualitatively well. The calculated MM-GBSA energy differ-
ences between looped out and stacked bulge conformations
were slightly larger than the corresponding free energy dif-
ferences from the PMF calculations. This is expected since
the higher conformational entropy (mobility) in the looped
out states (not accounted for in the MM-GBSA calculations)
stabilizes the looped out state, resulting in a lower PMF free
energy difference between stacked and looped out forms
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compared to the MM-GBSA results. The MM-GBSA calcu-
lations indicated that electrostatic interactions overall favor
the looped out and base triple structures, whereas van der
Waals and nonpolar solvation contributions strongly favored
the stacked state.

For large values of the dihedral angle 6 (fully looped out
bulge structures), the problem of a co-linear arrangement of
the vectors that determine the dihedral angle was observed.
This observation points to a limitation of the range of useful
values of the dihedral angle 6 as a reaction coordinate to
drive the looping out of the bulge bases. This effect has so far
not been described in base flipping studies of regular bps in
DNA or RNA using similar (but not identical) dihedral angle
reaction coordinates (33,60,62).

In addition, the looping out toward the major groove
(starting from stacked structures) lead to significant struc-
tural changes including a disruption and opening of bulge
flanking bps. The pathway toward the major groove involves
the ribose of the bulge nucleotide to slide through the narrow
space of the two flanking bps and introduces mechanical
stress into the strands. Sterical interactions and strong hy-
drogen bonding interactions of the ribose 2’'-OH group with
the O4' of the bulge flanking ribose formed during the
looping out toward the major groove are the likely reasons
for the observed perturbation of bulge flanking bps. A
conclusion from this result is the prediction of a higher
barrier for looping out of bulge bases in RNA toward the
major groove than toward the minor groove. The molecular
mechanism of bp disruption and subsequent base flipping out
of the helix has been investigated by several groups using
MD simulations applying the umbrella sampling method
(29,30,32,33,60,62). Interestingly, in the case of the com-
bined bp breaking and base looping out PMF calculations,
the perturbation of flanking bps upon flipping toward the
major groove has not been observed. In the case of B-DNA
the major groove base flipping pathway was found to be the
more favorable pathway (32). However, in a recent study of
bp breaking and base flipping in A-RNA, the minor groove
pathway was found to be more favorable than major groove
looping out (60). An important difference between bulge
base flipping out and combined bp breaking and base flip-
ping is the presence of a base opposite of the flipped base
in the latter process. The base in the opposite strand keeps a
larger space between the bps that flank the flipped base,
allowing the ribose to easily slide through the helical structure.
The absence of such a “‘space holder’’ on the opposite strand in
the case of single base bulges results in a much narrower space
and limits the motion of the ribose toward the major groove.

CONCLUSIONS

Extra unmatched bulge bases are important RNA structural
motifs that can mediate tertiary interactions and participate in
drug and protein binding. Such binding and recognition
events can involve conformational changes in the bulge
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motif. An estimate of associated free energy changes to loop
out a bulge base or to reach stable substates is important to
better understand its contribution to binding and tertiary struc-
ture formation. The current comparative simulation study on
the process of looping or flipping out an extra adenine and an
uracil bulge base in RNA allowed us to estimate the cor-
responding change in free energy, to characterize energy
barriers and stable intermediate substates, and to characterize
energetic contributions to the process. Overall good agree-
ment of the starting and final structures of the looping out
process with available experimental data was observed. The
calculated free energy penalty for looping out starting from
stacked states was larger for an adenosine versus uridine
bulge and revealed stable substates of similar free energy
with the bulge bases located in the minor groove forming
triple-like pairing geometries. A transition barrier of ~3-4
keal mol ™! was obtained for the sliding out of the bulge base
toward the minor groove. This barrier is significantly above
RT (gas constant times temperature) at room temperature but
indicates that occasional spontaneous flipping between stacked
and partially looped out states is possible. The calculations also
indicate that flipping out of bulge bases toward the minor
groove appears to be more favorable than flipping toward the
major groove.
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