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ABSTRACT: Structure and energetic properties of base pair mismatches in duplex RNA have been the
focus of numerous investigations due to their role in many important biological functions. Such efforts
have contributed to the development of models for secondary structure prediction of RNA, including the
nearest-neighbor model. In RNA duplexes containing GU mismatches, 5′-GU-3′ tandem mismatches have
a different thermodynamic stability than 5′-UG-3′ mismatches. In addition, 5′-GU-3′ mismatches in some
sequence contexts do not follow the nearest-neighbor model for stability. To characterize the underlying
atomic forces that determine the structural and thermodynamic properties of GU tandem mismatches,
molecular dynamics (MD) simulations were performed on a series of 5′-GU-3′ and 5′-UG-3′ duplexes in
different sequence contexts. Overall, the MD-derived structural models agree well with experimental data,
including local deviations in base step helicoidal parameters in the region of the GU mismatches and the
model where duplex stability is associated with the pattern of GU hydrogen bonding. Further analysis of
the simulations, validated by data from quantum mechanical calculations, suggests that the experimentally
observed differences in thermodynamic stability are dominated by GG interstrand followed by GU
intrastrand base stacking interactions that dictate the one versus two hydrogen bonding scenarios for the
GU pairs. In addition, the inability of 5′-GU-3′ mismatches in different sequence contexts to all fit into
the nearest-neighbor model is indicated to be associated with interactions of the central four base pairs
with the surrounding base pairs. The results emphasize the role of GG and GU stacking interactions on
the structure and thermodynamics of GU mismatches in RNA.

GU mismatches are an integral part of RNA structures.
These mismatches comprise about 50% of all mismatches
in RNA (1-3) and up to 15% of all the base pairs in the
RNA of some species. Accordingly, GU mismatch motifs
are indispensable to the proper biological function of many
RNAs (4-9). Thus, an understanding of the structural and
thermodynamic properties of mismatched GU base pairs in
RNA is as important as such an understanding of Watson-
Crick (WC)1 base pairing interactions.

A large body of experimental work has been performed
on mismatch-containing RNA duplexes using techniques
such as NMR and X-ray structural determination and
measurements of thermodynamic stability (10-16), among
others. These experimental studies have shown that the
A-form conformation typical for RNA (17) is largely intact
upon insertion of a few mismatched base pairs with confor-
mational distortions localized to the mismatch and the
nucleotides directly adjacent to the mismatch (13, 14).
Accordingly, the thermodynamics and structures of mis-
matches are believed to be determined largely by the

interactions within the mismatched pairs and between the
mismatched pairs and its nearest neighbors. Thus, the
secondary structures of the mismatches can be easily
predicted using the nearest-neighbor model (11), which has
been widely used for both DNA and RNA. Central to the
nearest-neighbor model is the assumption that the secondary
structure is not significantly perturbed. However, this model,
although relatively successful, has been shown to not be valid
for selected single mismatches in different contexts (18, 19).
Other techniques for secondary structure prediction, such as
free energy minimization (20-22), have also only achieved
limited success for mismatches (22, 23).

Thermodynamic parameters of GU mismatches have
revealed some interesting phenomena. 5′-UG-3′ tandem
mismatches make a more favorable contribution to the
stability of RNA duplexes than the 5′-GU-3′ mismatches in
the same sequence context (10). A GU mismatch is more
stabilizing in GGUC than in CGUG, AGUU or UGUA in
RNA octamers. Furthermore, thermodynamic data for all
duplexes containing the 5′-GU-3′ motif do not fit the nearest-
neighbor model (24). In combination, these results suggest
that tandem GU mismatches have unique structural properties
leading to the observed thermodynamic stabilities.

The structural basis for the different thermodynamic
behavior of tandem GU mismatches in different sequence
contexts was proposed by Turner and co-workers on the basis
of NMR-based structures and thermodynamic data (10). They
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proposed two models with one or two hydrogen bonds
between each GU mismatch (Figure 1). It was suggested that
a one hydrogen bond model is associated with a small free
energy change, while a two hydrogen bond conformation
corresponds to a larger free energy change. These experi-
ments have greatly enhanced our understanding of the
possible conformations of the mismatches and their relation-
ship to the stability of RNA. However, the underlying forces
that determine the conformational preferences are still largely
unknown; interstrand hydrogen bonding, complementary
electrostatics of base steps, and stacking interactions have
been suggested to make important contributions to the
stability of the duplexes (14), and solvation contributions,
given the essential role of hydration in nucleic acid structure
(25, 26), must also be considered. In addition, structural
models obtained from NMR data can be equivocal in certain
cases (10, 13) where local conformational features cannot
be unambiguously determined, hindering the further elucida-
tion of structure-stability relationships.

Empirical force field based molecular modeling, including
molecular dynamics (MD) simulations, is a valuable alterna-
tive to resolve such issues (27). To gain a clearer picture of
the conformational preferences of the tandem GU mis-
matches in different sequence contexts and relate them to
their thermodynamic stability, MD simulations were per-
formed on a series of RNA duplexes with tandem GU
mismatches that have been subjected to experimental studies
(10). Resulting structural models from the simulations are
in good agreement with published NMR-derived structural
data. Detailed analysis of the simulations indicate that
interstrand GG and intrastrand GU stacking interactions
dominate the orientations of the mismatched base pairs and
suggest a model of how these interactions dictate the
observed experimental stabilities.

METHODS

MD simulations were performed using the program
CHARMM (28) with the CHARMM27 nucleic acid force

field (29-31) and the modified TIP3P water model (32).
All starting structures were the canonical A-form (33) and
were prepared with QUANTA (34). Starting structures were
overlaid with a preequilibrated solvent box consisting of
water and sodium ions or NaCl, as required (see below).
The solvent box was extended 8 Å beyond the nucleic acid
non-hydrogen atoms. Solvent molecules with non-hydrogen
atoms that were within 1.8 Å of nucleic acid non-hydrogen
atoms were deleted. The number of sodium ions in the
solvated systems was adjusted to yield NaCl concentrations
of approximately 0.3 and 1 M by deleting sodium ions that
were furthest from the oligonucleotide or adding sodium and
chloride ions at random positions. The number of chloride
ions was adjusted to neutralize the systems for the high salt
concentration (1 M). The salt concentrations of 0.3 and 1 M
were selected to correspond approximately to the concentra-
tions used in the NMR and thermodynamic stability experi-
ments, respectively (10, 24). Periodic boundary conditions
were simulated using the CRYSTAL module (35) in
CHARMM. Each system was minimized for 500 adopted
basis Newton-Raphson (ABNR) steps with mass-weighted
harmonic restraints of 2.0 kcal/(mol‚Å) on the non-hydrogen
atoms of the oligonucleotide. The minimized systems were
then subjected to a 20 ps MD simulation in the constant
volume, isothermal (NVT) ensemble in the presence of the
harmonic restraints on the RNA. The integration time step
was 2 fs, and SHAKE was used to constrain all covalent
bonds involving hydrogens (36). In all calculations, elec-
trostatics were treated via the particle mesh Ewald method
(37, 38), Lennard-Jones interactions were truncated at 12 Å
with a force switch smoothing function (39) from 10 to 12
Å, and the nonbond atom lists were updated heuristically.
Production simulations were performed for 5 ns in theNPT
ensemble at 300 K with the Leapfrog integrator. TheNPT
ensemble was achieved using Hoover chains (40) for
temperature control with a thermal piston mass of 1000 kcal/
(mol‚ps2) at 300 K with pressure control to 1 atm via the
Langevin piston method (41) with a piston mass of 600 amu
and the piston collision frequency set to 0. No restraints were
used in the production simulations. The final 4 ns from each
trajectory were used for analysis on time frames saved every
2 ps. Analysis was performed by calculating the respective
properties from the individual time frames and then averaging
over the values from all the time frames in the production
portion of the trajectory.

QM calculations were performed with the Gaussian 98
and 03 packages (42) with the 6-31G*, 6-311+G**, and the
aug-cc-pVDZ (43) basis sets at the MP2 level of theory (44).
LMP2 calculations (45) were performed using version 4.1
of the program Jaguar (Schro¨dinger Inc.). In addition to the
above basis sets, the 6-31G basis set with diffuse polarization
functions on all non-hydrogen atoms with an exponent of
0.25 was also used (6-31G*(0.25)). The 6-31G*(0.25) basis
set has been shown to provide a better description of
dispersion energy in stacking interactions between nucleic
acid bases (46, 47) over standard basis sets. Unless noted,
optimizations were performed to the default tolerances at
the MP2/6-31G* level. Base pairing calculations were
performed with the base planarity enforced. For stacking
interactions, geometries for the respective base non-hydrogen
atoms were obtained from the MD simulations with the
stacking interaction energies including both electrostatic and

FIGURE 1: Schematic diagram of potential hydrogen bonds between
the GU mismatched pairs: (A) two hydrogen bond model with (G)-
O6-(U)H3 and (G)H1-(U)O2 hydrogen bonds; (B) one hydrogen
bond model with a (G)H1-(U)O2 hydrogen bond and a possible
contribution from a (G)H21-(U)O2 interaction leading to a three-
centered hydrogen bond.
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van der Waals (VDW) contributions. Hydrogen atoms were
added to the N1 or N9 atom of the pyrmidines and purines,
respectively, and the structures were optimized at the MP2/
6-31G* level with the nuclear coordinates of all non-
hydrogen atoms frozen; similar constraints were used for all
of the monomers to calculate the interaction energies. Single-
point energy calculations at the MP2 level were done with
the 6-31G*(0.25), 6-311+G**, and aug-cc-pVDZ basis sets.
The interaction energies were corrected for basis set super-
position error (BSSE) using the counterpoise correction
methodology (48).

RESULTS

Three pairs of duplexes were studied (Table 1, duplexes
Ia and Ib , IIa and IIb , and IIIa and IIIb ) with the only
difference being the order of the GU mismatches in each
a,b pair. In addition, control sequences (Table 1, duplexes
IVa, IVb, Va , and Vb) corresponding toI and II were
studied. Several of the duplexes with mismatches have been
subjected to NMR and thermodynamic experiment, and
therefore, direct comparison between simulations and experi-
ment can be made to validate the presented MD simulations.
The results from MD simulations at salt concentrations of
0.3 and 1 M were similar based on structural analysis. For
example, the backbone dihedral angles for the central four
nucleotides were almost identical (see Tables S1 and S2 of
the Supporting Information). Accordingly, only the simula-
tions at 1 M NaCl are presented in detail for brevity, unless
otherwise noted.

OVerall Structure.Average root-mean-square (RMS) dif-
ferences for the central six base pairs over the final 4 ns of
the MD trajectories with respect to the canonical A-form or
experimental structures are presented in Table 2. As is
evident, the structures stay close to the experimental and
canonical A-form structures. Additional structural analysis
was performed by obtaining the average dihedral angles for
the central four nucleotides (Tables S1 and S2). In all cases,
the average values are similar to those from canonical A-form
RNA (Tables S1 and S2, bottom). Combined, the average
RMS differences and dihedral angles show that the simulated

structures were similar to the available NMR or canonical
A-form (49) structures. These results are consistent with the
notion that the A-form structures of duplex RNA are mostly
intact despite insertion of the mismatched base pairs (13,
14, 50).

More detailed analysis was performed by calculating the
average values of slide, rise, and twist for the central five
base steps in the simulations. The resulting data is in Table
3 for the structures with GU mismatches and in Table 4 for
the control sequences. In general, the values are similar to
those in A-form structures, consistent with the RMSD and
dihedral data discussed above. However, with the mis-
matches, there are local deviations from the standard A-form
values. This is clearly seen from comparison of the mis-
matches (Table 3) with the respective control sequences
(Table 4). For example, values of twist for the central three
base steps show alternating values versus similar values for
the central three base steps in the control duplexes. Specif-
ically, the central base step had a small twist and the two
neighboring steps showed large twist values when the
mismatch order is 5′-UG-3′ (Ia, IIa , and IIIa ), while the
reverse pattern was observed for the central three base steps
for the 5′-GU-3′ mismatches (Ib , IIb , and IIIb ). Similar
patterns are present for slide; that is, when the twist is small,
the slide is large for the central three base steps, or vice versa.
Other helical parameters changed accordingly, although the
pattern is less obvious (not shown). Such variations for both
types of 5′-GU-3′ and 5′-UG-3′ mismatches are in agreement
with values from NMR-derived structures (Tables 3 and 4)
(13, 14, 50-52), although some differences between the MD
and NMR values are present. Such differences may be due
potential limitations in the NMR restraint data as well as
force field contributions associated with use of the AMBER
force field (53) for the NMR structure determination versus
use of CHARMM in the present, unrestrained MD simula-
tions. However, in combination, data from the present MD
simulations and the NMR structures point toward a unique
sequence-specific structural pattern present in the tandem GU
mismatches.

Hydrogen Bonding between GU Mismatches.GU base pair
mismatches typically form either one or two hydrogen bonds.
In the two hydrogen bond scenario (Figure 1A), both the
(G)O6-(U)H3 and (G)H1-(U)O2 interactions occur. The
one hydrogen bond scenario (Figure 1B) involves a single
(G)H1-(U)O2 hydrogen bond, possibly being supplemented
with a (G)H21-(U)O2 interaction, leading to a three-
centered hydrogen bond. In both cases, longer hydrogen
bond-like interactions can occur (e.g., (G)H21-(U)O2 for

Table 1: RNA Duplexes Included in This Studya

ID duplex
[NaCl]

(M) TGU
b TWC

c Tm NMRd
no. of

H-bondse

Ia GGCUGGCC 0.3, 1 66 68 65 2
Ib GGCGUGCC 0.3, 1 35 50 56 x 1
IIa GAGUGCUC 0.3, 1 50 50 50 x 2
IIb GAGGUCUC 0.3, 1 45 43 47 x 2
IIIa GGAUGUCC 0.3, 1 50 50 52 x 2
IIIb GGAGUUCC 0.3, 1 15-30 30 39 x 1
IVa GGCUAGCC 0.3, 1
IVb GGCAUGCC 0.3, 1 69
Va GAGUACUC 0.3, 1 56
Vb GAGAUCUC 0.3, 1

a Experimental data as reported in Table 3 of ref10. Melting
experiments were performed in 1 M NaCl, 20 mM sodium cacodylate,
and 0.5 mM sodium EDTA, pH 7.0.b Temperature at which the GU
imino proton resonances are no longer observed.c Temperature at which
the WC imino proton resonances are no longer observed.d Duplexes
with available 3D experimental NMR structures are marked with ax.
NMR experiments were performed in 80 mM NaCl, 10 mM sodium
phosphate, and 0.5 mM sodium EDTA, pH 7.0 (10). e Number of GU
intermolecular hydrogen bonds suggested from NMR models or NMR
spectra.

Table 2: RMS Differences (Å) of the Central Six Base Pairs over
the Last 4 ns of the 1 M NaCl Trajectoriesa

RMSD reference state
Ia 2.1( 0.6 A-form
Ib 2.7( 0.5 NMR
IIa 1.4( 0.5 NMR
IIb 2.3( 0.6 NMR
IIIa 2.1( 0.5 NMR
IIIb 1.8( 0.4 NMR
IVa 1.4( 0.4 A-form
IVb 1.4( 0.3 A-form
Va 2.5( 0.7 A-form
Vb 1.4( 0.4 A-form

a Errors represent the RMS fluctuations.

Influence of Base Stacking on Mismatches in RNA Biochemistry, Vol. 44, No. 5, 20051435



the two hydrogen bond scenario) with the interactions
defining the one versus two hydrogen bond scenarios being
the shortest interactions. To evaluate the hydrogen bond
scenarios in the different duplexes, probability distributions
of the distances for the three potential hydrogen bonds were
calculated (Figure 2). The two hydrogen bond scenario occurs
in Ia at both salt concentrations, inIIa at 1 M salt, and in
IIb andIIIa in 1 M salt, although the contributions for these
sequences are minor. ForIb , IIb , andIIIb , the one hydrogen
bond scenario dominated, with only a small amount of the
two hydrogen bond scenario occurring inIIb . Thus, the one
hydrogen bond scenario dominates in duplexesIb , IIb , and
IIIb , which all contain tandem 5′-GU-3′ mismatches, while
in the duplexes containing 5′-UG-3′ tandem mismatches,Ia,
IIa , and IIIa , there is a significant sampling of the two
hydrogen bond scenario, especially in 1 M salt.

The calculated hydrogen bonding patterns may be com-
pared with available experimental data. NMR-determined
structures forIb andIIa show one and two hydrogen bond
scenarios, respectively (10), consistent with the data in Figure

2. Chen et al. (10) also noted that the difference in
temperature for imino proton signal disappearance in GU
mismatches (TGU) versus WC base pairs (TWC) was consistent
with a one versus two hydrogen bond scenario, where a
significantly smallerTGU value is indicative of the one
hydrogen bond scenario. TheTGU and TWC values for the
studied duplexes along with the proposed number of
hydrogen bonds are included in Table 1. Based on this model,
IIa and IIb would be expected to have similar hydrogen
bonding, while differential hydrogen bonding would be
expected inIIIa versusIIIb . Examination of Figure 2 shows
some sampling of the two hydrogen bond scenario in both
IIa andIIb , while in IIIa there is some sampling of the two
hydrogen bond scenario, while none is observed withIIIb .
Thus, the calculated GU hydrogen bonding patterns are
consistent with experimental data. Furthermore, the present
results indicate that rather than well-defined hydrogen bond
patterns, in some of the duplexes equilibria between the
different hydrogen bonding scenarios exist, as previously
mentioned (10).

An interesting pattern emerges when the hydrogen bond
scenario is compared to the temperatures (TGU) at which the
proton signals of GU mismatches disappear (Table 1). For
all the duplexes with two hydrogen bonds between the GU
mismatches,Ia, IIa , andIIIa , both their GU and WC proton
signals disappeared at higher temperatures than their 5′-GU-
3′ mismatch counterparts,Ib , IIb , and IIIb , which are
dominated by the one hydrogen bond scenario. This relation-

Table 3: Base Step Parameters in Duplexes with Mismatches at 1
M NaCla

slide (Å) rise (Å) twist (deg)

Ia
G2C3 -1.9( 0.6 3.4( 0.3 31.3( 5.8
C3U4 -1.9( 0.5 3.5( 0.3 38.0( 5.4
U4G5 -2.8( 0.9 3.7( 0.9 6.4( 8.7
G5G6 -1.8( 0.5 3.7( 0.7 39.1( 5.5
G6C7 -1.6( 0.7 3.8( 0.8 52.5( 16.7
avg -2.0 3.6 33.5

Ib
G2C3 -0.4( 0.7 (-2.1) 3.5( 0.4 (3.1) 47.4( 6.7 (31.6)
C3G4 -5.0( 0.7 (-2.2) 3.6( 0.9 (3.3) 11.0( 6.2 (20.6)
G4U5 -0.4( 0.6 (-1.2) 3.1( 0.3 (3.3) 45.8( 5.5 (45.3)
U5G6 -3.6( 1.3 (-2.2) 3.9( 0.7 (3.4) 3.3( 14.7 (20.4)
G6C7 -1.3( 1.0 (-2.0) 3.2( 0.3 (3.1) 34.5( 9.7 (31.6)
avg -2.1 (-1.9) 3.5 (3.2) 24 (29.9)

IIa
A2G3 -2.0( 0.4 (-2.1) 3.5( 0.4 (3.2) 28.6( 5.6 (29.7)
G3U4 -1.5( 0.7 (-2.1) 3.4( 0.3 (3.2) 39.5( 4.7 (37.3)
U4G5 -2.6( 0.8 (-2.4) 3.3( 0.6 (3.6) 9.4( 7.5 (16.4)
G5C6 -1.7( 0.7 (-2.1) 3.5( 0.3 (3.2) 40.0( 4.0 (37.5)
C6U7 -2.0( 0.5 (-2.0) 3.6( 0.5 (3.2) 29.3( 5.3 (29.7)
avg -2.0 (-2.1) 3.5 (3.3) 29.4 (30.1)

IIb
A2G3 -2.1( 0.5 (-2.6) 3.7( 0.5 (3.2) 49.1( 10.3 (28.9)
G3G4 -2.7( 0.5 (-2.3) 3.0( 0.5 (3.2) 12.0( 7.1 (25.8)
G4U5 -0.3( 0.6 (-2.1) 3.6( 0.4 (3.1) 54.1( 7.2 (47.9)
U5C6 -2.9( 0.6 (-2.3) 3.0( 0.5 (3.2) 12.2( 7.0 (26.6)
C6U7 -6.4( 2.5 (-2.6) 4.7( 3.9 (3.2) 23.3( 73.6 (27.1)
avg -2.9 (-2.4) 3.6 (3.2) 30.1 (31.3)

IIIa
G2A3 -2.6( 0.9 (-2.7) 4.1( 1.0 (3.5) 10.1( 19.2 (28.2)
A3U4 -0.2( 1.1 (-1.9) 3.4( 0.5 (3.2) 54.5( 14.6 (40.7)
U4G5 -4.0( 1.1 (-2.7) 3.5( 0.8 (2.3) -2.6( 11.4 (14.4)
G5U6 -1.3( 0.6 (-1.9) 3.3( 0.3 (3.3) 37.9( 4.6 (40.7)
U6C7 -2.0( 0.5 (-2.7) 3.6( 0.4 (3.5) 27.8( 7.0 (29.8)
avg -2.0 (-2.2) 3.6 (3.2) 25.5 (30.8)

IIIb
G2A3 -1.6( 0.7 (-2.3) 3.6( 0.5 (2.9) 34.8( 9.0 (29.4)
A3G4 -2.3( 0.4 (-2.4) 2.5( 0.5 (3.0) 18.3( 5.9 (25.7)
G4U5 -0.8( 0.6 (-1.7) 4.1( 0.5 (3.2) 54.5( 7.0 (49.5)
U5U6 -1.7( 0.5 (-2.3) 1.8( 0.5 (2.9) -7.6( 5.4 (24.1)
U6C7 -1.9( 0.4 (-2.2) 3.7( 0.5 (3.0) 58.0( 5.4 (29.8)
avg -1.7 (-2.2) 3.1 (3.0) 31.6 (31.7)

a Data in parentheses were calculated from the NMR structures.
Errors represent the RMS fluctuations.

Table 4: Base Step Parameters in Control Duplexes at 1 M NaCla

slide (Å) rise (Å) twist (deg)

IVa
G2C3 -1.5( 0.8 3.4( 0.3 36.1( 7.7
C3U4 -2.2( 0.6 3.3( 0.5 24.0( 8.8
U4A5 -1.8( 0.4 3.6( 0.4 29.0( 3.8
A5G6 -1.9( 0.5 3.5( 0.4 28.9( 4.6
G6C7 -1.7( 0.6 3.4( 0.3 32.8( 5.1
avg -1.8 3.4 30.2
A-form -2.1 3.5 31.5

IVb
G2C3 -1.8( 0.5 3.3( 0.3 29.9( 3.9
C3A4 -1.7( 0.4 3.9( 0.5 34.9( 6.8
A4U5 -1.8( 0.4 3.2( 0.5 26.5( 5.1
U5G6 -1.9( 0.4 3.7( 0.5 30.4( 4.5
G6C7 -1.6( 0.5 3.3( 0.3 31.8( 5.5
avg -1.8 3.5 30.7
A-form -2.1 3.2 31.0

Va
A2G3 -2.1( 0.5 3.3( 0.5 26.0( 6.1
G3U4 -1.8( 0.9 3.4( 0.4 31.1( 7.8
U4A5 -2.7( 1.1 4.3( 0.7 23.2( 15.9
A5C6 -0.8( 0.8 3.2( 0.5 45.9( 11.1
C6U7 -3.2( 0.8 3.0( 0.6 3.4( 12.6
avg -2.1 3.4 25.9
A-form -2.1 3.2 30.9

Vb
A2G3 -2.0( 0.4 3.5( 0.4 29.8( 4.2
G3A4 -2.0( 0.5 3.7( 0.4 31.5( 4.1
A4U5 -2.0( 0.5 3.4( 0.4 29.5( 4.8
U5C6 -2.0( 0.6 3.5( 0.5 28.2( 5.3
C6U7 -1.8( 0.5 3.3( 0.4 27.9( 5.3
avg -2.0 3.5 29.4
A-form -2.1 3.5 31.5
a A-form data were calculated using the corresponding canonical

structures (49) generated with the QUANTA program (34). Errors
represent the RMS fluctuations.
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ship extends to the melting temperatures,Tm (Table 1), where
the duplexes with 5′-GU-3′ tandem mismatches consistently
have lowerTm values.

Closer analysis of theTm values show the smallest
differential between the 5′-UG-3′ and its partner 5′-GU-
3′mismatch to occur with duplexII . Analysis of Figure 2
shows IIb to be the only 5′-GU-3′ tandem mismatch
containing species to sample the two hydrogen bond scenario,
albeit at a low population. Thus, the stability of the GU
tandem mismatches correlates well with the presence of the
two hydrogen bond scenario versus the one hydrogen bond
scenario with the two hydrogen bond scenario associated with
a higherTm.

The presence of the two hydrogen bond scenario leading
to the more stable duplexes is not surprising and has
previously been proposed (10). However, the question
remains as to why this hydrogen-bonding pattern does not
occur in all the duplexes that contain GU tandem mismatches.
This is especially relevant considering that the two hydrogen
bond scenario is approximately 2-6 kcal/mol more favorable
than the one-hydrogen bond scenario based on QM calcula-
tions at various levels of theory (see below). Clearly, there
are other interactions controlling the GU hydrogen bonding
pattern. Accordingly, additional analysis was undertaken to
identify these interactions.

Local Stacking Interactions.Stacking in oligonucleotides
has long been known to have a significant impact on structure

and stability (17, 54-56). Accordingly, systematic analysis
of the simulations was performed to identify possible inter-
or intrastrand stacking interactions that could impact the
observed structural and thermodynamic data on the tandem
GU mismatches. Due to difficulties in geometrically defining
stacking interactions, energetic analysis, via base-base
interaction energies, was used to quantify these interactions.
Accordingly, average stacking interactions for all possible
intra- and interstrand base-base interactions involving the
central five base steps were calculated for all the duplexes
studied. Analysis of these results in Tables S3 and S4 of the
Supporting Information show favorable interactions to occur
for all five central base pairs for the intrastrand stacking
interactions, while with the interstrand stacking interactions,
only those involving the B3B7 through B7B3 pairs are
generally favorable. The results for these particular interac-
tions for the studied mismatches are presented in Tables 5
and 6 for the intra- and interstrand base steps, respectively.

For the intrastrand base step stacking, the majority of
interactions are favorable with the most interesting trends
occurring with the central three bases. The B4B5 (i.e., base
4 to base 5, Figure 3) stacking energies, which are all GU
pairs, are more favorable in the 5′-GU-3′ mismatches,Ib,
IIb , andIIIb , while the B5B6 interactions are more favorable
for the 5′-UG-3′ mismatches,Ia, IIa , and IIIa . With the
interstrand stacking interactions, there are even more sys-
tematic differences (Table 6). All the 5′-UG-3′ mismatches

FIGURE 2: Distributions of the potential hydrogen bond distances
(G)O6-(U)H3 (green), (G)H1-(U)O2 (black), and (G)H21-(U)O2
(red) for the GU mismatches. Note that the two hydrogen bond
scenario corresponds to the green and black lines having maxima
in the vicinity of 2 Å and the one hydrogen bond scenario has red
and black lines with maxima in the vicinity of 2 Å.

Table 5: Average Base Step Intrastrand Interaction Energies for the
Central Five Steps in the Mismatch Containing Duplexes at 1 M
NaCla

B2B3 B3B4 B4B5 B5B6 B6B7

Ia G2C3 C3U4 U4G5 G5G6 G6C7
-10.6( 5.7 -3.4( 1.3 -1.9( 1.7 -3.0( 1.7 -9.4( 6.5

Ib G2C3 C3G4 G4U5 U5G6 G6C7
-9.9( 5.0 -0.8( 4.6 -7.9( 1.5 -0.5( 0.7 -11.8( 3.6

IIa A2G3 G3U4 U4G5 G5C6 C6U7
-7.5( 1.8 -7.3( 1.6 -2.2( 1.7 -13.0( 2.5 -4.3( 1.1

IIb A2G3 G3G4 G4U5 U5C6 C6U7
-1.8( 1.9 -2.8( 1.5 -7.5( 1.6 -1.8( 0.8 -3.7( 1.4

IIIa G2A3 A3U4 U4G5 G5U6 U6C7
-7.4( 3.6 -3.6( 1.1 -1.1( 1.7 -6.3( 1.6 -2.7( 1.0

IIIb G2A3 A3G4 G4U5 U5U6 U6C7
-8.3( 2.3 -4.5( 3.2 -4.3( 2.5 -3.1( 0.9 -0.6( 1.8

a Energies in kcal/mol, averages over the final 4 ns of each simulation
and over the symmetry-related pairs in the two strands, and errors
represent the RMS fluctuations.

Table 6: Average Base Step Interstrand Interaction Energies for the
Central Five Steps in the Duplexes with Mismatches at 1 M NaCla

B3B7 B4B6 B5B5 B6B4 B7B3

Ia C3C7 U4G6 G5G5 G6U4 C7C3
4.7( 1.8 -2.7( 1.6 -6.7( 1.9 -1.7( 2.0 0.3( 2.3

Ib C3C7 G4G6 U5U5 G6G4 C7C3
2.3( 1.5 -7.6( 2.6 0.3( 0.5 -7.9( 2.1 2.6( 3.0

IIa G3U7 U4C6 G5G5 C6U4 U7G3
-1.9( 1.0 0.8( 0.8 -7.1( 1.6 0.6( 1.0 -1.9( 1.1

IIb G3U7 G4C6 U5U5 C6G4 U7G3
-2.7( 1.6 -4.8( 2.1 0.2( 0.2 -4.5( 2.1 -2.0( 1.5

IIIa A3C7 U4U6 G5G5 U6U4 C7A3
-2.8( 2.2 -0.2( 1.0 -7.3( 1.7 -0.6( 0.9 -1.2( 1.3

IIIb A3C7 G4U6 U5U5 U6G4 C7A3
-0.9( 1.1 -2.1( 0.9 -0.1( 0.2 -3.0( 1.8 -1.6( 1.1

a Energies in kcal/mol, averages over the final 4 ns of each
simulation, and errors represent the RMS fluctuations.
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have very favorable B5B5 interactions, which are all GG
stacking interactions, while with the 5′-GU-3′ mismatches,
the B4B6 and B6B4 interstrand interactions are quite
favorable. These latter interactions are GG, GC/CG, or GU/
UG stacking with the most favorable such interactions being
the GG interaction inIb .

The stacking interactions impact the geometries of the
duplexes. Analysis of the helicoidal parameters (Table 3)
shows that in the three duplexes with 5′-UG-3′ mismatches
(Ia, IIa , andIIIa ), the favorable G5G5 interstrand interac-
tions correlate with a large slide and small twist for the
central B4 to B5 base steps. Similarly, inIb , IIb , andIIIb ,
with the 5′-GU-3′ mismatches, the favorable B4B5 intras-
trand and B4B6/B6B4 interstrand interaction energies are
correlated with the large slide and small twist for the B3B4
and B5B6 base steps. Furthermore, the slide difference
between the base steps was much larger forIb than forIIb
andIIIb ; such differences are consistent with the NMR data,
in which the slide difference forIb is 1.0 Å while they are
0.2 and 0.7 Å forIIb andIIIb , respectively (Table 3). The
larger slide difference inIb is consistent with the highly
favorable B4B6/B6B4 interstrand interaction energies as-
sociated with the GG interactions. These results indicate a

correlation between stacking interactions and large slide and
small twist values for a given base steps with GG interstrand
and GU intrastrand stacking interactions playing a dominant
role.

The structural impact of the GU and GG stacking
interactions may be seen in Figure 3. ForIa, a 5′-UG-3′
mismatch, the interstrand stacking overlap of the 5 position
bases is evident (Figure 3A). This leads to the large slide
and small twist values (Table 3). In contrast, withIb , a 5′-
GU-3′ mismatch, intrastrand B4B5 and interstrand B4B6 and
B6B4 base stacking can be seen (Figure 3B). These interac-
tions lead to the large slide and small twist values for the
B3B4 and B5B6 base steps inIb , IIb , and IIIb (Table 3).
Moreover, the visual inspection suggests that the these
stacking interactions tend to pull the GU bases from the
central portion of the duplex, leading to the one hydrogen
bonding scenario in the 5′-GU-3′ mismatches. Alternatively,
with the 5′-UG-3′ mismatches, the strong G5G5 interstrand
stacking is suggested to stablize the central region of the
helix with additional contributions from the intrastrand B5B6
interactions, favoring the two hydrogen bond scenario (Figure
1) and leading to their greater duplex stability (Table 1) over
the 5′-GU-3′ mismatches. These observations strongly in-
dicate a role for stacking interactions, in particular GG
interstrand and GU intrastrand interactions, in influencing
the stability of GU tandem mismatches.

B4B6/B6B4 interstrand stacking interactions may also
contribute to the relative stabilities of the 5′-GU-3′ mis-
matches. Analysis of Table 6 shows the most favorable
interaction energies to occur inIb , associated with the GG
interactions; this duplex is the most stable of the 5′-GU-3′
mismatches (Table 1). As the B4B6/B6B4 interstrand
interaction energies becomes less favorable upon going from
IIb to IIIb , there is a further destabilization of the duplex.
Thus, while B4B6/B6B4 interstrand stacking interactions are
suggested to destabilize 5′-GU-3′ versus 5′-UG-3′ mis-
matches, if those stacking interactions are GG interactions,
they are predicted to stabilize the structure relative to other
B4B6/B6B4 interstrand stacking pairs.

The ordering of the 5′-UG-3′ mismatch duplexes may also
be related, in part, to interstrand stacking interactions. As
stated above, all the G5G5 interactions are significantly
favorable; however, the B4B6/B6B4 interstrand interactions
in the 5′-UG-3′ mismatches show more variability. InIa,
these interaction energies are favorable, while inIIa , they
are unfavorable, and inIIIa , they again are favorable with
the values being more favorable withIa versusIIIa . This is
consistent with the greater stability ofIa (Table 1) and,
notably, with IIa being slightly less stable thanIIIa . The
favorable G5G5 interaction inIa and the favorable B4B6
interactions are suggested to lead to the dominance of the
two hydrogen bond scenario at both 0.3 and 1 M salt as
compared toIIa andIIIa (Figure 2), reinforcing the role of
stacking interactions in stabilizing the hydrogen bonding
scenario and thereby impacting duplex stability.

QM Validation of MM Energetics.The energetic data
presented above is based on the CHARMM27 nucleic acid
force field. While this force field reproduces a variety of
experimental and QM energetic data, including data on base
pairing, base stacking, and experimental heats of sublimation
of bases (29), validation of the present observations is
warranted. Accordingly, QM calculations were undertaken

FIGURE 3: Snapshots of the central four base pairs at 3 ns from
the duplexIa (A) and Ib (B) trajectories showing the difference in
interstrand stacking interactions. In duplexIa, two G5 bases from
each strand stack together, favoring a two hydrogen bond confor-
mation for the GU mismatches, while in duplexIb , G4 and G6
from each strand interact favorably, leading to a one hydrogen bond
structure.
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on the GU hydrogen bonding interaction and various base
stacking interactions. The studied geometries were selected
to be consistent with those obtained from the MD simula-
tions.

Experimental model compound studies indicate that nor-
mal two-center hydrogen bonds (e.g., N-H‚‚‚O) are ener-
getically favored over one three-centered hydrogen bond
(Figure 1B) (57). Thus, the two-hydrogen bond scenario
(Figure 1A), which contains two two-center hydrogen bonds,
should be significantly more stable, consistent with theTm

data. To better quantify the relative energy of the one versus
two hydrogen bond scenarios, QM calculations were under-
taken on the GU base pair. Initially, the two individual bases,
guanine and uracil, and the two complexes (A and B in
Figure 1) were optimized at the MP2/6-31G* level of theory.
All initial putative conformations chosen for complex B upon
optimization collapsed to complex A indicating that the one
hydrogen bond scenario is not a stable local minimum.
Therefore, complex B was accessed by starting with the
complex A optimized structure and gradually increasing the
GuaO6-UraH3 distance in 0.2 Å increments with full MP2/
6-31G* optimizations at each point. The resulting interaction
energy profile is presented in Figure 4. Upon going from
the fully optimized orientation, corresponding to the two-
hydrogen bond scenario, to a one-hydrogen bond scenario,
with a GuaO6-UraH3 distance of 3.4 Å, consistent the
experimentally observed distance (10), there is a significant
increase of energy. At the MP2/6-31G* level, this loss is
calculated to be 6.2 kcal/mol, while single-point calculations
on the MP2/6-31G* geometries at the MP2/6-311+G** with
and without BSSE correction and the LMP2/cc-pVQZ (58)
levels yielded changes in the interaction energies of 5.1, 3.7,
and 1.9 kcal/mol, respectively. Thus, QM calculations verify
the energetic favoring of the two over the one hydrogen bond
scenario.

As discussed above, the present MD simulation study
suggests that base stacking differences in 5′-UG-3′ versus
5′-GU-3′ mismatches allow for the one hydrogen bond
scenario to be significantly sampled in the latter, leading to
the decreased stability. This is due to the significantly
favorable B4B5 intrastrand and B4B6/B6B4 interstrand base
stacking interactions (Table 3). To validate this contribution,
QM calculations were undertaken to obtainab initio esti-

mates of the interstrand and intrastrand stacking interaction
energies. Calculations were performed starting from the
interstrand G5G5 and intrastrand G5G6 base pair Cartesian
coordinates obtained from snapshots at 1, 2, 3, 4, and 5 ns
from theIa, 0.3 M salt MD simulation following which the
hydrogen positions were optimized. Calculations following
the same protocol were performed on the monomers from
the same snapshots with the identical procedure performed
using CHARMM27 to allow for a one to one comparison
between the QM and empirical results. Data in Table 7
includes the MP2 interaction energies for several basis sets,
the BSSE, and the MP2 BSSE-corrected interaction energies
along with the CHARMM27 results. The MP2 results show
favorable interaction for both the intra- and intermolecular
orientations for all the basis sets with intermolecular stacking
interactions more favorable than the intramolecular ones for
all the basis sets. Comparison of the QM and CHARMM27
results show the agreement to be reasonable. These results
support the ability of the empirical force field calculations
to satisfactorily treat base stacking interactions.

It should be emphasized that stacking interactions are
difficult to treat accurately with QM methods due to the
extensive orbital overlap occurring in the stacked orientations
(59), making more rigorous comparison of the QM and
empirical data difficult. This is emphasized by the large
BSSE energies, the BSSE being larger for inter- versus
intrastrand stacking, and the increased interaction energies
upon going to the larger basis sets (Table 7). Indeed, for the
benzene dimer, it has been shown that treatment of electron
correlation with coupled cluster along with extrapolation to
the basis set limit is required for accurate interaction energies
(60) with similar conclusions being made for the uracil dimer
(61).

SolVation Contributions.The central role of the solvent
environment on oligonucleotide structure (25, 26) requires
that changes in solvation, which may impact the relative
stabilities of the GU tandem mismatches, be considered.
Possible alterations in solvation as a function of mismatch
and sequence were investigated via calculation of the solvent
accessibilities (62) of the central four bases over the MD
simulations, with the accessibilities separated into the base
and backbone components. In addition, solvent-RNA in-
teraction energies were calculated for the central four bases.
Those results are presented in Tables S5 and S6, respectively,
of the Supporting Information. Analysis of the data revealed
no correlations between the accessibilities with theTm values
(Table 1) across the sequences studied. Thus, the present
results indicate that solvation effects are not dominating the
experimentally observed stabilities, although, when consider-
ing the proposed contribution of stacking interactions in the
present study, some contribution from differential solvation
on duplex stability cannot be excluded.

DISCUSSION

MD simulations were undertaken on a series of RNA
octamers that contain GU tandem mismatches, along with
several control duplexes (Table 1). Overall, all the simulated
structures maintained an A-form conformation based on both
RMS difference (Table 2), average backbone dihedral angles
(Tables S1 and S2 of the Supporting Information), and
helicoidal parameters (Tables 3 and 4). However, detailed

FIGURE 4: Interaction energy between G-U bases as a function of
the GuaO6-UraH3 distance. The conformations of the base pair
for the fully optimized structure, corresponding to the two hydrogen
bond scenario, and with a GuaO6-UraH3 distance of 3.4 Å,
approximating the one hydrogen bond scenario, are shown as insets.
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analysis of selected helicoidal parameters indicated the
presence of significant local distortions in the central four
bases. Importantly, these distortions showed trends common
to the 5′-UG-3′ and 5′-GU-3′ tandem mismatches, suggesting
a relationship between sequence, calculated structural changes,
and duplex stability.

Analysis of hydrogen bonding between the bases in the
GU mismatches shows the presence of the two and one
hydrogen bond scenarios (Figure 1), as previously described
(10). In the duplexes with 5′-UG-3′ tandem mismatches, the
two hydrogen bond scenario dominated, while the one
hydrogen bond scenario was significantly sampled in the 5′-
GU-3′ tandem mismatches. These results are consistent with
experimental observations (10, 13, 14) and indicate the
dynamic nature of the hydrogen bonding pattern. Moreover,
the results support the assertion that the stability of 5′-UG-
3′ over 5′-GU-3′ tandem mismatches is due to enhanced
sampling of the two hydrogen bond scenario (10, 13).

These observations still left open the question of what was
leading to the presence of the one hydrogen bond scenario
in the 5′-GU-3′ tandem mismatches, which QM calculations
show to be 4 or more kcal/mol less favorable than the two
hydrogen bond scenario (Figure 4, i.e., each GU pair in the
tandem mismatch contributes approximately 2-6 kcal/mol).
Turner and co-workers approached the problem based on
both the electrostatic potentials of the bases (10, 13) and
different stacking patterns (10). In their electrostatic model,
regions of negative potential on the edge of the bases in the
major groove were suggested to overlap significantly in the
5′-GU-3′ mismatch inIIIb , corresponding to bases 4 and 5
in the present study, while they were approximately orthogo-
nal in the 5′-UG-3′ mismatch inIIIa , leading to the increased
stability of the latter. Turner and co-workers further argued
that the conformational difference betweenIIa andIb is due
to the overlap of the G base with the adjacent C base in the
same strand and also with the G base across the strand in
IIa , leading to the increased stability, while the only
significant overlap inIb involves the intrastrand GU interac-
tion (i.e., B4-B5 in Table 5) (10).

These previous models can be compared to the data in
Tables 5 and 6. In the model based on the differential overlap
of electrostatic potentials in the position 4 to 5 stacked base
pairs ofIIIa andIIIb (Figure 10 of ref13), decreased overlap
of IIIa is responsible for its greater stability. However, the
present results show that the intrastrand B4-B5 interaction
in IIIa is less favorable than that inIIIb , in disagreement
with their qualitative observation. Concerning the relative
stabilities of IIa versus Ib , the present data support the
proposed role of G to C intrastrand and G to G interstrand
stacking inIIa , where both interactions in the present work

are highly favorable (i.e., B5-B6 intrastrand and B5-B5
interstrand in Tables 5 and 6, respectively). Thus, Turner
and co-workers were correct in their hypotheses of the
importance of stacking interactions on the relative stabilities
of GU tandem mismatches, assuming that the electrostatic
potential model is also a stacking interaction, with the present
work yielding a more refined picture of the relationship of
stacking to structural properties and stability. Interestingly,
previous work on GU mismatches suggested that stacking
interactions may contribute to the decreased stability of
duplexes when the uracil is replaced by 5-fluorouracil (63),
further supporting the role of stacking interactions in
influencing the properties of GU mismatches.

On the basis of the present analysis of various base step
stacking interactions, it is proposed that favorable interstand
stacking interactions between G bases (i.e., the G5-G5
interstrand interactions, Table 6) and intrastrand stacking
between GU bases (i.e., the G4-U5 intrastrand interactions,
Table 5) lead to the stabilization of the two hydrogen bond
scenario in 5′-UG-3′ mismatches. This stabilization of the
two hydrogen bond scenario is responsible for the increased
stabilities of the 5′-GU-3′ versus the 5′-UG-3′ mismatches
(Table 1). Furthermore, GG interactions appear to contribute
to the relative ordering of the stabilities of the 5′-GU-3′
containing duplexes, with the least stable duplexes,IIb and
IIIb , lacking GG interstrand stacking interactions (i.e., B4B6/
B6B4 interstrand interactions, Table 6). Finally, the relative
stabilities of the 5′-UG-3′ mismatches,Ia > IIIa > IIa
(Table 1), are suggested to be associated with interstrand
B4B6/B6B4 interactions. Thus, the present results support
a model in which GG interstrand base stacking interactions,
followed by GU intrastrand stacking interactions, dominate
the relative stabilities of GU tandem mismatches, with other
stacking interactions also having an impact.

Two of the types of stacking interactions that have the
most impact in the present study, the GU intrastrand (B4B5
in Table 5) and the GG interstrand interactions (B4B6, B5B5,
and B6B4 in Table 6), are not unique to the GU tandem
mismatches. Shown in Figure 5A,B are RNA 5′-UG-3′ and
5′-GU-3′ dimers in the canonical A-form conformation (49).
For the 5′-UG-3′ dimer, the overlap of the G bases,
corresponding to the GG interstrand interactions, is evident.
Similarly, the overlap of the GU bases, corresponding to the
GU intrastand stack, may be seen in Figure 5B for the 5′-
GU-3′ dimer. Thus, stacking interactions indicated in the
present work to influence the structure and stability of GU
mismatches are not specific to the GU tandem mismatch
structures but occur in the canonical A-form of RNA.

Table 7: Guanosine-Guanosine Base Stacking Energies from QM Calculations Using Geometries Obtained from MD Simulations of Duplex
Iaa

6-31G(0.25) 6-311+G** aug-cc-pVDZ

inter intra inter intra inter intra

MP2 -15.3( 0.8 -10.8( 0.7 -10.4( 0.5 -7.7( 0.4 -12.3( 0.5 -8.8( 0.4
BSSE correction 11.2 8.2 7.2 5.7 7.3 5.3
MP2 corrected -4.1( 0.4 -2.6( 0.3 -3.2( 0.5 -2.1( 0.4 -5.0( 0.4 -3.5( 0.3
CHARMM27 -5.8( 0.8 -1.3( 0.5

a Energies in kcal/mol. Averages and standard deviations are over the five snapshots obtained from the MD simulations. “Inter” represents the
B5-B5 interstrand base stacking interaction and “intra” represents the B5-B6 intrastrand base stacking interaction (Table 5). MP2 corrected
indicates MP2 level energies corrected for BSSE.
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To validate the present MD results a series of QM
calculations were undertaken on the in-plane base pairing
between G and U bases and on both inter- and intrastrand
stacking interactions between G bases. The two hydrogen
bond scenario is shown to be more favorable than the one
hydrogen bond scenario by 2-6 kcal/mol (Figure 4). QM
calculations of stacking support the favorable nature of the
G-G stacking interactions with interstrand GG stacking
being more favorable than intrastrand stacking as is observed
in the empirical model. More quantitative agreement between
the QM and empirical models for the stacking interactions
requires higher level QM calculations that are difficult to
perform via current computational resources.

The hydrogen bonding strength of the GU base pairs
relative to the normal Watson-Crick GC interaction is also
of interest. With the GU mismatches, the two and one
hydrogen bond scenarios have interaction energies of-10.0
and -8.1 kcal/mol at the LMP2/cc-pVQZ//MP2/6-31G*
level, significantly less than the value of-22.2 kcal/mol for
the GC base pair (58). Such a decrease in the GU mismatch
versus the GC WC pair is expected due to the decreased
number of hydrogen bonds. However, the magnitude of the
difference suggests that the base stacking interactions
indicated to impact the stability and structure of the GU
mismatches will not have as large an impact on duplexes in
the case of normal GC WC base pairs. This is consistent
with the GG interstrand and GU intrastrand interactions being
present in canonical A-form RNA, although these interactions
do not appear to play as dominate a role in normal RNA as
they do in the GU tandem mismatches.

A point of interest with respect to the nearest neighbor
model is the inability of the model to fit all 5′-GU-3′
mismatch pairs (10, 24). For example, a model developed
to treat 5′-GGUC-3′ (IIb ) cannot treat 5′-CGUG-3′ (Ib ), 5′-
UGUA-3′, and 5′-AGUU-3′ (IIIb ) and vice versa. Notably,
5′-GU-3′ in the 5′-GGUC-3′ sequence is stabilizing while
in the context of the remaining sequences it is destabilizing.
Based on the present results, the stabilizing contribution of
the 5′-GGUC-3′ mismatch is suggested to be associated with
the ability of the sequence to sample the two hydrogen bond
scenario as well as the one hydrogen bond scenario (Figure
2), consistent with previous reports (10). This appears to be
related to the failure of the nearest neighbor model, but again,
what is leading to this effect? Analysis of the base step
helicoidal parameters (Table 3) suggest a possible cause.
While the patterns for the central three steps (e.g., 3-4, 4-5,
and 5-6) do not show any interesting trends, analysis of
the 2-3 and 6-7 steps do. In the case of slide,Ib andIIIb
have the least negative values, while with rise, they have
the largest values, trends that are also observed in the NMR
structures. With twist, the RMS fluctuations from the MD
simulations are large, making it difficult to identify trends,
although in the NMR structures, theIIb twist values for the

2-3 and 6-7 steps are smaller than both theIb and IIIb
structures. To investigate this further, stacking energies
involving bases 2 and 7 bases were analyzed (Tables S3 and
S4 of the Supporting Information). From this analysis, it was
observed that for the B2B3 intrastrand stack (Table 5), the
interaction energy is least favorable forIIb while it is most
favorable in that sequence for the B3B7 and B7B3 interstrand
stacking interactions (Table 6). Such differences are sug-
gested to account for the trends observed in the helicoidal
parameters as well as the inability of the nearest neighbor
model to simultaneously treat sequencesIb , IIb , andIIIb .
These results further emphasize the importance of stacking
interactions on the stability of GU tandem mismatches. It
should be noted that the significant differences between the
5′-UG-3′ sequences concerning these stacking interactions
are also present. However, it is hypothesized that the
increased stability of the central region of the duplex, as
evidenced by the dominance of the two hydrogen bond
scenario, diminishes the impact of these interactions on the
thermodynamic stability.

Overall, the present results indicate that the stability of
5′-UG-3′ tandem mismatches over 5′-GU-3′ mismatches is
associated with stacking interactions that allow for increased
sampling of the two hydrogen bonding scenario for the
central GU mismatches. In particular, GG, followed by GU,
stacking interactions are predicted to have the largest impact
on the stability, although other stacking interactions con-
tribute. Thus, it appears that the higher frequency of 5′-UG-
3′ over 5′-GU-3′ tandem mismatches (3, 64) is due, in part,
to the optimization of base stacking interactions leading to
the increased stability of the former.

SUPPORTING INFORMATION AVAILABLE

Tables providing backbone dihedral angles for the central
four nucleotides, intra- and interstrand base-base interactions
involving the central five base steps, solvent accessibilities
of the central four bases, and solvent-RNA interaction
energies for the central four bases. This material is available
free of charge via the Internet at http://pubs.acs.org.
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