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Abstract: Hairpins are common RNA secondary structures that play multiple roles in nature. Tetraloops
are the most frequent RNA hairpin loops and are often phylogenetically conserved. For both the UNCG
and GNRA families, CG closing base pairs (cbps) confer exceptional thermodynamic stability but the
molecular basis for this has remained unclear. We propose that, despite having very different overall folds,
these two tetraloop families achieve stability by presenting the same functionalities to the major groove
edge of the CG cbp. Thermodynamic contributions of this molecular mimicry were investigated using
substitutions at the nucleobase and functional group levels. By either interrupting or deleting loop—cbp
electrostatic interactions, which were identified by solving the nonlinear Poisson—Boltzmann (NLPB)
equation, stability changed in a manner consistent with molecular mimicry. We also observed a linear
relationship between AG°s; and log[Na*] for both families, and loops with a CG cbp had a decreased
dependence of stability on salt. NLPB calculations revealed that, for both UUCG and GAAA tetraloops, the
GC cbp form has a higher surface charge density, although it arises from changes in loop compaction for
UUCG and changes in loop configuration for GAAA. Higher surface charge density leads to stronger
interactions of GC cbp loops with solvent and salt, which explains the correlation between experimental
and calculated trends of free energy with salt. Molecular mimicry as evidenced in these two stable but

otherwise unrelated tetraloops may underlie common functional roles in other RNA and DNA motifs.

The hairpin is the most common RNA secondary structure
motif and has diverse structures and biological and physical
functions.' Hairpins often participate in RNA tertiary contacts® *
and play roles in cellular processes such as transcription
regulation,™® mRNA degradation,” ® and RNA interference.'®'?
Tetraloops are the most common RNA hairpins, and phyloge-
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netic analyses show that ~50% of the hairpin structures in rRNA
are tetraloops.'>”!” Many tetraloops, including some rRNA
loops, belong to the UNCG or GNRA motifs, where N is any
nucleotide and R is a purine (Figure 1). We found that the
UNCG motif is a subset of an expanded family of tetraloops
known as YNMG, where M is A or C and Y is a pyrimidine.'”
Tetraloops in these families are thermodynamically stable, with
GNRA and UNMG loops being particularly stable in the context
of a CG closing base pair (cbp) as compared with other
Watson—Cerick cbps.'”~2* For example, in previous studies the
CG cbp was found to confer an additional —1.3 kcal/mol for
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Figure 1. Molecular mimicry at positions L1 and L4 of GNRA and UNMG tetraloops. (A) 3D-structures highlighting interactions between the loop and the
cbp, with key stacking interactions with the cbp shown in light blue. Structures were drawn according to pdb coordinates in Table 1. (B) Characteristic
pairing interactions between L1 and L4 of the loop. The atoms that interact with the cbp and are conserved by molecular mimicry are colored according to
partial charges: red for negative, blue for positive. (C) Listing of the atoms and partial charges (Discover charge set) of the loop nucleotides that stack with
the cbp. Note that each loop presents the same partial charges to the major groove edge of the cbp using unique nucleobases. Also provided are distances

between the loop and cbp functionalities.

GAAA?" and —2.3 kcal/mol for UUCG'"'® as compared to a
GC cbp. Using nearest neighbor parameters for the stem
nucleotides, AAG®3; for the CG to GC swap was predicted to
be only ~0.2 kcal/mol.'”*"*2¢ Selection for heightened
tetraloop stability with the CG cbp shows an inverse relationship
with protein content for variable loops in 16S rRNA'* suggesting
such loops may have played an important role in an RNA world.
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Numerous structural and thermodynamic studies have identi-
fied key features of GNRA and UNMG loops.'”?*2!-%7733 In
particular, both loops are characterized by extensive base
stacking, nucleobase—phosphate interactions, and hydrogen
bonding networks, especially between loop positions L1 and
L4 (Figure 1A, B). Such interactions, however, do not explain
the specific thermodynamic contribution of the loop with the
adjoining CG cbp. Furthermore, loop structures do not explain
why the CG cbp confers stability to both GNRA and UNMG
loops, but not all hairpins, as these two families differ
extensively in the identity and distribution of their stabilizing
interactions. For example, stacking interactions are more
prevalent on the 5" side of the loop in UNMG and on the 3’
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side in GNRA (Figure 1A), while hydrogen bonding between
L1 and L4 gives a bifurcated UG pair for UNMG loops and a
sheared GA pair for GNRA loops (Figure 1B).

We noticed that, despite the aforementioned structural dif-
ferences, UNMG and GNRA loops may act as molecular mimics
with respect to their interactions with the cbp. As shown in
Figure 1B, amino, imino, and keto groups are similarly
positioned over the cbp. We therefore examined the thermo-
dynamic consequences of atomic substitutions in GNRA and
UNCG loops via UV melting experiments. Changes in sequence
included swapping of the cbp, inserting 3-carbon (C3) linkers
between the cbp and L1 or L4 of the loop, and altering functional
groups in the cbp. In addition, the salt dependencies of hairpin
free energies for the cbp swaps were measured experimentally
and were calculated by nonlinear Poisson—Boltzmann (NLPB)
theory. Correlation between experimental and calculated values
was strong, which supports an important role for electrostatics
and molecular mimicry in contributing to the stability of UNMG
and GNRA loops in the context of the CG cbp.

Materials and Methods

RNA Preparation. All RNA hairpins have the general sequence
5-GGAXL,L,L;L,X'UCC where X and X’ are complementary
nucleotides in the cbp, and L1—L4 are the tetraloop nucleotides.
In the text, oligonucleotides will be referenced in the XL;L,L;L X"
shorthand since the three initial and three final nucleotides are
identical for all sequences. Except for 7-deazaguanine-substituted
(7dzG) sequences, oligonucleotides were chemically synthesized
by Dharmacon Research Inc., deprotected as per manufacturer’s
suggestions, and dialyzed into PjoEq; [10 mM sodium phosphate
and 0.1 mM Na,EDTA (pH 7.0)] using a microdialysis system
(Gibco-BRL Life Technologies). Oligonucleotides substituted with
7dzG were chemically synthesized by the HHMI-Keck Facility at
Yale University. The 7dzG-substituted oligonucleotides were depro-
tected using TBAF in THF and desalted by Sep-Pak (Waters) C18
columns. The oligonucleotides were then purified utilizing prepara-
tive TLC (n-propanol/ammonium hydroxide/water, 55:35:10) and
desalted using Sep-Pak C18 columns before microdialysis into
P1oE¢.1 (Gibco-BRL Life Technologies). Purity of all oligonucle-
otides was confirmed by analytical TLC and estimated to be >95%.

UV Melting Experiments. RNA was renatured by heating to
90 °C and cooling to room temperature. All melts were performed
in PyoEq,, with additional NaCl added as appropriate. UV melts
were performed using a Gilford Response II spectrophotometer with
a data point acquired every 0.5 °C. Absorbance was recorded at
280 nm, with select melts at 260 nm to ensure similar thermody-
namics and two-state behavior. The UV melts were performed over
temperature ranges of 95 to 5 °C and 5 to 95 °C and provided data
consistent with 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 Kaleida-
Graph v.3.5 (Synergy software). Thermodynamic parameters are
the average of at least three independently prepared samples, and
the melting temperature was found to be independent of RNA strand
concentrations (10 to 100 uM), consistent with intramolecular
hairpin folding.

Structural Models and NLPB Calculations. Structural models
for NLPB calculations containing only the tetraloop and the cbp
were prepared from the atomic coordinates of crystal structures
deposited in the PDB files, as listed in Table 1. In some instances,
calculations were performed on models with another stem base pair,
as described in the Results and Discussion. Resolution of the
structures in the main text and the Supporting Information ranged
from 2.0 to 3.3 A and gave similar results, as discussed in the

(34) Nakano, S.; Cerrone, A. L.; Bevilacqua, P. C. Biochemistry 2003, 42,
2982-2994.
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Table 1. PDB ID of Coordinates Used in NLPB Calculations?

sequence PDB ID chain, nucleotides
cUUCGg INBS®* B, 152—157
gUUCGc 3BWP% A, 338—343
cGAAAg 201U% Q, 10—15
gGAAAc INKW® 0, 2353—2358

“ All are crystal structures.

Results and Discussion. For the gUUCGc sequence, we were able
to identify only one unique structure in the pdb; additional structural
files were therefore generated by running molecular dynamics on
the cbp to remove a clash followed by energy minimization. In
general, we selected structures that form interactions characteristic
of UUCG and GAAA loops and do not participate in protein or
RNA tertiary contacts. Hydrogen atoms were added to crystal
structure coordinates using Reduce.®® Details of the NLPB model
as well as the finite difference procedure used to calculate
electrostatic potentials and electrostatic free energies have been
previously described.**~*! Calculation of electrostatic potentials
and electrostatic free energies was performed using Qnifft package
2.2 (http://crystal.med.upenn.edu/software.html). In most calcula-
tions, partial charges and radii were from the cvff91 parameter set
from the Discover force field (MSI), although some calculations
utilized a simple phosphate-only charge set that comprised —0.5
charges on both nonbridging phosphate oxygens with all other
partial charges set to zero. For all calculations the following
parameters were used: RNA dielectric constant, 2; solvent probe
radius, 1.4 A; ion exclusion radius, 2.0 A; solvent dielectric constant,
80; and temperature, 310 K. In the calculations, the RNA was placed
inside of a 65° lattice, and a two-step focusing procedure from
20—60% lattice fill was used to calculate the electrostatic potentials.
The final resolution was ~1.7 grids/A, and potentials were iterated
to a convergence of 10~* kT/e. For each loop—cbp model, the salt-
dependent electrostatic free energy was calculated by integrating
the ion atmosphere over the lattices from the focusing procedures
with charge neutrality maintained within 3%. NLPB output includ-
ing structures with 3D potential contours or surface potentials was
visualized using the ABPS plug-in** in PyMol (http://www.
pymol.org/).

Results and Discussion

Molecular Mimicry Between UNMG and GNRA Tetra-
loops. Upon inspection of UNMG and GNRA loops, we noticed
that both structures present the same functionalities—keto, imino,
and amino groups—and thus the same partial charges to the
major groove edge of the CG cbp (Figure 1). Distances between
loop and cbp functionalities are similar for both cUUCGg and
cGAAAg loops and range from 3.2 to 3.8 A (tabulated in Figure
1C). These values are the same, on average, as distances between
nearest functionalities in stacked bases in the helical stem of
these structures, consistent with significant stacking between
the loop and cbp. In the GAAA loop, all three functionalities
are contributed by the Watson—Crick base pairing face of the
G at L1, while in the UUCG loop the keto and imino come

(35) Word, J. M.; Lovell, S. C.; Richardson, J. S.; Richardson, D. C. J.
Mol. Biol. 1999, 285, 1735-1747.
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Figure 2. Absorbance vs temperature curves from thermal denaturations
of representative UUCG sequences. Shown are plots of normalized
absorbance at 280 nm versus temperature. (A) Changing the cbp from CG
to another canonical pair. (B) Insertion of C3 linkers. (C) 7dzG-substitution
of the cbp. In B and C, only every other data point is shown for clarity of
individual curves. Sample absorbance vs temperature curves for thermal
denaturations of representative GAAA sequences are provided in the
Supporting Information.

from the Watson—Crick base pairing face of the U at L1 with
the amino contributed by the G at L4. Observation of this
molecular mimicry was the impetus for examining the thermo-
dynamics of loop—cbp interactions for GNRA and UNMG
tetraloops. The next four sections describe effects of cbp
changes, C3 linker insertions, 7dzG substitutions, and salt
concentration increases on loop stability (Figures 2 and 3). These
data are then interpreted in terms of NLPB models and
electrostatic calculations in the two subsequent sections (Figures
4 and 5).

Thermodynamic Effects of Changing the Closing Base
Pair in UUCG and GAAA Tetraloops. The extra stability of
UUCG and GAAA loops in the context of a CG cbp has been
reported but under variable experimental conditions, including
synthetic or transcribed RNA and differences in stem sequence,
salt concentration, buffer identity, and pH. For example, Proctor

et al. used transcribed and synthetic RNAs with four base pair
stems in PjoE ;, pH 7.0,"7 while Melchers et al. used synthetic
RNA with five base pair stems in PjoEy;, pH 6.8, and 1 M
NaCl.>*> To permit comparison with substituted loops, we
conducted melting experiments of unmodified GAAA and
UUCG loops under a standardized set of buffer and salt
conditions.

The effects of CG and GC cbps on stability were examined
for both GAAA and UUCG loops, with all four canonical cbps
examined for the latter. Sample melts for UUCG are shown in
Figure 2A, and thermodynamic parameters for all sequences
are provided in Table 2 under the “Unmodified” subheading.
Representative GAAA melts are supplied in the Supporting
Information (Figure S1). As expected, significant stabilization
is afforded for UUCG and GAAA loops in the context of the
CG cbp. In particular, changing the CG cbp to GC is destabiliz-
ing, with AAG®;; values of +1.86 and +1.54 kcal/mol for
UUCG and GAAA, respectively, under the conditions of P;oEq
(Table 2, column 5). The AAG®;; values for the CG to GC
change are especially significant when compared to nearest
neighbor predictions in 1 M NaCl of ~0.2 kcal/mol*® (Table 2,
column 6). Correcting for the slight effect from nearest neighbor
parameters for the CG to GC change in the stem leaves an
approximately —1.7 and —1.4 kcal/mol bonus for the cbp with
UUCG and GAAA loops, respectively (Table 2, column 7).

This extraordinary stability of a CG cbp also holds for
comparisons to UA and AU base pairs made in UUCG, where
even though a significant destabilization would be expected from
nearest neighbor parameters (Table 2, column 6), there remains
penalties of approximately +1.5 and +1.8 kcal/mol, respectively
(Table 2, column 7). These net free energies are similar to values
determined relative to a GC cbp for both UUCG and GAAA
loops (Table 2, column 7). Thus, CG is the only one of the
four canonical base pairs that affords extra stability to these
hairpin loops.

Thermodynamic Effects of C3 Linker Insertion between
the Loop and the Closing Base Pair. Insertions of C3 linkers
have been used previously to investigate energetic coupling
between positions within closely related DNA and RNA hairpin
loops, as well as between the loop and the cbp.?"**~*° In those
studies, the majority of C3 linker insertions led to minimal
perturbation of free energy, which suggested little alteration of
the loop structure and therefore extrusion of a flexible C3 linker.
Consistent with this interpretation, probing of loop—loop
interactions by thermodynamic double mutant cycles revealed
that most C3-linker-containing loops had an intact loop structure,
with little or no cooperativity between the C3 linker and
structure-forming functional groups in the loop. In addition,
model building of the C3 linker revealed that the linker can be
readily extruded from the loops (data not shown). Such
flexibility of the C3 linker is consistent with it having six
rotatable single bonds in its backbone. Nonetheless, C3 linker
insertions before position 1 of the loop with CG cbps gave a
significant thermodynamic penalty to DNA and RNA loop
stability, suggesting that when important stacking interactions
are present between the loop and cbp the C3 linker can alter
them.

(43) Moody, E. M.; Bevilacqua, P. C. J. Am. Chem. Soc. 2003, 125, 2032—
2033

(44) Moo&y, E. M.; Bevilacqua, P. C. J. Am. Chem. Soc. 2003, 125, 16285—
16293.

(45) Moody, E. M.; Bevilacqua, P. C. J. Am. Chem. Soc. 2004, 126, 9570—
9577.
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Figure 3. Dependencies of stability on salt concentration for UUCG and GAAA sequences. Shown are plots of AG®;; vs log[Na']. Slopes and R? values
for each plot are provided in Table 3. (A) Salt dependence of AG°3; for UUCG and GAAA with CG and GC cbps. (B) Salt dependence of AG®3; for UUCG
with CG and GC cbps with each cbp substituted with 7dzG. (C) Salt dependence as in panel B but for GAAA loops. (D) Salt-dependent component of

electrostatic free energy (AG;) from NLPB calculations.

cUUCGg

Figure 4. Three-dimensional potential contour maps for UUCG and GAAA
tetraloops. Structures were visualized according to pdb coordinates in Table
1. Each structure shows the electrostatic potentials calculated at 0.23 M
salt at 40% transparency with the underlying crystal structure in stick
representation. UUCG potential contours are —10 kT/e (red) and +10 kT/e
(blue), and GAAA potential contours are —20kT/e (red) and +10 kT/e
(blue). The gUUCGc structure originated from the pdb coordinates in Table
1, and a clash in the cbp was removed by MD of the cbp for 1 ps, followed
by energy minimization and structure cleaning to ensure planarity of bases.
Additional MD structures are shown in the Supporting Information (Figure
S3). For cUUCGg and cGAAAg, most interactions between L1 and L4 of
the loops and the major groove edge of the CG cbp contribute to stability,
highlighted in light blue, as per Figure 1A. For gUUCGc and gGAAAc,
most interactions between L1 and L4 of the loop and the major groove
edge of the GC cbp oppose stability, highlighted in pink.

Thermodynamic consequences of C3 linker insertions in
GAAA?*! wererepeated and extended herein with the gGAAA(C3)c
sequence and were also determined for cUUCGg and gUUCGc
sequences. Sample UUCG melts with C3 linkers are shown in
Figure 2B, and the thermodynamic data are provided in Table

8478 J. AM. CHEM. SOC. = VOL. 131, NO. 24, 2009

gGAAAC
- -

Figure 5. Surface potential maps of GAAA tetraloops. Surface potentials
maps from NLPB shown for calculations using the full partial charge
parameter set from Discover (panels A and B) or only —0.5 charges on the
nonbridging phosphoryl oxygens, with all other charges set to zero (panels
C and D). Each calculation is at 0.23 M salt. Notice the increase in negative
potential forming away from the phosphates (highlighted in white dashed
circle) for gGAAAc with a complete partial charge set (panel B) as
compared to the phosphate-only charge set (D). Surface potential maps of
UUCG tetraloops are provided in the Supporting Information.

2 under the “C3 Linker” subheading. Representative GAAA
melts are supplied in the Supporting Information (Figure S1).



Molecular Mimicry and Electrostatics in RNA Tetraloops ARTICLES
Table 2. Thermodynamic Parameters for Folding of Unmodified and Modified Stable RNA Hairpins®
AG°y AAG °y AAG ° NN AAAG °5°
sequence AH° (kcal/mol) AS ° (eu) (kcal/mol) (kcal/mol) (kcal/mol)® (kcal/mol) Tu (°C) ATy (°C)
Unmodified

cUUCGg —46.0 £ 0.5 —1334+£15 —4.64 £0.05 71.8+£0.2

gUUCGc —408+1.3 —1225+4.1 —2.78 £ 0.08 1.867 £ 0.09 0.16 1.70 59.7+04 —12.1 £ 044
uUUCGa —40.5+ 1.6 —1245+438 —1.85+£0.08 2.79Y £ 0.09 1.31 1.48 51.9+04 —19.9 £ 0.4
aUUCGu —40.4 £ 1.6 —125.0+49 —1.59 £0.07 3.05¢ £ 0.09 1.24 1.81 49.7+04 —22.1 +£0.4¢
cGAAAg —423+0.8 —124.6+23 —3.70 + 0.06 66.7+0.3

gGAAAc —374+£1.0 —113.6 £3.0 —2.16 + 0.08 1.54° £0.10 0.16 1.38 56.0 £ 0.8 —10.7 £ 0.9¢

C3 Linker
¢(C3)UUCGg —-37.6+ 1.1 —1157+£34 —1.73 £ 0.07 2,914 4+ 0.09 520+05 —19.9 £ 0.6¢
cUUCG(C3)g —449+1.2 —131.7+34 —4.05+0.13 0.597 +0.14 67.7+04 —4.14+0.44
2(C3)UUCGc —31.7+£2.6 —99.4+£83 —0.83 £0.10 1.95 £0.13 453+£0.8 —14.4 +£0.9
gUUCG(C3)c —45.1+0.8 —1351+£23 —3.23+£0.08 —0.45 £ 0.11 60.9 £0.5 12 +0.6/
c(C3)GAAAg —36.1+1.5 —110.5+ 4.6 —1.83 £0.09 1.87°£0.11 53.5+04 —132+£0.5¢
cGAAA(C3)g —439+0.6 —1292 + 1.7 —3.83 £0.05 —0.13° £+ 0.08 66.6 £0.2 —0.1 £04¢
2(C3)GAAAc —-305+1.2 —952+3.38 —0.93 £0.03 1.23% +0.09 46.8 £ 0.4 —9.2+£0.9¢
2GAAA(C3)c —413+04 —125.1£2.0 —2.52 £0.02 —0.36% & 0.08 57.1+£0.2 1.1+0.98
7-Deazaguanine

cUUCG(7dzg) —41.9+£0.9 —123.8 £2.7 —3.53+£0.07 1.119 4 0.09 65.5+04 —6.3 +0.4¢
(7dzg)UUCGc —441+£1.0 —1323+32 —3.10 £ 0.06 —0.32+£0.10 60.4+£0.3 0.7 +0.5
cGAAA(7dzg) —382+1.6 —113.9+4.1 —2.86 £0.03 0.84¢ £+ 0.07 622+0.7 —4.5+0.8°
(7dzg)GAAAc —364+1.6 —110.6 = 4.9 —2.13 £0.06 0.03¢ £0.10 56.3£0.8 03+£1.1¢

@ All of these melts were performed in PjEq,, as described in Materials and Methods. ? This column denotes the portion of AAG®s; attributable to
changes in the stem, as determined from nearest neighbor parameters.> © This ‘column provides the difference between AAG®;; and AAG°3; NN.
4 Values are in comparison to cUUCGg. ° Values are in comparison to cGAAAg. / Values are in comparison to gUUCGc. ¢ Values are in comparison to

¢GAAAc.

There is a large destabilization for 5’-insertion of the C3 linker
in ¢(C3)UUCGg of almost 3 kcal/mol, while a 3’-insertion in
cUUCG(C3)g is less destabilizing, with a AAG®37 of just 0.6
kcal/mol. Similar trends hold for GAAA loops in the context
of a CG cbp, although the magnitude of the destabilizing effect
is somewhat less for the 5’-insertion of C3, and slightly
stabilizing for the 3’-insertion. For both cUUCGg and cGAAAg,
we propose that the 5-C3 linker interrupts favorable interactions
between the cbp and the loop, while the 3’-insertion interrupts
somewhat favorable interactions in cUUCGg but not in cGAAAg,
where L4 does not interact appreciably with the cbp (Figure
1A and see NLPB section).

In the context of the GC cbp, the 5’-insertion of the C3 linker
is destabilizing for both UUCG and GAAA, and again the effect
is greater for UUCG. In both instances, the effect is smaller in
magnitude than that for a CG cbp by ~0.6—1.0 kcal/mol.
Surprisingly, the 3’-C3 linker insertion is stabilizing for both
gUUCG(C3)c and gGAAA(C3)c (Figures 2B and S1A; Table
2) with AAG®3; values of —0.45 and —0.36 kcal/mol, respec-
tively. These insertions appear to relieve electrostatic repulsions
between the cbp and loop nucleotides (see NLPB section)
consistent with these effects. Opposing effects of 5- and 3’-C3
linker insertions in gUUCGc are especially apparent in the raw
data in Figure 2B, where the 5’-insertion gives a shift to a lower
Twm while the 3’-insertion gives a shift to a higher Ty;.

Thermodynamic Effects of 7dzG Substitution in the
Closing Base Pair. Santal.ucia and co-workers measured the
energetic consequences of functional group substitutions through-
out a cGCAAg hairpin.*® Relevant to the present study, they
determined that changing the G of the cbp to inosine (I) resulted
in a free energy penalty of 1.3 kcal/mol at 70 °C. This functional
group substitution deletes the 2-amino group of G, which is in
the minor groove of a Watson—Crick base pair. The free energy
change of 1.3 kcal/mol is similar to values reported for CG to

CI changes at the end of model helices.*® Thus, the simplest
interpretation of these data is that the minor groove face of the
cbp does not make significant contributions to stability beyond
simple helical interactions. This is congruent with our molecular
mimicry model, which involves interactions with the major
groove edge of the CG cbp (Figure 1). We therefore focused
our experimental efforts on functional groups that interact with
the major groove of the CG cbp.

To probe the energetics of the loop—cbp interaction further,
we made 7dzG substitutions in the G of the cbp for UUCG and
GAAA loops, which change the N7 to a CH. Importantly, these
functional group substitutions probe loop stability, but they do
so without changes in hydrogen bonding. Substitutions of 7dzG
have been made previously in the stem of a stable DNA triloop,
which caused a destabilization of +0.34 kcal/mol in PyEq,.**
Substitution of 7dzG in RNA duplexes has similar, small
destabilizations of 4+0.14 to + 0.36 kcal/mol in 1 M NaCL*

Sample melts for cbp substituted UUCG sequences are shown
in Figure 2C, and the thermodynamic parameters are provided
in Table 2 under the “7-deazaguanine” subheading. Representa-
tive GAAA melts are provided in the Supporting Information
(Figure S1). For cUUCG(7dzg), there was a significant desta-
bilization of +1.1 kcal/mol relative to the unsubstituted cbp,
which is similar in value to the C3 linker destabilization of
cUUCG(C3)g. In contrast, for (7dzg)UUCGc there was a
stabilization of —0.32 kcal/mol relative to the unsubstituted cbp;
moreover, the magnitude of this stabilization could be under-
estimated because of the aforementioned intrinsic destabilization
due to the 7dzG substitution.*” Thus, 7dzG substitution gives
opposing effects for the CG and GC cbps.

The 7dzG substitution to give cGAAA(7dzg) is destabilizing
relative to the unsubstituted cbp, as it was for cUUCG(7dzg),
but slightly smaller in magnitude, as was the case for both the

(46) Turner, D. H.; Sugimoto, N.; Kierzek, R.; Dreiker, S. D. J. Am. Chem.
Soc. 1987, 109, 3783-3785.
(47) Burkard, M. E.; Turner, D. H. Biochemistry 2000, 39, 11748-11762.
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Table 3. Linear Fit Parameters for AG°3; vs log[Na*] for UUCG and GAAA Tetraloops?

Plot 3A: Effects of chp swaps (from experiments)

Sequence Intercept’ Slope ASlope
(kcal/mol) (keal/mol) (kcal/mol)
cUUCGg » -5.30+0.01 -0.35£0.01 - 0.9974
gUUCGe © -4,18 £0.03 -0.77 £0.02 -0.42 £0.02° 0.9950
cGAAAg e -4.84 £0.01 -0.61 £0.01 - 0.9985
gGAAAc o 394=004  -096=003  -035=0.03° 0.9934
Plot 3B: Effects of 7dzG in cbp for UUCG (from experiments)
Sequence Intercept” Slope ASlope R
(kcal/mol) (kcal/mol) (keal/mol)
cUUCGg e -530=0.01 -035=0.01 - 0.9974
cUUCG(7dzg) © -432£003 043002 -0.08=0.02° 0.9937
gUUCGe » -418£0.03  -0.77x0.01 - 0.9950
(7Tdzg)UUCGe © -395+£0.04 -047£0.03  +0.30=0.04° 0.9921

Plot 3C: Effects of 7dzG in cbp for GAAA (from experiments)
5

Sequence Intercep’ Slope ASlope R
(keal/mol} (kcal/mol) {kcal/mol)
cGAAAg ® -4.84 =0.01 -0.61 £0.01 - 0.9985
cGAAA(Tdzg) o 401£005 -060=0.04 +0.01=0.04" 0.9922
gGAAAc ® -3.94 £0.04 -0.96 £0.03 - 0.9934
(7dzg)GAAAc -3.53£0.04 -0.77 £0.04 +0.19£0.05° 0.9949
Plot 3D: Effects of cbp swaps (from calculations)
Sequence Intercept’ Slope ASlope 'S
(kcal/mol) (kcal/mol) (kcal/mol)
cUUCGg » 5.54 -1.85 - 0.9982
gUUCGc o 6.45 -2.01 -0.16° 0.9988
cGAAAg 6.55 -2.03 0.9989
gGAAAc 7.23 -2.13 -0.10¢ 0.9992

“Results are from fits to data plotted in Figure 3, and the appropriate panel of Figure 3 is indicated in the table. The Aslope error is propagated as
the square root of the sum of squares from curve fit errors. ” The y-intercept value is defined as AG®;; extrapolated to 1 M [Na™]. ¢ The difference in
slopes is relative to cUUCGg. ¢ The difference in slopes is relative to cGAAAg. ¢ The difference in slopes is relative to gUUCGc. / The difference in

slopes is relative to gGAAAc.

cbp and C3 linker substitutions (Table 2). For (7dzg)GAAAc
there was no significant effect of the substitution (AAG®;; =
0.03 kcal/mol), although there could be a slight stabilization as
with (7dzg)UUCGc, owing to the aforementioned intrinsic 7dzG
destabilization of the stem. Results from C3 linker and 7dzG
insertions in this and the preceding sections can be accom-
modated by NLPB calculations as described below.

UV Melting Experiments: Salt Dependence of AG. For
UUCG and GAAA loops, hairpin free energies were determined
as a function of sodium ion concentration for CG and GC cbps
with and without 7dzG substitutions.*® Results of the salt-
dependent UV melting experiments are shown in Figure 3, and
linear fitting parameters are provided in Table 3. For both loops,
the lowest salt dependence of the hairpin free energy was
in the context of the CG cbp (Figure 3A; Table 3). In addition,
the salt dependence for cUUCGg was lower than that for
cGAAAg (—0.35 £ 0.01 vs —0.61 =+ 0.01 kcal/mol), and the
difference in slope between CG and GC cbp was greater for
UUCG than GAAA (—0.42 £ 0.02 vs —0.35 &£ 0.03). These
results mirror the pattern of slightly more pronounced thermo-
dynamic effects in UUCG than GAAA loops. The salt depend-
encies for UUCG and GAAA loops were also determined as a

(48) The salt dependence for the C3 linkers was not conducted, as the salt
dependence could be artificially higher due to the presence of an extra
phosphate group in the hairpin with the addition of the C3 linker.
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function of potassium ion concentration (data not shown).
Although the magnitude of the slopes was slightly smaller for
both UUCG and GAAA loops, the Aslope values for the CG
to GC swap were very similar to those in sodium (—0.41 and
—0.36 kcal/mol for UUCG and GAAA, respectively), consistent
with the salt effect not being specific to a particular monovalent
cation. In summary, there is an inverse correlation between
thermodynamic stability and salt dependence for these four
sequences. As a consequence, the CG cbp contributes somewhat
less to hairpin stability at higher salt concentration.

For cbps with 7dzG substitutions, the slope of the salt
dependence plots also correlated inversely with the thermody-
namic effect of the substitution. For example, when 7dzG
stabilized the loop, the salt dependence of AG°;; decreased (i.e.,
the slope became less negative), whereas when 7dzG destabi-
lized the loop, the salt dependence increased slightly (i.e., the
slope became more negative) or changed very little. In addition,
it appears that the 7dzG substitutions had greater effects on slope
in the context of the GC cbp, where 7dzG changed the
magnitude of the slope by +0.30 (from —0.77 to —0.47 kcal/
mol) for (7dzg)UUCGc and by +0.19 (from —0.96 to —0.77
kcal/mol) for (7dzg)GAAAc. In contrast, the 7dzG substitutions
in the context of the CG cbp increased the magnitude of the
slope by only 0.08 kcal/mol for UUCG, and had no experi-
mentally significant effect in GAAA. One possibility is that for
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the CG cbps, while the 7dzG substitution eliminates favorable
interactions leading to destabilization (Table 2), numerous other
cbp—loop interactions (Figure 1A) maintain the overall loop
structure leading to no significant change in the salt dependence
(Table 3).

Calculations of NLPB Potentials Support Experimental
Observations. In the preceding four sections, experimental data
were presented for effects of cbp swaps, C3 linker insertions,
7dzG substitutions, and ionic strength on UUCG and GAAA
loops. In the next two sections we integrate these data into
NLPB models and electrostatic potential calculations. Three-
dimensional potential contours were mapped onto UUCG and
GAAA loop—cbp structures at 40% transparency (Figure 4 and
Supporting Information, Figures S2—S5). The electrostatic
potential contours were produced from the potential map output
of the NLPB calculations. The vertical (stacking) juxtaposing
of loop and cbp potentials is congruent with the thermodynamic
parameters from UV melting experiments of model sequences
with cbp swaps, C3 linker insertions, and 7dzG substitutions in
the following ways.

For cUUCGg and cGAAAg, the favorable loop—cbp elec-
trostatics highlighted in light blue in Figure 1 are also
highlighted in light blue in Figure 4 in the context of the 3D
potential contour maps. Notable is the electrostatic interaction
of positive (blue) and negative (red) potentials between regions
of mimicry in L1 and L4 and the CG cbp. For example the
04 of Ul (negative) in UUCG and the O6 of G1 (negative) in
GAAA are attracted to the H4’s of C (positive) in the CG cbp.
Turning to the GC counterparts, there is a general increase in
the number of repulsive interactions between L1/L4 and the
cbp, with more like-potentials positioned over each other. For
example, the O4 of Ul in UUCG and the O6 of G1 in GAAA
are repelled by the negative potentials at the O6 and N7 of G
in the GC cbp. Examination of additional structures for a given
sequence revealed similar loop—cbp interactions, which is
consistent with an important role for molecular mimicry in
providing stability to loops with a CG cbp (see Supporting
Information, Figures S2—S5).

As described, insertions of C3 linkers into cUUCGg in
¢(C3)UUCGg and in cUUCG(C3)g were both destabilizing,
+2.9 and +0.6 kcal/mol, respectively (Table 2). As can be seen
from the electrostatic potential contours (Figures 4 and S2), both
insertions have the potential to disrupt attractive interactions.
The 5’-C3 linker insertion is more destabilizing, perhaps because
it interrupts the interactions of rwo functional groups, the O4
and H3 of Ul, with oppositely charged functionalities in the
cbp, while the insertion in cUUCG(C3)g interrupts just the
interaction of the positive H2’s of G4 with the negative potential
of N7 of the cbp G (Figure 1). Substitution of 7dzG in the CG
cbp has a similar effect (+1.1 kcal/mol) as the 3’-C3 linker
insertion, consistent with perturbation of the same attractive
interaction.

For cGAAAg, the 5’-C3 insertion was also destabilizing (+1.9
kcal/mol) and the 3D contours qualitatively agree with this result
(Figures 4 and S4). This C3 insertion has the ability to interrupt
attractions of the cbp to the three functional groups, all at G1,
that act as molecular mimics of the functionalities in Ul and
G4 of UUCG. The 3’-C3 insertion in cGAAA(C3)g, on the other
hand, is slightly stabilizing (—0.13 kcal/mol), probably because
L4 does not participate in molecular mimicry for the GAAA
loops (Figure 1B). In the case of cGAAA(7dzg), the loop is
destabilized by 0.84 kcal/mol, similar to what was observed

for cUUCG(7dzg). For GAAA, the attractions between H2’s
of G at L1 and the N7 of the cbp G are deleted (Figure 4).
For gUUCGc and gGAAAc, repulsions between the loop and
the cbp are highlighted with pink lines in the 3D potential
contours (Figures 4, S3, S5). For gUUCGc, C3 insertion is
destabilizing 5" of the loop (+1.95 kcal/mol) and stabilizing 3
of the loop (—0.45 kcal/mol), as described above (Table 2).
The structure and electrostatics support the first result by
revealing that an attraction between H3 of U at L1 and the O6
of G of the cbp (not highlighted) could be removed. However,
this destabilization is ~1 kcal/mol lesser in magnitude than that
observed in c(C3)UUCGg, perhaps because while breaking a
favorable interaction the C3 linker also relieves a repulsion of
negative potentials between the O4 of U at L1 and O6/N7 of G
in the cbp (Figures 4, S3). The same interaction was probed
via 7dzG substitution, and removal of the N7 alone is stabilizing
by —0.3 kcal/mol, supporting this interpretation. The 3’-C3
linker insertion is stabilizing for gUUCG(C3)c (—0.45 kcal/
mol), and the structure suggests that the basis for this is relief
of the repulsive interaction between the positive potential of
G4 H2’s and multiple atoms with positive potential in C of the
GC cbp. Overall, 7dzG effects and C3 linker insertions in
cUUCGg and gUUCGc are compatible with NLPB calculations.
For gGAAAC, the 5-C3 insertion is destabilizing (+1.2 kcal/
mol) but less so than in cGAAAg (+1.9 kcal/mol). A favorable
interaction between H1 of G1 and O6 of G in the cbp (not
highlighted) could be removed, but so could repulsions between
G1 and the cbp, including O6 of G1 and O6/N7 of G in the
cbp (Figures 4 and S5). This result and structural reasoning are
similar to those for the 5-C3 insertion in gUUCGc. The 7dzG
substitution for (7dzg)GAAAc has a lessened effect (+0.03 kcal/
mol) compared to the stabilization observed for (7dzg)UUCGc
(—0.3 kcal/mol), which could be due to elimination of a smaller
repulsion, although possible rearrangement of the loop limits
our ability to be fully quantitative. In addition, we may be
underestimating the stabilization of the substitution due to
intrinsic destabilization of the stem by 7dzG,*’ as mentioned
above. As with gUUCG(C3)c, 3'-linker insertion in gGAAA(C3)c
is stabilizing (—0.4 kcal/mol), and from the structure this could
arise from relieving repulsive positive potentials from HI and
H2’s of G1 and H4’s of C and H1 of G in the cbp. Overall,
interacting potentials have the ability to explain the stacking
stability in UUCG and GAAA loops. This is qualitatively similar
to effects described by Burkard and Turner for 3’-end stacking.*’
Lastly, it is instructive to consider previously published
experimental observations on the dynamics of cUUCGg and
gUUCGc loops.?° Williams and Hall measured imino proton
spectra for these two loops as a function of temperature and
found that the resonance for G at L4 broadens at temperatures
below the melting temperature for the GC cbp loop but not the
CG cbp loop. These observations were interpreted as likely being
due to solvent exchange of the N1 imino proton at L4 in the
bifurcated hydrogen bond (see Figure 1B) of the GC cbp loop.
The thermodynamic measurements and electrostatic calculations
performed herein do not speak directly to loop dynamics.
However, it is often observed that less thermodynamically stable
structures have greater intermolecular motions. In this context
electrostatic repulsions observed in gUUCGc between the loop
and cbp (Figure 4) may prevent the formation of locally
stabilizing attractions resulting in a more dynamic structure.

(49) Burkard, M. E.; Kierzek, R.; Turner, D. H. J. Mol. Biol. 1999, 290,
967-982.
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Table 4. NLPB Calculated Thermodynamic Parameters?

Table 5. Accessible Surface Area of Tetraloop Sequences?®

Full Charge Set? squence surface area (A?) Asurface area (A?)

coence | DAG AAG,  AAGE  AAG(1M)  AAGy (1 MY cUUCGg 1488 -

q (kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) gUUCGc 1440 —48
cUUCGe - _ _ - _ cGAAAg 1417 -
gUUCGe 4071  —28.56  12.15 0.91 13.06 gGAAAC 1433 +16
cGAAAg - - - - - -
eGAAAc  31.88  —14.02  17.86 0.68 18.54 Surface areas from NLPB output.
cUUCGe  — PhO_Sphate'on]y_Charge Set closer on average by 0.7 A than in the CG cbp loop (data not
gUUCGe  44.66  —29.50  15.16 shown). Thus, gUUCGc is significantly more compact than
cGAAAg  — - - cUUCGg.

gGAAAc 11.90 —8.68 3.22

“ The following parameters are differences in energies outputted from
NLPB calculations. ” Charges on all atoms according to the Discover
force field. “ AAG,, calculated as the sum of AAG. and AAG,. 4 The
difference in electrostatic free energies includes the difference in the
salt-dependent free energy at 1 M monovalent salt. AAG, is calculated
as the sum of AAG,, and AAG; (1 M) according to eq 1. “ Nonbridging
phosphoryl oxygens assigned —0.5 charge with all other charges set to
Zero.

Calculations of Electrostatic Free Energy Support Ex-
perimental Observations. The total electrostatic free energy can
be written as follows

AG, = AG,, + AG, (1)

where the electrostatic free energy (AGe) is partitioned into
nonsalt-dependent (AG,,) and salt-dependent (AG;) and terms.*
The salt-dependent free energy is the interaction of macromo-
lecular charges with mobile ions, while AG, can be further
partitioned

AG,, = AG, + AG, )

where AG. is the energy of the intramolecular Coulombic
interactions and AG, is the aqueous solvation free energy of
the nucleic acid structure.*® Substitution of eq 2 into eq 1 gives

AG, = AG, + AG, + AG, 3)
or AAG, = AAG, + AAG, + AAG, (4)

Values for AAG., AAG,, AAG,;, AAG, (1 M NaCl), and
AAGg (at 1 M NaCl) using the complete Discover partial charge
parameter set are provided in Table 4 for the CG-GC cbp swap
for UUCG and GAAA. These calculations were first performed
on a representative structure (Tables 1 and 4, Figure 5) and
then repeated on additional structures (Table S1, Figures
S2—S5), which were in agreement (see Materials and Methods
for further details). In addition, values for AAG., AAG, AAG,
from calculation using only —0.5 charges on each nonbridging
phosphoryl oxygen are provided for comparison (Table 4).

For UUCG, the nonsalt-dependent contribution to the elec-
trostatic free energy, AAG,,, destabilizes structures with a GC
cbp relative to their CG counterparts by ~12 kcal/mol (Table
4, “Full Charge Set”). Partitioning AAG,, into AAG. and AAG,
reveals that the intramolecular Coulombic interactions (AAG.)
strongly destabilize structures with GC cbps relative to their
CG counterparts for the UUCG loops (~+41 kcal/mol) (Table
4). In an effort to uncover the origin of the large AAG, effect,
we calculated the accessible surface area of the two UUCG loops
(Table 5). The accessible surface area of the UUCG loop
decreases by 48 A2 for a GC cbp relative to the CG cbp; in
addition, the interphosphorus distances in the GC cbp loop were
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To test whether compaction of the UUCG with a GC cbp
leads to phosphate repulsions, we repeated the NLPB calcula-
tions with a simplified potential set, in which we simply assigned
half of the —1 charge to each nonbridging phosphoryl oxygen
(Table 4, “Phosphate-Only Charge Set”). The AAG. values for
CG to GC cbp calculated using the simplified potential set were
very similar to those calculated using the full Discover potential
set, +40.71 versus +44.66 kcal/mol for the full and phosphate-
only charge set, respectively. Thus, the intramolecular Cou-
lombic destabilization of UUCG loops with GC cbps rises
primarily from interphosphate repulsions in the more compact
structures with a GC closing pair. Contributions from less
favorable base—base interactions such as repulsion between the
positive potential of G4 H2’s and multiple atoms with positive
potential in C of the cbp for gUUCGc are therefore small
(Supporting Information, Figure S3).

In contrast to AAG., the solvation free energy (AAG,) favors
structures with GC cbps, with AAG, ~ —29 kcal/mol (Table
4, “Full Charge Set”). Thus, solvation is more favorable for
the more compact gUUCGc loop, but the magnitude of the
favorable AAG, term is not large enough to compensate for
AAG., as AAG,s ~ 12 kcal/mol. Moreover, the salt-dependent
contribution, AAG;, also destabilizes gUUCGc relative to
cUUCGg, even at | M monovalent salt, such that AAG,, favors
the CG cbp (AAG, =~ 13 kcal/mol), qualitatively agreeing with
experimental thermodynamics parameters. We carried out the
same calculations on a set of four structures for each sequence.
These calculations demonstrated a discrete range of AAGy
values (Supporting Information, Table S1) and an identical
description of the electrostatic forces underlying the stability
of the different structures. These results demonstrate the
consistency and generality of the electrostatic description of our
system. In summary, UUCG loops follow a relatively simple
model, in which the GC cbp gives more compact loops that are
better solvated but suffer greater repulsion among the com-
pressed phosphates.

We now turn to NLPB calculations on GAAA loops. For
GAAA, the nonsalt-dependent contribution to the electrostatic
free energy, AAG,, destabilizes structures with a GC cbp
relative to their CG counterparts (Table 4, “Full Charge Set”),
a similar result to the UUCG loops. However, partitioning
AAG,, into AAG. and AAG, terms reveals that phosphates and
bases contribute differently for GAAA and UUCG loops. The
intramolecular Coulombic interactions AAG,. also strongly
destabilize structures with GC cbps relative to their CG
counterparts, but AAG, is significantly larger for calculations
that assign potentials to all atoms (Table 4, “Full Charge Set”)
rather than to the nonbridging phosphoryl oxygens alone (Table
4, “Phosphate-Only Charge Set”), ~32 and ~12 kcal/mol,
respectively. This trend contrasts with that observed for UUCG
loops, wherein both parameter sets gave similar values. More-
over, the GAAA loop with a GC cbp is somewhat less compact
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than its CG counterpart, with an increase of 16 A2 (Table 5);
this observation again contrasts with that for UUCG loops.

Examining the surface potentials for cGAAAg and gGAAAc
reveals that although cGAAAg is more compact than gGAAAc,
the phosphate potentials of gGAAAc are directed toward the
center of the structure, forming a diagonal “ring” of negative
potential from the 5" to 3" end of the structure, not present in
cGAAAg (Figure 5). In addition, a significant buildup of
negative potential is observed near the base of the loop structure
in gGAAACc calculated with full charges (Figure 5B, dashed
lines) that is not present in cGAAAg (Figure 5A). This effect
was not seen in calculations on UUCG loops (Supporting
Information, Figure S6). Thus, repulsive interactions of the bases
contribute significantly to AAG, in GAAA loops.

The increase in negative potential in gGAAAc likely con-
tributes to stabilization relative to cGAAAg by solvation, since
AAG, ~ —14 kcal/mol for the CG to GC cbp switch (Table 4).
Although gGAAAC is not more compact than cGAAAg (Table
5), the ring of negative potential leads to a region of high surface
charge density (Figure 5), which explains its more favorable
interactions with aqueous solvent. Nonetheless, the greater
solvation of gGAAAc is not enough to compensate for the
intramolecular Coulombic interactions, as AAG,s ~ +18 kcal/
mol for the CG to GC cbp switch. In addition, AAG; is
destabilizing for gGAAAc relative to cGAAAg, even at | M
monovalent salt. As a result, AAG,, favors the CG cbp for
GAAA loops (AAG, = +18.5 kcal/mol), qualitatively agreeing
with experimental parameters. These calculations were also
repeated on a set of four structures for each sequence. The
calculated AAG,, values were again found to fall into a well-
defined range (Supporting Information, Table S1) and provided
a consistent description of the electrostatic forces involved in
stabilizing the different structures. These results further support
the general nature of our description of the electrostatic free
energies involved in mimicry. In summary, NLPB calculations
show that, for both UUCG and GAAA loops, the GC cbp form
has a higher surface charge density, although it arises from
different sources: for UUCQG it is due to loop compaction, while
for GAAA it is due to a change in loop configuration.

To afford comparison with experimental data, the salt-
dependent contribution to the electrostatic free energy, AAG,,
was calculated for representative structures (Table 1) for
monovalent salt concentrations between 0.13 and 1.0 M. The
calculated value of AAG, was plotted as a function of log[M™]
between 0.13 and 1.0 M bulk monovalent salt concentration
and compared to experimental data. As shown in Figure 3D,
AG; decreases linearly with log[M*], and the loops with GC
cbps have a greater dependence on log[M*], as in the experi-
mental results. Furthermore the calculated change in slope
between GC and CG cbp is on the same order of magnitude
and has the same algebraic sign as the experimentally observed
change in slope for both UUCG and GAAA (Table 3). As
mentioned above, GC cbp loops have a higher surface charge
density, as revealed by NLPB calculations, which is consistent
with an accumulation of salt at the surface and a concomitant
greater dependence of free energy on bulk salt concentration.
This is similar to trends that were observed in the salt-dependent
transition of DNA from the B to Z forms.*’

To address whether the salt dependence of the tetraloops was
affected by the presence of additional stem nucleotides, we
included a stem base pair beyond the cbp and recalculated the
salt-dependent contribution to the electrostatic free energy.
Although the slope values changed as expected, the Aslope

values were virtually identical to those obtained using just the
loop and cbp (data not shown). This result suggests that slope
effects are attributable to interactions between the loop and cbp
rather than within the stem.

The calculations in this study are meant to provide a
semiquantitative description of the role of electrostatics in the
mimicry interactions of a set of tetraloops under specific
experimental conditions. We expect that Mg>" may also stabilize
the folded structure of these tetraloops, since divalent cations
tend to accumulate in and bind to pockets of high negative
electrostatic potential on the surface of RNAs.>* > For example,
the region of negative potential near the phosphates for L2 and
L3 of the cGAAAg loop (upper right-hand corner of the display
in Figure 5A) is consistent with a Mg?" binding site that was
modeled from 3'P NMR and phosphorothioate substitutions.>
Observation of more of a negative ring in the gGAAAc potential
calculations (Figure 5B), as described above, is suggestive of
another region where Mg?* may accumulate and bind. While
our calculations generally include the effects of a “diffusely
bound” monovalent cation layer, we do not directly address how
the ionic size and valence may modulate the interactions we
observe, in part because thermodynamic data for such com-
parisons are lacking.

Conclusions

Prior studies established the phylogenetic conservation, three-
dimensional structure, and thermodynamic stability of stable
tetraloops.'”?%?!27733 However, the molecular basis for prefer-
ence of a CG cbp has remained unclear. We therefore attempted
to define this preference. Although they have extensive structural
differences, we observed that the UNMG and GNRA tetraloop
families are molecular mimics with respect to the functional
groups and partial charges stacked onto the cbp. Such mimicry
is observed on the major groove edge of the cbp, but not its
minor groove edge, consistent with prior functional group
changes in the minor groove not having contributions beyond
simple helical interactions.>**® The mimicry interactions were
therefore probed by experiments and calculations and ultimately
helped explain why CG is the thermodynamically preferred cbp
for these loops. Lesser roles played by atoms on the minor
groove edge of the cbp or the middle of the bases cannot be
excluded.

Apparently, these disparate loops achieve stability by arrang-
ing potentials at the base of their loops in a very similar fashion.
Both sequences use the free portions of the Watson—Crick base
pairing face of L1, which is similar between U and G with their
high imino nitrogen pK, values, to interact with the cbp. This
behavior is reminiscent of the ability of A and C, which have
similar low imino nitrogen pK, values, to substitute for each
other in general acid—base catalysis in the HDV ribozyme.>*>’

The CG closing pair is critical for the extra stability of the
GNRA and UNMG loops and makes a contribution to stability
that is much greater than can be explained by nearest neighbor
parameters. Moreover, the stabilizing effect of the CG is not
based simply on the positioning of the pyrimidine and purine
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bases in the cbp, as a UA base pair is 1.5 kcal/mol less stable
than can be accounted for by stem changes for UUCG loops
(Table 2, column 7). Calculations support experiments by
showing that loops with a CG cbp are electrostatically more
stable but have a shallower dependence of stability on salt.

Insertion of C3 linkers and substitution of 7dzG into the cbp
probed the loop—cbp interaction at the nucleotide and functional
group levels. In accord with NLPB calculations, interruption
or deletion of attractive interactions destabilized hairpins, while
interruption or deletion of repulsive interactions stabilized
hairpins. Loops less favored by electrostatics exhibited a steeper
dependence of free energy on salt concentration, as determined
by both experiments and NLPB calculations. The Aslope values
between CG and GC cbps from the UV melts and the NLPB
calculations are in good qualitative agreement, which shows
the utility of NLPB calculations in studying smaller RNA
systems.

Overall, substitutions exhibited the same trends for both
tetraloop families but were slightly more enhanced for UUCG
than GAAA loops, as also revealed in a larger enthalpy gain,
albeit at a somewhat larger entropy loss; this may occur because
the former arrange potentials from both L1 and L4 to interact
with the cbp. Loop compaction upon introduction of a GC cbp
is important for UUCG loop behavior, as evidenced by
calculations, while changes in loop configuration are important
for GAAA loops, with a “ring” of negative potential present in
gGAAAc but not in cGAAAg (Figure 5). Formation of this
potential may be favored in biology as it may facilitate tertiary
interactions, such as interactions of tetraloops with tetraloop
receptors.>*®>” The ability of tetraloop receptors to tune
tetraloop stability is also possible.

Molecular mimicry can be extended to other RNA motifs
such as tandem GA mismatches. When the symmetric tandem
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GA mismatches are closed by CG base pairs, the GA adopts a
sheared pairing conformation, similar to positions L1 and L4
in a GNRA loop.58 However, when the GA mismatches are
closed by GC base pairs, the GA adopts an imino-hydrogen
bonding arrangement.’® These trends are consistent with the
many repulsive interactions of a sheared GA with a GC cbp
found herein.

Nature often employs molecular mimicry in nucleic acids and
proteins on a grand scale,®®®! but molecular mimicry on a
smaller scale, such as found in UNMG and GNRA, may be a
more common method of stabilizing otherwise unrelated
structural motifs in RNA and DNA. Given that stable tetraloops
motifs are most common in regions of the ribosome devoid of
proteins, it is possible that molecular mimicry may have been
especially advantageous in the RNA world.
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