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ABSTRACT
RNA participates in a wide range of cellular functions including transcription, translation,
catalysis, and small molecule binding. The multifarious nature of RNA function is often
predicated on the folding of diverse tertiary structures with structural complexity that rivals that
of proteins. Folding of RNA tertiary structure typically involves interactions of preformed
secondary structural elements. RNA secondary structure has an unusually high stability such that
secondary structure motifs can often be studied in the absence of additional structure. The
dissertation studies herein are focused on the molecular basis for stability of common secondary
structure motifs, and how secondary structure stability can impact the folding of native functional
tertiary structures.
Hairpins are the most common RNA secondary structures in nature, and tetraloops are the
most common hairpin loops. For the UNCG and GNRA loop families, a CG closing base pairs
(cbp) confers exceptional thermodynamic stability to the loop. 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 (Chapter 2). Thermodynamic
contributions of this molecular mimicry were investigated using nucleobase and functional group
substitutions, and loop stability changed in a manner consistent with molecular mimicry. A linear
relationship between hairpin stability and log [Na+] was found for both loop families, and loops
with a CG cbp had a decreased dependence of stability on salt. Nonlinear Poisson-Boltzmann
(NLPB) calculations revealed that both UUCG and GAAA have a higher surface charge density
with a GC cbp, although this arises from changes in loop compaction for UUCG and changes in
loop configuration for GAAA. Higher surface charge density leads to stronger loop interactions
with solvent and salt, explaining the correlation between experimental and calculated salt
dependences.
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The comparison of stable RNA hairpin loops was then expanded to stable DNA hairpin
loops as the r(GNRA) tetraloop family was compared to the d(GCA) triloops. Both loop families
are exceptionally stable with a CG cbp and possesses the same base pairing between the first and
last positions of the loop (Chapter 3). Nucleobase substitutions were used to investigate
interactions of d(GNA) loops with the cbp. The effects of the substitutions in d(GCA) were
similar to those in r(GNRA) hairpins and were consistent with electrostatic interactions identified
through NLPB calculations. We also compared the salt dependence for hairpin stability 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 between DNA
and RNA loops shows portability of this loop-cbp motif across polymer type and loop size, and
suggests convergence on similar molecular solutions for stability.
In Chapter 4 the molecular mechanism of how stability of secondary structures can
impact the stability of functional nucleic acid structures was investigated using an
intramolecularly folding DNA triplex as a three-state model system. A four-base pair tunable
region adjacent to the triplex-forming portion of the helix allowed secondary structure strength to
be modulated. The triplex contained alternating T•AT and C+•GC base triples so that the degree
of folding cooperativity could be controlled by pH. We found a linear relationship between the
free energy of folding of the functional structure and the stability of the tunable region, but only
when folding of secondary and tertiary structure is cooperative. The ability to increase the
melting temperature of tertiary structure by strengthening base-pairing interactions separate from
tertiary interactions could provide a simple means for evolving thermostability in functional
RNAs, such as tRNAs. Preliminary experiments on the folding of tRNAs (Chapter 5) suggest
that the model for thermophilic adaptation will be supported by tRNA melting, especially in the
presence of molecular crowding agents that mimic cellular conditions.
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Chapter 1

Introduction
[Portions of this chapter have been published as part of a paper titled, ―Structures, Kinetics,
Thermodynamics, and Biological Functions of RNA Hairpins‖ by Philip C. Bevilacqua and
Joshua M. Blose in Annu. Rev. Phys. Chem., (2008) 59, 79-103 (1)]

1.1 RNA Structure and Function
When the central dogma of molecular biology was laid out, the role of RNA was
subservient to that of DNA and proteins. In the ensuing years, our understanding and appreciation
of RNA biology has undergone a revolution. It is now recognized that RNA is much more than a
passive intermediary between DNA and proteins. RNA can both store genetic information and
perform varied functions. These discoveries led to the notion that RNA, or an RNA-like polymer,
played a central role in the emergence of life on Earth—the so-called ‗RNA World‘ hypothesis
(2-4).
One of the early breakthroughs in understanding the functional potential of RNA came
when the structure of the first functional RNA was solved (5, 6). In the early 1970‘s the crystal
structure of tRNA was determined, which revealed that RNA can assume complex threedimensional shapes with a solvent-protected core. Because of this structural complexity, RNA
can achieve extraordinary functional complexity. It is now recognized that RNA can make and
break covalent bonds, in ribozymes (7), and bind small molecules with high affinity and
specificity, in riboswitches (8). The biological functions of such RNA molecules include aiding
virus replication, controlling gene expression, and synthesizing proteins. More recently,
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additional functions for RNA have been discovered, including regulation of gene expression by
micro RNAs (miRNAs) (9).
The folding of complex RNA structures often occurs hierarchically where tertiary folding
involves the interaction of preformed secondary structural elements (10-12). Indeed, the basic
secondary structural elements of RNA, such as duplexes, hairpins, and internal loops, are often
fully stable in the absence of additional secondary or tertiary structural elements and can be
studied in model oligonucleotides (13). The following chapters discuss results from experiments
utilizing model systems to analyze hierarchical folding of RNA. In particular, Chapters 2 and 3
discuss the molecular basis of stability for exceptionally stable nucleic acid hairpins which are
common secondary structure motifs, and Chapters 4 and 5 discuss how the stability of secondary
structures impact the stability of a fully folded, functional nucleic acid, and provide a simple
model for thermophillic adaptation of functional RNA structure. The following introduction will
provide background information on hairpins, focusing on biological and functional roles as well
as thermodynamic analysis of hairpin structures. In addition, observations from the literature
concerning the stability of thermophilic RNA structures and how it relates to hierarchical and
cooperative folding will be discussed.

1.2 RNA Hairpin Structure
There are many RNA hairpin structures available for downloading at the protein data
bank (PDB) <http://www.rcsb.org/pdb/home/home.do> (14) and the nucleic acid database (NDB)
<http://ndbserver.rutgers.edu/> (15). Much of the information in these two databases is
overlapping; however, the NDB has search features that are nucleic acid-specific and aid in
retrieval of hairpin structural data. The goal of this section is not to provide a comprehensive
survey of these hairpin structures, but rather to introduce some salient features of RNA hairpin

3
structures in order to facilitate discussion of the folding and function of RNA. The interested
reader is referred to an excellent review on hairpin structures (16). The hairpin is the most
common of the secondary structural elements in RNA. Nearly 70% of the nucleotides in 16S
rRNA are involved in hairpin structures (17, 18). For DNA, hairpin structures are much less
common, with a few exceptions such as in the structures of single-stranded DNA viruses (19).

1.2.1 The Stem
In its simplest form, the hairpin consists of a stem and a loop and is often referred to as a
stem-loop (SL) structure (Figure 1.1). In longer RNAs with multiple stem-loops, for example in
certain viruses, the notation SL1, SL2, and so on is used (20). The stem is composed primarily of
Watson-Crick base pairs formed between the two antiparallel stretches of RNA. In 16S rRNA,
stems range in length from 1 to 10 or more base pairs, with an average length of 3-4 bp (17, 18).
Structures with 1 base pair are not populated in isolation and are stabilized in the context of
flanking sequence by coaxially stacking of the stem onto an adjacent helix and engagement of the
hairpin loop in tertiary interactions with nearby nucleotides (21). Hairpin structures with 2 base
pairs, however, have been prepared and characterized structurally, thermodynamically, and
kinetically (22-24); in these cases, a UNCG tetraloop (described below) was used to stabilize the
structure. Such small stem-loops provide an optimal model system for detailed mechanistic
study.
The stem of an RNA hairpin, like dsDNA, is composed mostly of Watson-Crick base
pairs and so is largely a right-handed helix (purple, Figure 1.1). Here, however, the similarity
between RNA and DNA ends. First, the geometry (A-form) of the double-stranded stem in RNA
is different than in DNA (typically B-form). An RNA stem with only Watson-Crick base pairs
has an accessible minor groove, containing the 2‘-hydroxyl groups, and an inaccessible major
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groove, containing the majority of the sequence-specific information including Watson-Crick
functionalities and the Hoogsteen faces of the bases (25). In more drastic contrast to dsDNA, the
stem of an RNA hairpin often contains non Watson-Crick structural elements, including GU
wobbles and single mismatches (26), and structural defects or imperfections, such as bulges, and
internal loops (Figure 1.1). A bulge contains one or more unpaired nucleotides on one strand,
while internal loops contain one or more unpaired nucleotides on both strands. Symmetric
internal loops tend to distort the helix less than asymmetric internal loops and bulges, which often
kink or bend the helix (27-30). The unpaired nucleotides in the stem can engage in diverse
structural interactions such as non-canonical hydrogen bonding and stacking, which lend
themselves to additional thermodynamic stability and functional diversity (31, 32). Defects also
widen the major groove of the stem (33), making it accessible to drugs (34, 35), other RNA
structural elements (36, 37), and proteins (38). It is the structural diversity of stems and loops
that leads to complex tertiary structures, RNA-protein (RNP) assemblies, and functional diversity.

1.2.2 The Loop
The region of unpaired nucleotides at the apex of the structure is the hairpin loop (red,
Figure 1.1). The most obvious property of the loop is to serve as the region where the
directionality of the backbone is reversed to afford the two antiparallel strands of the stem.
Because of steric repulsion, it takes a minimum of three nucleotides to make a turn in an RNA
hairpin, although loops of four nucleotides, so-called ‗tetraloops‘, are much more common (17,
39, 40).
Certain triloop and tetraloop sequences are especially thermodynamically stable (37, 4143) and these often correlate with sequences conserved in evolution, as determined through
phylogenetic studies (39). In some cases, stable loop sequences were identified by combinatorial
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approaches using temperature gradient gel electrophoresis (TGGE) (37, 43, 44). Stable RNA
triloops and tetraloops are generally U-rich, while C-rich RNA tetraloops are especially unstable
(43, 45) (P.C. Bevilacqua & M. Hauser, unpublished observations). Poor stacking in stretches of
U residues and good stacking in stretches C residues in the reference state (46) account for these
effects.
Stable and phylogenetically conserved tetraloops include cUNCGg, c/gGNRAg/c, and
gCUUGc (Figure 1.2A, B). Structures have been solved for these loops and reveal extensive
stacking and hydrogen bonding between loop residues, as well as unusual conformations of
certain nucleotides such as a syn conformation about the glycosidic bond for the G in the UNCG
loop (47-51) (Figure 1.2B). In the case of UNCG and GNRA tetraloops, the second loop
nucleotide (N) does not make contacts in the loop—hence its lack of conservation—but is
required to relieve steric clashes. GNRA tetraloops form a sheared base pair between the first
and last positions of the loop (Figure 1.2A) and are especially adept at making tertiary
interactions with other RNA motifs—so-called ‗tetraloop receptors (36, 52)–and with certain
proteins (53). An extended family of UNCG tetraloops was identified by TGGE selections (37,
44). Further studies revealed that YNMG loops form similar structures as UNCG tetraloops,
although with reduced stability as compared to the UNCG subfamily (37, 54-57). This reduced
stability appears to be essential for tertiary interactions with GNRA-like loops, possibly because
certain YNMG loops have greater flexibility than UNCG loops (37, 58, 59).
Tetraloops are so stable and well-structured in RNA that other loops are often built from
tetraloop platforms. For example, GNRA and UNCG tetraloops can be ‗expanded‘ at any
position other than the before the first nucleotide of the loop (60, 61) (J. M. Blose and P. C.
Bevilacqua, unpublished observations). In these cases, the structure of the tetraloop remains
largely intact with the ‗expanded‘ nucleotides extruded and available for interaction with proteins
or other parts of a larger RNA molecule.
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Lastly, it is worth noting that DNA hairpins can adopt especially stable triloops. This is
likely because the sugar of DNA, without the 2‘-hydroxyl, prefers the C2‘-endo conformation,
which allows for tighter turns and different stacking interactions of the bases (62). In particular,
the d(cGNAg) triloop is especially stable (63), forming a sheared GA pair between the first and
last nucleotides of the loop, much like in the GNRA tetraloops in RNA (49). In addition, the
d(GNA) loop can be expanded at any position other than before the first nucleotide in the loop,
much like in RNA (64-66). Similarities also exist between stable tetraloop sequences in DNA
and RNA as well, as revealed by TGGE selections on DNA tetraloops (66).

1.2.3 The Closing Base Pair
The first base pair below the loop is referred to as the closing base pair (blue, Figure 1.1).
It is found that certain hairpin loop sequences prefer certain closing base pairs. For example,
UNCG tetraloops prefer a CG closing base pair over a GC by approximately 2 kcal/mol in G37
(37, 41, 42), which is much greater than expected from nearest-neighbor effects in a standard Aform helix (67, 68). The GNRA tetraloop also prefers a CG closing base pair, but here the
margin is only 1.3 kcal/mol (61), in line with the common occurrence of a GC closing base pair
for this loop sequence (39). Preference for a CG closing base pair over a GC holds for certain
RNA triloops (2.1-2.5 kcal/mol) (43), as well as for d(GNA) triloops and expanded triloops,
where the contribution can be especially large (3 kcal/mol) (64, 66, 69). Given the parallels in
closing base pair preferences in RNA and DNA, as well as similarities in loop preferences, it is
likely that the molecular basis for closing base pair stability in the two nucleic acids is similar. It
should be noted that only certain loops have closing base pair preferences, with many less
structured loops, such as UUUU and AUAAUA, displaying a weak or non-existence preference
(41, 70).
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While more is known about stable hairpin sequences, there has been some investigation
into unstable hairpins as well. Combinatorial TGGE selections revealed that unstable triloops
tend to have UG and AU closing base pairs, as well as loop sequences poor in uracil (43).
Melting experiments on RNA hairpins with the loop sequence AUAAUA were least stable with
UG, AU and UA closing base pairs (70). Since G, A, and C tend to stack better than U (46) (P.C.
Bevilacqua & M. Hauser, unpublished observations), residual stacking in the reference state may
be responsible for less favorable folding thermodynamics. Such unstable loop and closing base
pair sequences could be important determinants of instability in RNA messages, as discussed
below.

1.3 Hairpin Biological Function
Our primary motivation behind studying RNA folding is to elucidate its role in biology.
In this section, we address some of the functions that RNA hairpins perform in nature. A
thorough review of the function of RNA hairpins in biology appeared recently, and the interested
reader is referred to it (71). The perspective we have chosen is a structural one, moving along the
hierarchy of RNA folding from unstructured, to base paired (hairpin), and finally to globular
tertiary structures, which typically contain multiple hairpins. Since RNA molecules as they occur
in nature range in size from ~20 nt. to thousands of nucleotides, the focus in each subsection
described below therefore pertains to the local structure of a given segment of a much longer
RNA.
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1.3.1 Functions of Isolated RNA Hairpins
Although RNA can be found in nature without significant secondary structure, most RNA
strands spontaneously fold into structures that offer additional layers of biological function and
regulation (13, 67, 68, 72). Indeed, the local interactions in RNA are sufficiently stable that most
RNAs contain substantial and quite stable secondary structures under physiological conditions
(73). For example, the 4 bp hairpin, ggacUUCGgucc has a G37 of almost -5 kcal/mol (37),
while a longer 8 bp hairpin having a UUUU loop and a stem with approximately equal GC and
AU content has a G37 of -9.4 kcal/mol (74). Of course, longer hairpins with stable loop
sequences will have proportionately greater stability.
Some RNA molecules exert their biological functions when consisting of only secondary
structural elements such as hairpins, for example in controlling transcription termination and gene
expression (75). In these cases, it is often the relative free energies of overlapping and mutually
exclusive hairpins on a nascent transcript that determine whether transcription of a given RNA is
terminated or continued, and therefore whether a gene is expressed (76-78). Free energy values
for folding from an unstructured state to a given final hairpin structure can be computed using
nearest-neighbor rules (72), and a partition function analysis can be used to calculate the relative
populations of the hairpin states (79, 80).
As an added level of complexity, the relative population of these secondary structures can
be kinetically determined in some instances (81-83). For example, during transcription the 5‘-end
of the RNA exists prior to synthesis of the 3‘-end. As such, kinetically stable but
thermodynamically inferior hairpins can form and exert biological control even after more stable
downstream RNA elements are transcribed. This is often found in the case of transcription
attenuation (75). In such instances, binding to the RNA of allosteric effectors such as small
molecule-bound proteins or small molecules themselves, as in the case of riboswitches, is needed
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to switch the RNA conformation into that of the more stable terminator; moreover, such binding
generally has to occur within a limited window of time in order to control gene expression (75,
81-83).
RNA molecules with secondary structures can also bind proteins in a sequence-specific
(84), or non-specific fashion as in the case of the dsRNA-binding domain (dsRBD), which binds
to the stem of hairpins (85). One important way in which RNA hairpins can exert their biological
effects is to modulate the chemical stability of the inherently unstable RNA transcript. Such
RNA hairpins often participate in the regulation of mRNA levels by either preventing or, more
rarely, promoting mRNA degradation. For example, resistance to nuclease cleavage was
observed for psbA mRNA transcripts in spinach chloroplasts. Mutants possessing 3‘ hairpins
with a stable cUUCGg loop structure were more stable than their wild-type counterparts (86). In
addition, exonuclease resistance was observed for transcript messages of the photosynthetic
bacterium R. capsulatus, where it was observed that short and long mRNA messages (decay
products of the full length puf operon) were protected from exonucleoyltic cleavage by the
presence of an intercistronic hairpin at the 3‘ portion of the short messages (87, 88). These
observations have led to the design of synthetic oligonucleotides that contain 3‘-terminal hairpins
or form hairpins upon binding mRNA targets, protecting messages from exonuclease degradation
(89). Hairpins can also protect mRNA transcripts when positioned 5‘ of the message. For
example, a hairpin in the 5‘ UTR of the ompA transcript, which codes for a major outer
membrane protein, serves to stabilize the mRNA, allowing it to be one of the most stable
transcripts in E. coli (90). Although the above examples present hairpins as stabilizing factors for
mRNA, there is evidence in the literature that certain hairpins act in ways to promote the correct
cleavage of mRNA. For instance, processing of the mRNA of ribosomal protein S20 in E. coli
requires a hairpin to lock local structures and present the correct single-stranded regions for
processing by RNase E (91).
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In summary, RNA hairpins are especially important in controlling gene expression.
Fundamentally, this is because RNA can switch between two conformations, one of which allows
gene expression and one of which blocks it.

1.3.2 Functions of Hairpins in RNA Tertiary Structures
As we might expect, the RNA molecules that perform the most molecularly complex
cellular functions, such as small molecule binding, protein synthesis, splicing, and tRNA
maturation (7, 38, 92, 93), typically adopt tertiary structures in which secondary structures
interact with each other through space to give compact, solvent-excluded structures with binding
pockets and active sites (94). In general, such RNAs fold in a hierarchical fashion, with tertiary
structure assembling in a Mg2+-dependent fashion out of preformed secondary structures,
including hairpins (95, 96) (Figure 1.3). These RNAs can interact with proteins as well, and often
do so in a sequence-specific fashion, in, for example, the ribosome and spliceosome RNP
machinery (38, 97). Thus, it is important to understand the folding and function of RNA hairpins
in these more complex systems as well. As described later, RNA hairpins can exert biological
control in systems with tertiary structure through multiple means.

1.4 Thermodynamics of RNA Hairpin Folding

1.4.1 Models and Thermodynamic Parameters for Folding
The thermodynamics of RNA hairpin folding is generally ascribed to the cooperative
two-state all-or-none model described in the previous section. This model ignores any
intermediates in the folding process, which is reasonable thermodynamically if intermediates do

11
not populate appreciably. This is probably a good assumption for most short hairpins wherein the
entropic contribution of loop formation to folding free energy is so dominant near the melting
temperature that intermediates with bulges, internal loops, or large hairpin loops are too unstable
to populate (98). However, for hairpins with internal helical defects, AU-rich helical termini
(which tend to ‗fray‘), or very long stems (>20 bp), a partition function approach that considers
aligned and staggered populated intermediates is necessary (99, 100).
The thermodynamics of hairpin folding have been empirically determined largely by
optical melting of short oligonucleotides. A nearest-neighbor model has been applied to parse out
thermodynamic terms for loop size, closing base pair identity, and loop sequence (67, 101-103).
In some cases, the thermodynamic contributions of certain mismatches are explicitly accounted
for by the model, while in others a cassette free energy bonus is assigned for specific loop-closing
base pair sequences such as cUNCGg and c/gGNRAg/c. It should be noted that even for
‗favorable‘ loop-closing base pair combinations, the contribution to overall folding is
unfavorable; i.e. the contribution to G37 is less unfavorable than it otherwise would be (68).
The nearest-neighbor model for hairpin formation has good predictive ability, generally
estimating the correct stability to within 5-10 % of the measured value (68, 102).

1.4.2 Cooperativity in RNA Hairpin Folding
Another issue that arises in the folding of hairpins is the cooperativity of loop and stem
folding. DNA loops, which tend to have relatively fewer molecular interactions than their RNA
counterparts, have been found to possess greater folding cooperativity, as determined from double
and triple mutant cycles (61). High folding cooperativity is consistent with a model wherein loop
formation in DNA is a concerted process linked through a conformational change (65, 104, 105).
Folding of related loops in RNA, on the other hand, is not concerted, which may be related to the
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much greater number of intramolecular contacts in most RNA loops, often mediated by the 2‘hydroxyl (61). The cooperativity of folding of the stem does not favor DNA, however.
Intermediate-to-high folding cooperativity was found for 8 bp RNA stems in both internal and
external contexts (i.e. near the middle and base of the stem, respectively), whereas folding
cooperativity in DNA was high only in the external context (74). Thus, for RNA the stem
appears to fold more cooperatively than the loop (61, 74).

1.4.3 Competing Structures
Lastly, we note that folding of hairpins, especially those with long stems or selfcomplementary loops, can be complicated by population of states other than native and random
coil, including self-complementary duplexes. This can complicate any attempted
thermodynamic, kinetic, or structural studies, especially at the high strand concentrations required
for crystallography (106) and NMR (37). Lowering the concentration of salt in the solution can
help favor the hairpin state, but this is not always possible or desirable. An alternative approach
to favor population of the hairpin state is to destabilize the duplex state. The conformationally
restricted nucleotide 8BrG has been substituted for the syn G in the loop, which disfavored the
competing duplex by 2.4 kcal/mol and greatly favored population of the hairpin conformer (107).
Other structures can compete with the hairpin as well, including stacked helices, slipped base
pairs, and misfolded loops (24, 108-111).

1.5 Influence of Hairpins on RNA Tertiary Structure
As discussed, RNA folding generally occurs in a hierarchical fashion (95, 96) (Figure
1.3). This is a consequence of the ~1,000-fold faster rate of hairpin folding than tertiary structure
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formation and the fact that tertiary interactions typically require between one to two pre-folded
RNA structural elements. Since complex RNA function, such as catalysis, requires complex
tertiary structure, it is reasonable to ask whether the structurally simpler RNA hairpins play any
important roles in these more complex folds. We would like to present three ways in which
hairpins influence the activity of such functional RNAs: 1.) By driving alternative folding of
functional RNAs to affect population of the native state, 2.) By pKa perturbations to provide
enhanced functionality of nucleic acids, and 3.) By affecting the thermostability of tertiary
structure via thermodynamic linkage between the steps in hierarchical folding.

1.5.1 RNA Hairpins Can Drive Folding of Non-Native States
As discussed, RNA is especially prone to adopting conformations other than the native
state (109). Often such alternative or misfolded states are a nuisance to the experimentalist,
especially when investigating the structure or properties of one particular state (107, 109, 112).
However, alternative pairings can also be desirable, and a number of RNAs appear to have
evolved such pairings as a way to regulate biological activity. In the self-splicing Tetrahymena
ribozyme, two mutually compatible RNA hairpins form upstream of the ribozyme and act to
misfold the ribozyme and turn self-splicing off, while another mutually exclusive upstream
hairpin competes with the other hairpins to switch the ribozyme back to the native fold (113,
114). Similar competition between upstream hairpins occurs in the hepatitis delta virus ribozyme
(115). Likewise, many riboswitches involve terminator and antiterminator RNA hairpins in their
expression domains that fold in ways to disfavor small molecule binding by the aptameric domain
(8).
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1.5.2 RNA Hairpins Can Form Motifs with Protonated Base Pairs
Another way in which hairpins can influence functional RNA activity is by presenting
motifs with shifted pKa values. The stems of RNA hairpins often contain AC mismatches (Figure
1.2D). These can form wobble pairs upon protonation of the N1 of A. Such bases typically have
pKa values near 6.5 (116, 117), although optimal nearest neighbors can shift the pKa to neutrality
(118). The primary driving force for pKa shifting in systems as simple as hairpins appears to be
linkage between protonation and folding of the stem (119, 120). The hairpin in these cases can
present the protonated base as a possible proton transfer agent, or as a oxyanion hole (121).
Stems in similar contexts may play important roles in RNA catalysis of the peptidyl transfer
reaction by the ribosome (38, 121).

1.5.3 RNA Hairpins Can Directly Participate in Tertiary Interactions
A third way in which hairpins can affect RNA function is through direct participation in
key tertiary interactions in complex RNA structures. For example tetraloop-receptor interactions
are a common tertiary motif (36, 122) in a variety of RNA structures including group I (123) and
group II introns (124). The tetraloop-receptor interaction has been used to model RNA helical
packing, and the 30 kDa structure of two model receptors is one of the larger RNA structures
solved via NMR (125). The structural roles for hairpins in tertiary interactions also have direct
consequences for RNA function as hairpin tertiary contacts are often essential for maximum
function under physiological conditions. For example, the hammerhead ribozyme requires key
loop-loop interactions not present in minimalist constructs for cleavage activity at sub-millimolar
concentrations of Mg2+ (126-128). The loop-loop interactions also promote cooperative folding
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of the tertiary interactions, and constructs lacking these interactions populate intermediates on the
tertiary folding pathway (129).

1.5.4 RNA Hairpin Stability Can Alter the Thermostability of Tertiary Structure
A fourth way in which hairpins can affect RNA function is through thermodynamic
linkage between the two steps of hierarchical folding. If folding of secondary and tertiary
structures is cooperative, hairpins in the context of the proper tertiary structure can be highly
populated at temperatures well above their isolated melting temperatures. Under these conditions
strengthening secondary structures leads to a higher melting temperature of the tertiary structure,
or greater thermostability (130). The implications and biological utility of cooperative folding of
secondary and tertiary structure will be discussed in the following sections and experiments
probing cooperative folding will be discussed in Chapters 4 and 5.

1.6 RNA Thermostability
There has been significant interest in the strategies used by proteins to achieve
thermostability and maintain structure and function at elevated temperatures (131). A variety of
strategies have been proposed including strengthening of tertiary interactions through van der
Waals contacts, hydrogen bonding, and the hydrophobic effect. Decreasing the size of loops and
strengthening of secondary structures also have been identified as contributing to protein
thermostability. However, comparatively less is understood about how RNAs achieve
thermostability for function at extreme temperatures.
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1.6.1 Hierarchical Folding and Thermophilic RNA
As has been previously discussed, RNA typically folds in hierarchical fashion with
tertiary structures folding out of preformed secondary structures as shown in Figure 1.3. If the
tertiary structure folds out of preformed secondary structures, then, the equilibrium constant for
tertiary folding would be unaffected by changes in secondary structure stability since the
secondary structures are formed before and after formation of tertiary contacts. This suggests that
increasing secondary structure stability would not affect the intrinsic stability of tertiary contacts
and would not increase the thermostability of functional RNAs from thermophiles. However,
comparison of nucleic acid sequences from a variety of organisms suggests that secondary
stability does play an important role in RNA thermostability. Despite no correlation of optimal
growth temperature of an organism and genomic GC-content, rRNAs, tRNAs, and RNase P
RNAs from thermophiles have much greater GC-content and are lacking in secondary structure
defects compared to those from mesophiles (132-134); In addition, optimal growth temperature
correlates with predicted melting temperatures of RNA molecules (135). Strengthening of
tertiary interactions, cellular crowding, and stabilization through protein interactions also likely
contribute to the stability of thermophilic RNAs. Nevertheless, secondary structure stability and
thermophilicity are correlated, which suggests secondary structure stability plays a major role in
RNA thermostability.

1.6.2 Cooperativity of RNA Folding and Functional Stability
In Chapter 4, a quantitative molecular model is described for how secondary structure
stability affects thermostability of nucleic acids, and this model relies on the potential for RNA to
fold cooperatively. In cooperative folding of secondary and tertiary structures, secondary
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structure stability would directly influence folding of the functional structure. Coupling between
folding of secondary and tertiary structure has been shown for several RNAs, such as tRNA
which at low concentrations of Mg2+, unfolds through a number of detectable intermediates (136).
However, in the presence of increased concentrations of Mg2+, tRNA unfolds in a two-state
fashion in which the tertiary contacts are more stable than the secondary structure elements (137).
The Mg2+-dependent coupling of secondary and tertiary folding has been shown in other RNAs as
well, including multiple pseudoknots (138, 139). The folding cooperativity of secondary and
tertiary structure is compatible with the notion of ‗functional stability‘ which is defined from the
viewpoint of biological function (140). Functional stability is defined as the free energy
difference between the native state and the penultimately stable nonfunctional state, whatever its
identity. The definition of functional stability does not define the penultimately stable,
nonfunctional state. Thus, for a non-two-state system, such as RNA with tertiary structure, the
identity of the penultimately stable (reference) state can change.

1.7 Dissertation Format
Chapter 2 begins with a discussion of RNA tetraloop families (GNRA and UNMG) for
which there is exceptional stability in the context of a CG closing base pair, in spite of significant
sequence, structural, and functional differences. Our group had observed that these loops act as
molecular mimics with respect to their loop-closing base pair interactions at loop position 1 (G of
GNRA) or loop positions 1 and 4 (U and G of UNMG) present the same functional groups to the
closing base pair. The thermodynamics of the loop-closing base pair interactions were studied in
model hairpins using nucleobase and functional substitutions and changes in ionic strength. The
effects of the substitutions and ionic strength were then related to structures of the loop and
closing base pair. The results from the experiments were compared to calculations of the
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electrostatic free energy to support molecular mimicry of the two loop families. Appendix A
provides supporting information including full thermodynamic parameters from UV Melting and
figures detailing surface potentials of model loop structures to complement the information in
Chapter 2.
The results from the experiments in Chapter 2 provide a segue for the work highlighted in
Chapter 3 where GNRA tetraloops were compared to highly stable DNA triloops that possess the
same interactions between the first and last loop nucleotide and are exceptionally stable with a
CG closing base pair just like the GNRA tetraloops. Again nucleobase and functional group
substitutions were used to probe loop thermodynamics, and nonlinear Poisson-Boltzmann
calculations were related to thermodynamics of the loops and used to compare the RNA and
DNA loop structures, which show the portability of the loop-closing base pair motif across
polymer type and loop size, and in spite of different functional roles that RNA and DNA
converged on a similar molecular solution for stability. Appendix B contains the full
thermodynamic parameters from UV melts on model hairpins to complement the discussion in
Chapter 3.
In Chapter 4 functional stability is related to folding cooperativity and secondary
structure stability as a simple model is developed for the thermophilic adaptation for functional
nucleic acids. A quantitative relationship between base pairing strength and functional stability,
was developed using an intramolecularly folding DNA triplex (141, 142) to model the folding of
RNAs that have function by virtue of their tertiary folding. The triplex is a relatively simple
three-state sequential folder and tertiary structure can be strengthened by lowering pH, which
drives formation of C+GC base triples (143-147). The lowering of pH and increasing of
hydronium ions is similar in action to the increasing of Mg2+ ions for other functional nucleic
acids. The triplex was designed with a tunable region that contains base pairs completely
separate from tertiary interactions. This was done to investigate the extent to which secondary
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structural elements separate from the tertiary interactions affect the thermostability of nearby
tertiary contacts. We showed that the functional stability is influenced by secondary structure
stability but only under cooperative folding conditions, which suggests a simple mechanism for
thermophilic adaptation of functional RNAs. Appendix C provides results from native gels to
confirm formation of triplex structures, as well as background for simulations to complement the
model discussed in Chapter 4.
Chapter 5 details the beginning of testing the model of thermophilic adaptation in a tRNA
model system. Experimental results showed that both increasing amounts of Mg2+ and molecular
crowding conditions can promote the cooperative folding necessary for the simple model of
thermophilic adaptation detailed in Chapter 4 to be applicable. In fact, the effects of the
molecular crowding were most pronounced at lower, cellular Mg2+ concentrations.
Finally, Chapter 6 details future experiments that stem from the work in Chapters 2 and
5. Included in this chapter is a discussion of examining ion-specific effects on the preferential
stabilization of GAAA loops with a GC cbp, and utilization of a tRNA transcript to examine how
base pairing separate from tertiary contacts affects functional stability of tRNA both in dilute and
crowded solutions.
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Figure 1.1: Components of RNA Hairpins. The figure highlights the three components of
hairpins: the loop, closing base pair, and stem. Also shown are common RNA secondary
structure elements, which are defined by patterns of paired and unpaired nucleotides in a helical
context. Hairpins are characterized by unpaired nucleotides at the tip of helical stem. Bulges and
internal loops are characterized by unpaired nucleotides found in either one (bulge) or both
strands (internal loop).
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Figure 1.2: Molecular Interactions in RNA Hairpins. A) Sheared GA base pair formed in a
GNRA loop. B) Bifurcated hydrogen bonding between positions 1 and 4 in a UUCG loop. C) 8bromoguanosine conformer. Note that the base is in the syn conformation over the ribose ring to
eliminate steric clashes with the bulky Br substituent. D) Structure of protonated AC base pair.
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Figure 1.3: Hierarchical Folding of RNAs with Multiple Hairpins. Multiple secondary
structural elements can form in the folding of primary structure to secondary structure. In some
cases the isolated hairpins may perform some biological function. In the presence of divalent
metal ions, in particular Mg2+, secondary structural motifs can interact to form tertiary structures
such as a loop-receptor interaction or this putative kissing-loop interaction. Finally, RNA tertiary
structures can interact with other biological molecules such as proteins as shown in the folding of
the 3° complex. Folding tends to be hierarchical, as shown, with secondary structures forming
first, and more complex structures assembling out of these.
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Chapter 2

Contribution of the Closing Base Pair to Exceptional Stability in RNA
Tetraloops: Roles for Molecular Mimicry and Electrostatic Factors
[Published as a paper titled, ―Contribution of the Closing Base Pair to Exceptional Stability in
RNA Tetraloops: Roles for Molecular Mimicry and Electrostatic Factors‖ by Joshua M. Blose,
David J. Proctor, Narayanan Veeraraghavan, Vinod K. Misra, and Philip C. Bevilacqua in J. Am.
Chem. Soc., (2009) 31, 8474-8484. (1)]

2.1 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 (cbp) 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 ∆G°37 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

40
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.

2.2 Introduction
The hairpin is the most common RNA secondary structure motif and has diverse
structures and biological and physical functions (2). Hairpins often participate in RNA tertiary
contacts (3-5) and play roles in cellular processes such as transcription regulation (6, 7), mRNA
degradation (8-10), and RNA interference (11-13). Tetraloops are the most common RNA
hairpins, and phylogenetic analyses show that approximately 50% of the hairpin structures in
rRNA are tetraloops (14-18). Many tetraloops, including some rRNA loops, belong to the UNCG
or GNRA motifs, where N is any nucleotide and R is a purine (Figure 2.1). 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 (18). 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-Crick cbps (18-25). For example, in previous studies the CG cbp
was found to confer an additional -1.3 kcal/mol for GAAA (22) and -2.3 kcal/mol for UUCG (18,
19) as compared to a GC cbp. Using nearest neighbor parameters for the stem nucleotides,
∆∆G°37 for the CG to GC swap was predicted to be only ~0.2 kcal/mol (18, 22, 26, 27). Selection
for heightened tetraloop stability with the CG cbp shows an inverse relationship with protein
content for variable loops in 16S rRNA (21) suggesting such loops may have played an important
role in an RNA World.
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Numerous structural and thermodynamic studies have identified key features of GNRA
and UNMG loops (18, 21, 22, 28-34). 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 2.1A, 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‘ side in GNRA (Figure 2.1A), while hydrogen bonding between
L1 and L4 gives a bifurcated UG pair for UNMG loops and a sheared GA pair for GNRA loops
(Figure 2.1B).
We noticed that, despite the aforementioned structural differences, UNMG and GNRA
loops may act as molecular mimics with respect to their interactions with the cbp. As shown in
Figure 2.1B, amino, imino, and keto groups are similarly positioned over the cbp. We therefore
examined the thermodynamic consequences of atomic substitutions in GNRA and UNCG loops
via UV melting experiments. Changes in sequence included swapping of the cbp, inserting 3carbon (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.
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2.3 Materials and Methods

2.3.1 RNA Preparation

All RNA hairpins have the general sequence 5‘-GGAXL1L2L3L4X‘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 XL1L2L3L4X‘
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 P10E0.1 [10 mM sodium phosphate and 0.1mM Na2EDTA
(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 deprotected
using TBAF in THF and desalted by Sep-Pak (Waters) C18 columns. The
oligonucleotides were then purified utilizing preparative TLC (n-propanol:ammonium
hydroxide:water, 55:35:10) and desalted using Sep-Pak C18 columns before
microdialysis into P10E0.1 (Gibco-BRL Life Technologies). Purity of all oligonucleotides
was confirmed by analytical TLC and estimated to be >95%.

2.3.2 UV Melting Experiments
RNA was renatured by heating to 90° C and cooling to room temperature. All melts were
performed in P10E0.1, with additional NaCl added as appropriate. UV melts were performed using
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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 thermodynamics and twostate 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 (35). Melt data were
fit to a two-state model using sloping baselines and analyzed using a Marquardt algorithm for
nonlinear curve fitting in KaleidaGraph 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 µM), consistent with
intramolecular hairpin folding.

2.3.3 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 2.1. 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
Appendix A ranged from 2.0-3.3 Å, and gave similar results, as discussed in the 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
(36). 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 (37-42).
Calculation of electrostatic potentials and electrostatic free energies was performed using Qnifft
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package 2.2 (http://crystal.med.upenn.edu/software.html). In most calculations, 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 Å; ion
exclusion radius, 2.0 Å; solvent dielectric constant, 80; and temperature, 310 K. In the
calculations, the RNA was placed inside of a 653 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/Å and potentials were iterated to a convergence of 10-4 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 including structures with 3D potential contours or surface potentials
was visualized using the ABPS plug-in (43) in PyMol (http://www.pymol.org/).

2.4 Results and Discussion

2.4.1 Molecular Mimicry between UNMG and GNRA Tetraloops
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 2.1). Distances between loop and cbp functionalities
are similar for both cUUCGg and cGAAAg loops and range from 3.2 to 3.8 Å (tabulated in
Figure 2.1C). 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
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Watson-Crick base pairing face of the G at L1, while in the UUCG loop the keto and imino come
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 thermodynamics
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 2.2 and 2.3). These data are then interpreted in terms of NLPB models
and electrostatic calculations in the two subsequent sections (Figures 2.4 and 2.5).

2.4.2 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 P10E0.1, pH 7.0 (18), while
Melchers et al. used synthetic RNA with five base pair stems in P10E0.1, pH 6.8, and 1M NaCl
(23), 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 2.2A, and thermodynamic parameters for all sequences are provided in Table 2.2 under the
―Unmodified‖ subheading. Representative GAAA melts are supplied in Appendix A (Figure
A.1). 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 destabilizing, with ∆∆G°37
values of +1.86 and +1.54 kcal/mol for UUCG and GAAA, respectively, under the conditions of
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P10E0.1 (Table 2.2, column 5). The ∆∆G°37 values for the CG to GC change are especially
significant when compared to nearest neighbor predictions in 1M NaCl of ~0.2 kcal/mol (26)
(Table 2.2, column 6). Correcting for the slight effect from nearest neighbor parameters for the
CG to GC change in the stem, leaves approximately –1.7 and –1.4 kcal/mol bonus for the cbp
with UUCG and GAAA loops, respectively (Table 2.2, 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 2.2, column 6), there remains penalties of approximately +1.5
kcal/mol and +1.8 kcal/mol, respectively (Table 2.2, column 7). These net free energies are
similar to values determined relative to a GC cbp for both UUCG and GAAA loops (Table 2.2,
column 7). Thus, CG is the only one of the four canonical base pairs that affords extra stability to
these hairpin loops.

2.4.3 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 (22, 44-46). 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
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of the C3 linker is consistent with it having 6 rotatable single bonds in its backbone. Nonetheless,
C3 linker insertions before position 1 of the loop with CG cbps gave 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.
Thermodynamic consequences of C3 linker insertions in GAAA (22) were repeated 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 2.2B, and the
thermodynamic data are provided in Table 2.2 under the ―C3 Linker‖ subheading. Representative
GAAA melts are supplied in Appendix A (Figure A.1). There is a large destabilization for 5‘insertion of the C3 linker in c(C3)UUCGg of almost 3 kcal/mol, while a 3‘-insertion in
cUUCG(C3)g is less destabilizing, with a ∆∆G°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 2.1A
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 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 (Figure 2.2B and A.1A; Table
2.2) with ∆∆G°37 values of -0.45 kcal/mol and -0.36 kcal/mol, respectively. 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
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gUUCGc are especially apparent in the raw data in Figure 2.2B, where the 5‘-insertion gives a
shift to a lower TM while the 3‘-insertion gives a shift to a higher TM.

2.4.4 Thermodynamic Effects of 7dzG Substitution in the Closing Base Pair
SantaLucia and co-workers measured the energetic consequences of functional group
substitutions throughout a cGCAAg hairpin (31). 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
o

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 (47). 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 2.1). We
therefore focused our experimental efforts on functional groups that interact with the major
groove of the CG cbp.
In order 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 P10E0.1 (45). Substitution
of 7dzG in RNA duplexes has similar, small destabilizations of +0.14 to + 0.36 kcal/mol in 1 M
NaCl (48).
Sample melts for cbp substituted-UUCG sequences are shown in Figure 2.2C and the
thermodynamic parameters are provided in Table 2.2 under the ―7-deazaguanine‖ subheading.
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Representative GAAA melts are provided in Appendix A (Figure A.1). For cUUCG(7dzg), there
was a significant destabilization of +1.1 kcal/mol relative to the unsubstituted cbp, which is
similar 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 underestimated because of the aforementioned intrinsic
destabilization due to the 7dzG substitution (48). 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
cbp and C3 linker substitutions (Table 2.2). For (7dzg)GAAAc there was no significant effect of
the substitution (∆∆G°37 = 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 accommodated by
NLPB calculations as described below.

2.4.5 UV Melting Experiments: Salt Dependence of ∆G
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 (49). Results
of the salt-dependent UV melting experiments are shown in Figure 2.3, and linear fitting
parameters are provided in Table 2.3. For both loops, the lowest salt dependence of the hairpin
free energy was in the context of the CG cbp (Figure 2.3A; Table 2.3). In addition, the salt
dependence for cUUCGg was lower than that for cGAAAg (-0.35 ± 0.01 kcal/mol versus -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
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pronounced thermodynamic effects in UUCG than GAAA loops. The salt dependences for
UUCG and GAAA loops were also determined as a function of potassium ion concentration (data
not shown). Although the magnitude of the slopes was slightly smaller for both UUCG and
GAAA loops, the ∆slope 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 thermodynamic effect of the substitution. For example, when 7dzG stabilized
the loop, the salt dependence of ∆G°37 decreased (i.e. the slope became less negative), whereas
when 7dzG destabilized 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
experimentally significant effect in GAAA. One possibility is that for the CG cbps, while the
7dzG substitution eliminates favorable interactions leading to destabilization (Table 2.2),
numerous other cbp-loop interactions (Figure 2.1A) maintain the overall loop structure leading to
no significant change in the salt dependence (Table 2.3).
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2.4.6 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 loopcbp structures at 40% transparency (Figure 2.4 and Figures A.2-A.5). 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 electrostatics highlighted in light
blue in Figure 2.1 are also highlighted in light blue in Figure 2.4 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 O4 of U1
(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 U1 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 Appendix
A, Figures A.2-A.5).
As described, insertions of C3 linkers into cUUCGg in c(C3)UUCGg and in
cUUCG(C3)g were both destabilizing, +2.9 and +0.6 kcal/mol, respectively (Table 2.2). As can
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be seen from the electrostatic potential contours (Figures 2.4 and A.2), both insertions have the
potential to disrupt attractive interactions. The 5‘-C3 linker insertion is more destabilizing,
perhaps because it interrupts the interactions of two functional groups, the O4 and H3 of U1, 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
2.1). 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 2.4 and A.4). 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 U1 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 2.1B). 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 2.4).
For gUUCGc and gGAAAc, repulsions between the loop and the cbp are highlighted
with pink lines in the 3D potential contours (Figures 2.4, and Figures A.3, A.5). 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 2.2). 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 2.4, A.3). The same interaction was probed via 7dzG substitution, and
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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 2.4 and A.5). 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 (48), 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 of repulsive
positive potentials from H1 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 stacking stability in UUCG and GAAA loops.
This is qualitatively similar to effects described by Burkard and Turner for 3‘-end stacking (50).
Lastly, it is instructive to consider previously published experimental observations on the
dynamics of cUUCGg and gUUCGc loops (21). 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 2.1B) of the GC cbp loop. The
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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 2.4) may prevent the formation of locally
stabilizing attractions resulting in a more dynamic structure.

2.4.7 Calculations of Electrostatic Free Energy Support Experimental Observations
The total electrostatic free energy can be written as follows
∆Gel = ∆Gns + ∆Gs

(2.1),

where the electrostatic free energy (∆Gel) is partitioned into non-salt-dependent (∆Gns) and saltdependent (∆Gs) and terms (41). The salt-dependent free energy is the interaction of
macromolecular charges with mobile ions, while ∆Gns can be further partitioned
∆Gns = ∆Gc + ∆Gp

(2.2),

where ∆Gc is the energy of the intramolecular Coulombic interactions, and ∆Gp is the aqueous
solvation free energy of the nucleic acid structure (41).
Substitution of equation (2.2) into (2.1) gives
∆Gel = ∆Gc + ∆Gp + ∆Gs

(2.3)

or ∆∆Gel = ∆∆Gc + ∆∆Gp + ∆∆Gs

(2.4).

Values for ∆∆Gc, ∆∆Gp, ∆∆Gns, ∆∆Gs (1 M NaCl), and ∆∆Gel (at 1 M NaCl) using the
complete Discover partial charge parameter set are provided in Table 2.4 for the CG-GC cbp
swap for UUCG and GAAA. These calculations were first performed on a representative
structure (Tables 2.1 and 2.4, Figure 2.4, 2.5) and then repeated on additional structures (Table
A.1, Figures A.2-A.5), which were in agreement (see 2.3 for further details). In addition, values
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for ∆∆Gc, ∆∆Gp, ∆∆Gns from calculation using only -0.5 charges on each non-bridging
phosphoryl oxygen are provided for comparison (Table 2.4).
For UUCG, the non-salt-dependent contribution to the electrostatic free energy, ∆∆Gns,
destabilizes structures with a GC cbp relative to their CG counterparts by ~12 kcal/mol (Table
2.4, ‗Full Charge Set‘). Partitioning ∆∆Gns into ∆∆Gc and ∆∆Gp reveals that the intramolecular
Coulombic interactions (∆∆Gc) strongly destabilize structures with GC cbps relative to their CG
counterparts for the UUCG loops (~+41 kcal/mol) (Table 2.4). In an effort to uncover the origin
of the large ∆∆Gc effect, we calculated the accessible surface area of the two UUCG loops (Table
2.5). The accessible surface area of the UUCG loop decreases by 48 Å2 for a GC cbp relative to
the CG cbp; in addition, the inter-phosphorus distances in the GC cbp loop were closer on
average by 0.7 Å than in the CG cbp loop (data not shown). Thus, gUUCGc is significantly more
compact than cUUCGg.
To test whether compaction of the UUCG with a GC cbp leads to phosphate repulsions,
we repeated the NLPB calculations with a simplified potential set, in which we simply assigned
half of the -1 charge to each non-bridging phosphoryl oxygen (Table 2.4, ‗Phosphate-only Charge
Set‘). The ∆∆Gc 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 kcal/mol versus +44.66
kcal/mol for full and phosphate-only charge set, respectively. Thus, the intramolecular
Coulombic 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 (Figure
A.3).
In contrast to ∆∆Gc, the solvation free energy (∆∆Gp) favors structures with GC cbps,
with ∆∆Gp ~ –29 kcal/mol (Table 2.4, ‗Full Charge Set‘). Thus, solvation is more favorable for
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the more compact gUUCGc loop, but the magnitude of the favorable ∆∆Gp term is not large
enough to compensate for ∆∆Gc, as ∆∆Gns ~12 kcal/mol. Moreover, the salt-dependent
contribution, ∆∆Gs, also destabilizes gUUCGc relative to cUUCGg, even at 1 M monovalent salt,
such that ∆∆Gel favors the CG cbp (∆∆Gel ~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 ∆∆Gel values
(Appendix A, Table A.1) 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 compressed phosphates.
We now turn to NLPB calculations on GAAA loops. For GAAA, the non-salt-dependent
contribution to the electrostatic free energy, ∆∆Gns, destabilizes structures with a GC cbp relative
to their CG counterparts (Table 2.4, ‗Full Charge Set‘), a similar result to the UUCG loops.
However, partitioning ∆∆Gns into ∆∆Gc and ∆∆Gp terms reveals that phosphates and bases
contribute differently for GAAA and UUCG loops. The intramolecular Coulombic interactions
∆∆Gc also strongly destabilize structures with GC cbps relative to their CG counterparts, but
∆∆Gc is significantly larger for calculations that assign potentials to all atoms (Table 2.4, ‗Full
Charge Set) rather than to the non-bridging phosphoryl oxygens alone (Table 2.4, ‗PhosphateOnly Charge Set), ~32 kcal/mol and ~12 kcal/mol, respectively. This trend contrasts with that
observed for UUCG loops, wherein both parameter sets gave similar values. Moreover, the
GAAA loop with a GC cbp is somewhat less compact than its CG counterpart, with an increase of
16 Å2 (Table 2.5); 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
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towards 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 2.5). In addition, a significant build up of
negative potential is observed near the base of the loop structure in gGAAAc calculated with full
charges (Figure 2.5B, dashed lines) that is not present in cGAAAg (Figure 2.5A). This effect was
not seen in calculations on UUCG loops (Appendix A, Figure A.6). Thus, repulsive interactions
of the bases contribute significantly to ∆∆Gc in GAAA loops.
The increase in negative potential in gGAAAc likely contributes to stabilization relative
to cGAAAg by solvation, since ∆∆Gp ~ -14 kcal/mol for the CG to GC cbp switch (Table 2.4).
Although gGAAAc is not more compact than cGAAAg (Table 2.5), the ring of negative potential
leads to a region of high surface charge density (Figure 2.5), 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 ∆∆Gns ~ +18 kcal/mol for the
CG to GC cbp switch. In addition, ∆∆Gs is destabilizing for gGAAAc relative to cGAAAg, even
at 1 M monovalent salt. As a result, ∆∆Gel favors the CG cbp for GAAA loops (∆∆Gel = +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 ∆∆Gel values were again
found to fall into a well defined range (Table A.1) 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 UUCG 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, ∆∆Gs, was calculated for representative structures (Table 2.1) for
monovalent salt concentrations between 0.13 and 1.0 M. The calculated value of ∆∆Gs was
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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 2.3D, ∆∆Gs decreases linearly with log [M+],
and the loops with GC cbps have a greater dependence on log [M+], as in the experimental results.
Furthermore the calculated change in slope between GC and CG cbp is on the same order of
magnitude and has the algebraic sign as the experimentally observed change in slope for both
UUCG and GAAA (Table 2.3). 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 (41).
In order 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 ∆slope 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 Mg2+ 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 (51-53). For example, the region of negative potential near the
phosphates for L2 and L3 of cGAAAg loop (upper right-hand corner of the display in Figure
2.5A) is consistent with a Mg2+ binding site that was modeled from 31P NMR and
phosphorothioate substitutions (54). Observation of more of a negative ring in the gGAAAc
potential calculations (Figure 2.5B), as described above, is suggestive of another region where
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Mg2+ may accumulate and bind. While our calculations generally include the effects of a
―diffusely bound‖ monovalent cation layer, we do not directly address the how ionic size and
valence may modulate the interactions we observe, in part because thermodynamic data for such
comparisons are lacking.

2.5 Conclusions
Prior studies established the phylogenetic conservation, three-dimensional structure, and
thermodynamic stability of stable tetraloops (18, 21, 22, 28-34). However, the molecular basis
for preference 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 tetraloops 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 (31, 47). 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 achieved stability by arranging 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 pKa
values, to interact with the cbp. This behavior is reminiscent of the ability of A and C, which
have similar low imino nitrogen pKa values, to substitute for each other in general acid-base
catalysis in the HDV ribozyme (55, 56).
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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 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 2.2, 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 both by
experiments and NLPB calculations. The ∆slope 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 2.5). Formation of this potential may be favored in biology
as it may facilitate tertiary interactions, such as interactions of tetraloops with tetraloop receptors
(3, 57, 58). The ability of tetraloop receptors to tune tetraloop stability is also possible.
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Molecular mimicry can be extended to other RNA motifs such as tandem GA
mismatches. When the symmetric tandem 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.(59)
However, when the GA mismatches are closed by GC base pairs, the GA adopts an iminohydrogen bonding arrangement (60). 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
(61, 62), but molecular mimicry on a smaller scale, such as found in UNMG and GNRA, may be
a common a 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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Table 2.1. PDB ID of Coordinates Used in NLPB Calculationsa
Sequence

PDB ID

cUUCGg
gUUCGc
cGAAAg
gGAAAc

1NBS(63)
3BWP(64)
2OIU(65)
1NKW(66)

a

All are crystal structures.

Chain, Nucleotides
B, 152-157
A, 338-343
Q, 10-15
0, 2353-2358
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Table 2.3. Linear Fit Parameters for ∆G°37 vs. log [Na+] for UUCG and GAAA Tetraloopsa
Plot 3A: Effects of cbp swaps (from experiments)
Interceptb
Slope
∆Slope
(kcal/mol)
(kcal/mol)
(kcal/mol)

Sequence
cUUCGg ●
gUUCGc ○
cGAAAg ●
gGAAAc ○

Sequence

-5.30 ± 0.01
-4.18 ± 0.03
-4.84 ± 0.01
-3.94 ± 0.04

cUUCGg ●
gUUCGc ○
cGAAAg ●
gGAAAc ○
a

-5.30 ± 0.01
-4.32 ± 0.03
-4.18 ± 0.03
-3.95 ± 0.04

-0.35 ± 0.01
-0.43 ± 0.02
-0.77 ± 0.01
-0.47 ± 0.03

-0.08 ± 0.02c
+0.30 ± 0.04e

Plot 3C: Effects of 7dzG in cbp for GAAA (from experiments)
Interceptb
Slope
∆Slope
(kcal/mol)
(kcal/mol)
(kcal/mol)

cGAAAg ●
cGAAA(7dzg) ○
gGAAAc ●
(7dzg)GAAAc ○

Sequence

-0.42 ± 0.02c
-0.35 ± 0.03d

Plot 3B: Effects of 7dzG in cbp for UUCG (from experiments)
Interceptb
Slope
∆Slope
(kcal/mol)
(kcal/mol)
(kcal/mol)

cUUCGg ●
cUUCG(7dzg) ○
gUUCGc ●
(7dzg)UUCGc ○

Sequence

-0.35 ± 0.01
-0.77 ± 0.02
-0.61 ± 0.01
-0.96 ± 0.03

-4.84 ± 0.01
-4.01 ± 0.05
-3.94 ± 0.04
-3.53 ± 0.04

-0.61 ± 0.01
-0.60 ± 0.04
-0.96 ± 0.03
-0.77 ± 0.04

+0.01 ± 0.04d
+0.19 ± 0.05f

Plot 3D: Effects of cbp swaps (from calculations)
Interceptb
Slope
∆Slope (kcal/mol)
(kcal/mol)
(kcal/mol)
5.54
6.45
6.55
7.23

-1.85
-2.01
-2.03
-2.13

-0.16c
-0.10d

R2

0.9974
0.9950
0.9985
0.9934
R2

0.9974
0.9937
0.9950
0.9921
R2

0.9985
0.9922
0.9934
0.9949
R2

0.9982
0.9988
0.9989
0.9992

Results are from fits to data plotted in Figure 2.3, and the appropriate panel of Figure 2.3 is
indicated in the table. The ∆slope error is propagated as the square root of the sum of squares
from curve fit errors. bThe y-intercept value is defined as ∆G°37 extrapolated to 1M [Na+]. cThe
difference in slopes is relative to cUUCGg. dThe difference in slopes is relative to cGAAAg
e
The difference in slopes is relative to gUUCGc. fThe difference in slopes is relative to gGAAAc.
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Table 2.4. NLPB Calculated Thermodynamic Parametersa
Full Charge Setb
∆∆Gc
Sequence
(kcal/mol)
cUUCGg
gUUCGc
cGAAAg
gGAAAc

40.71
31.88

∆∆Gp
(kcal/mol)

∆∆Gnsc
(kcal/mol)

∆∆Gs(1M)
(kcal/mol)

∆∆Gel (1M)d
(kcal/mol)

-28.56
-14.02

12.15
17.86

0.91
0.68

13.06
18.54

Phosphate-only Charge Sete
∆∆Gc
∆∆Gp
Sequence
(kcal/mol)
(kcal/mol)

∆∆Gnsc
(kcal/mol)

44.66
11.90

15.16
3.22

cUUCGg
gUUCGc
cGAAAg
gGAAAc
a

-29.50
-8.68

The following parameters are differences in energies outputted from NLPB calculations.
Charges on all atoms according to the Discover force field. c∆∆Gns calculated as the sum of
∆∆Gc and ∆∆Gp. dThe difference in electrostatic free energies includes the difference in the salt
dependent free energy at 1M monovalent salt. ∆∆Gel is calculated as the sum of ∆∆Gns and ∆∆Gs
(1M) according to Equation 2.1. eNon-bridging phosphoryl oxygens assigned -0.5 charge with all
other charges set to zero.
b
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Table 2.5. Accessible Surface Area of Tetraloop Sequencesa
Sequence

Surface Area (Å2)

∆Surface Area (Å2)

cUUCGg
gUUCGc
cGAAAg
gGAAAc

1488
1440
1417
1433

–48
+16

a

Surface areas from NLPB output.
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Figure 2.1: 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 2.1. 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.
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Figure 2.2: 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) 7dzGsubstitution 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 Appendix A.
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Figure 2.3: Dependencies of Stability on Salt Concentration for UUCG and GAAA Sequences.
Shown are plots of ∆G°37 vs. log [Na+]. Slopes and R2 values for each plot are provided in Table
2.3. A) Salt dependence of ∆G°37 for UUCG and GAAA with CG and GC cbps. B) Salt
dependence of ∆G°37 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 (∆Gs) from NLPB calculations.

70

Figure 2.4: Three-Dimensional Potential Contour Maps for UUCG and GAAA Tetraloops.
Structures were visualized according to PDB coordinates in Table 2.1. 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 for GAAA potential contours are -20kT/e (red) and +10 kT/e (blue). The gUUCGc
structure originated from the PDB coordinates in Table 2.1, 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 Appendix A (Figure A.3). 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 2.1A. 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.
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Figure 2.5: 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 non-bridging 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
complete partial charge set (panel B) as compared to the phosphate-only charge set (D). Surface
potential maps of UUCG tetraloops are provided in Appendix A.
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Chapter 3

Portability of the GN(R)A Hairpin Loop Motif between RNA and DNA
[Submitted as a paper titled, ―A Simple Molecular Model for Thermophilic Adaptation of
Functional Nucleic Acids‖ by Joshua M. Blose, Kenneth P. Lloyd, and Philip C. Bevilacqua to
Biochemistry (06/17/09).]

3.1 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 the DNA triloop family d(GNA),
which is also exceptionally stable with a CG 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 PoissonBoltzmann (NLPB) calculations, 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 of
∆G°37 and log [Na+] 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
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interactions shows portability of this loop-cbp motif across polymer type and loop size, and
indicates convergence on similar molecular solutions for stability in RNA and DNA.

3.2 Introduction
Hairpins are the most common RNA secondary structure motifs and 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 YNMG and GNRA families, the loops
are exceptionally stable in the context of a CG closing base pair (20, 23-26). These loops with
the CG cbp may have played an important role in an RNA World, 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 basespecific contacts with the triloop (30, 31). For instance, 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 the CG cbp was crucial for full regulatory effect (35). In fact, for heron HBV,
which contains a related d(GNAB) motif (where B = C, G, or T), where the ―B‖ position is
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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 UNMG
(N=any nucleotide, M = A or C) and GNRA (R=purine) loops with a CG cbp (26). Molecular
mimicry of functional groups displayed over the major grove 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 a CG 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 similar fashion to
their RNA tetraloop counterparts, and that stacking of functional groups at position L1 with those
of the CG cbp would 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 2‘-OH in this
interaction, as it is involved in hydrogen bonding with L3 away from the cbp (16, 17).
We previously examined the thermodynamic consequences of closing base pair swaps
and nucleobase and functional group substitutions in r(GNRA) loop-cbp 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 free energy for these stable RNA hairpins. In the present study, we compare
thermodynamic effects of similar substitutions in the loop and cbp of d(GNA) loops, as well as
salt-dependent UV melting experiments 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 calculations did reveal differences in surface potential
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between RNA and DNA, which suggest that the former loops are enhanced with respect to
potential for engaging in tertiary interactions.

3.3 Materials and Methods

3.3.1 DNA Preparation
DNA hairpins have the general sequence 5‘-ggaxGCAx‘tcc (stem 1) or 5‘gaaxGCAx‘ttc
(stem 2), where x and x‘ 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 ―xGCAx‘‖ shorthand. The 7-deazaguanine (7dzG) -substituted sequences
were chemically synthesized at the HHMI-Keck Facility at Yale University, and all other
sequences were synthesized by Integrated DNA Technologies (Coralville, IA). Oligonucleotides
were dialyzed into deionized water containing 10 mM NaCl using a microdialysis system, and the
purity of all oligonucleotides was confirmed by analytical TLC and estimated to be >95%.

3.3.2 UV Melting Experiments
Prior to melts, DNA was incubated at 90° C and cooled to room temperature to renature
the hairpins. All melts were performed in P10E0.1 [10 mM sodium phosphate and 0.1mM
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 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 Marquardt algorithm for nonlinear curve fitting in
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KaleidaGraph v.3.5 (Synergy software). Thermodynamic parameters are the average of at least
three independently prepared samples, and the melting temperature (TM) was found to be
independent of DNA concentration over a 10x range (3 to 30 µM), consistent with hairpin
formation.

3.3.3 Structural Models and NLPB Calculations
The d(cGAAg) structural model is from coordinates in PDB ID 1PQT, conformer 7, nt.
2-6 (42). Conformer 7 was listed by the authors as the most representative. The r(cGAAAg)
structural model was drawn from coordinates in PDB ID: 2OIU, chain Q, nt. 10-15 (43), and the
r(gGAAAc) structure was drawn from PDB ID: 3E5F, Chain A, nt. 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 package 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 of a 653 lattice, and electrostatic potentials were calculated using a
two-step focusing procedure from 20–60% 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/).
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3.4 Results and Discussion

3.4.1 Similarity between d(GNA) Triloops and r(GNRA) Tetraloops
Although d(GNA) and r(GNRA) loops differ in polymer type, number of nucleotides in
the loop, and 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 1 and 4 for r(GNRA) (43) (Figure
3.1A). 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 3.1B).
As tabulated in Figure 3.1C, partial charges for loop functionalities, 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 grove 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, although this is
compensated by a repulsive interaction between the H1 of G1 and the amino group of C in the
cbp, with a closest approach distance of 2.95 Å (Figure 3.1B). As shown herein, 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.
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3.4.2 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 of 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, a less stable stem
(stem 2) was chosen for some hairpins (see Materials and Methods in 3.3, Table 3.1). It has been
shown previously that, outside the cbp, the identity of the stem contributes little to loop stability
(24). Indeed, we compared the stability of d(cGCAg) loops with two different stems, and after
accounting for stem nearest neighbors, loops stability within ~0.1 kcal/mol were obtained (data
not shown), consistent with these expectations.
Sample melts for d(cGCAg) and d(gGCAc) are provided in Figure 3.2A. 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 3.1), after considering nearest neighbor effects in the stem. This value is
comparable to the cbp swap in a r(GAAA) loop of +1.4 kcal/mol (Table 3.1). Thus, the cbp
contributes 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) stacking of the loop-cbp could promote
stacking of L2 onto L1 in d(GNA) but not in r(GNRA) (Figure 3.1B). Notably, the +1.71
kcal/mol cbp destabilization 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.
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3.4.3 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 3.1, C3 Linker subheading) 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 3.1B. A similarly large destabilization (+1.9
kcal/mol) occurred in r(c(C3)GAAg) (Table 3.1, right hand column), supporting similar stacking
interactions of L1 with the cbp in both the DNA and RNA motifs.
The 3‘-C3 linker insertion is slightly stabilizing in d(cGCA(C3)g) with ΔΔG°37 loop
value of -0.37 kcal/mol (Table 3.1), and the insertion is similarly stabilizing in r(cGAAA(C3)g)
with a ΔΔG°37 loop 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 3.1A, B), again supporting
similarity of the sheared GA-CG cbp motif between DNA and RNA.
In the context of the GC cbp, the 5‘-insertion of the C3 linker in d(g(C3)GCAc)
destabilizes the loop by +0.7 kcal/mol, which is less than one half the resulting 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 5‘C3 linker insertion is almost 0.5 kcal/mol less destabilizing for r(g(C3)GAAAc) than
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. Similar effects for 5‘ 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 3‘-C3 linker insertion in d(gGCA(C3)g) is stabilizing by -0.33 kcal/mol, which is
similar to the stabilization afforded by 3‘-C3 linker insertion in d(cGCA(C3)g) of -0.37 kcal/mol.
This finding supports that the A of the sheared GA pair does not significantly interact with the
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cbp, and that the cbp interactions primarily mediated by L1. Like the 3‘-C3 linker insertion in
d(gGCA(C3)c), C3-linker insertion in r(gGAAA(C3)c) is slightly stabilizing (ΔΔG°37 loop = 0.36 kcal/mol), again suggesting that the RNA and DNA loops interact in a similar fashion with
the cbp.

3.4.4 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 energetic of
loop-cbp interactions, we substituted 7dzG for G in the cbp. Importantly, this cbp substitution
does not change critical hydrogen bonding in the loop, and retains Watson-Crick features in the
cbp.
Sample melts for cbp substituted-d(GCA) sequences are provided in Figure 3.2A and
thermodynamic parameters in Table 3.1 under the ―7-deazaguanine/2aminopurine‖ subheading.
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)) (∆∆G = +0.84 kcal/mol), and although the
effect is larger for r(GNRA), the general trend is the same for both loops (Table 3.1).
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, with a bonus free energy of -0.6 kcal/mol. This result suggests that unfavorable
interactions between the loop and the less favored GC cbp have been deleted. 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 +0.87 kcal/mol in both
DNA and RNA (Table 3.1). This comparison, which subtracts out stem-stem contributions of
7dzG that might be peculiar to DNA or RNA, further supports similar loop-cbp interaction in
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DNA and RNA. In the NLPB section below, results of functional group substitutions and the
preceding C3 linker substitutions will be compared to structural models.

3.4.5 Salt Dependence of ∆G for d(GCA) with Modified and Unmodified CBP

The salt dependence of hairpin free energy was 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 determined as a function
of sodium ion concentration. Results of the UV-monitored, salt-dependent thermal
denaturations are shown in Figure 3.2B, and fitting parameters are provided in Table 3.2.
All loops studied displayed a linear dependence of ΔG°37 on log [Na+] over the measured
range of 0.015 to 0.535 M NaCl (Figure 3.2B) with reasonable experimental error (Table
3.2, R2 values of 0.99). For the d(GNA) loops, 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 ~3x that of d(cGCAg). As mentioned, 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 unsubstituted d(gGCAc) loop.
The observed salt dependencies of the RNA tetraloops and their cbps are
generally larger than those observed for DNA triloops (Table 3.2). For example, slopes
ranged from only -0.08 to -0.25 kcal/mol for DNA but from -0.60 to -0.96 for RNA.
Also, ∆slope has a value of -0.17 kcal/mol for the CG to GC swap in d(GCA), but -0.35
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kcal/mol in r(GAAA). The ∆slope difference is likely due to the additional phosphate
group in the RNA loop (see 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 stability are inversely correlated with loop stability for both CG
and GC cbp in d(GCA) and r(GAAA) loops, and trends for substituted loops are similar.

3.4.6 Potentials from NLPB Calculations Support Experimental Observations
In the preceding sections, data were presented for effects of changing cbp, inserting C3
linkers, substituting functional groups within the loop and cbp, and increasing 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 underlying structure in stick representation (Figure
3.3). The vertical (stacking) interactions between loop and cbp potentials is in concert with the
thermodynamic parameters from the UV thermal denaturations of the model DNA and RNA
loops with 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 3.1 are also highlighted in light blue in Figure 3.3 in the
context of the 3D potential contour maps. Two potential clashes in the DNA 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
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example, O6 of G1 (negative) in both d(cGAAg) and r(cGAAAg) loops interacts with positive
potential in the CG cbp.
Turning to the GC counterparts, unfortunately a model d(gGNAc) loop is not available in
the PDB perhaps due to its inherent flexibility (56). 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, the O6 of G1 in GAAA is repelled by the negative potentials at the O6
of G in the GC cbp (Figure 3.3). 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 in DNA, including
interaction of potentials of O6 or N7 of G1 with O6 and N7 of the GC cbp.
Insertions of C3 linker were destabilizing 5‘ 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 3.1). The
electrostatic potential contours (Figure 3.3) reveal that these insertions have the potential to
disrupt multiple attractive interactions between L1 and the cbp. The 3‘-C3 linker insertions, on
the other hand, were slightly stabilizing for both loops as well, 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 3.3 indicate that 7dzG substitutions would delete attractions between N7 of the
cbp and the H2‘s of G1 of the loop in both DNA and RNA (Figure 3.3). The difference in the
magnitude of this destabilization could be due to the greater distances between interacting groups
in DNA (Figure 3.1C).
For both d(g(C3)GCAc) and r(g(C3)GAAAc), the C3 insertion was destabilizing, with
∆∆G°37 loop values of +0.7 and +1.2 kcal/mol, respectively, which is at least 0.5 kcal/mol less
destabilizing than for the 5‘-C3 linker insertion with a CG cbp. Although there is no structure for
d(gGNAc), in relating it to the r(gGNRAc) structure (Figure 3.3) there is likely less favorable
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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 a 5‘-C3 linker insertion
between the loop and the cbp (Figures 3.3). Thus, it is likely that for both d(gGNAc) and
r(gGNRAc), the C3-linker relieves some unfavorable interactions giving a net destabilization less
than that observed with a CG cbp (56).
In addition to supporting effects of substitutions at the base pair, nucleotide, and
functional group levels, the NLPB calculations help explain differences in the salt dependence of
hairpin free energy between the DNA and RNA. As shown in Table 3.2, RNA oligonucleotides
have much greater slopes and somewhat greater ∆slopes 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 3.4), it can be seen that this leads to greater
surface potential for the RNA loop, especially near the 5‘ 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 aptamers and
DNAzymes.

3.5 Conclusions
Previous studies have established 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 substitutions and NLPB calculations
(26). We reported that, in spite of extensive structural differences, these loops are molecular
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mimics with respect to interaction of functional groups between L1/L4 and the major groove edge
of the CG cbp (26).
The CG cbp has been reported to be critical to exceptional stability of d(GNA) loops as
well (36-40). It provides stabilization 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 posses a sheared GA base pair whose functional groups interact with the CG cbp. The
effects of closing base pair 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. Moreover, 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 3.4), consistent with RNA having greater dependence of stability on salt, as well as
potential for tertiary interactions.
Molecular mimicry has been described between r(UNMG) and r(GNRA) tetraloops, and
is likely extendable to other RNA motifs such as the tandem GA base pair closed by CG base
pairs (58, 59). Such recurring motifs form the basis for recent efforts towards modeling RNA
(60, 61). With the consideration of d(GNA) loops herein, we can extend stable hairpin loop
mimicry from RNA to DNA. Similar motifs in RNA and DNA suggest potential for the latter to
form similar structures transiently or permanently in ssDNA in vivo. These types of 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 CG cbp to a similar extent (36). This molecular
mimicry could also stabilize smaller, otherwise unrelated motifs in other nucleic acid-like
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polymers, including synthetic polymers such as locked nucleic acids (LNA) (62-64) and possible
prebiotic polymers such as threose nucleic acids (TNA) (65-67).
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Table 3.1 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)
d(gGCAc)

-2.71
-1.68

± 0.05
± 0.02

2
1

1.03
2.74

+1.71f

+1.38

-1.12
-3.92
-0.94
-2.01

±
±
±
±

0.10
0.09
0.06
0.09

2
1
1
1

2.62
0.66
3.48
2.41

+1.60f
-0.37f
+0.74g
-0.33g

+1.87
-0.13
+1.23
-0.36

-2.45
-2.29

± 0.04
± 0.05

2
1

1.29
2.13

+0.26f
-0.61g

+0.84
+0.03

C3 Linker
d(c(C3)GCAg)
d(cGCA(C3)g)e
d(g(C3)GCAc)e
d(gGCA(C3)c)e
7-dzG
d(cGCA(7dzg))
d((7dzg)GCAc)
a

All melts were performed in P10E0.1, as described in Materials and Methods (3.3). bColumn
denotes ∆G°37 from UV melt of hairpin. cColumn denotes ∆G°37 of loop subtracting contribution
of stem nearest neighbors, which was -4.58 or -4.42 kcal/mol with a CG or GC cbp, respectively
for stem 1, or -3.74 kcal/mol for stem 2 with a CG cbp (68). dPreviously published values of
∆∆G°37 loop for similar base pair swaps or substitutions in r(GAAA) hairpin (26). eValues have
been previously published (40, 52) fValues are in comparison to d(cGCAg). gValues are in
comparison to d(gGCAc).
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Table 3.2. Linear Fit Parameters for ∆G°37 vs. log [Na+] for d(GCA) Triloopsa
Sequence

Interceptb
(kcal/mol)

Slope
(kcal/mol)

∆Slope
(kcal/mol)

Slopec
(rGAAA)
(kcal/mol)

∆Slopec
(rGAAA)
(kcal/mol)

d(cGCAg) ●
d(cGCA(7dzg)) ○
d(gGCAc) ●
d((7dzg)GCAc) ○

-2.85 ± 0.003
-2.72 ± 0.004
-2.13 ± 0.005
-2.63 ± 0.005

-0.08 ± 0.003
-0.15 ± 0.003
-0.25 ± 0.004
-0.18 ± 0.005

-0.07 ± 0.004d
-0.17 ± 0.005d
+0.07 ± 0.006e

-0.61 ± 0.01
-0.60 ± 0.04
-0.96 ± 0.03
-0.77 ± 0.04

+0.01 ± 0.04
-0.35 ± 0.03
+0.19 ± 0.05

R2
fit

0.994
0.998
0.998
0.997

Results are from fits to data plotted in Figure 3.2B, and the ∆slope error is propagated as the
square root of the sum of squares from curve fit errors. bThe y-intercept value is defined as ∆G°37
extrapolated to 1M [Na+]. cThe previously published values for similar substitution in r(GAAA
loop) with identical cbp (26). dThe difference in slopes is relative to d(cGCAg). eThe difference
in slopes is relative to d(gGCAc).
a
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Figure 3.1: Similar Interactions of d(GNA) and r(GNRA) Loops within the Loop and with the Major
Grove edge of a CG Cbp. A) Characteristic sheared GA pairing between L1 and L3 or L4 of the loop for
the triloop and tetraloop respectively. Atoms that interact with the CG cbp for both loops are colored
according to partial charges: red for negative, blue for positive. Note that all of the interactions come from
G of the sheared GA. B) 3D-structures highlighting interactions between the loop and the cbp with key
favorable interactions in light blue and unfavorable interactions in light pink. The d(cGAAg) structure was
from coordinates in PDB ID 1PQT, conformer 7, nt. 2-6, and the r(cGAAAg) structure was from
coordinates in PDB ID: 2OIU, Chain Q, nt. 10-15. C) Atoms and partial charges (Discover charge set) of
the loop (atoms color coded) and cbp nucleotides. 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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Figure 3.2: Melting Curves and Salt Dependence of Free energy for d(GCA) Sequences. A)
Plot of normalized absorbance at 260 nm versus temperature for representative melts for
d(cGCAg), d(gGCAc), and 7dzG-substituted sequences. Only every other data point is shown for
clarity of individual curves. B) Plot of ∆G°37 vs. log [Na+] (M). Slopes and R2 values for each
plot are provided in Table 3.2. d(cGCAg) is solid red symbols; d(cGCA(7dzg)) is open red
symbols; d(gGCAc) is solid blue symbols; and d((7dzg)GCAc) is open blue symbols. Fits to
unmodified sequences are solid lines, and fits to 7dzG-modified sequences are dashed lines.
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Figure 3.3: Three-dimensional Potential Contour Maps for DNA and RNA Loops. Each
structure shows the electrostatic potentials calculated 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 -20kT/e (red)
and +10 kT/e (blue). For both loops, most interactions between L1 and the CG cbp contribute to
stability, highlighted in light blue, as per Figure 3.1B. Destabilizing interactions are shown in
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 in PDB ID 1PQT, conformer 7, nt. 2-6. The
r(cGAAAg) structure was drawn from coordinates in PDB ID: 2OIU, Chain Q, nt. 10-15. The
r(gGAAAc) structure was drawn from PDB ID: 3E5F, Chain A, nt. 18-23.
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Figure 3.4: Surface Potentials of d(cGNAg) and r(cGNRAg) Loops. Surface potential maps are
drawn with a common scale from NLPB. Maps are calculated using the Discover partial charge
parameter set. Note the increase in negative potential at the 5‘ 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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Chapter 4
A Simple Molecular Model for Thermophilic Adaptation of Functional
Nucleic Acids
[Published as a paper titled, ―A Simple Molecular Model for Thermophilic Adaptation of
Functional Nucleic Acids‖ by Joshua M. Blose, Scott K. Silverman, and Philip C. Bevilacqua in
Biochemistry, (2007) 46, 4232-4240. (1)]

4.1 Abstract
RNA molecules have numerous functions including catalysis and small molecule recognition,
which typically arise from a tertiary structure. There is increasing interest in mechanisms for the
thermostability of functional RNA molecules. Sosnick, Pan and co-workers introduced the notion
of ‗functional stability‘ as the free energy of the tertiary (functional) state relative to the next most
stable (nonfunctional) state. We investigated the extent to which secondary structure stability
influences the functional stability of nucleic acids. Intramolecularly folding DNA triplexes
containing alternating T•AT and C+•GC base triples were used as a three-state model for the
folding of nucleic acids with functional tertiary structures. A four-base pair tunable region was
included adjacent to the triplex-forming portion of the helix to allow secondary structure strength
to be modulated. The degree of folding cooperativity was controlled by pH, with high
cooperativity maintained by lower pH (5.5), and no cooperativity by higher pH (7.0). We find a
linear relationship between functional free energy and the free energy of the secondary structure
element adjacent to tertiary interactions, but only when folding is cooperative. We translate the
definition of functional stability into equations and perform simulations of the thermodynamic
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data, which lend support to this model. The ability to increase the melting temperature of tertiary
structure by strengthening base-pairing interactions separate from tertiary interactions provides a
simple means for evolving thermostability in functional RNAs.

4.2 Introduction
RNA can perform many functions in the cell such as chemical catalysis, small molecule
binding, and protein binding (2-7). Functional RNAs include small and large ribozymes,
riboswitches, and ribosomal and transfer RNAs. This diversity of RNA function has led to
increased interest in the pathways by which RNA folds into the native state (8-12). In general, the
native state of a functional RNA has a tertiary structure that rivals those of proteins in terms of
molecular complexity (13). In comparison, the secondary structures of nucleic acids are rather
simple, and their stabilities are dominated by the molecular recognition principles of WatsonCrick base pairing (14).
One of the features that distinguishes the RNA and protein folding problems is the
unusually high stability of secondary structure in RNA. Indeed, the basic secondary structural
elements of RNA, such as duplexes, hairpins, and internal loops, can be studied in model
oligonucleotides that are fully stable in the absence of additional secondary or tertiary structural
elements (14). Tertiary folding typically involves the association of preformed secondary
structural elements, making the kinetics and thermodynamics of RNA folding largely hierarchical
(15, 16). The experiments herein explore the thermodynamics of hierarchical folding.
Hierarchical folding of RNA opens the possibility for thermodynamic coupling between
various folding steps. Coupling between secondary and tertiary structure folding steps has been
clearly established for several RNAs. Early work from Crothers and co-workers showed that in
the presence of low concentrations of Mg2+, tRNA unfolds through a number of detectable
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intermediates (17). Stein and Crothers later demonstrated that in the presence of higher
concentrations of Mg2+, tRNA unfolds in an apparent two-state fashion in which the tertiary
structure is more stable than certain secondary structural elements (18). Mg2+-dependent
coupling of secondary and tertiary structure folding has been shown in other RNAs including the
58 nt L11-binding domain from 23S rRNA (19), a pseudoknot from the E. coli  mRNA leader
(20), and a pseudoknot from the T2 bacteriophage autoregulatory mRNA leader (21).
There has been intense interest in the mechanisms by which proteins achieve
thermostability (22). Among the mechanisms suggested are strengthening of tertiary interactions
through van der Waals contacts, hydrogen bonding, and the hydrophobic effect. In addition,
decreasing the size of loops and strengthening of secondary structure have been identified as
contributing to protein thermostability. Comparatively less is understood about how RNAs
achieve thermostability.
Sequence comparison suggests that the strength of secondary structural interactions plays
an important role in the thermostability of RNA. For example, despite no correlation of genomic
GC-content with optimal growth temperature of the organism, thermophilic rRNAs, tRNAs, and
RNase P RNAs have much greater GC-content and fewer secondary structure defects than their
mesophilic counterparts (23-25); moreover, there is a correlation between predicted melting
temperatures of RNA molecules and the optimal growth temperature of the organism in which
they are found (26). In addition, in vitro evolution experiments for RNAs with thermostable
tertiary structure have revealed conversion of GU wobble pairs to Watson-Crick AU and (mostly)
GC pairs (27). Other factors such as strengthening of tertiary interactions, macromolecular
crowding, and protein interactions likely contribute to the temperature stability of thermophilic
RNAs as well. Nonetheless, the striking correlation between secondary structure stability and
thermophilicity suggests that secondary structure stability plays a major role in the
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thermostability of RNA. Despite these observations, a quantitative molecular model has not been
advanced for how secondary structure stability affects thermostability of nucleic acid.
Sosnick, Pan, and co-workers introduced the concept of ‗functional stability‘, which is
defined from the viewpoint of biological function (9). To have function, native tertiary structure
is necessary; as such, functional stability is defined as the free energy difference between the
native state and the penultimately stable nonfunctional state, whatever its identity. This definition
leaves open the intriguing possibility that in a non-two-state system the identity of the
penultimately stable state (i.e. reference state) can change with temperature.
In the present study, we relate the concept of functional stability to thermostability by
deriving equations that relate the empirically measurable concentrations of the various folded
states to temperature. We also relate functional stability to the temperature at which tertiary
structure melts, or the tertiary melting temperature (TMT). We examine whether coupling of
secondary and tertiary folding steps provides a plausible model for how strengthening base
pairing can affect functional stability. Although earlier studies were pioneering in establishing
coupling in the hierarchical folding of RNA, they were limited in their ability to establish a
quantitative relationship between secondary structure stability and thermostability. One
limitation was that the RNAs studied have very complex folding pathways involving four (21,
28), five (17), or seven (20) discrete states; moreover, the unfolding pathways involved one or
more branched steps. In addition, the secondary structural elements probed by AU-for-GC base
pairing swaps (19-21, 29-31) were often embedded in the tertiary elements themselves, which
leaves open the possibility that the base pairing swaps affected the stability of tertiary interactions
directly, rather than indirectly. Because of these complications, the authors typically interpreted
the effects of base pair swaps qualitatively, using them to assign various folding transitions.
In an effort to develop a quantitative relationship between base pairing strength and
functional stability, we use an intramolecularly folding DNA triplex (32, 33) to model the folding
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of RNAs that have function by virtue of their tertiary folding. A triplex was chosen because, in
contrast to the larger RNAs (12, 34), it is a relatively simple three-state sequential folder. In
addition, tertiary structure can be strengthened by lowering pH, which drives formation of C+GC
base triples (35-39). Lastly, we designed our triplex with a tunable region that contains base pairs
completely separate from tertiary interactions. This was done to investigate the extent to which
secondary structural elements not involved in tertiary interactions affect the thermostability of
nearby tertiary interactions.
We show that the functional stability of a DNA triplex at high temperature is influenced
by secondary structure stability separate from the site of tertiary interactions, but only when
folding is cooperative (at pH 5.5). Under noncooperative conditions (at pH 7.0), functional
stability is independent of secondary structure stability. This linkage between cooperativity and
functional stability is similar to that determined in large catalytic RNAs, which have more
complex folding pathways (9, 40). We emphasize the distinction between tertiary structure
stability and thermostability since tertiary structure stability, at least in our model system, is
independent of secondary structure stability, while thermostability is not. Because the stability of
RNA secondary structure follows relatively straightforward rules and can be drastically changed
by one or two mutations (14), these observations suggest a simple mechanism for thermophilic
adaptation of functional RNAs.
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4.3 Materials and Methods

4.3.1 DNA Design
Following are the DNA sequences used in this study.

GGGG triplex: 5‘-AGAGAGAGGGGTTTTTCCCCTCTCTCTTTTTTTCTCTCT
AGGG triplex: 5‘-AGAGAGAAGGGTTTTTCCCTTCTCTCTTTTTTTCTCTCT
AAGG triplex: 5‘-AGAGAGAAAGGTTTTTCCTTTCTCTCTTTTTTTCTCTCT
AAAG triplex: 5‘-AGAGAGAAAAGTTTTTCTTTTCTCTCTTTTTTTCTCTCT
AAAA triplex: 5‘-AGAGAGAAAAATTTTTTTTTTCTCTCTTTTTTTCTCTCT
GGGG triplex: 5‘-AGAGAGAGGGGTTTTTCCTCTCTCTCTTTTTTTCTCTCT
GGGG triplex: 5‘-AGAGAGAGGGGTTTTTCCTTTCTCTCTTTTTTTCTCTCT
GGGG duplex: 5‘-AGAGAGAGGGGTTTTTCCCCTCTCTCT
AAAA duplex: 5‘-AGAGAGAAAAATTTTTTTTTTCTCTCT

As an example of the notation, the designation ―GGGG‖ means that there are four GC
pairs in the tunable region, which is underlined along with its Watson-Crick complement. The
duplex sequences lack the final twelve nucleotides. Loops of five Ts are italicized; these were
chosen to provide flexibility for the triplex to fold, while avoiding changes in protonation state at
lower pH (41). G and T signify a GT wobble pair. The C+GC and TAT triples alternate to
prevent fraying of TAT triples at the helical termini (39) and to prevent electrostatic repulsions
that would arise from adjacent C+GC triples.
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4.3.2 DNA Preparation
DNA oligonucleotides were obtained from Integrated DNA Technologies (Coralville,
IA). Samples were desalted by dialysis against deionized water using a microdialysis system
(Gibco-BRL Life Technologies). Buffers consisted of 5 mM dibasic sodium phosphate; pH was
adjusted with HCl. Electrospray ionization LC mass spectrometry data were acquired to confirm
oligonucleotide identity and purity (see Appendix C).

4.3.3 Determination of Thermodynamic Parameters by UV Melting
UV melting experiments were performed on a Gilford Response II Spectrophotometer
with a data point acquired every 0.5 oC and a heating rate of ~0.6 °C/min at 260 nm. Melts from
95to 5°C and 5 to 95°C provided data consistent with reversibility of folding transitions (42).
Melts were normalized by dividing absorbances collected as a function of temperature by the
high-temperature absorbance value. Monophasic melt data were fit to a two-state model using
sloping baselines and analyzed using a Marquadt algorithm for non-linear curve fitting in
KaleidaGraph v.3.5 (Synergy software). Thermodynamic parameters are the average from at least
three independently prepared samples. For the three-state melt data, the two transitions were fit
separately using the two-state model. Representative melts were also fit directly by a three-state
model (42) and gave similar parameters (not shown). Derivative plots were of normalized data
and were smoothed using an 11 point window. Noncooperative data (pH 7.0) are presented in
Table 4.1, while cooperative data (pH 5.5) are presented in Table 4.2. For full thermodynamic
parameters see Appendix C.
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4.3.4 Assignment of Thermodynamic States by Circular Dichroism
Circular dichroism spectra were collected on a JASCO 810 spectropolarimeter from 320200 nm with a step of 1.0 nm and a 2 second averaging time. Buffer spectra were subtracted, and
the signal normalized to molar circular dichroic absorption (∆ε) (43). Spectra were averaged and
smoothed over a five-point window.

4.4 Results and Discussion

4.4.1 Design of the Intramolecularly Folding DNA Triplexes
Triplexes are typically composed of a homopurine-homopyrimidine Watson-Crick helix
and a third strand. The third strand inserts into the major groove of the helix and, when composed
of pyrimidines, runs parallel to the purine strand and interacts with it via Hoogsteen base pairing
to form TAT or C+GC base triples (44). Triplexes have been demonstrated to form in vivo and
are being actively pursued in therapeutic applications (32, 45); they can be composed of multiple
strands or can form intramolecularly (33, 44). Here, we used triplexes as the experimental basis to
investigate the linkage between secondary structure stability and functional stability.
We chose to model the hierarchical folding of RNA through the simpler sequential
folding of intramolecular triplexes. In addition to the base triples and loops typically present in
intramolecular triplexes (33, 35-39), we included a four base pair cassette, or ‗tunable region‘,
adjacent to the triplex (Figure 4.1, green). The GC-content of the tunable region was altered to
test experimentally the effect of secondary structure stability on functional stability; the base
triples and loops were kept constant in all of the triplex variants studied. Formation of essentially
equivalent native structures by the triplexes is supported by native gel electrophoresis
experiments (Figure C.1). As shown below, unfolding of each triplex is consistent with two
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transitions: one between primary (random coil) and secondary structure, described with an
equilibrium constant for folding of K12, and another between secondary and tertiary structure,
with an equilibrium constant of K23 (Figure 4.1). For certain triplexes, melting of duplex-forming
sequences that lack the triplex-forming nucleotides was analyzed to directly obtain K12.

4.4.2 Secondary Structure Stability has No Effect on the Tertiary Structure Melting
Temperature (TMT) of a Noncooperative Folding System
Thermal denaturation of the triplex with GGGG (i.e., four GC base pairs) as the tunable
region was performed at pH values ranging from 5.5 to 7.0. These experiments were done under
low salt conditions (10 mM Na+) for which triplex folding tends to be more cooperative (39).
First derivative plots are shown in Figure 4.2 and the raw data are presented in Figure C.2. At pH
7.0, two well-separated melting transitions were present (Figure 4.2A). As pH is lowered, the
melting transitions coalesced, until at pH 5.5 only one sharp unfolding transition was present.
This is similar to behavior reported for intramolecular triplexes without a tunable region (39) and
is due to strengthening of the C+GC base triples with lowering of pH (39, 46). More acidic pH
values were avoided because, although they further stabilize the folded state free energy, they
more strongly stabilize the random coil state on account of its greater number of H+-binding sites,
leading to net acid-destabilization of the triplex (46). The observations show that pH can be used
to adjust the folding cooperativity from none at higher pH, to high at lower pH, where
cooperativity is defined as ‗the depletion of intermediate states‘ (47), herein the duplex state
(Figure 4.1). The hyperchromicity is identical between the pH 7.0 and pH 5.5 melts (Figure
C.2A) despite absence of a well-populated duplex intermediate in the latter; this observation is
consistent with equivalence of the initial and final states under both noncooperative and
cooperative conditions.
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To examine the interplay of secondary and tertiary structure, the strength of base pairing
in the tunable region was modulated. A series of oligonucleotides was prepared in which the
loop-distal GC base pairs were incrementally replaced with ATs, until an AAAA tunable region
was present (see legend in Figure 4.2B). The melting profiles of these oligonucleotides were first
examined under noncooperative folding conditions of pH 7.0.
As seen in Figure 4.2B and C.2B, the higher-temperature transition was very sensitive to
the base-pairing content of the tunable region. The higher-temperature TM for the GGGG triplex
was 56.5 oC, while the higher TM for AAAA was only 42.1 oC (Table 4.1). The observed
sequence dependence of this TM is consistent with unfolding of secondary structure, as confirmed
by two means. First, melting studies were performed on duplexes with the same sequence as the
triplexes, but without the 3‘-terminal loop and triplex-forming pyrimidines. The TMs for the
GGGG and AAAA duplexes were 59.0 and 45.0 oC, respectively, similar to those determined for
the higher TM in triplex unfolding (Table 4.1 and Figure C.3) Second, we measured circular
dichroism (CD) spectra on triplexes and duplexes at various temperatures, and the spectra were
consistent with these assignments (see below). We thus assign this higher-temperature transition
as TM12 for unfolding of secondary to primary structure.
In contrast to TM12, the lower-temperature TM at pH 7.0 was insensitive to the basepairing content of the tunable region. Within experimental error, the GGGG triplex had the same
TM as AAAA, 21.8 and 21.1 oC respectively; likewise, the sequences with intermediate AT
content (or 1 GT wobble) had the same TM (Table 4.1 and Figure C.4). In addition, the free
energy change (∆G) for this transition was identical for this series of oligonucleotides (Table 4.1).
Since the higher-temperature TM was assigned to secondary structure unfolding, this lowertemperature TM should be for unfolding of tertiary structure into secondary structure. This was
confirmed by CD measurements (see below). We therefore assign this low temperature transition
as TM23. Overall, under noncooperative (pH 7.0) folding conditions, the TMT (TM23) is
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independent of the strength of base pairing, and functional stability ∆Gf (∆G23 under
noncooperative conditions, see Appendix C) is unaffected by secondary structure stability.

4.4.3 Secondary Structure Stability Increases the TMT of a Cooperative Folding System
We also examined the melting profile of the same series of oligonucleotides under
cooperative folding conditions of pH 5.5. As seen in Figures 4.2C and C.2C, the single folding
transition was sensitive to the base-pairing content of the tunable region. The GGGG triplex had a
TM of 56.7 oC, while AAAA had a TM of only 49.1 oC (Table 4.2). Likewise, the folding transition
was sensitive to GT wobble content of the tunable region (Table 4.2 and Figure C.4).
The behavior of this transition at pH 5.5 is consistent with unfolding of tertiary structure
directly to primary structure. As mentioned, the hyperchromicity was identical between the low
and high pH melts (Figure C.2B and C.2C), and the CD spectra for the low and high temperature
states at pH 5.5 were consistent with unfolding from tertiary structure directly to primary
structure (see below). Thus, under cooperative (pH 5.5) folding conditions, the TMT (TM13) is
favored by stronger base pairing, as is observed functional stability ∆Gf (∆G13 under cooperative
conditions, see Appendix C).

4.4.4 Assignment of States by Circular Dichroism
CD spectra (Figure 4.3) of the GGGG triplex were acquired as a function of temperature,
choosing temperatures at which each of the three states would be maximally populated.
Inspection of unfolding curves (Figure 4.2A and C.5D, C.5E) indicated that 10, 40, and 80 oC
should primarily populate the folded, intermediate, and unfolded states at pH 7.0, respectively. In
contrast, at pH 5.5 only two states should be populated: the folded state at 10 and 40 oC, and the
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unfolded state at 80 oC. The pH 5.5 CD spectra showed a unique signature of high and moderate
negative ellipticity at ~215 and 240 nm at both 10 and 40 oC, while the pH 7.0 spectra showed
this feature only at 10 oC (Figure 4.3A, 4.3B). In contrast, the 40 oC spectrum at pH 7.0 had the
ellipticity ratio of these two peaks switched, consistent with population of a new state. At 80 oC,
the rather featureless spectra were identical between pH 5.5 and 7.0 and distinct from any of the
lower temperature spectra, consistent with population of the unfolded state. To confirm the
identities of these states, CD spectra were acquired on the duplex control sequences at both pH
values (Figure 4.3C, 4.3D). The spectra at 40 oC for the duplex were similar at pH 5.5 and 7.0,
and similar to that for the GGGG triplex at pH 7.0 and 40 oC, confirming the assignment of this
state to the duplex. No state with this signature was found for the GGGG triplex sequence at pH
5.5, consistent with cooperative folding. In addition, at 80 oC the duplex control sequences gave
the same spectra as the triplex sequences, consistent with all sequences being in the fully
unfolded random coil state when well above their higher TM. In summary, the CD spectra fully
support the assignment of the three states in the pH 7.0 unfolding as triplex, duplex and unfolded,
and the two states in the pH 5.5 unfolding as triplex and unfolded.

4.4.5 Model for Functional Stability Increasing with Secondary Structure Stability
The experimental data on the triplex oligonucleotides are consistent with the secondary
structure adjacent to the tertiary structure influencing functional stability only under cooperative
folding conditions. The contribution of secondary structure stability to functional stability under
cooperative conditions is quantitatively assessed in Figure 4.4. This figure shows a plot of ∆∆Gf
under cooperative folding conditions (∆∆Gobs pH 5.5) versus ∆∆G12 (secondary structure stability
at pH 7.0), both evaluated at 50 oC, which is near their respective TMs and relevant to the
temperatures at which moderate thermophiles live. (Recall that ∆Gf  ∆G13 under cooperative
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conditions, and ∆Gobs at pH 5.5 is an operational definition of ∆Gf, see Figure 4.5 and Table 4.2.)
The four points are for the sequences with Watson-Crick base pairing in the tunable region, with
∆G values relative to the GGGG triplex. Observed stability and secondary structure stability show
a linear free energy relationship, with a slope of ~0.6 (48). This relationship illustrates that, under
cooperative folding conditions, secondary structure free energy is directly transferable to
functional free energy. Several reasons may explain why only 60% of the secondary structure
energy is transferred into functional stability. One possibility is the absence of complete
cooperativity at pH 5.5: the duplex for GGGG has a population of ~25% at pH 5.5 (Figure C.5E,
in Appendix C), and the duplex for AAAA has a population of ~8% at pH 5.5 (Figure C.5G).
Other possibilities include slight effects of the triples on base-pairing geometry or small effects of
pH on base-pairing stability. As shown in Table 4.2, there is also a monotonic increase in TMT
with strength of secondary structure in the tunable region.
To gain further insight into the mechanism for TMT increase with base pairing, we
present free energy schemes for triplex unfolding at both high and low pH (Figure 4.5). The lefthand side of Figure 4.5 depicts the ordering of free energies of the three states of Figure 4.1 at
temperatures just above the TMTs. At high pH, this corresponds to the tertiary structure state
lying above the secondary but below the primary structure state (random coil), while at low pH,
this corresponds to the tertiary structure state lying above the primary but below the secondary
structure state. Increasing base pairing strength in the tunable region (i.e., going to the right-hand
side of Figure 4.5) leads to equivalent lowering of secondary and tertiary states (at both pHs)
because both states contain equivalent base pairing. Under noncooperative folding conditions of
pH 7.0, the ordering of the three states is unchanged, consistent with the observed inability of
base-pairing strength to affect the TMT. However, under cooperative folding conditions of pH
5.5, the free energy of the tertiary structure state crosses the free energy of the primary structure
state, leading to a re-ordering of the free energies of these three states and resulting in tertiary
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structure now being the most stable state for this new sequence at this temperature. This reordering of the three states explains the observed ability of increased base-pairing strength to
translate into an increase in thermostability under cooperative folding conditions.
To help understand the temperature dependence of free energy, simulations were
performed for both cooperative and noncooperative folding conditions for the two limiting triplex
sequences, GGGG and AAAA. These simulations use the thermodynamic parameters measured
for triplexes and duplexes (see the Tables), with details of the simulation procedure and equations
described fully in supporting information in Appendix C. Briefly, we transformed the Sosnick
and Pan definition of functional stability (9) into a mathematical equation. We define a
functional equilibrium constant as the concentration of the triplex state relative to the sum of the
concentrations of all other states, which allows the identity of the penultimately stable state (i.e.
reference state) to change with temperature. The functional thermodynamic parameters were then
calculated by applying standard thermodynamic relationships. This approach leads to a piecewise
linear free energy-temperature profile.
Simulations with the pH 7.0 data illustrate the dependence of ∆Gf on temperature for the
GGGG and AAAA triplexes under noncooperative folding conditions (Figure 4.6A). A species
plot shows that the duplex intermediate populates to ~99%, consistent with complete absence of
cooperativity under these conditions (Figure C.5). We note that at ∆Gf = 0, the temperature is the
TMT because half of the molecules are in the functional state (i.e., have tertiary structure). The
simulations show that the divergence in ∆Gf between the GGGG and AAAA triplexes occurs at
temperatures well above the TMT, and so ‗functional‘ tertiary structure is lost at the same (low)
temperature for both triplexes (Figure 4.6A). For these noncooperative conditions, ∆Gf  ∆G23
near the TMT.
The calculated dependence of ∆Gf on temperature for the GGGG and AAAA triplexes
under cooperative (pH 5.5) folding conditions is depicted in Figure 4.6B. At low temperatures,
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the ∆Gf values for the two sequences coincide because secondary structure is stable at these
temperatures and is the penultimately stable state; thus, in general, sequences with different base
pairing strength are predicted to have the same functional stability at lower temperatures. This
offers an explanation as to why base-pairing changes do not have an appreciable effect on tertiary
unfolding when certain RNAs are assayed by native gels at lower temperatures (27) (S.K.S. and
P.C.B., unpublished data). However, when the TM for secondary structure without accompanying
tertiary structure is exceeded, the temperature dependence of ∆Gf becomes much steeper; this is
because the penultimately stable folding state has changed to primary structure. This effect can
also be seen in the temperature dependence of ∆Hf (Figure C.5C). Because GGGG has more
stable base pairing than AAAA, its ‗flex point‘ for switching into this steeper regime occurs at a
higher temperature. As a consequence, the temperature at which the ∆Gf = 0 line is crossed
(TMT) is higher. In summary, the melting temperature of the underlying secondary structure acts
as the ‗trigger‘ to enter into the cooperative unfolding phase. Therefore, in the context of equally
stable tertiary structure, secondary structure stability controls the TMT. For these cooperative
conditions, ∆Gf  ∆G13 near the TMT.
Strikingly, in these simulations exactly the same tertiary structure stability was used for
both GGGG and AAAA triplexes, as dictated by experimental determinations of ∆G23 at pH 7.0.
Thus, the observed differences in thermostability between these sequences is unrelated to the
strength of tertiary structure. The necessity for high cooperativity to attain a higher TMT is in
line with observations on RNase P RNAs, wherein RNAs were found to be more stable when
folding cooperativity was enhanced (9, 40). Despite this similarity, folding is appreciably more
complex in those other systems, and any linkage of folding cooperativity to secondary structure
stability is unclear at present.
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4.5 Implications for Thermophilic Adaptation in Functional Nucleic Acids
We have presented experimental data, as well as a free energy scheme and simulations,
that lead to a model in which base pairing separate from tertiary interactions allows a functional
nucleic acid to retain its function at higher temperature. Coupled equilibria maintain the threestate hierarchical folding (Figure 4.1) in which secondary structure precedes tertiary structure
formation thermodynamically and kinetically, a framework that is widely accepted for RNA
folding and indeed physically demanded by the system. Hierarchical folding has been argued to
underlie the folding of simple and complex proteins (49, 50). To explain our data, we do not need
to invoke a more complicated folding pathway such as four-state folding in which residual
secondary structure forms after tertiary structure, four-state folding in which misfolded secondary
structure is resolved after tertiary structure formation, or branched pathways.
Our impetus for this study was the paradoxical observation that functional RNAs from
thermophiles tend to have more stable secondary structures than their mesophilic counterparts
(23-26), yet tertiary structure stability is not related to the strength of preformed base pairs. The
definition of functional stability as the stability of the tertiary state relative to the penultimately
stable state (9) provides an escape from this paradox. By allowing the identity of the
penultimately stable state to change with temperature, a non-two-state folding system can gain
contributions from base pairing when folding becomes cooperative. Indeed, our data show that
the TMT of a functional nucleic acid can increase without any change in the underlying stability
of tertiary structure. This model has implications for the evolution of RNA.
Sosnick and Pan pointed out two limiting models by which an organism can adapt its
RNAs to higher temperatures: it could strengthen tertiary interactions, or it could shift the
reference state to have less structure (51). Our data speak to the second model, and we note that
the less structured state could be one without appreciable base pairing, which enables the simple
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adaptive mechanism of increasing the TMT by strengthening base pairing. A key feature of this
mechanism is that the altered base pairs do not even have to participate in tertiary interactions
(Figure 4.1) as long as they are physically connected to the base pairs that do participate in
tertiary interactions (e.g., part of the same helix). As such, an RNA could in principle adapt to
higher temperatures simply by acquiring point mutations that alter the secondary structure, such
as changing of GU wobble pairs to GC or AU pairs, or deletion of helical bulges, both of which
Juneau and Cech found in sequence analysis of in vitro evolution experiments (27). Because
tertiary structure-forming nucleotides do not have to change in this mechanism, function should
be retained. Thus, this mechanism provides a simple and convenient means of thermophilic
adaptation.
In addition, this mechanism provides an energetically powerful means of adaptation. For
instance, a GU to GC change can be worth as much as –1.5 kcal/mol in folding free energy;
deletion of a bulged nucleotide contributes ~ –3.9 kcal/mol; and insertion of a base opposite a
bulge can contribute up to –7.3 kcal/mol (52). Given the slope of 0.58 in the linear free energy
relationship (Figure 4.4), these point mutations potentially contribute between ~ –1 and –4
kcal/mol to functional folding stability, where the latter value is worth greater than a factor of 103
in the equilibrium constant at 37 oC. Thus, this model offers a quantitative explanation for why
the GC content of stems in ribosomal and transfer RNAs is high for thermophiles while the
overall genomic GC content is not (24), as well as for why some thermophilic RNAs contain
relatively few secondary structure defects (23).
The thermodynamic driving force for tertiary interactions in RNA, while not extensively
studied, is often entropic (53-55), suggesting that tertiary interactions may persist at the high
temperatures at which thermophiles live. The association of Mg2+ with ATP is also known to be
entropically driven (56), implying that metal-RNA interactions, typical of tertiary structure
formation, could be endothermic. Nevertheless, in some cases, tertiary structures may be melted
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at thermophilic temperatures, and so tertiary structure may have to be strengthened for
thermophilic adaptation (51, 57). In addition, cellular factors such as proteins and crowding
agents may contribute to the stability of RNA at thermophilic conditions.
Despite the above caveats, the preponderance of stable secondary structures in functional
RNAs from thermophiles (24) along with our quantitative findings relating secondary structure
stability and functional stability suggest that strengthening of base pairing is an important
mechanism for achieving thermostability. Because base pairing affects thermostability only when
folding is cooperative and base pairing is GC-rich in functional thermophilic RNAs, the folding
transition that leads to function for many thermophilic RNAs may involve the formation of at
least some secondary structure. This seems reasonable given the high temperatures at which these
organisms live.
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Table 4.1. Thermodynamic Parameters for Triplex Formation at pH 7.0
Sequence

∆G23
(kcal/mol)

∆∆G23
(kcal/mol)

TM23 (TMT)
(°C)

∆TM23
(°C)

∆G12
(kcal/mol)

∆∆G12
(kcal/mol)

∆TM12
(°C)

TM12
(°C)

WatsonCrick
GGGG
AGGG
AAGG
AAAG
AAAA

5.43
5.31
5.32
5.43
5.64

±
±
±
±
±

0.14
0.16
0.10
0.13
0.07

-0.11
-0.10
0.01
0.22

±
±
±
±

0.21
0.17
0.19
0.16

21.8
22.1
22.0
21.6
21.1

±
±
±
±
±

0.5
0.2
0.4
0.5
0.3

0.3
0.3
-0.2
-0.7

±
±
±
±

0.5
0.6
0.7
0.6

-1.56
-0.60
0.22
1.17
1.94

±
±
±
±
±

0.09
0.06
0.05
0.08
0.11

0.95
1.78
2.73
3.49

±
±
±
±

0.11
0.10
0.12
0.14

56.5
52.5
49.1
45.1
42.1

±
±
±
±
±

0.3
0.2
0.2
0.4
0.3

-4.0
-7.4
-11.4
-14.4

±
±
±
±

0.4
0.4
0.5
0.4

Non WatsonCricka
GGGG
GGGG

5.65 ± 0.19 0.23 ± 0.24 21.0 ± 0.6 -0.7 ± 0.8 0.58 ± 0.09 2.13 ± 0.13 47.2 ± 0.5 -9.3 ± 0.6
*Not a Clean Transition
*Not a Clean Transition

Duplexesb
GGGG
AAAAc

-2.03 ± 0.11 -0.48 ± 0.14 59.0 ± 0.3
1.11 ± 0.05 -0.83 ± 0.12 45.0 ± 0.3

2.5 ± 0.4
2.9 ± 0.4

All melts were performed in 10 mM Na+ as described in Materials and Methods (4.3). The
provided ∆G values are at 50 °C since this is closer to TM12 and more relevant to the temperatures
at which thermophiles live. The TMT is the temperature at which tertiary structure is lost, and is
equivalent to TM23 under noncooperative conditions of pH 7.0. aNon Watson-Crick refers to GT
wobble pairs at the underlined positions. b‗Duplex‘ refers to hairpin oligonucleotides that mimic
the duplex intermediate. cThe reference state for duplex AAAA is triplex AAAA.
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Table 4.2. Thermodynamic Parameters for Triplex Formation at pH 5.5

Sequence
Watson-Crick
GGGG
AGGG
AAGG
AAAG
AAAA

∆Gobsa
(kcal/mol)

∆∆Gobs
(kcal/mol)

TMobs (TMT)
(°C)

∆TMobs
(°C)

-1.44
-1.20
-0.80
-0.19
0.26

±
±
±
±
±

0.06
0.09
0.08
0.09
0.08

0.24
0.64
1.25
1.70

±
±
±
±

0.11
0.10
0.11
0.10

56.7
55.0
53.0
50.7
49.1

±
±
±
±
±

0.3
0.5
0.3
0.3
0.3

-1.7
-3.6
-6.0
-7.6

±
±
±
±

0.5
0.4
0.5
0.4

-0.11
2.03

±
±

0.11
0.05

1.32
3.46

±
±

0.13
0.08

50.4
42.6

±
±

0.4
0.3

-6.2
-14.0

±
±

0.5
0.4

-1.50
0.78

±
±

0.01 -0.07
0.04 0.52

±
±

0.07
0.09

59.0
46.5

±
±

0.1
0.3

2.4
-2.5

±
±

0.3
0.4

Non Watson-Crickb
GGGG
GGGG
Duplexesc
GGGG
AAAAd

All melts were performed in 10 mM Na+ as described in the Materials and Methods (4.3). aThe
provided ∆G values are observed values (‗obs‘) determined from fits to a two-state model,
extrapolated to 50 °C since this is closer to the observed TM. Because the observed values are for
loss of tertiary structure, they are used as an operational definition of ∆Gf in the text and in Figure
4. ∆Gobs and TM obs values are approximately equal to ∆G13 and TM13 under the cooperative
conditions of pH 5.5, as described in the text. bNon Watson-Crick refers to GT wobble pairs at the
underlined positions. c‗Duplex‘ refers to hairpin oligonucleotides that mimic the duplex
intermediate. For duplexes, the values provided are for the 1° to 2° structure transition. dThe
reference state for duplex AAAA is triplex AAAA.
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Figure 4.1: General Structure of Intramolecular DNA Triplexes and Their Sequential Folding
Pathway. Each triplex comprises a Watson-Crick base-pairing region (black) that forms seven
base triples with the 3‘-terminal portion of the sequence (red), a four-base pair tunable region that
does not participate in triplex formation (green), and two T5 loops (blue). Loops and triplex
strand sequences are identical for each variant. Folding initiates with formation of secondary
structure (2o) from random coil (1o) with an equilibrium constant of K12, and is followed by
formation of tertiary structure (3o) with an equilibrium constant of K23.
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Figure 4.2: Comparison of First-Derivative Absorbance Curves of Triplex Melts. (A) Curves of
pH-dependent melts of triplex GGGG. At higher pH values (6.2, 7.0), two transitions are visible.
The lower-temperature transition corresponds to the unfolding of the triplex, and the highertemperature transition to unfolding of secondary structure. At lower pH values (5.5, 5.7) only one
transition is observed. (B) Curves at pH 7.0 of triplexes with varied Watson-Crick base pairing in
the tunable region. For each triplex there are two transitions, the second of which has a TM value
that depends on the sequence of the tunable region. (C) Curves at pH 5.5 of the same triplexes.
For each triplex there is only one transition and its TM value is dependent on the sequence of the
tunable region.
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Figure 4.3: CD Spectra at Different Temperatures of Triplex GGGG and Duplex GGGG.
Triplex GGGG is shown in (A) and (B) at pH 5.5 and 7.0, respectively. Duplex GGGG is shown
in (C) and (D) at pH 5.5 and 7.0, respectively. See section 4.4.4 for interpretation.
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Figure 4.4: Linear Free Energy Relationship between ∆∆Gf at pH 5.5 (set equal to ∆∆Gobs from
Table 4.2) and ∆∆G12 at pH 7.0 (from Table 4.1) at 50 °C for Triplexes with Watson-Crick Base
Pairs in the Tunable Region. As described in Table 4.2, under these conditions ∆Gf  ∆G13.
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Figure 4.5: Isothermal Free Energy Diagrams for Triplex Formation. The left-hand side shows
energies of the states of Figure 1 at temperatures just above the TMT for the AAAA triplex. The
right-hand side shows effects of strengthening secondary structure by changing the tunable region
to GGGG. Strengthening base pairing in the tunable region affects the energy levels of the
secondary and tertiary structure states equally and in a largely pH-independent fashion. The upper
portion of the figure is at noncooperative (pH 7.0) conditions and a temperature of 30 oC, while
the lower portion is at cooperative (pH 5.5) conditions and a temperature of 52 oC (see Figure
4.6). Strengthening base pairing leads to no change in the TMT at pH 7.0 but to an increase in
TMT at pH 5.5.
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Figure 4.6: Simulations of Functional Free Energy Change ∆Gf for Triplexes GGGG (magenta)
and AAAA (blue). The plots of ∆Gf versus temperature use parameters from the Tables. The
observed TMT is the temperature at which a curves crosses the ∆Gf = 0 line. Marked are the
temperatures at which the corresponding free energy diagrams were drawn in Figure 5. (A) Plots
for triplexes GGGG and AAAA under noncooperative conditions (pH 7.0). (B) Plots for triplexes
GGGG and AAAA triplexes under cooperative conditions (pH 5.5).
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Chapter 5

Evidence That RNA Folds Cooperatively Under Cellular Conditions

5.1 Abstract
The diversity of RNA cellular function often arises from complex tertiary structures, and
there is growing interest in the mechanisms by which functional RNA molecules can achieve
thermostability. ―Functional stability,‖ which was introduced by Sosnick, Pan, and co-workers, is
defined as the free energy of the tertiary (functional) state relative to the next most stable
(nonfunctional) state (1). We previously investigated how secondary structure stability influences
the functional stability of nucleic acids and thereby thermostability, using an intermolecular
folding DNA triplex in which the degree of folding cooperativity could be controlled via pH
(Chapter 4). We found a linear relationship between secondary structure stability and functional
stability but only when folding is cooperative. In the study described in this chapter, we tested
whether this model could be extended to a biological RNA. We chose tRNA as the biological
functional RNA because it has a minimally three-state folding pathway in which folding
cooperativity can be controlled by Mg2+ concentration. We examined the influence of molecular
crowding on cooperative folding of tRNA in an effort to model cellular conditions. We show that
crowding promotes cooperative folding both in naturally occurring modified tRNA, as well as in
an unmodified T7 transcript, and the effect of crowding on cooperative folding is most
pronounced at low Mg2+ concentrations where folding is less cooperative to start. Overall, the
data in this chapter support the notion that RNA folds cooperatively under cellular conditions.
Implications of this finding for the evolvability of RNA and comparisons to protein folding are
presented.
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5.2 Introduction
RNA performs a variety of cellular tasks including small molecule binding and chemical
catalysis (2-6). The variety of complex tertiary structures including those of ribozymes,
riboswitches, and ribosomal RNA has led to increased interest in both the pathways by which
functional RNAs fold into the native state (7-11) and the mechanisms by which those structures
achieve thermal stability (1, 12-16).

5.2.1 Hierarchical Folding
RNA typically folds hierarchically in which tertiary structure is assembled from highly
stable, preformed secondary structural units, which fold from unfolded primary structure (17-19).
This folding can be viewed in a simplistic fashion as

Scheme 5.1
Hierarchical folding has interesting thermodynamics because it also allows for the
possibility of thermodynamic coupling between folding steps. This has been established for
multiple functional RNAs, especially in the presence of Mg2+ (20-25). Because RNA tertiary
structure folds hierarchically and has an intermediate (i.e. secondary structure with no tertiary
structure), it has the chance to fold cooperatively. Ken Dill defined cooperative folding as
―depletion of intermediate states,‖ which leads to the ‗all-or-none‘ (i.e. for RNA ‗tertiary-orprimary‘) limit for completely cooperative folding (26). Most proteins appear to fold in such a
highly cooperative manner since protein secondary structure is independently unstable, but it has
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long been thought that RNA would not fold in a cooperative manner since RNA secondary
structures are very stable independently. Testing whether this model of non-cooperative folding
of RNA tertiary structure holds in vivo is the motivation behind the study in this chapter.

5.2.2 Thermophilic Adaptation of RNA
A strong correlation exists between predicted melting temperatures of RNA molecules
and an organism‘s optimal growth temperature, with growth temperature data ranging from 10 to
90 °C (27). Additionally, sequence comparisons of functional RNA suggest that secondary
structures play important roles in thermostability, especially for thermophiles: thermophilic
rRNAs, tRNAs, and RNase P RNAs have greater GC-content and fewer defects than their
mesophilic counterparts but their genomic DNA does not (28-30). This suggests that secondary
structure stability contributes uniquely to thermostability for complex RNA structures. However,
this finding presented a conundrum: how can strengthening base pairing, which affects step 1 but
not step 2 in Scheme 5.1, affect thermostability. In other words, how can strengthening one or
more secondary structure elements affect the temperature at which an ensemble of such elements
melts.
In a previous study we related ‗functional stability‘ to ‗thermostability‘ (9). Functional
stability is defined as the free energy difference between the native, functional state and the most
stable nonfunctional state (1), while thermostability is defined as the temperature at which
function of the RNA is lost. The definition of functional stability is a purely biological one,
although it has a solid basis in equations. In this definition, the identity of the nonfunctional state
is not fixed, allowing for the possibility that in a non-two-state system the identity of the
nonfunctional (reference) state can change with solution conditions. Using an intramolecularlyfolding triplex model system with a simple three-step folding pathway, we demonstrated that
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cooperative folding steps provide a simple model for how strengthening base pairing distant from
tertiary interactions could increase functional stability, with a linear relationship between
secondary structure stability and functional stability (9). Moreover the effects of secondary
structure stability on functional stability were more pronounced at elevated temperatures,
suggesting that this simple mechanism may play an important role in the adaptation of
thermophilic RNA. In this chapter, we test whether these model system findings could extend to
biological RNAs.

5.2.3 Transfer RNA
Transfer RNAs are 60-95 nucleotide RNAs involved in transferring an amino acid to a
growing peptide chain during translation (31). The general secondary structure (Figure 5.1) has
four stems and variable loop that adopt a cloverleaf structure, which in turn can fold into an Lshaped tertiary structure (Figure 5.1) with tertiary contacts involving the D arm, TΨC arm, and
the variable loop (32-35). Transfer RNAs are often heavily modified with as many as 25 percent
of the nucleotides being modified (31). These modifications provide some stability over that of
an unmodified transcript, but many of the nucleotide modifications play functional rather than
structurally stabilizing roles (36-38). The unfolding of tRNA in the absence of Mg2+ can be
rather complex with up to a five-state unfolding pathway, which includes unfolding of tertiary
interactions and each of the four hairpins of the secondary structure in succession depending on
GC content (36, 37). However, in the presence of Mg2+, the tertiary interactions are preferentially
stabilized such that at sufficiently high (mM) concentrations of Mg2+ the tertiary interactions
become more stable than the secondary structures. Under these conditions, tRNA unfolds in a
cooperative, two-state fashion making it an ideal biological RNA system to parallel the studies on
our triplex DNA model system (20, 23, 39, 40).
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5.2.4 Molecular Crowding
In the current study we tested the effects of molecular crowding conditions on tRNA
stability. For the model triplex, we increased the cooperativity of folding by lower pH (9). For
tRNA, we show here that folding cooperativity can be increased by increasing Mg2+
concentrations, such as shown in the literature, but intriguingly that molecular crowding can also
increase tRNA folding cooperativity, especially at lower concentrations of Mg2+.
Under cellular conditions macromolecules can occupy nearly 40% of the cellular volume
(41), conditions referred to as ‗crowded‘. It has been shown that molecular crowding conditions
can destabilize nucleic acid secondary structures and stabilize RNA tertiary interactions (42, 43),
both of which promote cooperative folding according to Scheme 5.1. Herein, we employed the
commonly used co-solute polyethylene glycol (PEG) to mimic cellular folding conditions.
Crowding conditions are shown to promote cooperative folding of both modified and unmodified
tRNA at biologically relevant Mg2+ concentrations, suggesting that cellular conditions may
promote cooperative folding of functional RNAs in vivo, and that mutations that strengthen
secondary structure stability would affect functional stability according to the previously
discussed triplex model.

5.3 Material and Methods

5.3.1 RNA Preparation
WT yeast tRNAphe was purchased from Sigma Aldrich, and dialyzed into 10 mM sodium
cacodylate, pH 7.0 buffer using a microdialysis system (Gibco-BRL Life Technologies). UV
melting samples were 0.5 µM RNA, PEG 200, 10 mM sodium cacodylate (pH 7.0), and 140 mM

147
potassium chloride, along with 0, 0.1, 0.5, 1.0, or 2.0 mM MgCl2 and 0, 20, or 40% (wt./vol.)
PEG 200. We chose PEG 200 as it was observed in the literature that this commonly used
crowding agent (42, 44) had a the greatest effect of destabilizing secondary structures compared
to other larger PEG molecules (44). However, for an 8 base pair DNA duplex which is similar in
size to the helical regions of the tRNA (Figure 5.1), larger PEG molecules were still destabilizing
at only 20% PEG (Figure 5.1) (44).

5.3.2 UV Melting Experiments
RNA was renatured by heating to 90° C for 3 minutes and cooling to room temperature
for 15 minutes. MgCl2 was then added to the appropriate final concentration, and the RNA was
heated to 55° C for 3 minutes before cooling to room temperature for 15 minutes. All melts were
performed using a Gilford Response II spectrophotometer with a data point acquired every 0.5
°C. Absorbance was recorded at 260 nm from 5 to 95°C, and the melt was not reversible due to
RNA degradation at elevated temperatures in the presence of Mg2+ which was observed in the
reverse melts.

5.4 Results and Discussion

5.4.1 Mg2+ Induces Cooperative Folding of WT Yeast tRNAphe
Thermal denaturations of the WT (modified) tRNAphe were performed between Mg2+
concentrations of 0 to 2 mM. The normalized absorbance curves along with first derivative plots are
provided in Figure 5.2A and 5.2B, respectively. With no Mg2+ present, the tRNA unfolds in two
transitions with a very broad first transition, followed by a second sharper transition (Figure 5.2B),
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similar to that observed previously in the literature (39). Since the structure of tRNA demands that
tertiary structure has to melt before or concomitant with secondary structure, these observations
suggest that tertiary interactions are weakened or disrupted by the absence of Mg2+ and that they
melt before secondary structure. Indeed, as the concentration of Mg2+ increases, both TM and the
sharpness of the transition increase (as revealed by the higher dA/dT maxima) (Table 5.1, Figure
5.2) supporting the conclusion that the RNA unfolds cooperatively in an apparent two-state fashion.
(Note that the sharpness of a melting transition is proportional to H of unfolding, which is derived
from breaking stacking and hydrogen bonding interactions (45). If intermediates populate, unfolding
is spread out over more temperatures and the transition broadens.) Thus, as lower pH was used to
increase the cooperativity of triplex unfolding (9), higher Mg2+ concentration can be used to adjust
increase the cooperativity of the tRNAphe unfolding.

5.4.2 PEG 200 Induces Cooperative Folding of WT Yeast tRNAphe
In order to model cellular crowding conditions, increasing amounts of the commonly used
molecular crowding agents PEG 200 was added to the solutions and melts were repeated. The
absorbance curves from UV melts are shown in Figure 5.2C for 20% PEG 200 and 5.2E for 40%
PEG 200 with the associated derivative plots in Figure 5.2D and 5.2F, respectively. The Mg2+
concentrations tested were the same as those without PEG 200. Data are also plotted at 0 (Figure
5.3A,B), 0.5 (Figure 5.3C,D), or 2 mM (Figure 5.3E,F) Mg2+ with varying PEG 200 concentrations
for comparison. The data from both Figure 5.2 and 5.3 are tabulated in Table 5.1. Addition of
PEG 200 had smaller effects on the TM of the transitions, but significant effects on the sharpness of
the transitions, especially at little or no added Mg2+. For example, the change in TM from 0 to 40%
PEG 200 at 0.1 mM Mg2+ is just 3 °C but the maxima of dA/dT doubles (Table 5.1, Figure 5.4). The
larger effects of PEG 200 at little or no Mg2+ are especially evident in the UV absorbance curves
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(and derivatives) with increasing PEG 200 plotted against for a consistent Mg2+ (Figure 5.3).
Although PEG 200 still stabilizes the tRNA at 2mM Mg2+ over dilute conditions (fitting not shown),
the effects on the sharpness of the transition are less pronounced, suggesting that there is a limit to
the cooperativity of folding that can be induced by the metal/osmolyte combination under these
solution conditions.

5.4.3 Effects of Mg2+ and PEG 200 on a T7 Transcript of tRNAphe
In order to test the effects of secondary structure stability on functional stability in the
context of the tRNAphe model system, mutations would be necessary to the base pairing regions of
the stems. Because of its highly modified nature, our ability to do this with WT tRNA is limited
at present. Transfer RNA T7 transcripts, although lacking the modifications present in nature,
have been reported to still possess Mg2+ binding and global tertiary structure similar to natural
(modified) tRNA, and many can serve as substrates for aminoacylation (39, 40).
The folding of a tRNA T7 transcript with the same sequence as WT tRNA was analyzed
through UV melts in which the concentrations of Mg2+ and PEG 200 were varied. The A260
curves for denaturation of the transcript both without and with PEG 200 are provided in Figures
5.5A, with derivatives show in Figure 5.5B. These data support that folding cooperativity and
stability of a T7 transcript can be tuned via Mg2+, just as with the WT tRNAphe. Increasing Mg2+
concentration increased both folding cooperativity and stability. In addition PEG 200 increased
folding cooperativity of both WT and T7 transcript, with slightly more pronounced effects in the
T7 transcript. For example, addition of 40% PEG 200 increased the maxima of dA/dT for the T7
in 1 mM Mg2+ by 1.2 x 10-2, but 0.9 x 10-2 for the WT sequence. The T7 transcript is slightly less
stable than WT (observed ∆TM ~ 3 °C at Mg2+ of 1 mM), which is expected from the literature
where different concentrations of monovalent salt (150 mM compared to 70 mM) and the
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inclusion of 1 mM spermine led to an observed ∆TM ~ 6 °C (39). These results support the
conclusion that T7 transcripts of tRNA are good models for the WT tRNAphe in understanding
RNA folding cooperativity under cellular conditions. Future experiments to explore the
relationship between thermostability and sequence are suggested in Chapter 6 of this dissertation.

5.5 Conclusions
Previously, we reported a simple DNA triplex model for thermophilic adaptation for
functional nucleic acids in which strengthening base pairing separate from complex tertiary
interactions could increase functional stability (9). In this chapter tRNA was chosen as the
biological RNA in which to test the in vivo relevance of the model for thermophilic adaptation. We
showed that tRNA tertiary structure unfolds in apparent two-state fashion with increasing
concentrations of Mg2+, just as the DNA triplex tertiary structure unfolds cooperatively with lowered
pH. A T7 transcript of the tRNA lacking the natural modifications displayed similar behavior with
increasing Mg2+ as the WT (modified) tRNA, suggesting that T7 transcripts can serve as biologically
relevant model systems for probing the effects of sequence on thermostability, and such transcripts
have been designed for future experiments (see Chapter 6). Moreover, both the modified and
unmodified tRNA structures responded similarly to increasing concentrations of crowding agent
used to simulate the crowding inside of a cell. The effects of the cellular conditions on folding
cooperativity were most pronounced on the transitions at lower Mg2+ concentrations that might be
found in the cell. Moreover, effects of PEG were somewhat more pronounced on the T7 transcripts
than the WT tRNA, while the T7 transcript was in general less stable than the WT; these findings are
consistent with overall bigger effects of PEG in a less stable background.
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5.5.1 Cooperativity and Molecular Evolution
Overall, molecular crowding and physiological Mg2+ concentrations promote cooperative
folding of RNA, suggesting that RNAs can fold cooperatively in vivo. This idea challenges the
commonly held notion that RNA tertiary structure is less stable than secondary structure.
Cooperative folding of RNA in vivo has two important implications: 1.) Folding of RNA is more
protein-like than previously anticipated, and 2.) RNA can adapt to thermophilic conditions by simply
strengthening base pairing. Since thermophilic adaptation of functional RNA by changing base
pairing (e.g. GU to GC) is much simpler than changing the active site, RNA may be highly
evolvable in vivo. This model is consistent with prevalence of GC base pairing in the genes for
functional RNAs in thermophilic organisms (27-30).
If we assume that most RNAs do fold cooperatively in the cell (see Chapter 6 for future
experiments to test this assumption), it is of interest to ask how this comes about from a molecular
evolution perspective. Assume that a functional RNA has a secondary structure that is much more
stable than its tertiary structure. Since such stable secondary structure will not increase functional
stability, there is no evolutionary advantage to such a scenario. As such, evolutionary drift through
weakening of base pairing (e.g. GC to GU, or insertion of helical defects such as bulges) can occur
with no effect on function, at least until the free energy of forming secondary structure within a
functional RNA is 0. At this point, functional stability, which can now be referenced to primary
structure, begins to be compromised if further weakening of base pairing occurs. In this scenario,
secondary structures of functional RNAs would have free energies near zero under physiological
conditions. Interestingly, because these RNAs would contain GU wobbles and defects, they would
be poised for simple evolution back to thermostable structures when environmental conditions
required such adaptation. In this scenario, functional RNAs will drift to fold cooperatively no matter
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what the temperature of the organism‘s environment and such cooperativity will provide them with
high evolvability, a characteristic that would aid evolution within an RNA world.
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Table 5.1 Folding Cooperativity and TM from UV Melts for WT tRNA
Mg2+
(mM)

PEG %
(wt./vol.)

(dA260/dT)Max
(x10-2)a

TMb
(°C)

0

0
20
40

0.7
1.7
2.0

-b
52
54

0.1

0
20
40

1.1
1.7
2.2

53
55
56

0.5

0
20
40

1.6
2.1
2.6

59
60
62

1

0
20
40

1.7
2.3
2.6

63
63
64

2

0
20
40

2.0
2.4
2.6

69
67
68

0

0
40

0.8
1.4

-b
47

1

0
40

1.3
2.5

60
59

2

0
40

1.6
2.3

64
63

WT (Modified)

T7 (Unmodified)

All melts were performed 10 mM sodium cacodylate, 140 mM KCl as described in the Materials
and Methods (5.3). aThis column provides maximum values from derivative curves from UV
melts. The steepness of the transition is proportional to the enthalpy and cooperativity of the
transition. bTM values are from two-state fits of the melt curves. No value is provided at 0 mM
Mg2+, as this transition is broad and likely multi-state for both the WT and T7 structures.
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Figure 5.1: tRNA Secondary and Tertiary Structures. At right is the cloverleaf secondary
structure, which folds into the tertiary structure shown at left. Figure is modified from
http://www.molecularstation.com/science-news/wp-content/uploads/2008/03/trna-structure.jpg.

155

Figure 5.2: UV Absorbance and Derivative Curves of WT (modified) tRNAphe with varying
Mg2+ at constant PEG 200 concentrations. Panels A, C, and E show the UV melting curves while
panels B, D, and F show the associated derivate plots for A, C, and E respectively. Panel A
shows absorbance curves without PEG 200. Panel C shows absorbance curves in the presence of
20% (wt./vol.) PEG 200. Panel E shows absorbance curves in the presence of 40% (wt./vol.)
PEG 200.
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Figure 5.3: UV Absorbance and Derivative Curves of WT (modified) tRNAphe at constant Mg2+
with varying PEG 200 concentrations. Panels A, C, and E show the UV melting curves while
panels B, D, and F show the associated derivate plots for A, C, and E respectively. Panel A
shows absorbance curves without Mg2+. Panel C shows absorbance curves in the presence of 0.5
mM Mg2+. Panel E shows absorbance curves in the presence of 2 mM Mg2+. Note that with
increasing PEG 200 the transitions become sharper (more cooperative), but the effects of PEG on
cooperativity are more pronounced at low Mg2+ (panels A-D) than at high Mg2+ (2mM, panels
E,F).
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Figure 5.4: Plot of Maximum vs. Mg2+ Concentration of Derivative Curves for Increasing
Concentrations of PEG 200. WT is the wild type (modified) tRNA and T7 denotes the structure
prepared by T7 transcription.
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Figure 5.5: UV Absorbance Curves and Derivative Curves for T7 Transcript tRNA with varying
Mg2+ and at 0 or 40% PEG 200. A) UV melting curves of the T7 transcript at the indicated
concentrations of Mg2+ and PEG 200. B) Derivative curves of melts in A. Note that in the
presence of 40% PEG 200 for a given Mg2+ that the transition has a higher maximum value (is
more cooperative) than in the absence of the crowding agents.
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Chapter 6

Future Directions
[The following chapter presents proposed directions for future research from the dissertation
work discussed in Chapter 2 and Chapter 5.]

6.1. Elucidation of Metal Preferences in the Stabilization of GNRA Tetraloops with GC
Closing Base Pairs
As discussed in Chapter two, GNRA loops are exceptionally stable with CG cbp, but
loops with GC cbp are preferentially stabilized by increasing monovalent salt. This effect was
found to be independent of the identity of the cation. In particular, although the actual slopes of
the salt dependences differed, the ∆slope values between CG and GC were identical for Na+ and
K+. However, we have not analyzed the dependence of the free energy of GNRA loops with CG
and GC cbp for any divalent ions such as Mg2+. Mg2+ has been found to bind to GAAA loops on
the 5‘ side of the loop with possible inner-sphere coordination with the pro-S oxygen with A at
L3, as well as potential other interactions with A at L2 (1). The surface potential maps for the
cGAAAg loop in Figure 2.5 are in excellent agreement with this finding. However, in the case of
gGAAAc, we find that there is additional negative potential involving the bases and phosphates at
G1 and A2 not present with a CG cbp (Figure 2.5, circled), which leaves open the possibility of
additional metal binding or preferential binding of divalent ions, which may play a structural or
functional role in the tertiary interactions of GAAA loops.
To test whether there is ion-specific preferential stabilization of GNRA loops with GC
cbp, we have designed model hairpins with GAAA loops with either CG or GC cbp. The stems
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(separate from the cbp) of these loops have been altered from those in Chapter 2 to include only
one GC pair instead of two. This design should tune hairpin stability down to near 50 oC to
improve upper baselines in UV melting experiments at elevated concentrations of divalent ions
while retaining cooperative unfolding of the stem and loop. We could then melt the model
hairpins over a range of divalent alkaline earth metals, as well as polyvalent ions such as cobalt
hexamine, which mimics a hydrated Mg2+ ion, spermine and spermidine. Evidence for metal
specific effects on the preferential stabilization of loops with GC cbp would manifest in the
∆slope values between CG and GC for the salt dependences.
Previously we used NLPB calculations to compare the ∆Gel and arrangement of surface
potentials in cGAAAg and gGAAAc free from tertiary interactions to compare to the
thermodynamics obtained from UV melting of model hairpins (Chapter 2). To investigate the
preferential stabilization of GNRA loops with GC cbp in the context of tertiary interactions, we
will compare the free structures of cGAAAg and gGAAAc to those extracted from loop-receptor
interactions. Through comparison of free loops and loops from tertiary interactions, changes in
configuration may be observed that affect ∆Gel and arrangement of surface potentials and provide
a structural reason for the occurrence of the less stable gGAAAc loops in tertiary interactions (24).

6.2 The Effects of Sequence on Thermostability in tRNA
The simple model for how secondary structure stability affects functional stability
discussed in Chapters 4 and 5 relies on cooperative folding and on the ability to strengthen and
weaken base pairs separate from tertiary interactions. In Chapter 4 it was shown that by changing
the pH, the cooperativity of folding the model triplex system could be tuned, such that at pH 7.0
triplex folding was noncooperative, and at pH 5.5 triplex folding was cooperative. However,
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simulations show that a small amount of intermediate (secondary structure alone) may still form
under cooperative conditions. The extent of the population of the intermediate, which is likely
small, as well as the hierarchical folding pathway could be examined using single molecule
fluorescence techniques since single molecule techniques excel at detecting rare, nonaccumulating species. The triplex construct should be amenable to donor-acceptor labeling such
as Cy3 and Cy5 for observation of structure formation via fluorescence resonance energy transfer
(FRET).
In Chapter 5 it was shown that crowding agents such as PEG 200, used to mimic cellular
crowding conditions, promote the cooperative folding of both WT and T7 transcript tRNA. The
T7 transcripts, which lack modifications, can fold with the same tertiary structures as the often
heavily-modified tRNA found in nature, and can retain function (5, 6) suggesting that the T7
transcripts would be a cooperatively folding and physiologically relevant model system for
testing how secondary structure stability affects functional stability in functional RNAs.
Mutant T7 sequences have been selected that should not be involved in the tertiary
interactions, which primarily involve the D arm and the TΨC arms of the structure (Figure 5.1)
(7-10). The mutations proposed are shown with the secondary structure of a tRNA transcript in
Figure 6.1. The proposed mutants would produce one additional GC pairs for each single mutant
or two additional GC pairs when combined in the double mutant. These structures should possess
strengthened base pairing in the acceptor stem, which is free from tertiary interactions, and under
cooperative folding conditions, should increase functional stability. In addition, the acceptor arm
is the first of the stems to unfold after the tertiary structure, which would likely be the first stem
to be strengthened in vivo since it is the least stable arm and could immediately impact functional
stability. However, if these particular mutations compromised the ability to transcribe the RNA,
similar mutations could be made in the stem of the anticodon arm, which again does not
participate in tertiary interactions.
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The T7 mutant transcripts would be melted in varying Mg2+ as well as varying
concentrations of PEG 200 up to 40% wt./vol. to mimic cellular folding conditions. Although
UV melting would first be used for fitting of the apparent two-state transitions, differential
scanning calorimetry (DSC) could also be used to analyze the folding of the tRNA structures, as
this technique could reveal transitions that could not be detected through UV or optical
techniques.

6.3 Cooperativity of Folding of Other (non-tRNA) Functional RNAs
We will test whether cooperative folding is common to most functional RNAs. Such
functional RNAs will include riboswitches (with and without ligands) and ribozymes, which are
typically 100 nucleotides or smaller. The hypothesis is that under conditions of physiological
temperature, Mg2+, and crowding, these RNAs will fold cooperatively. Experimental techniques
will be similar to those in Chapter 5 and include UV melting and DSC. These experiments will
test whether tRNA is a special case, or the result is general. Crowding conditions could include
cell extracts (with RNase inhibitors present) or synthetic cells such as giant vesicles (GV) with
aqueous two-phase systems (ATPS) (11, 12); in these cases, we will develop fluorescence tags for
the RNA so that folding can be followed in such complex environments.

6.4 Evolvability of Cooperative Folding RNA
As discussed at the end of Chapter 5, cooperatively folding RNA may be more evolvable
than non-cooperatively folding RNA. We will test this by taking two populations of a catalytic
RNA and testing each for its ability to adapt to high temperature. Population 1 will have no
defects and no GU wobbles in its secondary structure, and a tertiary melting temperature near 37
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C, with secondary structure melting at higher temperature. Population 2 will have defects and

GU wobbles, and a tertiary melting temperature near 37 oC. We will then subject these RNAs to
5 rounds of in vitro selection for self-cleavage at 65 oC. The expectation is that Population 2 will
evolve faster, showing catalytic activity at 65 oC within the first few rounds. If so, we will take
Population 1 and allow it to drift for 5 cycles of mutagenic PCR at 37 oC prior to high
temperature selection. The prediction is that this RNA will evolve more quickly than the original
Population 1.
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Figure 6.1: Secondary Structure of tRNAphe Transcript with WT Sequence. Also shown are
long-range tertiary structures (highlighted in orange). Figure 6.1 has been adapted from (5, 13).
Positions for mutation are highlighted in blue, and the potential strengthening mutations are
listed. These mutations should increase secondary structure stability and are separate from the
tertiary interactions.
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[Published as Supporting Information for a paper titled, ―Contribution of the Closing Base Pair to
Exceptional Stability in RNA Tetraloops: Roles for Molecular Mimicry and Electrostatic Factors‖
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A.1 Melt Curves of GAAA Sequences

Figure A.1: Absorbance vs. Temperature Curves from Thermal Denaturations of Representative
GAAA Sequences. Shown are plots of normalized absorbance at 280 nm versus temperature. A)
Changing the cbp from CG to GC and insertion of C3 linkers. In this plot only every other data
point is shown for clarity of individual curves. B) 7dzG-substitution of the cbp.
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A.2 Three-Dimensional Potential Contour Maps and Electrostatic Free Energy

Figure A.2: Three-Dimensional Potential Contour Maps for Different cUUCGg Tetraloops.
Structures were visualized from the crystallographic PDB coordinates provided below and
compare interactions among four different cUUCGg loops. Structure A is the same as included in
Figure 2.4. Each structure shows the electrostatic potentials calculated at 0.23 M salt at 40%
transparency with the underlying structure in stick representation. Contours are -10 kT/e (red)
and +10 kT/e (blue). Note the similarity among the loop-cbp interactions, which are involved in
molecular mimicry, as highlighted in light blue in each structure. PDB ID: A) 1NBS, B, 152-157
(2); B) 1F7Y, B, 8-13 (3); C) 1I6U, C, 16-21 (4); D) 1I6U, D, 16-21 (4).
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Figure A.3: Three-Dimensional Potential Contour Maps for Different gUUCGc Tetraloops.
Structures originated from the PDB ID: 3BWP, A, 338-343 (5). A clash in the cbp was removed
by MD of the cbp followed by energy minimization and structure cleaning to ensure planarity of
bases. Structure A is the same as included in Figure 2.4 from 1 ps of MD. Structures B, C, and D
are from 0.5 ps, 2 ps, and 5 ps, respectively. Each structure shows the electrostatic potentials
calculated at 0.23 M salt at 40% transparency with the underlying structure in stick
representation. Contours are -10 kT/e (red) and +10 kT/e (blue). Note the similarity in the
potential repulsions between loop functional groups and the cbp, as highlighted in light pink.
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Figure A.4: Three-Dimensional Potential Contour Maps for Different cGAAAg Tetraloops.
Structures were visualized from the crystallographic PDB coordinates provided below and
compare interactions among four different cGAAAg loops. Structure A is the same structure
included in Figure 2.4. Each structure shows the electrostatic potentials calculated at 0.23 M salt
at 40% transparency with the underlying structure in stick representation. Contours are -15 kT/e
(red) and +10 kT/e (blue). Note the similarity among the loop-cbp interactions, which are
involved in molecular mimicry highlighted in light blue in each structure. PDB ID: A) 2OIU, Q,
10-15 (6); B) 1HMH, E, 104, 21L-24L, 114 (7); C) 2OIU, P, 10-15 (6); and D) 2PXD, B, 153158 (8).
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Figure A.5: Three-Dimensional Potential Contour Maps for Different gGAAAc Tetraloops.
Structures were visualized from the crystallographic PDB coordinates provided below and
compare interactions among four different gGAAAc loops. Structure A is the same structure
included in Figure 2.4. Each structure shows the electrostatic potentials calculated at 0.23 M salt
at 40% transparency with the underlying structure in stick representation. Contours are -15 kT/e
(red) and +10 kT/e (blue). Note the similarity in the potential repulsions between loop functional
groups and the cbp, as highlighted in light pink. PDB ID, Chain, Nt.: A) 1NKW, 0, 2353-2358
(9); B) 1NWY, 0, 2353-2358 (10); C) 3E5C, A, 18-23 (11); and D) 3E5F, A, 18-23 (11).
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Figure A.6: Surface Potential Maps of UUCG 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 non-bridging phosphoryl oxygens, with all other charges set to zero
(panels C and D). Each calculation is at 0.23 M salt. Notice the similarity of the potential from
the phosphates using both the complete partial charge set and the phosphate-only charge set,
consistent with compaction dominating ∆∆Gc. A smaller contribution comes from the base-base
interactions, such as the attraction between H2‘s of G4 (positive) with the negative potential of
N7 of G of the CG cbp (blue-red, 3‘ side of the loop panel A and Figure 2.1A), and the repulsive
interaction between the positive potential of G4 H2‘s and multiple atoms with positive potential
in C of the GC cbp (blue-blue, 3‘ side of the loop in panel B).
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Table A.1. Average ∆∆Gel for UUCG and GAAA loops with CG and GC CBP
Sequence

∆∆Gel (1M) (kcal/mol)a

cUUCGgb

-

gUUCGcc

19 ± 6f

cGAAAgd

-

gGAAAce

16 ± 6f

∆∆Gel calculated from NLPB output at 1M monovalent salt as described in Chapter 2. In each
case, the Gel values for all structures of a given sequence were averaged together before
subtraction, bFour structures included for sequence as shown in Figure A.2. cFour structures
included for sequence as shown in Figure A.3. dFour structures included for sequence as shown
in Figure A.4. eFour structures included for sequence as shown in Figure A.5. f Error is
propagated as the square root of the sum of squares in error for average ∆Gel, where the error for
an average ∆Gel is the standard deviation among the calculations for all structures of a given
sequence. The relatively small percent error is reflective of the similar ∆Gel for each of the
sequences, supporting the conclusion that the results are not unique to any given PDB structure.
a

179

A.3 References
1.

Blose, J. M., Proctor, D. J., Veeraraghavan, N., Misra, V. K., and Bevilacqua, P. C.
(2009) Contribution of the closing base pair to exceptional stability in RNA tetraloops:
Roles for molecular mimicry and electrostatic factors, J. Am. Chem. Soc. 31, 8474-8484.

2.

Krasilnikov, A. S., Yang, X., Pan, T., and Mondragon, A. (2003) Crystal structure of the
specificity domain of ribonuclease P, Nature 421, 760-764.

3.

Ennifar, E., Nikulin, A., Tishchenko, S., Serganov, A., Nevskaya, N., Garber, M.,
Ehresmann, B., Ehresmann, C., Nikonov, S., and Dumas, P. (2000) The crystal structure
of UUCG tetraloop, J. Mol. Biol. 304, 35-42.

4.

Tishchenko, S., Nikulin, A., Fomenkova, N., Nevskaya, N., Nikonov, O., Dumas, P.,
Moine, H., Ehresmann, B., Ehresmann, C., Piendl, W., Lamzin, V., Garber, M., and
Nikonov, S. (2001) Detailed analysis of RNA-protein interactions within the ribosomal
protein S8-rRNA complex from the archaeon Methanococcus jannaschii, J. Mol. Biol.
311, 311-324.

5.

Toor, N., Keating, K. S., Taylor, S. D., and Pyle, A. M. (2008) Crystal structure of a selfspliced group II intron, Science 320, 77-82.

6.

Robertson, M. P., and Scott, W. G. (2007) The structural basis of ribozyme-catalyzed
RNA assembly, Science 315, 1549-1553.

7.

Pley, H. W., Flaherty, K. M., and McKay, D. B. (1994) Three-dimensional structure of a
hammerhead ribozyme, Nature 372, 68-74.

8.

Keel, A. Y., Rambo, R. P., Batey, R. T., and Kieft, J. S. (2007) A general strategy to
solve the phase problem in RNA crystallography, Structure 15, 761-772.

180
9.

Harms, J., Schluenzen, F., Zarivach, R., Bashan, A., Gat, S., Agmon, I., Bartels, H.,
Franceschi, F., and Yonath, A. (2001) High resolution structure of the large ribosomal
subunit from a mesophilic eubacterium, Cell 107, 679-688.

10.

Schlunzen, F., Harms, J. M., Franceschi, F., Hansen, H. A., Bartels, H., Zarivach, R., and
Yonath, A. (2003) Structural basis for the antibiotic activity of ketolides and azalides,
Structure 11, 329-338.

11.

Lu, C., Smith, A. M., Fuchs, R. T., Ding, F., Rajashankar, K., Henkin, T. M., and Ke, A.
(2008) Crystal structures of the SAM-III/S(MK) riboswitch reveal the SAM-dependent
translation inhibition mechanism, Nat. Struct. Mol. Biol. 15, 1076-1083.

Appendix B

Supporting Information: Chapter 3

[Submitted as Supporting Information for a paper titled, ―A Simple Molecular Model for
Thermophilic Adaptation of Functional Nucleic Acids‖ by Joshua M. Blose, Kenneth P. Lloyd,
and Philip C. Bevilacqua to Biochemistry (06/17/09).]

B.1 Full Thermodynamic Parameters of Melts
Table B.1. Full Thermodynamic Parameters for Hairpin and Loop Formationa
Sequence
ΔH°
ΔS°
ΔG°37 meltb
ΔG°37
ΔΔG°37
(kcal/mol)
(e.u.)
(kcal/mol)
loopc
loop
(kcal/mol) (kcal/mol)

ΔΔG°37
loopd
(GAAA)
(kcal/mol)

TM
(°C)

Unmodified
d(cGCAg)
d(gGCAc)

-29.2 ± 0.7
-29.4 ± 0.7

-85.5 ± 2.2 -2.71 ± 0.05
-89.3 ± 2.2 -1.68 ± 0.02

1.03
2.74

+1.71f

1.38

68.8 ± 0.5
55.8 ± 0.5

0.10
0.09
0.06
0.09

2.62
0.66
3.48
2.41

+1.60f
-0.37f
+0.74g
-0.33g

1.87
-0.13
1.23
-0.36

51.3
74.9
49.5
58.2

-86.3 ± 1.2 -2.45 ± 0.04
-92.5 ± 2.0 -2.29 ± 0.05

1.29
2.13

+0.26f
-0.61g

0.84
0.03

65.4 ± 0.4
61.5 ± 0.7

C3 Linker
d(c(C3)GCAg)
d(cGCAg(C3)g)e
d(g(C3)GCAc)e
d(gGCA(C3)c)e

-25.5
-36.0
-24.5
-31.5

±
±
±
±

0.5 -78.7 ± 1.5
0.9 -103.5 ± 2.6
1.5 -75.8 ± 4.9
1.3 -95.0 ± 3.9

-1.12
-3.92
-0.94
-2.01

±
±
±
±

±
±
±
±

1.3
0.2
1.5
0.8

7-dzG
d(cGCA(7dzg))
d((7dzg)GCAc)

-29.2 ± 0.4
-31.0 ± 0.6

All melts were performed in P10E0.1, as described in Chapter 3. bColumn denotes ∆G°37 from UV
melt of hairpin. cColumn denotes ∆G°37 of loop subtracting contribution of stem nearest
neighbors, which was -4.58 or -4.42 kcal/mol with a CG or GC cbp, respectively for stem 1, or 3.74 kcal/mol for stem 2 with a CG cbp (1). dPreviously published values of ∆∆G°37 loop for
similar base pair swaps or substitutions in r(GAAA) hairpin (2). eValues have been previously
published (3, 4). fValues are in comparison to d(cGCAg). gValues are in comparison to
d(gGCAc).
a
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C.1 Mass Spectrometry
Table C.1 Mass Spectrometry of Model DNAsa
Sequences
Calculated MW
Measured MW
(amu)
(amu)
Triplexes
GGGG
AGGG
AAGG
AAAG
AAAA
GGGG
GGGG

11862.7
11861.7
11860.7
11859.7
11858.7
11877.7
11892.7

11864
11863
11862
11862
11861
11879
11894

8257.4
8253.4

8258
8254

Duplexes
GGGG
AAAA

Data were obtained on a Waters Micromass LCT Premier TOF mass spectrometer equipped with
a Waters Alliance 2695 Separations Module and utilizing electrospray ionization (The Huck
Institute of Life Sciences Proteomics and Mass Spectrometry Core Facility, The Pennsylvania
State University).
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C.2 Native Gel Electrophoresis of Model DNA Oligomers
In an effort to show that the DNA sequences in the triplex series form the same native
structure, we carried out native gel electrophoresis experiments. In order to facilitate native
folding of the triplexes, which contain several C+•GC triples, we ran the gels in the absence of a
chemical denaturant, at the low pH of 5.5, as well as the low temperature of 20 oC. The buffer in
the electrophoresis apparatus reservoirs and the gel itself was 10 mM MES (pH 5.5). The gel was
15 % acrylamide (29:1 crosslinking), electrophoresis was for 3 h at 500 V, and the buffers were
re-circulated approximately every 20 minutes.
The gel contained three sets of sequences: 1) GGGG and AAAA duplexes 2) All triplexes
studied, and 3) Control triplex, which is the same as GGGG triplex but has its 3‘-terminal
extension changed such that it cannot form a triplex.

Control triplex: 5‘-AGAGAGAGGGGTTTTTCCCCTCTCTCTTTTTTCCTTCCC

As seen in Figure C.1, the electrophoretic mobilities of the major band in the triplex lanes were
identical to one another, and the mobilities of the major band in the duplex lanes were identical to
each other. Moreover, the triplexes migrated slower than the duplexes, as expected given the
greater bulk of the triplexes, while the control triplex migrated slower than the authentic triplexes
as expected given its more open conformation. Had the DNAs in the triplex series not formed
base triples, they would have been expected to co-migrate with the control triplex. These
observations support the conclusion that the DNAs in the triplex series form essentially
equivalent native structures.
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Figure C.1: Native Gel Electrophoresis. Lanes 1-7: GGGG, AGGG, AAGG, AAAG, AAAA,
GGGG, and GGGG triplexes; Lane 8: control triplex; Lanes 9-10: GGGG and AAAA duplexes.
The fold of each species is depicted on the right-hand side of the figure. The depiction of the
three states is adapted from Figure 4.1C.2 Additional UV Melting Curves and Derivates for DNA
Sequences
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Figure C.2: UV Melting Curves of Triplexes. (A) UV melting curve of triplex GGGG at
various pH values, corresponding to Figure 4.2A. (B) UV melting curves of triplexes at pH 7.0,
corresponding to Figure 4.2B. (C) UV melting curves of triplexes at pH 5.5, corresponding to
Figure 4.2C.
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Figure C.3: UV Melting Curves of Control Duplexes. (A) UV melting curves and (B) first
derivative absorbance curves of control duplexes at pH 5.5 and 7.0. Both duplexes melt in a
single transition (TM12), which is assigned to the unfolding of the secondary structure.
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Figure C.4: Melting Curves of Non Watson-Crick Triplexes Where Underlined Gs Indicate a
GT Wobble Pair. (A) UV melting curves and (B) first-derivative absorbance curves of triplex
GGGG and triplex GGGG at pH 5.5 and 7.0. As in the case of the Watson-Crick triplexes, triplex
GGGG has two apparent transitions at pH 7.0, and each transition is assigned as for the WatsonCrick triplexes with the lower-temperature transition corresponding to unfolding of the triplex
strand (TM23) and the higher-temperature transition corresponding to the unfolding of the
secondary structure (TM12). For triplex GGGG, it appears that this triplex unfolds in monophasic
fashion in the UV melting profiles (A, blue curve) but derivative analysis reveals a second
transition (B, blue curve). Thus, for triplex GGGG the structural transitions overlap and have
some cooperativity. At pH 5.5, however, both triplexes unfold in a highly cooperatively fashion
with a TM13 that depends on base pair identity in the tunable region.
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C.3 Complete Thermodynamic Parameters for Triplex Formation at pH 7.0 and 5.5
Table C.2 Complete Thermodynamic Parameters for Triplex Formation at pH 7.0
Transition 23
Sequence

∆H23
(kcal/mol)

∆S23
(eu)

∆G23
(kcal/mol)

∆∆G23
(kcal/mol)

∆TM23
(°C)

TM23 (TMT)
(°C)

Watson-Crick
GGGG
AGGG
AAGG
AAAG
AAAA

-56.7
-56.2
-56.2
-56.3
-57.5

±
±
±
±
±

1.0
1.3
1.1
1.0
0.9

-192.2
-190.4
-190.4
-190.9
-195.3

±
±
±
±
±

3.3
4.6
3.7
3.5
2.9

5.43
5.31
5.32
5.43
5.64

±
±
±
±
±

0.14
0.16
0.10
0.13
0.07

-57.4 ± 1.4 -195.2 ± 4.7 5.65

±

0.19 0.23

-0.11
-0.10
0.01
0.22

±
±
±
±

21.8
22.1
22.0
21.6
21.1

±
±
±
±
±

0.5
0.2
0.4
0.5
0.3

0.3
0.3
-0.2
-0.7

±
±
±
±

0.5
0.5
0.7
0.6

± 0.24 21.0

±

0.6 -0.7

±

0.8

0.21
0.17
0.19
0.16

Non Watson-Crick
GGGG
GGGG
Transition 12
Sequence

∆H12
(kcal/mol)

∆S12
(eu)

∆G12
(kcal/mol)

∆∆G12
(kcal/mol)

∆TM12
(°C)

TM12
(°C)

Watson-Crick
GGGG
AGGG
AAGG
AAAG
AAAA

-78.7
-78.4
-76.8
-76.4
-77.3

±
±
±
±
±

1.8
0.8
1.4
1.7
2.5

-238.7
-240.9
-238.3
-239.9
-245.2

±
±
±
±
±

5.4
2.4
4.4
5.2
8.0

-1.56
-0.60
0.22
1.17
1.94

±
±
±
±
±

0.09
0.06
0.05
0.08
0.11

56.5
52.5
49.1
45.1
42.1

±
±
±
±
±

0.3
0.2
0.2
0.4
0.3

-4.0
-7.4
-11.4
-14.4

±
±
±
±

0.4
0.4
0.5
0.4

-65.4 ± 1.0 -204.1 ± 3.0 0.58

±

0.09 2.13

± 0.13 47.2

±

0.5 -9.3

±

0.6

-74.6 ± 1.6 -224.6 ± 4.6 -2.03
-70.4 ± 0.7 -221.3 ± 2.2 1.11

±
±

0.11 -0.48 ± 0.14 59.0
0.05 -0.83 ± 0.12 45.0

±
±

0.3 2.5
0.3 2.9

±
±

0.4
0.4

0.95
1.78
2.73
3.49

±
±
±
±

0.11
0.10
0.12
0.14

Non Watson-Crick
GGGG
GGGG
Duplexes
GGGG
AAAAa

All melts were performed at 10 mM Na+ as described in Materials and Methods (4.3). Values for
∆G are provided at 50 °C since this is closer to the TM12 and more relevant to the temperatures at
which thermophiles live. aThe reference state for duplex AAAA is triplex AAAA.
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Table C.3 Complete Thermodynamic Parameters for Triplex Formation at pH 5.5
Sequence

∆Hobsa
(kcal/mol)

∆Sobs
(eu)

∆Gobs
(kcal/mol)

∆∆Gobs
(kcal/mol)

TMobs (TMT)
(°C)

∆TMobs
(°C)

Watson-Crick
GGGG
AGGG
AAGG
AAAG
AAAA

-71.0
-79.0
-85.6
-87.6
-89.3

±
±
±
±
±

1.4
3.5
2.6
0.6
2.8

-215.2
-240.8
-262.3
-270.5
-277.1

±
±
±
±
±

4.4
10.8
7.8
2.1
8.7

-1.44
-1.20
-0.80
-0.19
0.26

±
±
±
±
±

0.06
0.09
0.08
0.09
0.08

56.7
55.0
53.0
50.7
49.1

±
±
±
±
±

0.3
0.5
0.3
0.3
0.3

±
±
±
±

0.5
0.4
0.5
0.4

-81.8 ± 1.7 -252.8 ± 5.1 -0.11
-87.0 ± 1.7 -275.4 ± 5.1 2.03

±
±

0.11 1.32
0.05 3.46

± 0.13 50.4
± 0.08 42.6

±
±

0.4 -6.2 ±
0.3 -14.0 ±

0.5
0.4

-55.2 ± 0.9 -166.1 ± 2.7 -1.50
-56.8 ± 2.1 -178.1 ± 6.4 0.78

±
±

0.01 -0.07 ± 0.07 59.0
0.04 0.52 ± 0.09 46.5

±
±

0.1 2.4
0.3 -2.5

0.3
0.4

0.24
0.64
1.25
1.70

±
±
±
±

0.11
0.10
0.11
0.10

-1.7
-3.6
-6.0
-7.6

Non Watson-Crick
GGGG
GGGG
Duplexesb
GGGG
AAAAc

±
±

All melts were performed at 10 mM Na+ as described in Materials and Methods (4.3). Values for
∆G are provided at 50 °C since this is closer to TM13 and more relevant to the temperatures at
which thermophiles live. aThe provided thermodynamic values are observed values (‗obs‘)
determined from fits to a two-state model, extrapolated to 50 °C since this is closer to the
observed TM. Because the observed values are for loss of tertiary structure, they are used as an
operational definition of ∆Gf in the text and in Figure 4. ∆Hobs, ∆Sobs, ∆Gobs and TM obs values are
approximately equal to ∆H13, ∆S13, ∆G13 and TM 13 under the cooperative conditions of pH 5.5, as
described in the text. bFor duplexes the values provided are for transition 12. cThe reference state
for duplex AAAA is triplex AAAA.
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C.4 Procedures for Simulations and Simulation Output
Simulations were performed to gain insight into the thermodynamic behavior under
cooperative and non-cooperative folding conditions. This section describes the mathematical
definition of functional stability, the model used for the simulations, the equations derived from
it, the method of the simulation, and the input thermodynamic parameters. All simulations focus
either on AAAA or GGGG because these triplexes test the limits of secondary structure strength
and illustrate the trends most clearly; other sequences showed intermediate behavior (not shown).
We performed simulations of the three-state folding model in Figure 4.1 of the main text, using
the measured thermodynamic parameters presented in Tables C.2 and C.3. Here, we denote the
triplex simply as ‗F‘ (for functional), the secondary structure as ‗I‘ (for intermediate), and the
random coil unfolded state as ‗U‘. This leads to Scheme C.1, in which K12=[I]/[U] is the intrinsic
equilibrium constant for secondary structure formation from random coil, and K23=[F]/[I] is the
intrinsic equilibrium constant for tertiary structure formation from secondary structure. The
parameters G12, H12, S12, and TM12 are associated with the first step, and G23, H23, and S23
and TM23 are associated with the second step.

Scheme C.1
Equations for the simulations were derived starting from the definition of functional
stability advanced by Sosnick, Pan and co-workers (2). They define functional stability as the
free energy difference between the functional state and the penultimately stable, non-functional
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state. The beauty of this definition is that it defines the population of the functional state relative
to the next most stable state, whatever it may be. This definition is relevant to biology because
only the functional state can give rise to biological function. Intriguingly, in a non-two-state
system such as triplex unfolding, the identity of the penultimately stable state (reference state)
can change with temperature. In our study, the triplex state is used to mimic the functional state
of nucleic acid, which typically needs tertiary structure in order to function.
We transformed the Sosnick and Pan definition of functional stability into a mathematical
equation. We define a functional stability constant (Kf) as the concentration of the functional
state, [F], relative to the sum of the concentration of all other states, which are [I] and [U] in the
case of the triplex (3).

Kf 

[F]
[I] +[U]

(C.1)

Choosing
the unfolded state as the reference state gives

Kf 

[F]/[U]
[I]/[U] +1

(C.2)

Substituting,
 we obtain an expression for Kf in terms of the intrinsic constants for
secondary and tertiary structure formation.

Kf 



K12K 23
K12 +1

(C.3)
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This equation has two limits. When K12<<1 (i.e. where folding is cooperative, which
occurs at pH 5.5 for the triplex ), Kf = K12K23, and functional stability constant is the same as the
overall equilibrium constant between the random coil and functional state. When K12>>1,
Kf = K23, and the functional stability is the tertiary stability.
The dependencies of K12 and K23 on temperature are given by the standard van‘t Hoff
relationships, in which TM and H for a given step were determined directly (at pH 7.0) or
indirectly (at pH 5.5) from UV melting experiments, Tables C.2 and C.3 respectively.



K12 

H  1
[I]
1 
 exp  12 
 
[U]
 R TM 12 T 

(C.4)

K 23 

H  1
[F]
1 
 exp  23 
 
[I]
 R TM 23 T 

(C.5)

where R
is the gas constant, T is temperature in kelvins, and TM is the melting
temperature in kelvins. The functional free energy (Gf) and functional enthalpy (Hf) were
calculated using the standard thermodynamic relationships.



Gf  RTlnKf

(C.6)

lnK f
1/T

(C.7)

H f  R

Kf, when K12<<1 Gf has a limit of G12+G23 = G13, and when K12>>1 Gf
Similar to
has a limit of G23. Similar limits apply to Hf.
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For the pH 7.0 simulations, the inputs were H12, H23, TM12, and TM23 from the pH 7.0
melts of AAAA or GGGG. In order to perform the simulations, K12 and K23 were first calculated
from the enthalpy and TM inputs according to Equations C.4 and C.5; this was done at
temperatures ranging from 273 to 373 K, with a point every 0.1 K. Next, Kf was calculated from
K12 and K23 according to Equation C.3. Then, Gf was calculated from the Kf according to
Equation C.6, and Hf was calculated from lnKf according to Equation C.7; in the latter case, the
derivative was taken numerically rather than analytically. All plots were made using Excel
(Microsoft).
For the pH 5.5 simulations, the inputs were H12, Hobs, TM12, and TMobs, where ‗obs‘
means the observed parameter for tertiary structure melting, which does not correspond to either
of the intrinsic parameters. The parameters of H12 and TM12 are for secondary structure
formation at pH 5.5; for these parameters we used H12 and TM12 from melts of the core duplexes
at pH 5.5 (Table C.3) (4), with small corrections of H12 and TM12 from pH 7.0 melts, since
comparison of the transition for core duplexes and the second transition of the triplexes at pH 7.0
revealed small offsets (Table C.2). Because folding is cooperative at pH 5.5,

Hobs = H12 + H23

(pH 5.5 only)

(C.8)

which allows H23 to be calculated by subtraction. Likewise, it can be shown that

TMobs = (H12 + H23)/(S12 + S23)

(pH 5.5 only)

(C.9)

which allows S23 to be calculated, as well as TM23 using TM23= H23/S23. Equation C.9 is in
agreement with the observation by Laing and Draper that the TMs observed in a melt of a system
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with a set of coupled transitions do not have to be the TMs of the individual transitions (5). Once
H12, H23, TM12, and TM23 at pH 5.5 were calculated using these methods, remaining functional
thermodynamic parameters were simulated in the same fashion as at pH 7.0. For the low pH
simulations, H23 and TM23 from the AAAA triplex were used for the GGGG triplex simulations
since these parameters were shown to be identical within experimental error at higher pH (Table
C.2) and could not be determined directly at lower pH (Table C.3). For consistency, the same was
done for the higher pH simulations. See Chapter 4 for a discussion of the simulations.
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Figure C.5: Thermodynamic Simulations for Triplexes AAAA and GGGG. (A) Piecewise
linear analysis of AAAA at pH 7.0. The blue trace is of ∆Gf for AAAA, as in Figure 4.6A. The
red plot is of ∆G23, while the green plot is of ∆G12. At low temperatures, ∆Gf = ∆G23, while at
high temperatures ∆Gf = ∆G12 + ∆G23. (B) Same as panel A but at pH 5.5, and blue trace
corresponding to Figure 4.6B. (C) Simulation of ∆Hf versus temperature for AAAA at pH 5.5. At
low temperatures, ∆Hf = ∆H23 (at pH 5.5), while at high temperatures ∆Hf = ∆H12 + ∆H23. (D)
Simulation of fractional population versus temperature for GGGG at pH 7.0. The blue, green,
and red traces correspond to triplex, duplex, and unfolded states, respectively. (E) Same as panel
D, but at pH 5.5. (F) Simulation of the fractional population versus temperature for AAAA at pH
7.0. The blue, green, and red traces correspond to triplex, duplex, and unfolded states,
respectively. (G) Same as panel F, but at pH 5.5.
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