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ABSTRACT: Hairpins are common nucleic acid secondary structures that serve many structural and functional
roles. Recently, we reported that r(UNCG) and r(GNRA) hairpin families use molecular mimicry and
electrostatic factors to attain exceptional thermodynamic stability with a CG closing base pair (cbp). Despite
having very different overall folds, these tetraloops present the same functionalities and partial charges to the
major groove edge of the CG cbp to achieve stability. Herein, we compare the r(GNRA) tetraloop family to
theDNA triloop family d(GNA), which is also exceptionally stable with aCG cbp and possesses the same base
pairing between the first and last positions of the loop. Nucleobase and functional group modifications were
used to investigate interactions of d(GNA) loops with the cbp, which provided for comparison with similar
substitutions in r(GNRA) hairpins. Interruption or deletion of loop-cbp interactions in d(GNA) was
consistent with electrostatic interactions identified through nonlinear Poisson-Boltzmann (NLPB) calcula-
tions, and loop stability changed in a manner consistent with similar loop-cbp interactions for d(GNA) and
r(GNRA) loops. We also compared the relationship ofΔG�37 and log[Naþ] for d(GNA) and r(GNRA) loops
and found a decreased dependence of stability on salt for both loop families when a CG cbp was present. The
similarity of the loop-cbp interactions shows portability of this loop-cbpmotif across polymer type and loop
size and indicates convergence on similar molecular solutions for stability in RNA and DNA.

Hairpins are the most common RNA secondary structure
motifs, play roles in cellular processes such as transcription
regulation (1-4) and RNA interference (5-7), and are often
involved in tertiary contacts in complex RNA structures (8-11).
Tetraloops, the most common loops, are often phylogenetically
conserved (12-15) and can be grouped into families on the basis
of sequence and structural similarities (13, 16-22). For the
r(YNMG) and r(GNRA) families, the loops are exceptionally
stable in the context of a CG cbp1 (20, 23-26). These loops with
theCGcbpmayhave played an important role in anRNAworld,
as their occurrence at variable loops in 16S rRNA is inversely
correlated with protein content (12, 25).

DNA hairpins, although not as common as RNA hairpins,
also play important structural and biological roles. For example,
DNA hairpins have been implicated in telomere replication and
deletion mutations (27-29). The GNA triloop family of DNA
hairpins is involved in promoter recognition by N4 virion RNA
polymerase, and recent crystal structures reveal base-specific
contacts with the triloop (30, 31). In addition, mutation of a
GNA sequence from GAA to GCA helps promote hairpin
formation to regulate centromere folding and condensation (32,
33), and nuclease resistance of the d(GNA) loops has been
applied to in vitro protein synthesis (34).Other biological instances

of d(GNA) loops exist as well. For example, a stable d(cGAAg)
loop caps a hairpin that negatively regulates priming for reverse
transcription in duck hepatitis B virus (HBV), and theCGcbpwas
crucial for the full regulatory effect (35). In fact, for heron HBV,
which contains a related d(GNAB) motif (where B is C, G, or T),
where the “B” position is extruded from the loop (36), a GC cbp
could only partially restore the regulation with a CG cbp (35).

Recently, we reported that electrostatic factors contribute to
the stability of r(UNMG) (N is any nucleotide, andM is A or C)
and r(GNRA) (R is purine) loops with a CG cbp (26). Molecular
mimicry of functional groups displayed over the major groove
edge of the cbp from loop positions 1 and 4 (L1 and L4) plays
critical roles in affording significant stability with a CG cbp.

It has also been demonstrated that exceptional stability is
afforded to DNA triloops of the d(GNA) family in the context
of aCG cbp (36-40). Given that d(GNA) loops and the r(GNRA)
both possess a sheared GA base pair between the first and last
positions of the loop (17, 37, 39, 41), we hypothesized that the
DNA triloops might interact with the CG cbp in a fashion similar
to that of their RNA tetraloop counterparts, and that stacking of
functional groups at positionL1with those of theCGcbpwould be
critical for both loops. This idea is chemically reasonable in that our
previous studies on the RNA tetraloops indicated no obvious role
for the 20-OH of L1 in this interaction, as it is involved in hydrogen
bonding with L3 and L4 away from the cbp (16, 17).

We previously examined the thermodynamic consequences of
cbp swaps and nucleobase and functional group substitutions in
the r(GNRA) loop via UV melting experiments and compared
these to electrostatic potential outputs from calculations using
nonlinear Poisson-Boltzmann (NLPB) theory (26). In addition,
we determined the salt dependence of the free energy for these
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stable RNA hairpins. In this study, we compare thermodynamic
effects of similar substitutions in the loop and cbp of d(GNA)
loops as well as the results of salt-dependent UV melting experi-
ments to those results. Across all of these experiments, we find that
effects of substitutions and changing ionic strength are similar for
d(GNA) and r(GNRA) loops, and that NLPB calculations
qualitatively agree with experiments, suggesting that electrostatic
factors contribute similarly to the stability of RNA and DNA
sheared GA hairpin loop families with a CG cbp. NLPB calcula-
tions did reveal differences in surface potential between RNA and
DNA, which suggest that the former loops are enhanced with
respect to potential for engaging in tertiary interactions.

MATERIALS AND METHODS

DNAPreparation.DNAhairpins have the general sequence
50-ggaxGCAx0tcc (stem 1) or 50gaaxGCAx0ttc (stem 2), where x
and x0 are complementary nucleotides in the cbp. Two stems were
used in order to tune hairpin stability and thus improve upper
baselines in UV melts. In the text, loops will be denoted with
“xGCAx0”. The 7-deazaguanine (7dzG)-substituted sequences
were synthesized at the HHMI-Keck Facility at Yale University
(New Haven, CT), and all other sequences were synthesized by
Integrated DNATechnologies (Coralville, IA). Oligonucleotides
were dialyzed into deionized water containing 10mMNaCl using
a microdialysis system, and the purity of all oligonucleotides was
confirmed by analytical TLC and estimated to be >95%.
UV Melting Experiments. Prior to melts, DNA was in-

cubated at 90 �C and cooled to room temperature to renature the
hairpins. All melts were performed in P10E0.1 [10 mM sodium
phosphate and 0.1 mM Na2EDTA (pH 7.0)] with additional
NaCl added as appropriate. UV melts were performed using a
Gilford Response II spectrophotometer with absorbance at
260 nm acquired every 0.5 �C. UV melts were performed over
temperature ranges of 95-5 and 5-95 �C and provided data
consistent with the reversibility of the folding transition. Melt
data were fit to a two-state model using sloping baselines and
analyzed using a Marquadt algorithm for nonlinear curve fitting
in KaleidaGraph version 3.5 (Synergy software). Thermo-
dynamic parameters are averages of at least three independently
prepared samples, and the melting temperature (TM) was found
to be independent of DNA concentration over a 10-fold range
(from 3 to 30 μM), consistent with hairpin formation.
Structural Models and NLPB Calculations. The d(cGA-

Ag) structural model is from coordinates of Protein Data Bank
(PDB) entry 1PQT, conformer 7, nucleotides 2-6 (42). Con-
former 7 was listed by the authors as themost representative. The
r(cGAAAg) structural model was drawn from coordinates of
PDB entry 2OIU, chain Q, nucleotides 10-15 (43), and the
r(gGAAAc) structure was drawn from PDB entry 3E5F, chain
A, nucleotides 18-23 (44). Details of the NLPB model as well as
the finite difference procedure used to calculate electrostatic
potentials and free energies have been described previously (26,
45-49). Calculation of electrostatic potentials and electrostatic
free energies was performed using Qnifft version 2.2 (http://
crystal.med.upenn.edu/software.html) with partial charges and
radii from the cvff91 parameter set from the Discover force field
(MSI). The following parameters were used for all calculations:
DNA dielectric constant, 2; solvent probe radius, 1.4 Å; ion
exclusion radius, 2.0 Å; solvent dielectric constant, 80; and
temperature, 310 K. In the calculations, the loop-cbp structures
were placed inside a 653 lattice, and electrostatic potentials were

calculated using a two-step focusing procedure from 20 to 60%
lattice fill. The final resolution was 1.6 grids/Å, and potentials
converged to 10-4 kT/e with charge neutrality maintained within
3%. NLPB output was visualized using the ABPS plug-in (50) in
PyMol (http://www.pymol.org/).

RESULTS AND DISCUSSION

Similarity between d(GNA) Triloops and r(GNRA) Tet-
raloops. Although d(GNA) and r(GNRA) loops differ in
polymer type, the number of nucleotides in the loop, and the
number and position of loop stacking interactions, both possess a
sheared GA base pair involving loop positions 1 and 3 for
d(GNA) (42) and loop positions 1 and 4 for r(GNRA) (17, 41,
43) (Figure 1A). Moreover, d(GNA) and r(GNRA) use G1 to
interact with the CG cbp and present the same functionalities
[imino (N7), keto (O6), imino (N1), and amino (N2)] to the CG
cbp (Figure 1B).

As tabulated in Figure 1C, partial charges for loop function-
alities, as well as distances to cbp functionalities, are similar for
d(GNA) and r(GNRA) and are the same on average as distances
between stacked bases in the stem of these structures. These
properties are consistent with significant loop-cbp stacking for
both loops families. Nonetheless, there is a slight shift in the
general position of L1 relative to the cbp in DNA, presumably
from the inability of the triloop to compact further. As a result,
the d(GNA) loop interacts favorably with the H5-H6 portion of
C in the cbp in addition to the major groove edge of the cbp. In
addition, the favorable interaction of H21 from the amino at G1
to the O6 of G in the cbp is just 2.66 Å in length, although this
is compensated by a repulsive interaction between H1 of G1
and the amino group of C in the cbp, with a closest approach
distance of 2.95 Å (Figure 1B). The CG cbp contributes similarly
for d(GNA) and r(GNRA) loops (see below), perhaps from
compensation between a repulsive interaction and an especially
stable one.

The subsequent sections describe effects of cbp changes, three-
carbon (C3) linker insertions, 7dzG substitutions, and increasing
salt concentrations on d(GNA) loop stability, with comparison
to effects in r(GNRA). Subsequently, these data are interpreted
using NLPB models.
Thermodynamic Effects of Changing the Closing Base

Pair in d(GNA). Exceptional thermodynamic stability in the
context of a CG cbp has been reported previously for both
d(GNA) and r(GNRA) loops (23, 24, 26, 36-40, 51). To permit
direct comparison with substituted loops, we conducted melting
experiments with unmodified model d(GCA) loops under the
buffer, salt, and stem used herein. These loops are exceptionally
stable but slightly less so than their d(GAA) counterparts (39),
which improves upper baselines from melting experiments.
Additionally, to improve the upper baseline in UV melts, we
chose a less stable stem (stem 2) for some hairpins (see Materials
and Methods, Table 1, and Table S1). It has been shown pre-
viously that, outside the cbp, the identity of the stem contributes
little to loop stability (24). Indeed, we compared the stability of
d(cGCAg) loopswith twodifferent stems, and after accounting for
stem nearest neighbors, obtained loop stabilities within∼0.1 kcal/
mol (data not shown), consistent with these expectations.

Sample melts for d(cGCAg) and d(gGCAc) are provided in
Figure 2A. For d(GCA), the CG cbp is significantly more stable
than its GC cbp counterpart with a ΔΔG�37 loop value of
1.7 kcal/mol (Table 1), after considering nearest neighbor effects



Article Biochemistry, Vol. 48, No. 37, 2009 8789

in the stem. This value is comparable to the cbp swap in a
r(GAAA) loop of 1.4 kcal/mol (Table 1). Thus, the cbp con-
tributes similarly to stability in both d(GNA) and r(GNRA). The
slightly more enhanced effect for d(GCA) perhaps could be
because in d(GNA) loop-cbp stacking could promote stacking
of L2 onto L1 in d(GNA) but not in r(GNRA) (Figure 1B).
Notably, the 1.71 kcal/mol cbp stabilization for ΔΔG�37 loop in
d(GCA) is similar to the value of 1.70 kcal/mol for r(UUCG),
which has stacking of L3 onto L1 of the loop and is a molecular
mimic of r(GNRA)with respect to its loop-cbp interactions (26).
This observation supports more thermodynamic similarities
across RNA and DNA hairpin loops.
Thermodynamic Effects of C3 Linker Interruption of

Loop-cbp Interactions in d(GNA). Previously, we used C3
linkers to investigate energetic coupling between positions
in nucleic acid hairpins and to gain insight into loop-cbp

coupling (26, 40, 51-53). A C3 linker inserted before position
1 of the loop (Table 1, C3Linker subsection) destabilizes the loop
by 1.6 kcal/mol in d(c(C3)GCAg). This large destabilization
suggests interruption of strong stacking interactions, consistent
with Figure 1B. A similarly large destabilization (1.9 kcal/mol)
occurred in r(c(C3)GAAg) (Table 1, right-hand column), sup-
porting similar stacking interactions of L1 with the cbp in both
the DNA and RNA motifs.

The 30-C3 linker insertion is slightly stabilizing in d(cGCA-
(C3)g) with a ΔΔG�37 loop value of -0.37 kcal/mol (Table 1),
and the insertion is similarly stabilizing in r(cGAAA(C3)g) with a
ΔΔG�37 loop value of -0.13 kcal/mol. In both the RNA and
DNA loops, the A in the sheared GA base pair does not interact
appreciably with the CG cbp (Figure 1A,B), again supporting the
similarity of the sheared GA-CG cbp motif between DNA and
RNA.

FIGURE 1: Similar interactions of d(GNA) and r(GNRA) loops within the loop and with the major groove edge of a CG cbp. (A) Characteristic
sheared GA pairing between L1 and L3 or L4 of the loop for the triloop or tetraloop, respectively. Atoms that interact with the CG cbp for both
loops are colored according to partial charges: red for negative and blue for positive. Note that all of the interactions come fromG of the sheared
GA. (B) Three-dimensional structures highlighting interactions between the loop and the cbp with key favorable interactions colored light blue
and unfavorable interactions light pink. Light blue circles depict favorable interactions with both the C and its H. The d(cGAAg) structure
was from coordinates of PDB entry 1PQT, conformer 7, nucleotides 2-6, and the r(cGAAAg) structure was from coordinates of PDB entry
2OIU, chainQ, nucleotides 10-15. (C)Atoms andpartial charges (Discover charge set) of the loop (atoms color coded) and cbpnucleotides.Note
that each loop stacks with the major groove edge of the cbp using G at loop position 1. Distances between the loop and cbp functionalities are
provided.
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In the context of theGCcbp, the 50-insertion of theC3 linker in
d(g(C3)GCAc) destabilizes the loop by 0.7 kcal/mol, which is less
than one-half the loop destabilization for d(c(C3)GCAg). This
suggests that the C3 linker interrupts significantly less stable
stacking between L1 and the cbp in the context of the GC cbp. In
the case of RNA, the 50-C3 linker insertion is 0.64 kcal/mol less

destabilizing for r(g(C3)GAAAc) than for r(c(C3)GAAAg). This
observation suggests that stacking of L1 and the cbp is less
favorable in the context of the GC cbp in RNA as well. Overall
similar effects for 50-insertion of the C3 linker in the context of
CG and GC cbp in DNA and RNA again supports similarity of
the loop-cbp motif.

The insertion of the 30-C3 linker into d(gGCA(C3)g) is
stabilizing by-0.33 kcal/mol, which is similar to the stabilization
afforded by insertion of the 30-C3 linker into d(cGCA(C3)g)
of -0.37 kcal/mol. This finding supports the model that the
A of the sheared GA pair does not significantly interact with the
cbp and that the cbp interactions are primarily mediated by L1.
Like the insertion of the 30-C3 linker into DNA, insertion of
the C3 linker into RNA is slightly stabilizing, again suggesting
that the RNA and DNA loops interact in a similar fashion with
the cbp.
Thermodynamic Effects of 7dzG Substitution in the

Closing Base Pair in d(GNA).A limited number of functional
group substitutions were used previously to examine interactions
in d(GNA) and r(GNRA) loops (26, 40, 51, 52, 54). To further
probe the energetics of loop-cbp interactions, we substituted
7dzG for G in the cbps. Importantly, this cbp substitution does
not change critical hydrogen bonding in the loop and preserves
Watson-Crick features in the cbp.

Sample melts for cbp-substituted d(GCA) sequences are
provided inFigure 2A and thermodynamic parameters in Table 1
in the 7-dzG subsection. For d(cGCA(7dzg)), there was a slight
destabilization of 0.26 kcal/mol as compared to d(cGCAg). We
previously melted r(cGAAA(7dzg)) (ΔΔG=0.84 kcal/mol), and
although the effect is larger for r(GNRA), the general trend is
similar for both loops (Table 1).

In contrast to destabilizing effects of 7dzG in the background
of CG cbps, 7dzG substitution in the GC cbp background
stabilizes d((7dzg)GCAc) relative to the unmodified sequence
by -0.6 kcal/mol. This result suggests that unfavorable interac-
tions between the loop and the less favored GC cbp have been
removed. A similar substitution in r((7dzg)GAAAc) appeared to
have no thermodynamic effect (0.03 kcal/mol). However,
ΔΔΔG�37 loop for 7dzG substitution in CG versus GC cbp
was 0.8 to 0.9 kcal/mol in both DNA and RNA (Table 1).

Table 1: Thermodynamic Parameters for Hairpin and Loop Formationa

sequence ΔG�37 meltb (kcal/mol) stem used ΔG�37 loopc (kcal/mol) ΔΔG�37 loop (kcal/mol) ΔΔG�37 loopd (rGAAA) (kcal/mol)

Unmodified

d(cGCAg) -2.71( 0.05 2 1.03

d(gGCAc) -1.68( 0.02 1 2.74 1.71f 1.38

C3 Linker

d(c(C3)GCAg) -1.12 ( 0.10 2 2.62 1.60f 1.87

d(cGCA(C3)g)e -3.92( 0.09 1 0.66 -0.37f -0.13

d(g(C3)GCAc)e -0.94( 0.06 1 3.48 0.74g 1.23

d(gGCA(C3)c)e -2.01( 0.09 1 2.41 -0.33g -0.36

7-dzG

d(cGCA(7dzg)) -2.45( 0.04 2 1.29 0.26f 0.84

d((7dzg)GCAc) -2.29 ( 0.05 1 2.13 -0.61g 0.03

aAllmelts were performed in P10E0.1, as described inMaterials andMethods. bΔG�37 values from theUVmelt of the hairpin. cΔG�37 loop values determined
by subtracting the contribution of stem nearest neighbors, which was-4.58 or-4.42 kcal/mol with a CG orGC cbp, respectively, for stem 1 or-3.74 kcal/mol
for stem 2 with a CG cbp (68). dPreviously published values of ΔΔG�37 loop for similar base pair swaps or substitutions in the r(GAAA) hairpin (26). eValues
have been previously published (40, 52). fValues are in comparison to that of d(cGCAg). gValues are in comparison to that of d(gGCAc).

FIGURE 2: Melting curves and salt dependence of the free energy for
d(GCA) sequences. (A) Plot of the normalized absorbance at 260 nm
vs temperature for representative d(cGCAg), d(gGCAc), and 7dzG-
substituted sequences. Only every other data point is shown for the
sakeof clarity of individual curves. (B) Plot ofΔG�37 vs log[Naþ] (M).
Slopes and R2 values for each plot are provided in Table 2. Data for
d(cGCAg) are depicted as filled red symbols, data for d(cGCA(7dzg))
as empty red symbols, data for d(gGCAc) as filled blue symbols, and
data for d((7dzg)GCAc) as empty blue symbols. Fits to unmodified
sequences are solid lines, and fits to 7dzG-modified sequences are
dashed lines.
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This comparison, which subtracts out stem-stem contributions
of 7dzG thatmight be peculiar toDNAorRNA, further supports
similar loop-cbp interaction in DNA and RNA. In the NLPB
section below, results of functional group substitutions and C3
linker substitutions will be compared to structural models.
Salt Dependence of ΔG for d(GCA) with a Modified or

Unmodified cbp.The salt dependence of hairpin free energywas
previously determined for model r(GNRA) loops (26). Here, we
measure the salt dependencies for d(GNA) loops with CG, GC,
and 7dzG-substituted cbps. Hairpin free energies were deter-
mined as a function of sodium ion concentration. Results of the
UV-monitored, salt-dependent thermal denaturations are shown
in Figure 2B, and fitting parameters are provided in Table 2. All
loops studied displayed a linear dependence ofΔG�37 on log[Naþ]
over the measured range of 0.015-0.535 M NaCl (Figure 2B)
with reasonable experimental error (Table 2, R2 values of 0.99).
For the d(GNA) loops, the salt dependence was lowest in
magnitude for the most stable loop, d(cGCAg). When the cbp
was substituted with the destabilizing 7dzG, in d(cGCA(7dzg)),
the slope was approximately twice that for the unmodified loop.
For d(gGCAc), the least stable loop, its free energy had the
greatest salt dependence, which was ∼3 times that of d(cGCAg).
Asmentioned, the effect of the 7dzG substitution is opposite that
in the context of a CG cbp which leads the salt dependence of
d((7dzg)GCAc) to decrease in magnitude relative to the unsub-
stituted d(gGCAc) loop.

The observed salt dependencies of the RNA tetraloops and
their cbps are generally larger than those observed for DNA
triloops (Table 2). For example, slopes ranged from only -0.08
to -0.25 kcal/mol for DNA but from -0.60 to -0.96 kcal/mol
for RNA. Also,Δslope has a value of-0.17 kcal/mol for the CG
to GC swap in d(GCA) but a value of -0.35 kcal/mol in
r(GAAA). The Δslope difference is likely due to the additional
phosphate group in theRNA loop (see the next section), while the
slope difference has contributions from the stem. Notably, the
closest approach of phosphates across the major groove is 5.7 Å
for B-form dsDNA, but just 2.7 Å for A-form dsRNA (55),
leading to greater charge density and dependence on salt for
RNA stability. Nonetheless, salt dependencies for hairpin stabi-
lity are inversely correlated with loop stability for both CG and
GC cbps in d(GCA) and r(GAAA) loops, and trends for
substituted loops are similar.
Potentials from NLPB Calculations Support Experi-

mental Observations. In the preceding sections, data were
presented for effects of changing the cbp, inserting C3 linkers,
altering functional groups within the loop and cbp, and in-
creasing the salt concentration on stability of d(GAA) and
r(GNRA) loops. In this section, these data are compared
to electrostatic potential map outputs from NLPB calculations
for structures of d(GNA) and r(GNRA) model loops.

Three-dimensional electrostatic potential contours were mapped
onto the structures with 40% transparency to reveal the under-
lying structure in stick representation (Figure 3). The vertical
(stacking) interactions between loop and cbp potentials are in
concert with the thermodynamic parameters from the UV
thermal denaturations of the model DNA and RNA loops with
a CG or GC cbp, C3 linker insertions, and functional group
substitutions.

For the d(cGAAg) and r(cGAAAg) loops, the favorable
loop-cbp electrostatics highlighted in light blue in Figure 1 are
also highlighted in light blue in Figure 3 in the context of the
three-dimensional potential contourmaps. Two potential clashes
in theDNA loop are noted in light pink. Notable are the multiple
favorable electrostatic interactions of positive (blue) and negative
(red) potentials between L1 and the CG cbp for both DNA and
RNA loops. For example, O6 ofG1 (negative) in both d(cGAAg)
and r(cGAAAg) loops interacts with positive potential in the CG
cbp. Interaction between L1 and the CG cbp potentials is similar
to the favorable electrostatic interaction between the U carbonyl-
4 and C amino in the stacking of a 30-dangling U on a CG base
pair in RNA, which contributes -0.5 kcal/mol to stacking (56).

Table 2: Linear Fit Parameters for ΔG�37 vs Log[Naþ] for d(GCA) Triloopsa

sequence

interceptb

(kcal/mol)

slope

(kcal/mol)

Δslope
(kcal/mol) R2

slopec

(rGAAA) (kcal/mol)

Δslopec

(rGAAA) (kcal/mol)

d(cGCAg) (filled red circles) -2.85( 0.003 -0.08( 0.003 0.994 -0.61( 0.01

d(cGCA(7dzg)) (empty red circles) -2.72 ( 0.004 -0.15 ( 0.003 -0.07 ( 0.004d 0.998 -0.60( 0.04 0.01( 0.04

d(gGCAc) (filled blue circles) -2.13 ( 0.005 -0.25( 0.004 -0.17( 0.005d 0.998 -0.96( 0.03 -0.35( 0.03

d((7dzg)GCAc) (empty blue circles) -2.63 ( 0.005 -0.18 ( 0.005 0.07 ( 0.006e 0.997 -0.77( 0.04 0.19( 0.05

aResults are from fits to data plotted in Figure 2B, and the Δslope error is propagated as the square root of the sum of squares from curve fit errors. bThe
y-intercept value is defined as ΔG�37 extrapolated to 1 MNaþ. cThe previously published values for a similar substitution in r(GAAA loop) with an identical
cbp (26). dThe difference in slopes is relative to d(cGCAg). eThe difference in slopes is relative to d(gGCAc).

FIGURE 3: Three-dimensional potential contour maps for DNA and
RNA loops. Each structure shows the electrostatic potentials calcu-
lated at 0.23 M salt and 40% transparency with the underlying
structure in stick representation. d(cGAAg) potential contours are
-10 kT/e (red) and 10 kT/e (blue), and for r(cGAAAg) and
r(gGAAAc), potential contours are -20 kT/e (red) and 10 kT/e
(blue). For both loops,most interactions between L1 and the CGcbp
contribute to stability, highlighted in light blue, as per Figure 1B.
Destabilizing interactions are colored light pink and more prevalent
for the r(gGAAAc) than either of the loops with a CG cbp. The
d(cGAAg) structure was drawn from coordinates of PDB entry
1PQT, conformer 7, nucleotides 2-6. The r(cGAAAg) structure
was drawn from coordinates of PDB entry 2OIU, chain Q, nucleo-
tides 10-15. The r(gGAAAc) structure was drawn from PDB entry
3E5F, chain A, nucleotides 18-23.
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The loop-cbp interaction in d(cGAAg) and r(cGAAAg) loops is
also similar to that between U1 and the C of the cbp in the
r(cUUCGg) loop (26). Together, these observations suggest that
vertically interacting electrostatic potentials are generally impor-
tant for stabilizing base stacking in RNA and DNA.

With respect to the GC counterparts, unfortunately a model
d(gGNAc) loop is not available in the PDBperhaps because of its
inherent flexibility. However, thermodynamic effects of cbp
swaps and substitutions suggest more unfavorable interactions
with a GC cbp. Indeed, there are considerably more unfavorable
loop interactions with like potentials positioned over each other
in r(gGAAAc); for example, O6 of G1 in GAAA is repelled by
the negative potentials at O6 of G in the GC cbp (Figure 3). On
the basis of similarity in the CG-cbp structures, unfavorable
stacking of the functional groups of G1 and G of the GC cbp is
highly likely inDNA, including interaction of potentials of O6 or
N7 of G1 with O6 and N7 of the GC cbp.

Insertions of C3 linker were destabilizing 50 of the loop in
d(c(C3)GNAg) and r(c(C3)GNRAg) loops with penalties of 1.6
and 1.9 kcal/mol, respectively (Table 1). The electrostatic poten-
tial contours (Figure 3) reveal that these insertions have the
potential to disrupt multiple attractive interactions between L1
and the cbp. The 30-C3 linker insertions, on the other hand, were
slightly stabilizing for both loops, presumably because L4 does
not appreciably interact with the cbp. Substitution of 7dzG in the
CG cbp is destabilizing for both the DNA triloop and the RNA
tetraloop by 0.3 and 0.8 kcal/mol, respectively. Potential maps
shown in Figure 3 indicate that 7dzG substitutions would delete
attractions betweenN7 of the cbp and the H2 atoms of G1 of the
loop in both DNA and RNA (Figure 3). The difference in the
magnitude of this destabilization could be due to the greater
distances between interacting groups in DNA (Figure 1C).

For both d(g(C3)GCAc) and r(g(C3)GAAAc), the C3 inser-
tion was destabilizing, with ΔΔG�37 loop values of 0.7 and
1.2 kcal/mol, respectively, which is at least 0.6 kcal/mol less
destabilizing than for the 50-C3 linker insertion with a CG cbp.
Although there is no structure for d(gGNAc), in relation to
the r(gGNRAc) structure (Figure 3) there is likely less favorable
stacking of the G1 potentials of the cbp in both structures. There
are notably many electrostatic clashes (light pink) present in the
r(gGAAAc) structure, and the C3 linker insertion probably also
relieves these unfavorable interactions in DNA. For example,
repulsions between G1 and the cbp, including O6-O6 and
N7-N7 interactions, could be interrupted by an insertion of
the 50-C3 linker between the loop and the cbp (Figure 3). Thus, it
is likely that for both d(gGNAc) and r(gGNRAc), the C3 linker
relieves some unfavorable interactions, giving a net destabiliza-
tion smaller than that observed with a CG cbp.

In addition to supporting effects of substitutions at the base
pair, nucleotide, and functional group levels, the NLPB calcula-
tions help explain differences in the salt dependence of hairpin free
energy between the DNA and RNA. As shown in Table 2, RNA
oligonucleotides have much greater slopes and somewhat greater
Δslopes than DNA. The RNA tetraloop has an additional
phosphate group compared to the DNA triloop. Examining the
surface potentials for both loops on an identical potential scale
(Figure 4), one can see that this leads to greater surface potential
for the RNA loop, especially near the 50-side of the loop, which is
congruent with divalent metal binding sites (57). This negative
potential likely also influences tertiary interactions, which are
well-known for RNA GAAA loops but not for DNA, even
DNAaptamers and DNAzymes.

CONCLUSIONS

Previous studies have established the exceptional stability of
some stable RNA tetraloops with a CG cbp (20, 23-25), and we
previously probed the exceptional stability of the r(UNMG) and
r(GNRA) tetraloops using a combination of loop-cbp substitu-
tions and NLPB calculations (26). We reported that, in spite
of extensive structural differences, these loops are molecular
mimics with respect to interaction of functional groups between
L1 (and L4) and the major groove edge of the CG cbp (26).

The CG cbp has been reported to be critical to the exceptional
stability of d(GNA) loops as well (36-40). It provides stabiliza-
tion much greater than explained by simple changes to stem
nearest neighbors. We sought to compare results between
r(GNRA) loops and d(GNA) loops, as both possess a sheared
GA base pair whose functional groups interact with the CG cbp.
The effects of cbp swaps and substitutions at the nucleobase and
functional group levels alter stability in a highly similar fashion in
DNA and RNA. Three-dimensional potential contour maps
from NLPB calculations support experimental results, showing
similar key electrostatic interactions for both loops and revealing
how C3 linker insertions and functional group substitutions
could interrupt or delete these electrostatic interactions. More-
over, surface potentials for d(GNA) triloops and r(GNRA)
tetraloops help explain the difference in magnitude of salt-
dependent effects between DNA and RNA. Nonetheless, the
loops are not identical. In particular, the DNA loops have much
less negative surface potential than their RNA counterparts
(Figure 4), consistent with RNA having a greater dependence
of stability on salt, as well as potential for tertiary interactions.

Molecular mimicry between r(UNMG) and r(GNRA) tetra-
loops has been described and likely can be extended to other
RNAmotifs such as the tandemGAbase pair closed by CG base
pairs (58, 59). Such recurring motifs form the basis for recent
efforts towardmodeling RNA (60, 61).With the consideration of
d(GNA) loops herein, we can extend stable hairpin loopmimicry
from RNA to DNA. Similar motifs in RNA and DNA suggest
potential for the latter to form similar structures transiently or
permanently in single-stranded DNA in vivo. These types of

FIGURE 4: Surface potentials of d(cGNAg) and r(cGNRAg) loops.
Surface potential maps are drawn with a common scale fromNLPB.
Maps are calculated using the Discover partial charge parameter set.
Note the increase in negative potential at the 50-side of the loop in the
r(cGAAAg) model structure, and the general overall increase in
negative surface potential in the RNA tetraloop compared to the
DNA triloop.
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interactions could also play significant roles in additional DNA
loop motifs such as d(GNNA) and d(GNAB), which are closely
related to d(GNA) and prefer a CG cbp to a similar extent (36).
Molecular mimicry could also stabilize smaller, otherwise un-
related motifs in other nucleic acid-like polymers, including
synthetic polymers such as locked nucleic acids (LNA) (62-64)
and possible prebiotic polymers such as threose nucleic acids
(TNA) (65-67).

SUPPORTING INFORMATION AVAILABLE

Full thermodynamic parameters from d(GCA) thermal de-
naturations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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