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ABSTRACT
Nucleic acids are central to a wide range of biological processes. The structures
as well as the sequence of these biopolymers can carry genetic information, perform
catalysis, and are recognized by other components of the cell. Most nucleic acids exist as
a combination of simple secondary structures that assemble into much larger, complex
structures. The studies contained in this thesis use DNA and RNA hairpin loops as a
model system to investigate expandability of loops, cooperativity of interactions, and
proton binding. Thermodynamic and phylogenetic analysis have revealed stable DNA
and RNA tri- and tetra-loop motifs. In this thesis, in vitro, combinatorial selection
approaches have been used to isolate 4 stable DNA tetraloop motifs: d(cGNNAg),
d(cGNABg), d(cCNNGg) and d(gCNNGc), where N = A, C, G, or T and B = C, G or T.
These motifs have been characterized by thermal melting, circular dichroism, and
nucleotide analogue substitution. The d(cGNABg) motif has biological relevance, as
seen by Habig and Loeb, who found that this hairpin motif negatively regulates priming
during reverse transcription in avian hepatitis B virus (HBV).
Expansions of stable loops are known to occur and selected d(cGNNAg) and
d(cGNABg) motifs are shown to be an expansion of the known stable d(cGNAg) hairpin
loop. Analysis of the d(cGNABg) and d(cGNAg) loops using C3 spacers indicates that
these loops can be expanded at any position expect 5' of the first loop nucleotide. C3
spacers provide the backbone length of an additional nucleotide without the possible
interactions of a base. Insertion of C3 spacers at this position appears to disrupt a loopclosing base pair interaction, which was found to be common in certain stable DNA and
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RNA hairpin loops. Incorporation of C3 spacers interrupts the loop-closing basepair
interaction and allows them to be studied in combination with other interactions.
Cooperativity among three interactions (2 loop-loop hydrogen bonds and the
loop-closing basepair interaction) in the stable d(cGNAg) triloop was investigated by
single, double and triple mutant analysis. Cooperativity in folding is an important aspect
in nucleic acids and helps to explain the structural and energetic basis of stability in
certain structures. These three interactions were found to be highly non-additive with
indirect coupling, meaning that all three interactions were necessary to retain the integrity
of the loop. The d(cGNABg) tetraloop was also characterized and through NMR analysis
and functional group mutations, it was categorized as an expanded d(cGNAg) triloop.
Through additional studies, the expanded triloop, similar to the parent triloop, was found
to be highly non-additive with indirect coupling. The ability of a loop to be expanded
upon a stable core with retention of structure and coupling allows these hairpins to have
enhanced sequence diversity.
A related RNA tetraloop, r(cGAAAg), whose structure has been solved, also
contains a sheared GA basepair and loop-closing basepair interaction, along with 5
additional interactions. Single, double and triple mutant analyses revealed that the RNA
was showed greater additivity than its DNA counterpart and that the coupling was direct.
This suggests that this common RNA loop motif may be more adaptable to mutations
without loss in stability than its DNA counterpart. These differences are rationalized in
terms of molecular features of RNA and DNA.
The structures of nucleic acids are also affected by cation binding. A
thermodynamic framework for proton binding to nucleic acids was developed and tested
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with experiments and data simulation. Proton binding to nucleic acids facilitates folding,
and vice versa, and allows for general acid/base catalysis as well as electrostatic
catalysis. Investigation focused on the protonation of N1 of adenosine (pKa of free base
= 3.5), which can form an A+● C basepair. The pKa of this base needs to be shifted ~3.5
units to have an appreciable amount in the protonated form at neutral pH.
Oligonucleotides were designed that contained possible A+● C basepairs with optimal
nearest-neighbor partners and the pKa of N1 of A was found to be shifted to neutrality.
This pKa was measured by 31P NMR on a phosphorothioate labeled sample, which
allowed for the monitoring of a single phosphorus resonance.
The simulations that were developed for the thermodynamic framework gave new
insight into the pH dependences of nucleic acids. Simulated data showed that multiple
pKas in the unfolded state could combine to give an apparent pKa shifted towards
neutrality and that the degree of both acid and alkaline denaturation is dependent on the
sequence of the oligonucleotide. In addition, equations derived from this framework
were used to fit ∆G versus pH values from thermal melting experiments and gave good
fits to the data.
The structures of nucleic acids contribute to function in biology. Stable
sequences are likely to facilitate folding, and expansions of stable sequences could give
greater functional diversity. Cooperativity was found to be important in the folding of
these stable sequences, and stability was also increased upon proton binding. Combining
cooperativity of structure formation and proton binding opens the possibility of creating
highly shifted pKas, which could introduce new functions to DNA and RNA.
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Chapter 1
Introduction

1.1

General Background on RNA and DNA
Nucleic acids are central to a wide range of biological processes. The structures

and sequences of these biopolymers carry genetic information, perform catalysis, and are
recognized by other components of the cell. Ribonucleic acid, RNA, and
deoxyribonucleic acid, DNA, are anionic biopolymers composed of 4 nucleobases:
adenine (A), cytosine (C), guanine (G) and thymine (T) in DNA (or uracil (U) in RNA),
attached to a sugar phosphate backbone (Figure 1.1). The bases typically form the
standard Watson-Crick GC and AT(U) basepairs, but can also form other basepairs using
their neutral or protonated forms (1, 2). In addition, ~100 modified bases are known to
occur in nature (3, 4), which extends the range of structures available. Numerous
chemically modified base and backbone analogs are commercially available for both
DNA and RNA, and are used in these studies to connect stability to specific functional
group(s), and thereby interpret observations in a chemical language (see Section 1.4.4).
Nucleic acids can adopt many secondary and tertiary structures. Common
secondary structural elements include the perfect double helix, bulges, internal loops and
hairpin loops (Figure 1.2). A double helix occurs when two single stranded sections of
nucleic acids hydrogen bond and stack upon their complementary strand. RNA and DNA
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are most commonly found as A-form and B-form right-handed helices, respectively, but a
less common, left-handed Z-helix structure can also occur. A-form and B-form helices
have the same general structure, but differ in the number of residues per turn (~11 versus
~10), pitch per turn (24.6 Å versus 33.2 Å), base tilt (+19o versus -1.2o), as well as the
structure of the major and minor grooves (labeled in Figure 1.1). In an A-form double
helix, the major groove is narrow and deep, and the minor groove in wide and shallow.
In contrast, in a B-form double helix, the major groove is wide and deep, and the minor
groove is narrow and also deep.
Bulges occur when one or more bases on one strand are not paired; internal loops
occur when one or more bases on both strands are not paired. The internal loops can be
symmetrical or asymmetrical as shown in the Figure 1.2 caption Asymmetrical loops in
A-form RNA have been shown perturb the overall structure of the double helix more than
similar size symmetric loops, allowing the major groove to be more accessible to
chemical acylation (5). The desire to not perturb the double helical structure led the
investigation of AC symmetrical mismatches later in this thesis.
Most RNAs exist as a combination of these simple secondary structures, which
assemble into much larger, complex tertiary structures. Common tertiary structural
elements include kissing hairpin loops and pseudoknots. The studies in this thesis will
concentrate on RNA and DNA hairpin loops, which are found in nature and are important
in many biological processes. RNA hairpins are common and play roles in initiating
RNA folding and forming tertiary structure and protein binding sites (6, 7). DNA
typically forms a double helical structure in which correct basepairing is the molecular
basis for retaining genetic information during replication. DNA can also form cruciforms
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in which loops 'pinch out' on opposite sides of the double stranded DNA duplex (8-10).
Cruciforms have been detected in vitro and in vivo and have been implicated in numerous
biological processes including telomere replication, deletion mutations, and V(D)J
recombination (11-13).

1.2

Important Physical Interactions in Nucleic Acids
Nucleic acids fold into complex secondary and tertiary structures. The formation

and stability of these structures is guided by four physical interactions: electrostatics,
hydrogen bonding, stacking, and shape. These interactions comprise the basis of analysis
and design of model systems in this thesis.

1.2.1

Electrostatics
Each phosphate of the nucleic acid phosphodiester backbone has a pKa of ~ 1 and

is therefore negatively charged at neutrality. Folding to more compact structures requires
bringing these negative charges in close proximity. For example, in the core of double
stranded DNA, axial charge density increases ~2.5 times upon duplex formation (14), and
even larger increases are found for tertiary structure formation (15, 16). To alleviate this
charge buildup, counterions condense along the backbone. In the case of dsDNA, Mg2+
condensation is sufficient to neutralize all but -0.12 of the charge on each phosphate (14).
Although protons do not bind to the phosphate owing to its low pKa, they can bind to the
nucleobases in certain, specific interactions and help alleviate charge build up. Proton
binding to nucleic acids is addressed in Chapters 7 and 8 of this thesis. When surface
potentials of nucleic acids are calculated by non-linear Poisson-Boltzmann (NLPB)
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calculations, regions of extreme negative potential represent likely sites for binding of
metal cations and protons (16, 17).
The treatment of the electrostatics or energy of interaction, E, between two point
charges, Z1e and Z2e, is given by Coulomb’s law,
E = Z1Z2e2/(4πε0rD),

(1.1)

where εo is the vacuum permittivity, r is the distance in meters and D is the dielectric
constant. Note that the energy has a 1/r dependence, indicating that the interaction
persists over relatively long distances. The dielectric constant of a medium describes the
ability of the local environment to screen the electrostatic effect of the charges. The
higher the dielectric constant, the greater the screening and the lower potential energy
between the charges. The dielectric constant of water is high, ~80, while the dielectric
constant in the hydrophobic core of proteins is estimated to be between 4 and 20,
depending on context ((18, 19) and references therein). The dielectric constant in nucleic
acids has not been determined, but is expected to be lower than water and higher than
proteins (20). The reasoning for this is that nucleobases are not hydrophobic (see section
1.2.3) and water can penetrate into the less-well packed tertiary structures in RNA.
Water interaction can be seen in secondary structures such as the high-resolution crystal
structure of a GNRA tetraloops, which reveals seven structural water molecules primarily
lining the major groove of the loop (21). Counterion condensation and larger dielectric
constants together dampen the magnitude of electrostatic effects in folded metal-bound
RNA and DNA molecules.
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1.2.2

Hydrogen Bonding
In nucleic acids, hydrogen bonding, which is due to partially covalent bonds,

occurs in the edge-to-edge or horizontal alignment of the bases (Figure 1.1). Hydrogen
bonding is important for retaining fidelity of replication and transcription, and is a major
determinant in the prediction of overall structure (22). Nucleic acids have many
hydrogen bonding groups on their Watson-crick and Hoogsteen faces, and this potential
can be further expanded with protonation. Hydrogen bonding typically involves amino,
imino, and carbonyl groups on the bases as well as the phosphates, and in RNA
additional hydrogen bonds are possible with the 2'OH group. The energy of a hydrogen
bond was thought to be as large as 1.5 kcal/mol based on single mutant studies of guanine
to inosine (23).1 The measurement of the actual value of a hydrogen bond, however, is
complicated by cooperativity and is probably only ~0.25 – 0.5 kcal/mol (22, 24). This
smaller value arises in large part because formation of hydrogen bonding in the molecule
of interest involves an exchange of hydrogen bonds with water. This issue is addressed
in detail in Chapter 4 of this thesis.

1.2.3

Stacking
Stacking is the non-covalent, face-to-face or vertical association of the bases. The

local nature of stacking interactions is what allows a nearest-neighbor theory (see section
1.3) to be used in predicting nucleic acid secondary structures. The association of
monomers in solution provides insight into the energetics of stacking (25). This
association yields negative ∆So values, downplaying hydrophobic interactions, which are

1

Note that ∆∆Go37 values will be expressed in kcal/mol, as is the convention in the nucleic acids field.

5

associated with the release of water and positive ∆So value. Gellman and co-workers
studied the driving forces of stacking by using heteroaromatic rings with varying nitrogen
content, and their results also indicate that stacking interactions in aqueous solutions are
not driven by the hydrophobic effect (26). Since stacking interactions have a negative
∆So term, they are predicted to be driven by a favorable, negative ∆Ho term.
Stacking interactions are so strong that an aqueous solution of guanosine and
cytosine nucleosides does not arrange to give Watson-Crick GC basepairs, but instead
gives stacked bases (25, 27-30). In gas phase or aprotic solvents, however, hydrogen
bonding does occur, presumably because there is no thermodynamic penalty for
desolvation (31, 32).
Stacking has also been investigated using nucleic acids with dangling ends, or an
unpaired base adjacent to a basepair (Figure 1.2A), and comparing them to the same
sequence without dangling ends (33, 34). From these studies it was found that stacking is
worth up to -1.8 kcal/mol in ∆Go37. From these observations, it can be concluded that in
water, stacking provides a stronger net driving force for structure formation than
hydrogen bonding, but both are crucial for specificity.

1.2.4

Shape
The conformation of the backbone and the shape of the bases play important roles

in structure formation and energetics. The nucleic acid backbone has seven torsion
angles, which would seem to require an enormous entropy loss for structure formation.
Duarte and Pyle simplified analysis of these 7 torsion angles by defining two
pseudotorsion angles that were used to construct a two-dimensional plot, analogous to a
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Ramachandran plot for proteins (35). RNA motifs with similar structural features were
found to cluster in regions of the plot. Draper, Rose, and co-workers used hard sphere
steric exclusion criteria to define allowed conformations of RNA (36). The allowed and
disallowed conformations correlated well with data from X-ray crystallography. In
addition, only a small fraction of conformational space was free of severe steric overlaps,
indicating that entropy loss upon structure formation is not as large as previously thought.
It is interesting to note that a predictive conformation map for nucleic acids could be
compiled using steric or shape criteria only.
The shapes of the bases are also important guides in folding and recognition. For
example, shape can provide a strong negative determinant against matching two large
purine bases or two hydrated pyrimidines in an A-form helix during replication (22).
Using shape mimics for adenine that were unable to hydrogen bond, Kool and co-workers
found that replication was efficient and selective against a nonpolar, non-hydrogen
bonding shape mimic for thymine (37). These results helps establish shape as a major
principle in molecular recognition.
In summary, folding and structure of nucleic acids are guided by four principles:
electrostatics, hydrogen bonding, stacking, and shape. Design of model systems in this
thesis will be directed by and interpreted in terms of these principles.

1.3

Model Systems and Nearest Neighbor Model
Most tertiary structures are a combination of individual, stable secondary

structures. For example, RNA secondary structures, such as tetraloops and internal loops
are maintained when excised from larger RNAs (38, 39). This occurs because the local
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interactions in nucleic acids discussed above are strong. This behavior is in contrast to
that of proteins, where interactions tend to be more long range and cooperative. Local
stability allows a 'divide and conquer' approach to be used in RNA and DNA in which a
substantial amount of structure may be understood by the study of model systems and
secondary structural motifs.
The current method of secondary structure prediction involves calculations based
on the nearest-neighbor model. Nearest-neighbor models are based on the principle that
the most important forces governing RNA and DNA structure are local (40).
Thermodynamic parameters for adjacent basepairs have been obtained by melting
individual sequences and fitting to a two-state model, which gives the core duplex
stability (41). The stability of more complex, but common, secondary structure motifs,
such as hairpin loops and internal loops, as well as dangling ends are determined on an
individual basis and are added to the core duplex stability. In this way, these models
provide reasonable approximations of the thermodynamic parameters for secondary
structural elements like loops and bulges. Isolation and characterization of stable motifs
should provide critical thermodynamic parameters for use in folding algorithms.

1.4

Methods for Identification and Characterization
In this section, experimental methods used in this thesis will be described. The

first two subsections describe a combinatorial, in vitro selection process used to isolate
stable tetraloop sequences. Then, a brief history of relevant hairpin sequences is given.
Next, chemical modifications to the bases and backbone are described. Finally, thermal
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melting with UV detection is described and the equations used to extract thermodynamic
parameters are presented along with error analysis.

1.4.1

In vitro Selection (SELEX) Methodologies
Work from several laboratories demonstrated that combinatorial chemistry could

be applied to nucleic acids (42-45). In general, these methods use a library (up to 1012
different sequences), which is generated by mixing phosphoroamidites during solid-phase
synthesis of DNA. If an RNA library is desired, it is generated by transcription from the
DNA library. The library is then subjected to a selective pressure, and selected sequences
are amplified by (reverse transcription-) polymerase chain reaction, (RT-)PCR, and
identified by cloning and sequencing (Figure 1.3). Sequences are aligned, and consensus
sequences are determined. It should be noted that the goal of the experiment is to
discover a collection of related sequences, and not necessarily the single, best sequence.
This general method has been termed in vitro selection or SELEX (systematic evolution
of ligands by exponential enrichment) (42-44). Selections for ligand binding and
chemical catalysis have also been performed (reviewed in (46, 47), and successful
selections for stable and unstable sequences have been performed in our lab (48-50).
This procedure is used in Chapter 2 to isolate stable DNA tetraloop/closing basepair
combinations from a library of 46 (4,096) sequences, and is refined for related RNA
libraries.
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1.4.2

Background and History of TGGE
The 'selective pressure' for our studies employs the temperature gradient gel

electrophoresis (TGGE) technique. TGGE is a technique that combines polyacrylamide
gel electrophoresis (PAGE) with thermal denaturation. A temperature gradient is
established either perpendicular or parallel to the gel by using aluminum plates with
water channels attached to temperature controlled water baths (Figure 1.4). Combining
gel electrophoresis separations of charged biomolecules with denaturation was first used
in the form of denaturing gradient gel electrophoresis, DGGE (51-54). This method
employs a gradient of denaturing solvent, such as urea. The gradient is made as the gel is
poured, and the technique has been successful in separating two DNA fragments that
differ in sequence by one base pair. The major drawback of DGGE, however, is the
difficulty of consistently pouring a gradient gel, as well as limited solvent systems
available. TGGE uses the same concept of denaturing a biomolecule while it is
electrophoresed but avoids these drawbacks by using thermal rather than chemical
denaturation (Chapter 2).
In perpendicular TGGE, sample is added to a long well at the top of the vertical
gel (Figure 1.4A). As the molecule travels vertically through the gel, it only experiences
one temperature and therefore is folded or unfolded to the same extent, depending on its
stability and the temperature, throughout the experiment. The different mobilities of
folded and unfolded molecules gives rise to a sigmoidal melting curve. The folded and
unfolded baselines tend to be highly sloped because each baseline covers a range of
temperature and the mobility of the molecules, regardless of their folded or unfolded
state, is faster at higher temperatures. In selections, a library of multiple sequences is
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loaded on the gel and a smear is observed owing to the coexistence of stable and unstable
molecules in the population melting at different temperatures. This method allows a full
melting profile to be obtained and thermodynamic parameters evaluated from the
sigmoidal melting curve. The temperature gradient is linear across the gel as measured
with a thermistor inserted into the gel (48).
Once a perpendicular gel is run and the melting temperature range is determined,
these temperatures are used as the range for a parallel TGGE gel. As the name suggests,
the temperature gradient is parallel to the electric current of the gel and the sample is
loaded into multiple, smaller wells (Figure 1.4B). As the sequences migrate down the
vertical gel, they become thermally denatured by the increasing temperature and unfold,
slowing their mobility. Multiple samples in individual lanes can be run at the same time.
This method can resolve hairpins with differences in thermodynamic stability as small as
0.3 kcal/mol in ∆Go37, demonstrating the sensitivity of TGGE (55). TGGE can be
combined with SELEX to separate a library of sequences by melting temperatures, as
done in Chapter 2.

1.4.3

Identification of Stable Hairpin Loops
Stable hairpin loops have been identified through phylogenetic searches, as well

as more directed comparison to known stable sequences. Woese and co-workers
compiled results from a phylogenetic search of rRNA and pointed out that certain RNA
loop closing base pair combinations, r(cUNCGg), r(GNRA), and r(gCUUGc) are
unusually common (56). Thermodynamic studies showed that these loops are
exceptionally stable and that the closing base pair makes an important contribution to the
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stability of r(cUNCGg) sequences (57). The structures of numerous RNA hairpin loops
were then solved by NMR and X-ray methods and revealed a structural basis for stability
in terms of hydrogen bonding, stacking and shape complementarity (38, 58, 59). A
nearest-neighbor model for RNA hairpins was developed on the basis of extensive
experimentation by Serra, Turner, and co-workers that successfully predicts the stability
of many RNA hairpin loops (41, 60). Recently, a TGGE-selection study in our lab
identified the r(cYNMGg) motif, which is related to the r(cUNCGg), as also being
exceptionally stable (49).
Early studies showed that the stability of the DNA hairpins with homogeneous
and heterogeneous tetraloop sequences is also dependent on the loop sequence and
closing base pairs (61-63). When the sequences of stable DNA loops were later
discovered by Hirao and co-workers, these too were studied (64). The d(cGNNAg) loop
contains a sheared GA pair (65) that is qualitatively similar to the r(GNRA) tetraloop in
RNA (38). Hirao and co-workers also characterized and solved a structure of the stable
d(cGNAg) motif, which is the parent loops for tetraloop expansion in these studies
(Chapter 5) (66). Application of SELEX/TGGE methodologies to identify stable DNA
sequences in this thesis, Chapter 2 and (50), led to identification of four stable DNA
tetraloop motifs: d(cGNNAg), d(cGNABg), d(cCNNGg), and d(gCNNGc).

1.4.4

Modifications to Bases and Backbone
Modifications to the bases and backbone are useful in interpreting interactions in

molecular terms. Many naturally occurring (4) and synthetic nucleotide analogues have
been described. These include 2,6-diaminopurine (DAP), 2-aminopurine (2AP), purine
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(Pur), inosine (I), 7-deazaadenosine (7dA), and 7-deazaguanosine (7dG) (Figure 1.5A).
Whenever possible, nucleotide analogues were chosen that eliminate instead of swap
functional groups in order to avoid new interactions that could complicate analysis. Also,
2,6-diaminopurine and 2-aminopurine are fluorescent and could be useful probes for
detection of structure changes. Other analogues not used in this thesis, but found in
biological systems include bases methylated at position 1 of A and G, and thiolated bases,
such as 2-thiocytidine and 4-thiouridine, which are useful in crosslinking studies (67).
Analogues that restrict the conformation of RNA by steric exclusion have also been
reported (68).
Modifications to the backbone of nucleic acids are important not only in
determining interactions, but also in facilitating analysis by certain methods. The use of
3-carbon spacers in the backbone gives the length of an additional nucleotide, without the
possibility of additional interactions (Figure 1.5B and Chapter 3). This modification is
useful for probing for vertical interactions between the bases, which should be lost upon
increasing the distance between the bases.
Phosphorothioate substitutions involve replacement of a nonbridging oxygen
atom with sulfur, which results in a mixture of Rp and Sp diastereomers (Figure 1.5C).
The presence of a phosphorothioate also shifts the 31P resonance downfield from ~0 to
50 ppm. Selective incorporation of a phosphorothioate allows identification of phosphate
resonances, as well as presence of metal binding sites by using thiophilic and nonthiophilic metals and comparing their binding to the oxo-form (69-72). In Chapter 8,
phosphorothioate incorporation was used to isolate two phosphorus resonances (Rp and
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Sp) and follow their change in chemical shift as a function of pH, caused by a structural
change propagated from formation of a nearby protonated A+●C basepair.

1.4.5

UV Melting
Thermodynamic characterization of hairpin folding can be achieved through

thermal melting with UV, CD, and NMR detection (49), with UV being the most
common (40, 73). The extinction coefficients of the less structured single strands at high
temperature is higher than that of the folded strands at low temperature. This is due to
differences in stacking, and provides a means to monitor the denaturation and extract
thermodynamic parameters from the thermal melting profiles. The lower extinction
coefficients of the double stranded compared to the single stranded is termed
hypochromicity and is a function of wavelength (74). AU basepairs have maximal
hypochromicity at 260 nm with a value of ~0 at 280nm. GC basepairs, on the other hand,
have maximal hypochromicity at 280 nm, with smaller, but still significant,
hypochromicity at 260 nm (75). Thermodynamic parameters were obtained by non-linear
least squares fitting to a two-state model with linear baselines using a set of parametric
equations defined in Kaleidagraph v3.5 (Synergy software) (76). The nomenclature used
here is for folding, which is the convention for nucleic acids. In short, the absorbance is
the linear combination of signal from both the folded and unfolded
states, A = A F f F + A U f U , where AF and AU are the absorbance of the folded and unfolded
states, and fF and fU are the fraction of the folded or unfolded populations, respectively.
Substitution using the equilibrium constant, K, gives
A=

A FK A U
+
1+ K 1+ K

(1.2)
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AF and AU are the lower and upper baselines, respectively, with a slope and intercept,

A F = m FT + b F

(1.3)

A U = mUT + bU

(1.4)

K can be determined as a function of temperature. Using the van't Hoff relationship, and
assuming that ∆S and ∆H are temperature independent and integrating over temperature,
K can be expressed in terms of ∆H and TM
 ∆H
K = exp
 R

 1
1 

−   .
 TM T  

(1.5)

where TM is defined as the temperature at which K = 1 and is given by TM = ∆H/∆S.
Kaleidagraph solves these four equations simultaneously for six parameters: mF, bF, mU,
bU, TM, and ∆H. Using ∆H and TM, ∆S is determined by ∆S = ∆H / TM , and ∆G using
∆G = ∆H-T∆S. Enthalpy-entropy compensation is observed, resulting in low errors for
∆Go37, but considerably higher errors for ∆H and ∆S since these are not independently

determined (40).

1.4.6

Propagation of Errors

Errors in ∆Go37, ∆Ho and ∆So values are the standard deviations of three or more
melts. The error in ∆Go37 can be calculated by

(σ ) = (σ ) + T (σ ) − 2T (σ
2

o
∆G 37

2

∆H

o

2

2

∆S

o

)

2

∆H ∆S
o

o

(1.6)

where (σ∆Ho∆So)2 is the covariance between ∆Ho and ∆So and T is 310.15K (40).
Typically, if errors are not correlated, the final term (σ∆Ho∆So)2 goes to zero. In this
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case, ∆Ho and ∆So parameters are not independent, but instead are correlated, with typical
R2 > 0.99 (77-79). Therefore, enthalpy-entropy compensation in nucleic acids results in
smaller ∆Go37 errors than if ∆Ho and ∆So were not correlated. This analysis was not used
in these studies, however the errors on ∆Go37 are smaller than ∆Ho and ∆So due to this
compensation. Errors in ∆∆Go37 values are the square root of the sum of the squares of
the errors in the ∆Go37 values.

1.5

Topics Addressed in this Thesis

The work in this thesis involves thermodynamic analysis of nucleic acid hairpins.
As mentioned, model systems of stable secondary structures are generally valid for RNA
and DNA with extension to more complex tertiary structures. The methods previously
reviewed will be applied to three fundamental topics: motif expandability, cooperativity,
and pKa shifting. The background and significance of each set of studies is given here.

1.5.1

Expandability of Hairpins

Many RNA and DNA hairpin loops found in nature appear to be expansion of
smaller, unusually stable loops (50, 80, 81). One example in RNA is the r(cGNRAg)
tetraloop motif, which can be expanded to a penta- or hexaloop motif (80). Our selection
studies in DNA identified a d(cGNABg) motif, which is an expansion of the structurally
and thermodynamically characterized d(cGNAg) motif (Chapter 2)(66, 82). We found
that expansion into the d(cGNABg) loop motif maintained the energetics and
cooperativity of the parent d(cGNAg) loop (Chapter 5) (83). In addition, the extent of
expandability of the d(GNAB) and d(GNA) loops was probed by inserting the C3-spacers
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throughout the hairpins (Chapter 3) (84). Only small thermodynamic penalties were
observed when C3 spacers were inserted at any position of the loop except between the
first nucleotide of the loop and the closing basepair. Expandability of loops at most
positions without the loss of structure or energetics may be nature's way of gaining
diversity with only a minimal number of stable structures. An energetic penalty for C3
spacer insertion between the loop and closing base pair suggests the presence of an
interruptable vertical interaction that may form the basis of the exceptional stability of a
CG closing basepair.

1.5.2

Cooperativity of Interactions in DNA and RNA

Cooperativity in ligand binding and structure formation is important in many
macromolecules. One of the best known examples of cooperativity is in ligand binding
to hemoglobin, in which binding of one oxygen molecule affects the binding affinity of
another (85). Cooperativity is also important in unimolecular folding, where the
formation of one interaction promotes the formation of another, or conversely contributes
to the loss of another. One important aspect of cooperativity is that interactions are
context dependent and the same interactions in a different setting may not exhibit the
same degree of cooperativity. This can be seen in the debate over how much a hydrogen
bond is worth, and is addressed in Chapter 4. Addressing cooperativity in molecular
terms in a large molecule is complicated. The use of nucleotide analogues facilitates
analysis by allowing the change of single atoms. When possible, nucleotide analogues
for this study were used that eliminate rather than swap a functional group.
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An outstanding problem in nucleic acid folding and catalysis is the contribution of
cooperativity and nonadditivity to the overall energetic picture of folding (86). The
energetics of structure formation can be complicated by cooperativity in folding, making
it impossible to understand contributions of interactions to stability by simple single
mutant analysis. A more complete understanding requires double and higher-order
mutational analysis in order to identify the presence of coupling and to understand its
origin (87-89).
In general, cooperativity occurs when the energetics of one interaction is affected
by the presence or absence of the first. For this thesis, cooperativity will be between
interactions and will be discussed from the viewpoint of removing interactions. This is a
valid application if one thinks of the mutant and wild-type species as analogous in
energetic terms to the free and bound states of a given binding site. Quantitatively, a
coupling free energy term, δ12, is defined as the magnitude of the nonadditive effect
between interactions 1 and 2. In this way the effect of mutation 1 alone and in the
presence of mutation 2 can be compared, the difference being δ12. A positive δ12 value
occurs (negative coupling) when the stability loss of the second interaction is greater in
the absence of the first interaction and negative δ12 values occurs (positive coupling)
when the destabilization due to loss of the second interaction is diminished in the absence
of the first interaction. The absence of cooperativity indicates that the energetics of the
second interaction is not dependent on the first interaction. This is best understood in
terms of a thermodynamic cycle in which the wild-type (containing two interactions of
interest), two single mutants (each missing one interaction) and a double mutant (missing
two interactions) comprise the corners of a four-state box. The free energies of folding of
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the mutants from the unfolded state are determined by UV melting and compared to the
stability of the wild-type. Since this is a cycle, the extent to which interaction 1 affects
interaction 2 must be the same as the extent to which interaction 2 affects interaction 1.
The actual analysis is more complicated than this and requires simultaneous investigation
of additional interactions (see below). Further explanation of the analysis of double
mutant cycles can be found in Chapter 4 and Figures 4.4 - 4.6. This analysis has been
applied to ligand binding to proteins with δ12 values ranging from 0 to + 2.5 kcal/mol
(90).
Investigations of the d(cGNAg) and d(cGNABg) hairpin loops (Chapters 4 and 5)
showed strong coupling between the two loop-loop hydrogen bonds and the loop-closing
basepair interactions, with loss of coupling occurring upon removal of any one of the
three interactions. This is analogous to a three-legged stool in which removal of any one
leg causes the collapse of the entire stool. In contrast, thermodynamic analysis on the
r(cGAAAg) RNA tetraloop (Chapter 6) containing 8 interactions did not show strong
cooperativity. This is analogous to an eight-legged stool in which removal of any one leg
does not cause the entire stool to collapse.
Although these thermodynamic cycles can establish the presence of coupling
between two sites (87), they cannot reveal the origin of the coupling (88). A more
complete understanding of cooperativity requires higher-order mutational analysis, which
involves changes to interactions 1 and 2 in both the presence and absence of a third
interaction. This analysis gives rise to thermodynamic cubes as seen in Chapters 4-6 and
leads to the determination of indirect or direct coupling. Coupling is indirect if the
absence of the third interactions affects the coupling between interactions 1 and 2. An
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example of indirect cooperativity is provided by the Monod-Wyman-Changeux model of
concerted allosteric transitions where interactions involve all sites through a linked global
conformational change (91). In this model, sites are always positively coupled and the
degree of coupling changes according to the configuration of other sites. Indirect
coupling was found in both the DNA tri- and tetra-loops (Chapters 4 and 5). These loops
have three interactions and all are necessary to retain the structure of the loop. Kraut and
co-workers have likened extensive nonadditivity in folding and catalysis to a house with
poor structural integrity, wherein removal of a single beam (= an interaction) leads to loss
of the entire structure (86).
In contrast, coupling is direct if the presence or absence of a third interaction does
not change the cooperavitity between interactions 1 and 2. This might be the case if the
third site is distant or mutations do not disrupt the overall structure either because of a
stable 'foundation' or compensating interactions. The overall energetics of the system is
then considered to result from additive contributions of pairwise interactions. Note that
when the coupling between a pair of sites is not affected by a third site, one cannot
conclude that the third site is not coupled to the pair. An example of this is the ionization
reactions of glutamic acid (92). These studies indicate that the coupling between any two
ionizable groups in glutamic acid is not influenced by the ionization state of the third
group, although all groups are coupled. Direct coupling was found in the RNA tetraloop
studies in Chapter 6, in which all the interactions are coupled, but changes to one site do
not affect coupling between the others.
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1.5.3

pKa Shifting in Nucleic Acids

Nucleic acids, in simplest terms, are polyanions and are therefore stabilized by the
binding of cations. The binding of both monovalent and divalent species metal ions is
well studied (14, 15, 93). Less is known, however, about the binding of protons.
Proton binding in nucleic acids is critical since it allows the formation of new
hydrogen bonds that can lead to specificity, oxyanion holes, and the possibility to donate
a proton and thereby participate in general acid-base catalysis. In this thesis, I will
concentrate on the protonation of the N1 of A (pKa = 3.5 of the free nucleobase), which
allows the formation of an A+●C basepair (Figure 1.1). At physiological pH only a small
fraction of this base would be protonated in solution; therefore, a shifting of this pKa
value towards neutrality is necessary.
Shifted pKa values have previously been observed in proteins. In ribonuclease A,
His12 and His119 are the general acid and base, respectively, and the pKa of the
histidines change from 6.1 to >8 depending on the microenvironment (94). Large pKa
shifts have been reported for Lys (pKa=5.9) at the active site of acetoacetate
decarboxylase (95), Asp52 (pKa=4.5) and Glu35 (pKa=5.9) in lysozyme (96, 97), and
His66 (pKa=8.3) and His27 (pKa=9.2) in protein tyrosine phosphatase (98). These studies
demonstrate that pKa shifts are common mechanisms for protein enzymes, and ionized
bases could therefore increase the chemical diversity of nucleic acids and facilitate
catalysis as well.
The pKa values of nucleobases are known to shift, and in a typical Watson-Crick
base pair the pKa shifts away from neutrality owing to stability conferred by base pairing
(99). Numerous folded state pKas, however, are perturbed towards neutrality (99-103).
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For instance, studies on the lead-dependent RNA enzyme, or leadzyme, provide pKa
values for the seven adenosines ranging from < 3.1 to 6.5 (99); studies on the U6 loop of
the spliceosome reveal an A+●C basepair with a pKa of 6.5 (103); the A loop of 23S
ribosomal RNA has a cytosine with a pKa of 6.4 (102); and a DNA duplex has two A+●C
basepairs with pKas of 6.6 (104). Thus protonated bases may play important roles in both
the acidic and neutral regions of the cell. The focus in this thesis is pKa shifts in
structured nucleic acids; pKa shifting in single strands does occur, but it is typically
modest (~0.5 units) (105).
Shifted pKas can play several potentially important roles in catalysis and folding.
As a matter of convenience, shifted pKas have been separated into 2 classes based on
structural and functional features (20, 106) (Figure 1.6). Class I pKas are defined as those
for which the loaded proton is involved in hydrogen bonding, as in the case of the N1 of
A in a wobble A+ ● C basepair, and is therefore not free to transfer and partake in general
acid/base catalysis. Class II sites, on the other hand, are defined as those for which the
loaded proton is not sequestered in hydrogen bonding, and is therefore free to transfer
(106). Class II pKas have been implicated in the mechanism of proton transfer by protein
enzymes, notably RNase A, as well as in RNA enzymes, such as hepatitis delta virus
ribozyme (107-109). The ideal pKa for these residues is near biological pH, a histidinelike activity, since to be involved in proton transfer, the residue not only has to be able to
load a proton at this pH, but also to release it.
Class II sites also have the potential to contribute to catalysis as oxyanion holes,
which are cationic and thus have the potential to stabilize an oxyanion transition state.
Although proton transfer is unlikely for Class I sites, these sites can also lend themselves
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to oxyanion hole formation, and therefore the potential for electrostatic catalysis, as
recently proposed in the active site of the ribosome (106). To be optimal, the pKa for an
oxyanion hole should be shifted 1-2 units above biological pH, a lysine- or arginine-like
activity, to afford at least 90% of the molecules in the functional protonated state. Such
shifted pKa values would be especially valuable, since, unlike proteins, nucleic acids
typically lack positive functionality at biological pH. One goal of this thesis is to
investigate the feasibility of such shifts.
Shifted pKa values are also important in the folding of certain nucleic acid
structures, especially internal A+●C base pairs in helices, triples and quartets. For
example, formation of a protonated triple drives pseudoknot formation, which is involved
in frameshifting in viruses (110). Likewise, a number of pseudoknots contain
quadruples, which utilize a base with a shifted pKa; the crystal structure of the HDV
ribozyme indicates that C41 is protonated and has a similar hydrogen bond network
(111).
There is rich literature describing the effects of ligands on biopolymer stability.
Schellman developed a general thermodynamic groundwork for the effects of ligand
binding on biopolymer stability and Acampora and Hermans studied the thermodynamics
of proton binding (112-114). Draper and Misra extended this theory using the non-linear
Poisson-Boltzmann equation to describe how the association of Mg2+ ions is coupled to
tertiary folding of RNA (17). In this thesis, we investigate proton binding to RNA and
DNA and draw on some of the earlier formalisms to describe the linkage between the
folding of RNA and DNA and pH.
In principle, a complete description of this linkage requires pKa values for all
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folded and unfolded states. We show that in the unfolded state, perturbations of the
nucleobase microscopic pKas by the neighboring phosphates are modest, but when the
number of such sites is large, a macroscopic pKa shifted towards neutrality occurs
(Chapter 7). This effect appears to be commonplace and accounts for the sensitivity of
stability to acidic and alkali conditions. In contrast, pKa perturbations in the folded state
are less common, requiring a unique structural feature of the folded state, such as an
A+●C wobble pair, and are driven by the interactions made possible only upon
nucleobase protonation.

1.6

Format of this Thesis

The main objective of this thesis project is to gain insight into the interplay
between nucleic acid structure and thermodynamics. For nucleic acids, this can be
achieved in part by investigating model systems, whose behavior often extends to more
complex systems. The majority of my work was done on small hairpin loops, and most
studies built upon results from the one previous. Chapter 2 describes isolation and
characterization of four stable DNA tetraloop motifs from a combinatorial library, one of
which, the d(cGNABg), is thought to be an expanded d(cGNAg) triloop. Chapter 3
describes investigation of the expandability of this loop and discovery of a loop-closing
base pair interaction that was later found to be common in both stable RNA and DNA
hairpin loops. In Chapter 4, the coupling or non-additivity between this new interaction
and two other known interactions in the d(cGNAg) loop was investigated using a series
of single, double, and triple mutant thermodynamic cycles. The three interactions were
found to be highly non-additive and indirectly coupled. This analysis was then applied to
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the d(cGNABg) tetraloop in Chapter 5, and the coupling of interactions was found to be
conserved upon loop expansion. In Chapter 6, the properties of the DNA loops were
compared to a related, stable RNA loop, r(cGAAAg), with additional interactions.
Folding of the RNA loops was found to not be as cooperative as its DNA counterpart and
to have direct coupling. This suggests that this common RNA loop motif is more
adaptable to changes than its DNA counterpart. The selection and characterization of
these stable secondary structures should increase understanding and rules for nucleic acid
structure prediction, as well as an appreciation of the role of these sequences in biology.
Finally, proton binding to nucleic acids was analyzed in Chapter 7 and 8. Chapter
7 presents a theoretical approach to understanding the effects of proton binding on RNA
and DNA folding involving models, equations, simulations and testing by experiments.
In Chapter 8, these findings were used to design a DNA hairpin with favorable nearest
neighbor interactions that has a pKa shifted to neutrality; this pKa was measured by a
simple method that we developed which involves indirect phosphorothioate detection.
These latter two studies may lend insight into the driving forces for pKa values near
neutrality, which could contribute to RNA and DNA catalysis.
Chapters 2-6 and 8 present research that has been published, with the appropriate
reference provided at the beginning of the chapter. Chapter 7 presents studies that will
soon be submitted for publication. Each chapter is written in standard journal format,
with any additional unpublished studies provided at the end of the chapter.
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interactions in nucleic acids important in this thesis. Numbering of the bases and
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are depicted as dotted lines. R = C1' of ribose sugar. A) Watson-Crick AU or AT
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Discard unwanted
sequences
Collect desired
sequences
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pulldown.
Release of TS.

Amplify (RT)-PCR

Clone and
sequence
Figure 1.3
In vitro selection flowchart for DNA. A random region of six nucleotides
(N6) was run on a TGGE gel. The desired sequences were collected and amplified by
PCR, and purified using a streptavidin/biotin pulldown. The cycle was repeated until the
library had been enriched for stable sequences. The final PCR pool was cloned and
sequenced. A more detailed explanation is given in the text and Chapter 2. Adapted
from Szostak and coworkers (116).
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Chapter 2

Selection for Thermodynamically Stable DNA Tetraloops Using
Temperature Gradient Gel Electrophoresis Reveals Four Motifs:
d(cGNNAg), d(cGNABg), d(cCNNGg), and d(gCNNGc)

[Published, in part, as a paper entitled "Selection for Thermodynamically Stable DNA
Tetraloops Using Temperature Gradient Gel Electrophoresis Reveals Four Motifs:
d(cGNNAg), d(cGNABg), d(cCNNGg), and d(gCNNGc)" by Mario Nakano, Ellen M.
Moody, and Philip C. Bevilacqua in Biochemistry, 41, 2002, 14281-14292.]

2.1

Abstract
Hairpins play important roles in the function of DNA, forming cruciforms and

affecting processes such as replication and recombination. Temperature gradient gel
electrophoresis (TGGE) and in vitro selection have been used to isolate
thermodynamically stable DNA hairpins from a six–nucleotide random library. The
TGGE–selection process was optimized such that known stable DNA tetraloops were
recovered, and the selection appears to be exhaustive. In the selection, four families of
exceptionally stable DNA loops were identified: d(cGNNAg), d(cGNABg), d(cCNNGg),
and d(gCNNGc). (Lowercase denotes the closing base pair; N = A, C, G, or T; and B =
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C, G, or T.) It appears that the known stable d(cGNAg) triloop motif can be embedded
into a tetraloop, with the extra nucleotide inserted into either the middle of the loop,
d(cGNNAg), or at the 3’–end of the loop, d(cGNABg). For d(cGNNAg) and
d(cGNABg), a CG closing base pair was strongly preferred over a GC, with a
∆∆G°37 ≈ 2 kcal/mol. Members of the two families, d(cCNNGg) and d(gCNNGc), are
similar in stability. The loop sequences and closing base pairs identified for
exceptionally stable DNA tetraloops show many similarities to those known for
exceptionally stable RNA tetraloops. These data provide an expanded set of
thermodynamic rules for the formation of tetraloops in DNA.

2.2

Introduction
The hairpin is the most common secondary structural element in RNA. Hairpins

play roles in initiating RNA folding, and forming tertiary structure and protein binding
sites (1, 2). Hairpins are also important for the function of DNA. In ssDNA, hairpins are
involved in regulating replication and transcription (1, 3), and the loop composition can
affect binding of antibiotics and antitumor agents (4). In dsDNA, hairpins can form
transiently as cruciforms (5) or double–hairpin elements (DHE) (6). Hairpins formed
from dsDNA have been implicated in numerous biological processes including telomere
replication, deletion mutations, and V(D)J recombination (7-9). Structural and functional
knowledge about thermodynamically stable DNA hairpin loops may therefore lead to a
deeper understanding of these processes.
Recent advances have been made by SantaLucia and co–workers on the
prediction of DNA secondary structure from sequence (10). DNA structure prediction is
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valuable in primer design for PCR and DNA microarrays, and for DNA therapeutics and
molecular beacons. Thermodynamic parameters are available for Watson–Crick base
pairs and select secondary structure defects of DNA, including single internal mismatches
and dangling ends (10-17). However, there is a paucity of thermodynamic data for other
DNA motifs, including hairpin loops.
The structure and stability of hairpins have been most extensively studied in
RNA, where they are the most common. Phylogenetic studies indicated that certain
loop–closing base pair combinations are unusually common in RNA, including
r(cUNCGg), r(GNRA), and r(gCUUGc) (18). Thermodynamic studies showed that these
loops are exceptionally stable and that the closing base pair makes an important
contribution to the stability of r(cUNCGg) sequences (19). The structures of numerous
RNA hairpin loops have been solved by NMR and X–ray methods, and have revealed a
structural basis for stability in terms of hydrogen bonding, stacking, and shape
complementarity (20-22). A nearest–neighbor model for RNA hairpins has been
developed based on extensive experimentation by Serra, Turner and co–workers that
successfully predicts the stability of many RNA hairpin loops (23, 24).
DNA hairpins have received less attention than RNA hairpins. It has been known
for some time that the stability of DNA hairpins is affected by the sequence of the loop
and closing base pair. Early studies showed that the stability of hairpins with
homogeneous tetraloops were dependent on loop and closing base pair sequences (25,
26). An additional study of 28 sequences containing homogeneous and heterogeneous
tetraloops also demonstrated a dependence of hairpin stability on sequence (27). Studies
by Antao and Tinoco showed that certain DNA stem–loops are exceptionally stable; for

44

example, d(gCTTGc) is significantly more stable than d(gTTCGc), with a ∆∆G°37 of 2.5
kcal/mol, and d(cGAAAg) is considerably more stable than d(cAAAAg), with a ∆∆G°37
of 1.6 kcal/mol (19). Also, they demonstrated that the DNA motif, d(cTTCGg), unlike its
RNA counterpart, is not exceptionally stable. Hirao and co–workers showed that
d(cGNNAg) comprises a stable tetraloop family (28); this loop contains a sheared GA
pair (29) that is qualitatively similar to the r(GNRA) tetraloop in RNA (21). In addition,
the CG closing base pair makes an important contribution to stability of the d(cGNNAg)
motif, with a ∆TM ≈ 20 oC relative to a GC closing base pair (29). DNA triloops with the
motif, d(cGNAg), have a sheared GA base pair and are especially stable (30, 31).
Related structures with sheared GA base pairs form in the d(GCA) triloop with a TA
closing base pair, which may be important in triplet–repeat diseases and human
centromeres (32, 33), and in the d(GTTA) tetraloop with an AT closing base pair (34).
Despite these advances, many outstanding questions remain for DNA loops: What
are the families of exceptionally stable DNA tetraloops? Do closing base pairs play
important roles in such hairpins? What are the similarities and differences between stable
RNA and DNA tetraloops? Answers to these questions may lead to a better appreciation
of the biological importance of DNA hairpins and to a deeper understanding of the
thermodynamic and structural principles for nucleic acid hairpin stability.
We have been developing a combinatorial approach to studying the
thermodynamic stability of structural motifs in nucleic acids. This involves a
combination of temperature gradient gel electrophoresis (TGGE) and in vitro selection.
TGGE has been shown to be capable of resolving RNA and DNA molecules with small
differences in free energy (35-38). In particular, model stem loops with a ∆∆Go37 of only
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0.3–0.5 kcal/mol, including AU to UA transversions, were shown to be resolvable by
TGGE (38). TGGE–selections were used to identify RNA triloop hairpins with enhanced
stability and instability (39). Also, an RNA tetraloop library of 4096 sequences was
recently studied with TGGE–selection, and stable tetraloop motifs were identified (40).
Here we introduce the application of TGGE–selections to DNA secondary
structure motifs. TGGE–selection of a DNA tetraloop combinatorial library with 4096
members was carried out. We optimized the PCR component of the selection process to
ensure that known examples of stable sequences were present in the final pool. Four
families of exceptionally stable hairpins were isolated and characterized by base
substitution, UV melting, and CD spectroscopy.

2.3

Material and Methods

2.3.1

Preparation of DNA
Solid phase synthesized DNA was deblocked and desalted by the manufacturer

(IDT). The library has six random nucleotides (N6) to allow both the tetraloop and the
closing base pair to be optimized. The DNA sequences of the libraries are as follows:
Library 1, 5’–GGGAGAGGATTTAATTTANNNNNNTAAATTGGATCCGCAACG;
Library 2, 5’-GACCCAGCGCGAGGATTTAATTTANNNNNNTAAATTGGATCCG
CAGCCAAGGCC. Library 2 was found to be optimal for the selections and was used in
the majority of the experiments. Positions of randomization were prepared by mixing the
four phosphoramidites for a single coupling reaction in a 1:1:1:1 ratio. The coupling
reactivities were reported by the manufacturer (IDT) at 10:12:13:15 for A:C:G:T,
respectively; since the library was relatively small, many copies of each sequence were
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present. All DNA hairpins used for selections were purified by 10% denaturing PAGE,
crush and soak recovery, and ethanol precipitation as previously described (38). Only the
top half of the band was cut from the gel to help remove n–1 sequences. The DNA
oligonucleotides were stored in TE [=10 mM Tris, 1 mM Na2EDTA, pH 7.5] at –20oC.
Prior to TGGE, the initial DNA tetraloop library was 5’–end labeled using polynucleotide
kinase and [γ–32P]ATP. Radiolabeled DNAs were desalted and separated from
unincorporated ATP by G–25 size–exclusion Sephadex Quick Spin Columns (Boehringer
Mannheim), and the DNA was quantitated by scintillation counting (Beckman LS 7500)
(38).
For UV melting and CD experiments, minihairpins were designed that have short
stems and the sequence 5'–d(ggaXL1L2L3L4X'tcc), where ‘X’ and ‘X'’ indicate the
closing base pair and ‘L’ indicates a loop nucleotide. For representative sequences, the
purity was confirmed by observation of a single band of end–labeled DNA on denaturing
PAGE (in 8.0 M urea at 50 oC); to prevent secondary structure, a small amount of DNA
was glyoxylated and directly electrophoresed (41).

2.3.2

Temperature Gradient Gel Electrophoresis
The tetraloop library was electrophoresed by perpendicular TGGE in 10%

polyacrylamide (29:1, acrylamide: bisacrylamide) with 2 M urea to favor melting near
the center of the ≈15 – 60 °C range. The temperature gradient was measured by insertion
of an Omega HH21 microprocessor thermometer directly into the gel, and was linear with
distance across the perpendicular gel. The buffer in the gel and reservoirs was 1X
TBEK50 [= 100 mM Tris, 83 mM boric acid, 1 mM Na2EDTA, 50 mM KCl, pH 8.8, at

47

20 °C], and gels were pre–electrophoresed for 30 min at 350 V with both water baths
running to equilibrate the temperature in the gel. To minimize dimerization, the
appropriate mixture of DNA strands was renatured in TE by heating for 3 min at 90 °C,
followed by cooling on the bench for at least 10 min. For perpendicular TGGE, 160 µL
of the sample and dye were loaded into a 13–cm lane. For parallel TGGE, 20 µL of
sample without dye was loaded into 10–mm lanes; additional lanes with dye only (= 1x
TBEK50, 10 % glycerol, 0.5 % xylene cyanol, and 0.125 % bromophenol blue) were
loaded for parallel TGGE. Gels were run at 350 V for 2–2.5 h depending on the
temperature gradient. The gradient was linear with position and did not fluctuate over the
course of an electrophoresis run (39). The reservoir buffers were emptied, mixed, and
refilled every hour to prevent large pH gradients from developing. Analytical gels were
dried on Whatman 3M paper and analyzed using a PhosphorImager (Molecular
Dynamics).

2.3.3

Selection Procedure
For selection, preparative parallel TGGE gels were exposed to film at 4 °C

without drying, and bands were visualized by autoradiography. The desired DNA species
was excised with a razor blade and recovered by crush and soak. Selected DNAs from
Library 1 were annealed with a 5’–32P–labeled top strand primer, 5’–
p*GGGAGAGGATTTAATTT, and a 5’–biotinylated bottom strand primer, 5’–biotin–
CGTTGCGGATCCAATTT. Selected DNAs from Library 2 were annealed with a 5’–
32

P–labeled top strand primer, 5’–p*GACCCAGCGCGAGGATTTAATTTA, and a 5’–

biotinylated bottom strand primer, 5’–biotin–GGCCTTGGCTGCGGATCCAATTTA.
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PCR buffer (20 mM tris–HCl, pH 8.8, 2 mM MgSO4, 10 mM KCl, 10 mM (NH4) 2SO4,
0.1 % Triton X–100, 0.1 mg/mL BSA, 1 mM dNTP) was mixed with primers and
template, and additional MgCl2 was added for a final concentration of 2.5 mM Mg2+.
The PCR reaction (Library 2) was initiated with Pfu turbo DNA polymerase (Stratagene)
and run at 97 oC for 1 min; 15 x (97 °C, 45 s; 62 °C, 45 s; 72 °C, 90 s); 72 °C, 10 min; 4
°C, 10–20 min. The PCR product was affinity purified using streptavidin paramagnetic
particles (Promega), and the top strand was released with 0.15 M NaOH (42). For the
final selected DNAs, PCR reactions used the top strand primer, 5’–
GCGCGAATTCGACCCAGCGCGAGGATTTAATTTA–3’, which introduced an
EcoR1 cloning site. PCR products were digested with EcoR1 and BamH1, and cloned
into pUC19, with transformation and E. coli DH–5α growth at 30 °C to minimize
mutations. Sequences of isolated clones were determined by the dideoxy method. To
avoid multiple bands in four lanes, 1.1 µg single–stranded DNA binding protein (SSB)
was added to the labeling reaction tube (43), and a reverse sequencing primer was used.
Before adding the stop solution, 1 µL of proteinase K (0.1 µg/mL) was added to each
tube and incubated at 65 oC for 20 min to degrade the SSB. Only sequences without
mutations in the fixed sequence stem were tabulated.

2.3.4

UV Melting Experiments
The DNAs used in UV melting studies were minihairpins (see above). UV

absorbance melting profiles were obtained in P10E0.1 [10 mM sodium phosphate, 0.1 mM
Na2EDTA (pH 7.0)] at 280 nm, using a Gilford Response II spectrophotometer with a
heating rate of ≈1 °C/min. Melts were performed in 5– or 10–mm pathlength cuvettes, at
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a minimum of three different strand concentrations (CT) ranging from 1 to 50 µM. Melts
were found to be independent of concentration, consistent with the hairpin conformation;
if duplexes were forming, calculations using a nearest–neighbor model predicted a TM
change of ≈8 oC over a 20–fold difference in CT (10-12, 15, 16), which is outside the
error limits of the experiments (+/– 1 oC). At the start of each experiment, the
minihairpin was renatured in melting buffer by heating to 90 oC. Data for forward and
reverse melts were similar, consistent with reversibility of the melting transition.
Concentrations were calculated using absorbance values at 90 °C and extinction
coefficients from a nearest–neighbor analysis (44, 45). Thermodynamic parameters were
obtained by fitting to a two–state model with sloping baselines using a nonlinear least–
squares program (46), which provided good fits to the data. Briefly, this program fits the
data to six variables, the slopes and intercepts of the two baselines and the ∆Ho and ∆So
of the transition. It is assumed that the transition is two-state and that the enthalpy is
independent of temperature. The TM and ∆G°37 are calculated from the standard
thermodynamic relationships for hairpins.

2.3.5

Circular Dichroism
Circular dichroism data were obtained with an AVIV 62DS spectrometer at 25 oC

in P10E0.1 and ≈10 µM CT, conditions under which the major species was the folded
hairpin for all sequences. Data are the average of three scans from 220 to 320 nm in 1–
nm increments using an integration time of 2 s. A buffer blank was subtracted from all
spectra. CD spectra were converted to molar residue ellipticity (∆ε in units of M–1
cm–1) according to equation 2.1:
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∆ε = θ / [C n b 33]

(2.1)

where θ is the measured ellipiticity in degrees, C is the DNA concentration in M, n is the
number of nucleotides, and b is the cuvette pathlength in cm (0.5) (47, 48).

2.4

Results

2.4.1

Design and Optimization of the DNA Tetraloop Library
The library was designed with six randomized positions to allow the sequence of

the tetraloop and closing base pair to be investigated (Figure 2.1A, B). In certain cases,
selected tetraloops may have Watson–Crick base pairing between positions 1 and 4 of the
loop (see below). Nevertheless, we consider such loops tetraloops rather than diloops
since all Watson–Crick base pairs were not found to substitute at these positions. This
nomenclature has been adopted elsewhere for four–membered DNA hairpin loops (49).
The fixed sequence portion of the library was designed to incorporate several
features (Figure 2.1A, B) (38). Primer binding sites are present at the 5'– and 3'– ends of
the hairpin; a staggered stem sequence is used to avoid slipped pairings; and GT wobble
pairs are used to make the downstream BamH1 cloning site unique. The hairpin library
was also designed with a 12 basepair stem to favor a large structural change upon
unfolding.
Initially, in vitro selection was completed using DNA Library 1 (Figure 2.1A).
Conditions for the selection included PCR with an annealing temperature of only 50 oC to
accommodate the short primer binding sites, primers that extended only to the
penultimate base pair at the top of the stem, and cloning at 37 oC. However, sequencing
of 47 clones revealed none of the known stable d(GNNA) tetraloop sequences (28). In
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addition, the closing base pair frequencies (in brackets) were GC [29], non–Watson–
Crick [16], AT [1], and CG [1], with no preference towards the known stable CG closing
base pair (29). Apparently, the selection of Library 1 was biased against stable
tetraloops.
To investigate this problem, we performed a PCR reaction on an equal mixture of
Library 1 and a hairpin with the same stem but the stable d(cGAAAg) motif. Upon PCR,
and cloning and sequencing, no d(cGAAAg) sequences were recovered. In addition,
deletions were observed to occur when cloning at 37 oC. Subsequently, the library was
redesigned as Library 2 (Figure 2.1B), which has extended flanking regions to allow
usage of longer PCR primers and higher annealing temperatures. Also, primers were
extended to the final fixed base pair in the top of the stem to aid disruption of stable
tetraloops. An optimal PCR annealing temperature of 62 oC was determined by gradient
thermocycling. As before, an equal mixture of Library 2 and a hairpin with the same
stem but the stable d(cGAAAg) loop motif was subjected to PCR, and was cloned at
30 oC. Of the 12 clones sequenced, 6 were random and 6 were d(cGAAAg) without
mutated stems. Based on this outcome, Library 2 was used in the subsequent TGGE–
selection experiments.

2.4.2

Selection of Stable DNA Tetraloops
Library 2 was subjected to gel electrophoresis with temperature gradients either

perpendicular or parallel to the electric field (Figure 2.1C, D). Moderate concentrations
of urea (2 M) were added to all gels to tune the TM of the DNA library into an
experimentally convenient range (38). Perpendicular TGGE of the initial library (pool 0)

52

on a 16–57 oC gradient resulted in a smeary melting transition with the major region
between ≈21–37 oC (Figure 2.1C). The smearing of the transition is in agreement with a
mixed population of sequences with different stabilities. Upper baselines were nearly
coincident for all hairpins as were lower baselines (Figure 2.1C), consistent with similar
folded and unfolded structures (Figure 2.1B). These observations suggest that
differences in electrophoretic mobility on parallel TGGE gels should be associated
primarily with differences in thermodynamic stability.
Parallel TGGE experiments were run between the temperatures of the major
melting transition in perpendicular TGGE (Figure 2.1C, D). Parallel TGGE gels were
designed to enrich for stable sequences, which have faster electrophoretic mobilities (38).
Parallel TGGE of pool 0 (labeled 'Tetraloop Library') revealed one major band with a
smear below it (Figure 2.1D), which suggested that the initial library contains a small
population of exceptionally stable sequences. The lower portion of the smear was excised
and the DNA was amplified by PCR using a 5’–32P–labeled top strand primer and a 5'–
biotin–labeled bottom strand primer. The top strand was separated from the bottom
strand as described in the Materials and Methods. Enrichment of stable sequences was
confirmed by faster mobility for pool 1 (Figure 2.1D). In a similar fashion, pools 2, 3,
and 4 were obtained from the lower portion of the band from the previous round. Pool 4
was chosen for sequencing and characterization. Electrophoresis of all pools under
completely denaturing conditions revealed identical mobilities (data not shown),
consistent with faster mobility on the parallel TGGE gel being due to differences in
stability rather than PCR deletion artifacts.
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2.4.3

Identification of Stable DNA Hairpins
114 clones from pool 4 of Library 2 were sequenced (Table 2.1). Among these,

63 have a CG closing base pair, and 51 have a GC closing base pair. The loops can be
divided into 4 different motifs with the following sequences and frequencies:
d(cGNNAg) [25/114], d(cGNABg) [18/114], d(cCNNGg) [11/114], d(gCNNGc)
[49/114], and other loops [11/114] (Table 2.1).
For the d(cGNNAg) motif, 13 of the 16 possible sequences were found, and the
closing base pair was almost exclusively a CG [25/26] (Table 2.1). This is in agreement
with published loop and closing base pair preferences of the d(cGNNAg) motif (28, 29).
Recovery of the d(cGNNAg) motif along with numerous other sequences, suggests that
unknown tetraloops present in the final pool may also be stable.
The second motif that was found, d(cGNABg), appears to be an expansion of the
known stable triloop, d(cGNAg) (30, 31). For this motif, 9 of the 12 possible sequences
were found, and the closing base pair was exclusively a CG (Table 2.1). Similarity of
loop and closing base pair preferences to the d(cGNNAg) and d(cGNAg) motifs suggests
that the d(cGNABg) motif may be related in structure. We are not aware of any prior
reports on this motif.
The other two motifs identified were d(cCNNGg) and d(gCNNGc). For the
d(cCNNGg) motif, 6 of the 16 possible sequences were found, although only 11 of the
114 clones sequenced fit this motif (Table 2.1). For the d(gCNNGc) motif, 14 of the 16
possible sequences were found (Table 2.1). We are aware of only one study involving
these two motifs, showing that d(gCTTGc) is exceptionally stable (19). This sequence
was originally studied because it is similar to the r(gCUUGc) tetraloop sequence that is
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common in rRNA (18) and is exceptionally stable (19). Although similar in sequence
and stability, the d(cCNNGg) and d(gCNNGc) motifs may adopt different folds based
upon CD and mutagenesis studies (see below).
Lastly, 6 sequences (8 clones) were found with CG closing base pairs that did not
conform to one of these motifs, and 2 sequences (2 clones) were found with GC closing
base pairs that did not conform to the d(gCNNGc) motif. For these sequences, 7/8 have a
purine at position 1, with only one having the possibility of a sheared GA between
position 1 and positions 3 or 4. One occurrence of the sequence, d(CGAAGT), was
found. This sequence might form a GAA triloop closed by a CG base pair with a bulged
T 3’ of the CG base pair. This would be consistent with the observation that the
d(cGAAg) triloop is the most stable DNA loop sequence investigated (see below).

2.4.4

Thermodynamic Characterization of d(cGNNAg) and d(cGCABg) Minihairpins
To determine the stability of the selected tetraloop–closing base pair

combinations, UV melting experiments were conducted on minihairpins. Minihairpins
are stem–loops containing the selected loop–closing base pair combination, but with
stems of only four base pairs (39). These smaller hairpins were used to facilitate two–
state behavior and to suppress alternative folds and kinetically–trapped dimers. Table 2.2
summarizes results of melts on representative sequences from the selection and related
variants. In all cases, melts were conducted between ≈1 and 50 µM CT, and parameters
were independent of concentration as expected for hairpins (see Materials and Methods).
The most stable sequence studied was the d(cGCAg) triloop (not selected), which
had a TM of 76.1 oC and a ∆G°37 of –3.7 kcal/mol (Table 2.2). This sequence is a
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member of the stable d(cGNAg) motif that has been previously characterized (30, 31).
Sequences from the d(cGNNAg) and d(cGNABg) motifs were also exceptionally stable
and only slightly less stable than d(cGCAg) (see Figure 2.2 for representative melting
profiles and reversibility of melting). For the d(cGNNAg) motif, 5 sequences were
melted, resulting in TM values from 72.7 to 68.2 oC, and ∆G°37 values from –3.3 to –2.6
kcal/mol (Table 2.2). For the d(cGNABg) motif, 11 sequences were melted, resulting in
TM values from 67.9 to 64.4 oC, and ∆G°37 values from –3.1 to –2.0 kcal/mol (Table 2.2).
The closing base pair for the selected d(GNNA) and d(GNAB) loop sequences
was almost exclusively a CG (43/44 occurrences) (Table 2.1). A thermodynamic
investigation revealed a strong preference for a CG (Figure 2.2B; Table 2.3). For the
d(cGNNAg) motif, changing the closing base pair from a CG to a GC for d(GAAA) and
d(GCTA) loops resulted in ∆TMs of –22.3 and –19.9 oC, respectively, and ∆∆G°37s of 2.0
kcal/mol (Table 2.3). These values are in agreement with ∆TMs from a previous study on
a d(GGCA) loop sequence (29). For the d(cGNABg) motif, changing the closing base
pair from a CG to a GC for d(GCAC) and d(GCAT) loops resulted in ∆TMs of –17.3 and
–16.3 oC, respectively, and ∆∆G°37s of 1.9 kcal/mol (Table 2.3). The expected ∆∆G°37
for a CG to GC switch next to an AT base pair is only 0.16 kcal/mol based on unified
nearest–neighbor parameters (10, 11). These parameters are at 1 M NaCl, whereas the
thermodynamic parameters reported here were measured at ≈10 mM Na+ to minimize
duplex formation; however, preliminary melting experiments for d(GNNA) and
d(GNAB) loop sequences at 1 M NaCl revealed similar ∆∆G°37 and ∆TM values for CG
to GC or AT closing base pair changes (T. M. Denkenberger and P. C. Bevilacqua,
unpublished data). Thus, for both d(cGNNAg) and d(cGNABg), the CG closing base pair
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makes a large contribution to overall stability that cannot be explained by the standard
nearest–neighbor model. Similarly large thermodynamic contributions of CG closing
base pairs have been observed for certain RNA tetraloops and triloops (19, 39).
To investigate the d(cGNABg) motif in more detail, changes were made at each
position in the loop and determined the effect on hairpin stability (Figure 2.3). Changing
position 1 from G to I (inosine), which substitutes the amino group of G with a hydrogen,
substantially destabilized the hairpin; for d(GCAT) and d(GCAC) loops, G to I
substitutions resulted in ∆TMs of –12.3 oC and ∆∆G°37s of 1.5 kcal/mol (Table 2.4).
Likewise, changes at position 3 of the loop substantially destabilized the hairpin;
replacement of the A with T or I resulted in ∆TMs ranging from –12.8 to –9.8 oC, and
∆∆G°37s ranging from 1.6 to 1.0 kcal/mol (Table 2.4). In contrast, changes at positions 2
and 4 of the loop resulted in much smaller ∆TM and ∆∆G°37 effects (Table 2.4). Overall,
the data for substitutions on the d(cGNABg) motif are consistent with the importance of
positions 1 and 3 and the CG closing base pair, and with the unimportance of positions 2
and 4, as expected.
The destabilizing effects of the I substitutions at positions 1 and 3 of the loop are
in agreement with expected effects for a sheared GA base pair between positions 1 and 3.
Indeed, the ∆∆G°37 values for inosine substitutions at loop positions 1 and 3 of the
d(cGNABg) motif are similar to those for positions 1 and 3 of the d(cGNAg) motif
(Table 2.2). This would be consistent with d(cGNABg) representing expansion of
structure of the d(cGNAg) triloop which contains a sheared GA base pair (30).

57

2.4.5

Thermodynamic Characterization of d(cCNNGg) and d(gCNNGc) Minihairpins
The other two motifs found in the selection are d(cCNNGg) and d(gCNNGc). For

the d(cCNNGg) motif, 4 sequences were melted, resulting in TM values from 64.9 to
60.6 oC, and ∆G°37 values from –2.8 to –2.1 kcal/mol (Table 2.2). For the d(gCNNGc)
motif, 6 sequences were melted, resulting in TM values from 64.1 to 53.9 oC, and ∆G°37
values from –2.7 to –1.5 kcal/mol (Table 2.2); the lower value on the d(gCNNGc) motif
is from the one occurrence of a d(gCAGGc) sequence, and the next lowest stability
sequence in this motif has thermodynamic parameters that are similar to the lower ones
for the other motifs. Thus, the d(cCNNGg) and d(gCNNGc) motifs are similar in
stability and only slightly less stable than members of the d(cGNABg) motif.
The closing base pair preferences for the selected d(CNNG) loop sequences was
investigated by UV melting (Figure 2.2B; Table 2.3). As seen in Figure 2.2B, CG and
GC closing base pair sequences give similar melting profiles for d(CNNG) loops, but not
for d(GNNA) and d(GNAB) loops. Thermodynamic comparisons of CG and GC closing
base pair changes are summarized in Table 2.3; for d(CGAG), d(CGTG), and d(CGCG)
loops, the ∆TMs and ∆∆G°37s were close to zero, and ranged from 0.9 to 0.1 oC and –0.4
to –0.04 kcal/mol, respectively. In addition, we changed the closing base pair for the
d(CGTG) loop to an AT base pair; compared to a CG closing base pair, this gave a ∆TM
of –11.4 oC and a ∆∆G°37 of 1.0 kcal/mol (similar values are obtained when comparing
the AT to the GC closing base pair). The expected ∆∆G°37 for a CG to AT switch next to
an AT base pair in the stem is 0.44 kcal/mol based on unified nearest–neighbor
parameters (10, 11). Thus, for d(cCNNGg) and d(gCNNGc), the closing base pair makes
a somewhat larger contribution to overall stability than expected from a simple nearest–
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neighbor model, although the non–nearest neighbor effect is not as large as for the
d(cGNNAg) and d(cGNABg) motifs.
Similarity of sequences and thermodynamics for the d(cCNNGg) and d(gCNNGc)
motifs might suggest that these two motifs have the same structure. However, several
melting and CD results suggest that there may be differences. The thermodynamic
effects of swapping positions 1 and 4 of the loop was examined for the sequences
d(cCGTGg) and d(gCGTGc). For d(cCGTGg) this swap resulted in a modest
destabilization, with a ∆TM of only –5.8 oC and a ∆∆G°37 of 0.61 kcal/mol; in contrast,
for d(gCGTGc) this swap resulted in a large destabilization with a ∆TM of –19.3 oC and a
∆∆G°37 of 2.1 kcal/mol (Table 2.2). These differences suggest that the d(cCNNGg) and
d(gCNNGc) motifs may not be identical.
Hilbers and co–workers showed that purine–pyrimidine Watson–Crick
complementarity between positions 1 and 4 of a DNA tetraloop leads to a less stable
hairpin than pyrimidine–purine Watson–Crick complementarity (49, 50). The low
frequency of purine–pyrimidine Watson–Crick complementarity of positions 1 and 4
found in our selections is generally consistent with this model. Nevertheless, when such
changes were made, they were less penalizing for CG closing base pairs than for GC
closing base pairs. Studies from Hilbers and co–workers focused on GC and AT closing
base pairs (49); thus, having a CG closing base pair may improve the ability of the loop
to tolerate purine–pyrimidine Watson–Crick complementarity between positions 1 and 4
of the loop.
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2.4.6

Characterization of Minihairpins by CD Spectroscopy
Circular dichroism is effective at reporting certain changes in nucleic acid

conformation. For example, A–form and B–form dsDNA have distinctive spectroscopic
features, including differing behavior at 260 and 280 nm (40, 51). Circular dichroism
was used to compare the d(cGNAg), d(cGNNAg), and d(cGNABg) families. The CD
spectra of sequences from these three motifs are nearly identical, with a maximum near
280 nm and a minimum near 248 nm (Figure 2.4 and 2.8). Similarity among these
spectra is consistent with similar folds for these three motifs. Similarity of d(cGNAg)
and d(cGNNAg) is expected based on both containing sheared GA base pairs (29,30),
and is also expected for d(cGNABg) based on the thermodynamic effects of substitutions
(Figure 2.3; Tables 2.2–4). In addition, these spectra are similar to that for B–form DNA
(51), suggesting that these loops do not severely distort the stem.
To investigate the d(cGNABg) motif in greater detail, we examined the CD
spectra for substitutions at positions 1–4 of the loop (Figure 2.5). As expected from
thermodynamic studies and selection statistics (see above), changes at 1 and 3 of the loop
resulted in changes in the CD spectra (Figure 2.5A, C). In both cases, the ellipticity
changes at the maximum and minimum are less intense, with subtle changes elsewhere in
the spectrum. Changes at position 4 of the loop did not affect the CD spectrum, as
expected from thermodynamic studies and selection statistics (Figure 2.5D). Also, most
of the changes at loop position 2 did not affect the CD spectrum, with the exception of a
G substitution (Figure 2.5B). This result was unexpected and gave rise to a less intense
peak at 280 nm, a shoulder at ≈255 nm, and a minimum at ≈240 nm. Subtraction of the
d(cGGACg) and d(cGCACg) spectra resulted in a trace that was qualitatively similar to
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that reported for the dinucleotide, d(GpGp) (52)(Figure 2.6). This result suggests that the
two Gs in d(cGGACg) may stack strongly. This would be consistent with the structure of
d(cGAAg), in which the G and A at positions 1 and 2 of the triloop stack (30).
The CD spectra of representative d(cCNNGg) and d(gCNNGc) sequences were
also compared (Figure 2.7). The CD spectra for d(CGAG), d(CGTG), and d(CGCG)
loops were similar when the closing base pair was CG; likewise, the CD spectra of the
loop sequences were similar when the closing base pair was GC (Figure 2.7A).
Interestingly, these two sets of spectra differed from each other. Although they both
show a maximum at ≈285 nm, the spectra with a CG closing base pair have a shoulder
near 255 nm and a minimum at ≈240 nm; the spectra with a GC closing base pair, on the
other hand, have a minimum at ≈255 nm without a shoulder (Figure 2.7A). These
differences occurred despite identical base composition. This suggests that the structures
of these loops may change depending on the closing base pair, although we cannot judge
the nature or extent of these differences at this time.
To investigate these differences in more detail, CD spectra were compared for
swapping positions 1 and 4 of the loop for d(cCGTGg) and d(gCGTGc). As mentioned
above, this swap resulted in a more severe thermodynamic destabilization for d(gCGTGc)
than d(cCGTGg). The CD spectra for d(cCGTGg) and d(cGGTCg) have very similar
shapes (Figure 2.7B). This suggests that the swap of position 1 and 4 does not change the
structure of the loop significantly, consistent with the small destabilization observed for
this swap. In contrast, the CD spectra for d(gCGTGc) and d(gGGTCc) have different
shapes, with the maximum at 285 nm diminished and moved to ≈280 nm, the minimum
shifted from 255 nm to ≈238 nm, and a shoulder appearing at 255 nm, much like the
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spectrum for the d(cCNNGg) sequences (Figure 2.7C). This result indicates a change in
the structure of the loop, consistent with the significant destabilization observed for this
swap.

2.5

Discussion
The TGGE–selection method was originally developed as a way to isolate RNA

sequences that have unusual thermodynamic stability for a given motif. The method has
been successfully applied to RNA model systems, and to triloop and tetraloop libraries
(38, 40). In vitro selection can also be applied to DNA. For example, DNA aptamers to
a variety of ligands have been isolated (42, 53), and catalytic DNA molecules have been
evolved (54). We carried out in vitro selections on DNA libraries using TGGE and
isolated stable DNA tetraloop sequences. These sequences should be useful for
prediction of DNA structure from sequence and for understanding the importance of
DNA stem–loops in nature.
One of the desired features of TGGE–selections is that they be exhaustive. We
optimized the library and PCR conditions in order to recover known stable tetraloops
including d(gCTTGc) and d(cGNNAg) sequences (19, 28), and showed that selected
unknown tetraloops are also thermodynamically stable when embedded in small hairpins.
In addition, we are not aware of other stable DNA tetraloop sequences that were not
found in the selection. Observation that family members appeared multiple times as well
as the presence of 75% or more of possible members of a family are indications that the
selection is exhaustive, or nearly so. (d(cCNNGg) had 37% of sequences possible, but
only 11 clones of this motif were sequenced and half of them were seen multiple times).
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Nevertheless, the possibility remains that entire families, or unique sequences were
missed. The sequencing technique in section 2.6.3 should help to improve the
exhaustiveness of these selections. This is desirable since one can now search for DNA
tetraloop–closing base pair combinations in nature that are known to be
thermodynamically stable. These sequences should help towards developing hypotheses
on biological functions of stable DNA stem–loops. Also, these sequences should help
towards an understanding of why certain sequences are not found in nature; for example,
thermodynamic stability may be undesirable for certain functions which required a more
dynamic structure (40).
Of the tetraloop motifs found, three appear to be unknown or only partially
studied. The d(cGNABg) motif appears to be closely related to the well–known
d(cGNNAg) and d(cGNAg) motifs, both of which have been structurally and
thermodynamically characterized (19, 29-31). The d(cGNAg), d(cGNNAg), and
d(cGNABg) motifs have a strong thermodynamic preference for a CG closing base pair
(Tables 2.2–2.4) and the potential for a sheared GA base pair in the loop (Table 2.4). In
addition, the CD spectra are similar for sequences from these motifs (Figure 2.4 and 2.8).
Both the d(cGNNAg) and d(cGNABg) motifs appear to be related to the d(cGNAg) motif
through expansion of the triloop with an extra nucleotide. Similar behavior has been
reported for RNA loops; for example, the r(cGNRAg) tetraloop motif can be expanded to
a penta– or hexaloop motif (55).
The d(gCNNGc) and d(cCNNGg) motifs appear to be unrecognized in the
literature, although a few individual sequences from the d(gCNNGc) motif have been
characterized. The sequence, d(gCTTGc), is related to the RNA loop, r(gCUUGc),
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which is common in rRNA (18), and was found to be exceptionally stable (19). Most of
the possible d(gCNNGc) sequences (14/16) were found in the present study, and these
sequences are also exceptionally stable. In addition, the structure of variants related to
d(gCNNGc) have been studied (see below).
The similarities and differences between stable RNA and DNA tetraloops are of
interest. Tetraloops with sheared GA pairs occur in both cases, loops can be expanded
with extra nucleotides, and CG closing base pairs can make unusual contributions to the
stability of certain loops. Also, both RNA and DNA have a limited number of stable
loops with GC closing base pairs; in these cases, C and G are required at positions 1 and
4 of the loop, respectively. The structures of these loops in RNA and DNA may be
similar as well.
The structure of the r(gCUUGc) revealed Watson-Crick base pairing of the
closing base pair and of the first and last bases in the loop, with the U at loop position 2
hydrogen bonding with these two base pairs in the minor groove (56). NMR studies on a
hairpin with the loop, d(gaCTAGc) (aC = arabinofuranosylcytosine), also showed
Watson-Crick base pairing of the closing base pair, and of the first and last bases in the
loop, with the loop T in the minor groove (57). Furthermore, NMR and model building
suggested that the loop, d(aCTTGt), forms a similar structure (49), as does the loop of
d(m5CGm5CGTGm5CG) (m5 = 5-methyl cytosine) (58). Therefore, it is possible that
d(gCNNGc) sequences, in general, fold into a structure that is similar to that found for
r(gCUUGc), although the details of these structures and loop position 2 interactions are
presently unknown. Recently, we found examples of both r(cCNNGg) and r(gCNNGc)
motifs in a selection on RNA tetraloops (40). As with the DNA tetraloops (Figure 2.7),
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the CD spectra were very different for RNA loops with the same CNNG loop, but with
CG versus GC closing base pairs (P. C. Bevilacqua and D. J. Proctor, unpublished data).
Differences also exist between RNA and DNA hairpin loops. The stable
r(cUNCGg) tetraloops are not stable as DNA sequences (19), whereas the stable
d(cGNAg) triloops are not stable as RNA sequences (59). In addition, in RNA, r(GNRA)
is a stable motif, and in DNA, d(GNNA) is a stable motif; apparently, this is because the
N7 of the purine at position 3 of the r(GNRA) makes a hydrogen bond to the 2’OH of the
G at position 1 of the loop (21, 60). It is hoped that comparison of the properties of
stable RNA and DNA hairpin loops will help drive understanding of the structural and
thermodynamic principles for hairpin folding.
DNA hairpins are found numerous times in nature and have a number of
important biological functions (1). Others have pointed out that the d(cGNAg) motif
occurs in regions of DNA implicated in transcriptional regulation in bacteriophage N4
double–stranded DNA (61), and that the d(cGNNAg) motif occurs in the replication
origin of phage G4 single–stranded DNA (62). We have also found instances in which
the d(cGNABg) motif occurs in nature. For example, the sequence repeat, d(GTAC)n,
has been shown to favor cruciform extrusion in plasmids (63). This sequence has the
potential of forming a d(cGTACg) tetraloop motif in both strands of the cruciform. The
d(cGTACg) sequence was found in our selection and was the most stable d(cGNABg)
sequence melted (Tables 2.1 and 2.2). Although d(cGNAg) sequences are slightly more
stable than d(cGNABg) sequences (Table 2.2), the latter motif can be palindromic and
thus has the potential to drive the formation of stable loops in both strands of the DNA,
which may be an important determinant for cruciform formation.
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An additional occurrence of a d(cGNABg) motif was found. Habig and Loeb
found that a small DNA hairpin negatively regulates priming during reverse transcription
in avian hepatitis B virus (HBV) (64). In duck HBV, the small hairpin is capped with the
stable triloop motif, d(cGAAg), whereas in heron HBV, the small hairpin is capped with
the stable tetraloop motif, d(cGAATg), found twice in our selections (Table 2.1). Habig
and Loeb found that disrupting the CG closing base pair with a CC or GG mismatch led
to enhanced priming near this hairpin, but that inverting this closing base pair to a GC
only partially restored blocked priming (64). (The GC closing base pair was 2.2–fold
poorer than the CG in negatively regulating reverse transcription.) The inability of the
GC closing base pair to regulate reverse transcription to the full extent of the CG closing
base pair is consistent with the poorer thermodynamic stability of GC closing base pairs
for the d(GNAB) motif (Table 2.3). It should prove interesting to see if stable DNA
tetraloops play other important roles in nature.

2.6

Additional Studies
We desired to have an exhaustive selection in order to give a true representation

of the stable sequences in the library. The present study is believed to be exhaustive
because of the specific measures taken and outcomes on controls (see section 2.4.1). In
review, the primer binding sites were lengthened and the PCR annealing temperatures
were raised in order to disrupt any residual secondary structure present during PCR. In
addition to the DNA tetraloop selection presented above, other selections were attempted
and the problems, as well as possible new insights will be reviewed. Finally, work has
begun on a new sequencing technique that should allow the timely and economical
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sequencing of multiple clones at once, allowing for a better representation of the selected
sequences. The optimizations presented should be beneficial for future selections in the
laboratory.

2.6.1

PCR Optimization for RNA Tetraloop Studies
Previously, in vitro selection studies using TGGE were completed in our

laboratory on RNA tetraloops (40). Although known stable r(cUNGCg) sequences were
selected, the similarly stable cGNRAg sequences were not (19). Thus, those RNA
selections were not exhaustive. To troubleshoot this problem, melts and control TGGE
gels of r(cGNRAg) embedded in the stem used in the selection were carried out. These
experiments indicated that absence of r(cGNRAg) from the selection was not due to lack
of stability or unusually gel mobility (40). We then noted that the cGNRAg loop
sequence motif is stable both in RNA and DNA, and therefore hypothesized that a DNAspecific step was causing the problem. Note that the RNA-specific step of reverse
transcription has always been performed at the elevated temperature of 60 oC to promote
read-through of stable structure. It thus seemed likely that the PCR step was somehow
selecting against this stable DNA motif. As discussed earlier in this chapter, this
phenomenon posed a similar problem with DNA, which was corrected by alteration of
the PCR primer binding sites and temperature cycling (Figure 2.1A and B). We therefore
took a similar approach to try to improve the exhaustiveness of the RNA selections.
As in the DNA tetraloop study, the primer binding sites were lengthened and the
annealing temperature was increased to 62 oC (section 2.4.1). This was done to facilitate
read-through of stable DNA motifs. Next, a 50:50 mixture of a r(GAAA) sequence and a
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random library, both having the same stem, was amplified and sequenced. In addition, a
reverse sequencing primer was used to sequence the bottom strand rather than the stable
top strand and hopefully avoid multiple bands in the four lanes caused by the possible
residual stable secondary structure in the top strand. Reverse transcription was carried
out using AMV (Roche) and the PCR reaction was initiated with TAQ (Clontech) and run
at 97 oC for 1 min; 15 x (97 oC, 45 s; 62 oC, 45s; 72 oC, 90s); 72 oC, 10 min; 4 oC,
10-20 min. The PCR products were digested with EcoRI and BamHI and cloned into
pUC19, with transformation and E. coli DH-5α growth at 30 oC rather than 37 oC to
minimize mutations. Sequences of isolated clones were determined by the dideoxy
method. Sequencing of 16 randomly selected clones yielded 8 cGAAAg, 7 different
random sequences, and 1 mutated stem. This distribution indicates that a future selection
of the RNA tetraloop with these amplification procedures should yield an exhaustive
selection.

2.6.2

Selections for Penultimate Basepairs
I completed an additional TGGE selection, attempting to select for stable

pentaloops in RNA. We used two different libraries for this; one was a fully randomized
N7 library, and the other was a library that forced the first and seventh nucleotides to pair
in an effort to avoid heptaloops. After 4 rounds of selection, 12 clones total from the two
libraries were sequenced, which resulted in 1 pentaloop, 1 heptaloop, 7 triloops and 3
sequences that could not be determined. In hindsight, the prevalence of triloops in this
selection was not surprising because a triloop from this library has an additional basepair
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over a pentaloop, the combination of which is expected to be more stable than a
pentaloop.
The results of the selection of triloops could, however, still afford useful
information. So far, the selections in the lab have focused on the stable closing base pair
and loop sequences. The N7 selection not only selected for the optimized triloop and
closing base pair, but also the penultimate closing base pair. Since nucleic acids tend to
have strong, local interactions and the energetic contribution of the closing basepair has
been found to be much greater than its nearest neighbors indicate, the penultimate
basepair may have a greater role in hairpin stability than currently appreciated. By
sequencing and cataloging the loops, closing base pairs, and penultimate closing
basepairs, it may be possible to develop new rules for stability. Lastly, the original goal
of RNA pentaloop selections will continue with the mixing of sub- libraries that prevent a
Watson Crick basepair between positions 1 and 5 of the loop.

2.6.3

Concatenation of Multiple Sequences in a Single Clone
In order to get representative populations of sequences families, many individual

clones must be sequenced. Previously, the dideoxy method has been used to sequence
>100 clones per selection in our lab. The method involves using radioactive 33P, is labor
intensive, expensive, and time consuming. In principle, samples could be sent to the
sequencing center for a rate of ~$15/clone at PSU, but the large number of sequences
needed makes this economically infeasible. As an alternative, I worked on developing a
method to concatenate 30-50 selected sequences together in one plasmid, so that many
sequences would be obtained when commercially sequencing one plasmid.
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This method is based on the Serial Analysis of Gene Expression (SAGE)
technique (65), which is used to analyze the large number of transcripts expressed in an
organism. It is crucial in this technique to have a short nucleotide sequence that contains
sufficient information to uniquely identify a transcript. Once concatenated, the sequences
are a continuous string; the sequence identifiers provide a means to establish the register
and boundaries of each insert, or tag. For our selections, the fixed sequences of the
hairpin stem could serve as the unique sequence identifiers to indicate the beginning and
ending of each transcript. The scheme detailed in Figure 2.9, was designed for the N7
library described above.
The process requires multiple digestions, ligations, PCR steps, and separations
using biotin and streptavidin on magnetic beads. The steps are diagramed in Figure 2.9
and the steps will be referred to here by number. By design, a biotinylated bottomstrand
primer was used during RT-PCR of the final pool. The sequences were digested with
Mse I and purified over stepavidin coated magnetic beads, and the wash discarded (step
1). Mse I was chosen because its recognition sequence was in the biotin-distal helix. The
solution was divided in half and ligated to two different double stranded linkers, which
were used to designate directionality in the future (step 2) The two solutions were pooled
and washed (step 3). The sequences were then digested with BsmF I, a Type IIS
restriction endonucleoase, which recognizes the biotin-distal helix but reaches 3' by 10
nucleotides on the top strand to cut with a 4 nucleotide overhang on the bottom strand
(step 4). The resulting digest is made in the randomized region of the hairpin. Taq DNA
polymerase is used to fill in the 4 nucleotide overhang. Next, the two solutions were
mixed in an equal ratio and blunt-end ligated. PCR again with biotinylated primers

70

specific for each linker assures that only sequences with both linker A and linker B are
amplified (step 5). A Tsp509 I digest cuts out the ditags, which are the two selected
random regions, and they are collected as the wash when purified over magnetic
streptavidin coated beads (step 6). The ditags are then concatenated. Monitoring the
time course of ligation on a gel will allow optimization of 30-50 ditags per plasmid. The
Tsp509 I digest also yields EcoR I compatible ends that can be ligated into Puc19 and
sequenced (step 7). Sequencing with a top-strand primer should reveal a "spacer forwards 7 mer - reverse 7 mer –" cadence.
I designed the PCR primers, linker sequences with the correct and unique
cleavage recognition sites, and selected the correct restriction enzymes. The method was
reasonably successful through step 5. I did not, however, get the entire method to work
successfully and tried troubleshooting as various points. The design appears to be
correct, but the multiple steps and manipulations are tedious, involving small volumes,
inactivating restriction enzymes, purifying short pieces of double stranded DNA and
increasing salt concentrations from the buffers at each step. Running a gel after each step
was time consuming and often resulted in loss of large amounts of sample or introducing
radioactivity into the experiment. Pursuing this method further is valuable, however,
because it allows sequences from a selection to be determined more easily and therefore a
better representative of the total population to be obtained, possibly leading to a more
exhaustive selection.
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Table 2.1 Distribution of Loop and Closing Base Pair Sequences in Stable Hairpins from
Selectiona
motifb
Loops with CG
Closing Base Pairs
cGNNAg (25)

cGNABg (18)

cCNNGg (11)

others (9)

Loop sequence

GCGA
GCTA
GTAA
GTGA
GAAA
GCAA
GCCA
GTCA
GACA
GGAA
GGCA
GGGA
GTTA
GCAT
GCAC
GGAC
GAAT
GCAG
GGAG
GGAT
GTAC
GTAT
CGCG
CGTG
CGAG
CAGG
CATG
CTTG
GACC
GACT

occurrencesc

Melt datad

CD datad

3
3
3
3
2
2
2
2
1
1
1
1
1
5
3
3
2
1
1
1
1
1
3
3
2
1
1
1
2
2

y
y

y
y

y
y

y
y

y

y

y
y
y

y
y
y

y
y
y
y

y
ye
y
y

y
y

y
y

y
y
y

ye
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Loops with GC
Closing Base Pairs
gCNNGc (49)

others (2)

AACA
ACCT
GCTT
GGCC
CGAAGTf

1
1
1
1
1

CATG
CGCG
CGTG
CTGG
CGAG
CTAG
CTCG
CAAG
CCCG
CCTG

7
7
7
6
4
4
4
2
2
2

CACG
CAGG
CGGG
CTTG
GTCA
TGAG

1
1
1
1
1
1

y

y

y

ye

y
y
y

ye
y
y

y

y

y

ye

y

ye

y

ye

a

Summary of stable loop sequences isolated from in vitro selection experiments. The
total number of clones sequenced was 114. All sequences are DNA. bSequences are
organized into consensus motifs and occurrences for a motif are provided in parentheses.
c
Listed by occurrences, then alphabetically. dSequences for which melting and CD data
were collected. eData not shown herein. fThis sequence may form a stable GAA triloop
with a CG closing base pair and a bulged T.
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Table 2.2 Thermodynamic Parameters for Minihairpin Formation Measured by UV
Meltinga
b

sequence

∆H°
(kcal mol–1)

∆S°
–1

–1

(cal mol K )

∆G°37
(kcal mol–1)

∆G°55 c
(kcal mol–1)

–3.69±0.12
–3.26±0.11
–3.19±0.17
–3.12±0.12
–3.09±0.07
–3.03±0.09
–2.99±0.10
–2.96±0.10
–2.83±0.06
–2.81±0.12
–2.76±0.03
–2.73±0.15
–2.56±0.08
–2.55±0.03
–2.55±0.07
–2.32±0.08
–2.29±0.09
–2.26±0.05
–2.19±0.10
–2.18±0.06
–2.14±0.02
–2.08±0.17
–2.04±0.06
–2.04±0.02
–1.99±0.07
–1.95±0.07
–1.90±0.06
–1.51±0.05
–1.50±0.03
–1.54±0.06

–1.99±0.06
–1.58±0.05
–1.58±0.09
–1.61±1.14
–1.25±0.04
–1.26±0.07
–1.21±0.03
–1.21±0.06
–1.27±0.03
–1.00±0.10
–1.08±0.05
–1.02±0.06
–0.85±0.02
–1.05±0.05
–0.91±0.05
–0.83±0.06
–0.72±0.09
–0.48±0.02
–0.52±0.06
–0.40±0.06
–0.64±0.17
–0.62±0.10
–0.72±0.06
–0.85±0.14
–0.41±0.04
–0.29±0.07
–0.25±0.07
–0.02±0.06
0.00±0.06
0.11±0.07

TM
(°C)

Occ

cL1L2L3L4g
GCA
GCTA
GGCA
GCAA
GTAC
GIAC
GCAT
GCAC
GCGA
CTTG
GGAC
GGAT
CGTG
GAAA
GCAI
GCAG
GCI
GACC
CGAG
GACT
GAAG
CGCG
GGAG
CGAAGTd
ICA
GGTC
GCTC
ICAC
ICAT
IGAC

–33.0±1.3
–32.3±1.0
–30.8±1.6
–30.3±1.4
–34.8±1.1
–33.5±1.5
–33.6±1.2
–33.0±1.0
–29.7±1.0
–34.0±0.5
–31.7±0.9
–32.2±2.1
–32.0±1.2
–27.9±0.1
–30.7±0.8
–28.0±1.1
–29.3±1.2
–32.9±1.0
–30.9±1.6
–32.7±1.0
–26.3±0.6
–27.6±1.7
–24.7±2.1
–22.6±2.0
–29.1±1.5
–30.7±0.6
–30.3±0.9
–27.2±0.7
–27.3±0.9
–29.8±1.6

–94.4±3.7
–93.6±3.1
–89.2±4.7
–87.6±4.0
–102±3
–98.2±4.6
–98.5±3.5
–97.0±2.1
–86.6±3.0
–100.±1.
–93.2±2.8
–95.1±6.3
–95.0±3.7
–81.8±0.3
–90.8±2.5
–82.7±3.5
–87.2±3.8
–98.9±2.9
–92.7±4.8
–98.5±3.1
–78.0±1.8
–82.4±5.0
–73.2±6.5
–66.3±6.6
–87.5±4.7
–92.6±2.0
–91.7±2.9
–82.8±2.2
–83.3±2.9
–91.2±4.9

76.1±0.7
71.8±0.2
72.7±0.5
72.5±0.3
67.3±0.5
67.9±1.1
67.3±0.5
67.5±0.3
69.6±0.5
64.9±0.9
66.6±0.8
65.8±0.7
63.9±0.3
68.2±0.3
65.0±0.6
65.1±1.4
63.3±1.2
59.9±0.3
60.6±0.7
59.2±0.4
64.4±0.5
62.2±0.7
65.0±1.6
68.1±3.5
59.7±0.7
58.1±0.8
57.7±0.8
55.2±0.8
55.1±0.7
53.8±0.8

0
3
1
2
1
0
5
3
3
1
3
1
3
2
0
1
0
2
2
2
0
3
1
1
0
0
0
0
0
0
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GCTT
GCIG
gL1L2L3L4c

–26.2±0.8
–25.5±1.4

–80.0±2.7
–77.9±4.2

–1.42±0.04
–1.35±0.10

0.02±0.08
0.05±0.10

54.7±1.0 1
54.3±1.3 0

CGTG
CGCG
CCTG
CGAG
CATG
CAGG
GTCA
GCTA
GCAT
GCAC
GGTC
GAAA
aL1L2L3L4t
CGTG

–33.5±0.4
–31.6±1.2
–32.6±1.3
–31.3±0.5
–31.2±0.7
–28.9±0.4
–26.6±1.9
–27.7±1.5
–26.0±1.6
–26.5±1.0
–23.9±0.8
–19.9±1.9

–99.4±1.2
–94.0±3.5
–97.4±4.1
–93.8±1.5
–93.8±2.1
–88.5±1.3
–81.1±5.9
–85.2±4.6
–80.2±5.2
–82.0±2.9
–75.1±2.7
–62.5±5.9

–2.69±0.03
–2.46±0.11
–2.37±0.08
–2.22±0.02
–2.10±0.07
–1.49±0.02
–1.40±0.06
–1.27±0.04
–1.11±0.02
–1.08±0.12
–0.59±0.06
–0.56±0.08

–0.90±0.02
–0.77±0.06
–0.62±0.06
–0.53±0.03
–0.41±0.06
0.10±0.02
0.06±0.09
0.26±0.07
0.33±0.08
0.39±0.11
0.76±0.08
0.57±0.03

64.1±0.3
63.2±0.5
61.4±0.8
60.7±0.4
59.4±0.7
53.9±0.2
54.4±1.0
52.0±0.7
50.9±0.8
50.2±1.4
44.8±0.9
45.9±0.6

–32.0±1.4

–98.4±4.4

–1.53±0.03

0.24±0.09

52.6±0.8 0

7
7
2
4
7
1
1
0
0
0
0
0

a

Solutions were P10E0.1 (pH 7.0). Melting is of minihairpins, 5'–d(ggaXL1L2L3L4X’tcc).
Parameters are the average of at least three independently prepared samples between 1
and 50 µM CT, and errors are standard deviations. The TM was constant between 1 and
50 µM CT. All sequences are DNA. bListed by ∆Go37 and then alphabetically. c∆G°55
values are provided since they are closer to the TM for the sequences melted, and may
therefore have less error associated with them. Similar trends were observed with ∆G°37
values, and these were chosen for the text. dSee note f of Table 2.1.
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Table 2.3 Thermodynamic Comparisons for Closing Base Pair Changes for all Tetraloop
Motifs
∆∆H°
a

Sequence

GNNA
gGAAAc–cGAAAg
gGCTAc–cGCTAg
GNAB
gGCACc–cGCACg
gGCATc–cGCATg
CNNG
aCGTGt–cCGTGg
gCGAGc–cCGAGg
gCGTGc–cCGTGg
gCGCGc–cCGCGg

∆∆S°
–1

(kcal mol )

∆∆G°55 b

∆∆G°37
–1

–1

–1

(cal mol K ) (kcal mol )

–1

(kcal mol )

∆TM
(oC)

8.0±1.9
4.6±1.8

19.3±5.9
8.5±5.5

1.99±0.09
1.99±0.91

1.64±0.04
1.84±0.09

–22.3±0.7
–19.9±0.7

6.5±1.4
7.6±2.0

15.0±4.2
18.4±6.3

1.88±0.16
1.88±0.10

1.60±0.12
1.55±0.10

–17.3±1.4
–16.3±1.0

–0.0±1.8
–0.4±1.6
–1.5±1.3
–4.0±2.1

–3.4±5.7
–1.1±5.0
–4.4±3.8
–11.6±6.1

1.03±0.08
–0.04±0.10
–0.13±0.08
–0.38±0.02

1.09±0.09
–0.01±0.07
–0.05±0.03
–0.15±0.12

–11.4±0.9
0.1±0.8
0.1±0.4
0.9±0.9

a

Bold font indicates bases being compared. Pairs listed in order of most penalizing
closing base pair conversion. All sequences are DNA. Errors were propagated by
standard methods (66). b∆G°55 values are provided since they are closer to the TM for
the sequences melted, and may therefore have less error associated with them. Similar
trends were observed with ∆G°37 values, and these were chosen for the text.
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Table 2.4 Thermodynamic Comparisons for Base Changes in cGNABg Loopsa
∆∆H°

loop
position

b

sequence

∆∆S°
–1

∆∆G°37
–1

–1

∆∆G°55 c
–1

∆TM
–1

(kcal mol )

(oC)

(kcal mol )

(cal mol K ) (kcal mol )

ICAT–GCAT
ICAC–GCAC

6.2±1.5
5.8±1.2

15.2±4.5
14.2±3.7

1.49±0.10
1.45±0.11

1.21±0.08
1.19±0.09

–12.3±0.8
–12.3±0.8

GGAT–GCAT
GGAC–GCAC
GIAC–GCAC
GTAC–GCAC

1.3±2.4
1.4±1.4
–0.5±1.8
–1.7±1.5

3.5±7.2
3.8±4.1
–1.2±5.5
–5.2±4.4

0.26±0.18
0.20±0.11
–0.07±0.14
–0.13±0.13

0.19±0.08
0.13±0.07
0.05±0.09
–0.04±0.07

–1.6±0.9
–0.9±0.9
0.4±1.2
–0.3±0.6

GCTT–GCAT
GCTC–GCAC
GCIG–GCAG

7.3±1.4
2.7±1.4
2.5±1.7

18.6±4.4
5.3±4.1
4.8±5.5

1.57±0.10
1.06±0.12
0.97±0.13

1.24±0.09
0.97±0.09
0.89±0.14

–12.8±1.0
–9.8±0.8
–10.8±1.9

GCAG–GCAC
GCAI–GCAC
GCAT–GCAC

5.1±1.5
2.3±1.3
–0.5±1.6

14.3±4.6
6.2±3.9
–1.6±4.6

0.64±0.13
0.42±0.13
–0.03±0.14

0.38±0.11
0.30±0.08
0.00±0.08

–2.4±1.4
–2.5±0.6
–0.2±0.6

1

2

3

4

a

All sequences shown are for DNA and have a CG closing base pair. Errors were
propagated by standard methods (66). bBold font indicates bases being compared. Pairs
listed in order of most penalizing base changes. c∆G°55 values are provided since they
are closer to the TM for the sequences melted, and may therefore have less error
associated with them. Similar trends were observed with ∆G°37 values, and these were
chosen for the text.
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Figure 2.1 DNA hairpins and TGGE gels. (A) Equilibrium between folded and
unfolded forms of DNA hairpins for Library 1 with shorter primer binding sites and (B)
Library 2 with longer primer binding sites. Watson–Crick base pairs are denoted with a
dash, and wobble pairs with a dot. The letter 'N' denotes an approximately equimolar
mixture of A, C, G, and T. Each tetraloop library is a mixture of 4096 different
sequences. (C) Perpendicular TGGE of 32P–labeled Library 2 (pool 0). The gel
contained 2 M urea and the temperature in the gel ranged from 16 to 57 oC (measured in
the gel). The melting transition was between ≈21 to 37oC and is indicated by the label
‘Melting Transition’. (D) Parallel TGGE of Library 2 after 0 to 4 rounds of selection.
The lane labeled ‘Tetraloop Library’ is pool 0 containing 4096 sequences. The bottom
portion just below the major region of the smear was excised in each case and amplified
by RT-PCR. Mobility increased with increasing rounds of selection, suggesting an
enrichment for stable sequences. The gel contained 2 M urea and the circulating water
baths were set to 35 and 42 oC for the top and bottom of the gel, respectively.
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Figure 2.2
Representative UV melting curves for minihairpins from each of the four
stable families and controls. (A) Forward (S) and reverse (U) melts for d(cCGTGg).
Melts were carried out as described in the Materials and Methods section. Data is nearly
superimposeable, consistent with reversibility of melting. (B) Loop sequences are as
follows: d(cGAAAg) (z), d(gGAAAc) ({), d(cGCATg) (), d(gGCATc) ( ),
d(cCGTGg) (S), and d(gCGTGc) (U). Sequences were from pool 4, except for
d(gGAAAc) and d(gGCATc). Data were collected in P10E0.1 (pH 7.0), CT ≈ 10 µM.
Thermodynamic parameters are given in Table 2.2.
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I (–0.1, +0.4)
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T ( 0.0, –0.2)
G-C (+1.9, –17.3)

Figure 2.3
Summary of thermodynamic effects for substitutions in the d(cGNABg)
motif. Base substitutions made at a particular position are shown. Effects of
substitutions on ∆∆Go37 (kcal/mol) and ∆TM (oC) relative to d(cGCACg) are provided in
parentheses (∆∆Go37, ∆TM). Original data are provided in Tables 2.2–2.4.
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Figure 2.4
Representative CD spectra from d(cGNAg)–related sequences. Loop
sequences are as follows: d(cGCAg) (z), d(cGCTAg) (S), d(cGCACg) (). Spectra
were collected in P10E0.1 (pH 7.0) at 25 oC and CT ≈ 10 µM.
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Figure 2.5
Position dependence of CD spectra for the d(cGNABg) motif. (A) Effect
of substitutions at position 1 of the loop. Loop sequences are as follows: d(cGCACg)
(z), d(cGCATg) (S), d(cICACg) ({), and d(cICATg) (U). (B) Effect of substitutions at
position 2 of the loop. Loop sequences are as follows: d(cGCACg) (z), d(cGCATg) (S),
d(cGIACg) (), d(cGTACg) (T), d(cGGACg) ({), and d(cGGATg) (U). (C) Effect of
substitutions at position 3 of the loop. Loop sequences are as follows: d(cGCACg) (z),
d(cGCATg) (S), d(cGCTCg) ({), and d(cGCTTg) (U). (D) Effect of substitutions at
position 4 of the loop. Loop sequences are as follows: d(cGCACg) (z), d(cGCAIg) (S),
d(cGCATg) ({), and d(cGCAGg) (U). Spectra were collected in P10E0.1 (pH 7.0) at 25oC
and CT ≈ 10 µM.
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Figure 2.6
Difference CD spectrum between the d(cGGACg) and d(cGCACg) (z)
compared to d(GpGp) ({). The difference spectrum was obtained by subtraction of the
buffer–corrected spectra for d(cGGACg) and d(cGCACg) (Figure 2.5B), followed by
division by 3.03 to convert from ∆ε to [θ] (47). The spectrum for d(GpGp) was from the
literature (52), and was obtained under similar conditions to those used here.
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Figure 2.7
Comparison of CD spectra for the d(cCNNGg) and d(gCNNGc) motifs.
(A) Effect of closing base pair changes. Loop sequences are as follows: d(CGAG)
(circle), d(CGTG) (triangle), and d(CGCG) (square); closed and open symbols represent
CG and GC closing base pairs, respectively. (B) Effect of swapping positions 1 and 4 of
a d(cCNNGg) tetraloop. Loop sequences are as follows: d(cCGTGg) (z) and
d(cGGTCg) ({). (C) Effect of swapping positions 1 and 4 of a gCNNGc tetraloop. Loop
sequences are as follows: d(gCGTGc) (z) and d(gGGTCc) ({). Spectra were collected
in P10E0.1 (pH 7.0) at 25oC and CT ≈ 10 µM.
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Figure 2.8
Additional CD spectra for the cGNNAg motif. Loop sequences are as
follows: d(cGCTAg) (z), d(cGGCAg) (S), d(cGCGAg) ({), d(cGCAAg) (U), and
d(cGAAAg) (). Spectra were collected in P10E0.1 (pH 7.0) at 25oC and CT ≈ 10 µM.
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5'~~~GGATTTAATTATNNNNNNNATAATTG~~~
3'~~~CCTAAATTAATANNNNNNNTATTAAC~~~Biotin

1

Mse I
5'-TTAA-3'
3'-AATT-5'

-digest with Mse I
-purify over strepavidin, wash

5'-pTAATTATNNNNNNNATAATTG~~~
TAATANNNNNNNTATTAAC~~~Biotin

2

Divide in half and ligate to the two different linkers,
where pink and green depict different sequences:

5'-TTT------GGGAC
dd------CCCTGATp-5'

3

and

5'-TTT------GGGAC
dd------CCCTGATp-5'

Pool and wash beads

5'-TTT------GGGACTAATTATNNNNNNNATAATTG
dd------CCCTGATTAATANNNNNNNTATTAAC~~~Biotin
5'-TTT------GGGACTAATTATNNNNNNNATAATTG
dd------CCCTGATTAATANNNNNNNTATTAAC~~~Biotin

4

-digest with BSMF1
-polymerase fills in NNNN
(note dd on linker)

BSMF1
GGGAC(N)10
CCCTG(N)14

5'-TTT------GGGACTAATTATNNNNNNN
dd------CCCTGATTAATANNNNNNN
5'-TTT------GGGACTAATTATNNNNNNN
dd------CCCTGATTAATANNNNNNN

5

Blunt end ligate, PCR with (---- and ----) primers

5'-Biotin~~~TT------GGGACTAATTATNNNNNNNNNNNNNNATAATTAGTCCC------dd
dd------CCCTGATTAATANNNNNNNNNNNNNNTATTAATCAGGG------TTT~~~Biotin-5'

6

digest with TSP 5091
concatenate

5'-AATT-3'
3'-TTAA-5'

.......5'-AATTATNNNNNNNNNNNNNNATAATTATNNNNNNNNNNNNNNAT-3'.........
.......3'-TANNNNNNNNNNNNNNTATTAATANNNNNNNNNNNNNNTATTAA-5'........

7

single digest pUC 19 with EcoR1
CIP, PCR product has EcoR1 ends

Figure 2.9
Diagram of steps for modified SAGE technique. The details are given in
section 2.6.3.
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Chapter 3

Thermodynamic Coupling of the Loop and Stem in Unusually
Stable DNA Hairpins Closed by CG Base Pairs

[Published as a communication entitled "Thermodynamic Coupling of the Loop and Stem
in Unusually Stable DNA Hairpins Closed by CG Base Pairs" by Ellen M. Moody and
Philip C. Bevilacqua in Journal of the American Chemical Society, 125, 2003, 20322033.]

3.1

Abstract
For certain DNA hairpin loops, a CG closing base pair has enhanced stability over

other closing base pairs, which cannot be explained by a simple nearest-neighbor model.
We report the use of three-carbon spacers to investigate the expandability of DNA
hairpin loops and the coupling between the loop and closing base pair. Inserting the C3spacers at most positions in these model loops produced only a modest stabilization or
destabilization except for insertion between the 5' end of the loop and the CG closing
base pair, which gave a large destabilization. Further investigation on tetraloops and
triloops with other closing base pairs established that this destabilization is specific to the
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unusually stable CG closing base pair. Studies with the nucleotide analogs 2-aminopurine
and 2,6-diaminopurine indicated that this stabilization may be due to coupling between
functional groups on the first base of the loop and the CG closing base pair. The C3spacers provide a simple way to interrupt potential interactions and thereby probe
loop/stem coupling.

3.2

Introduction
Hairpins are common secondary structural elements in RNA and DNA. RNA

hairpins play roles in initiating folding and forming tertiary structure and protein binding
sites (1-3), and DNA hairpins are involved in regulating replication and transcription (4,
5). Earlier studies demonstrated a dependence of stability on hairpin loop and closing
base pair identity (6-8). In particular, for certain DNA hairpin loops a CG closing base
pair provides enhanced stability (9, 10). For example, changing the closing base pair
from CG to GC in the d(ggacGNABgtcc) hairpin results in a large destabilization with
∆∆Go37 = +1.9 kcal/mol and ∆TM ~-17 oC (10). Likewise, in d(cGNNAg) hairpins this
change gives a ∆∆Go37 of +2.0 kcal/mol and a ∆TM of ~-21oC (9, 10). For comparison, a
CG to GC change following an AT base pair is predicted to have a ∆∆Go37 of only 0.16
kcal/mol (11, 12). Note that these parameters are at 1M NaCl, and the parameters
reported here are at ~10 mM Na+ to minimize duplex formation; melting experiments for
representative d(GNNA) and d(GNAB) loop sequences at 1 M gave similar ∆∆Go37 and
∆TM values for CG to GC or AT closing base pair changes (Denkenberger, T. M. and
Bevliacqua, P. C., unpublished data). Thus, for these motifs, the thermodynamic
contribution of the CG closing base pair to hairpin stability cannot be explained by the
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current nearest-neighbor rules. Similar thermodynamic contributions of CG closing base
pairs have been observed for certain RNA hairpins as well (13, 14). The goal of the
present study is to probe the origin of the unusual stability of these hairpins.
We report the use of three-carbon (C3) spacers (Figure 3.1) to investigate the
expandability of DNA hairpin loops and possible coupling between the loop and closing
base pair. C3-spacers provide a simple way to interrupt potential interactions between
adjacent nucleotides and probe possible coupling in the molecule. C3-spacers provide the
backbone length of an additional nucleotide without the possible interactions of a base
(Figure 3.1). The model hairpins for these studies are d(cGCACg) and d(cGCAg) (10, 15,
16), which conform to the exceptionally stable d(cGNABg) and d(cGNAg) motifs, and
each contains a sheared GA base pair (Figure 3.2).

3.3

Materials and Methods
Oligonucleotides were from IDT and were deblocked and desalted by the

manufacturer. Oligonucleotides were dialyzed against P10E0.1 [10 mM sodium phosphate,
0.1 mM Na2EDTA], pH 7 for 3-4 h using a molecular weight cutoff of 1000.
Oligonucleotides containing DAP were synthesized by the Nucleic Acids Facility of the
Pennsylvania State University campus using reagents purchased from Glen research.
Thermodynamic parameters were determined by UV melting as described
(Section 1.4.5). Table of ∆Ho, ∆So, ∆Go37, and TM are shown in Table 3.1. In general,
the error in ∆∆Go37 < +0.3 kcal/mol, and the error in ∆TM , +1.5 oC.
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3.4

Results
Previously, the d(cGNABg) and d(cGNNAg) tetraloop hairpins were shown to be

expanded d(cGNAg) triloops (10). The extent of expandability of the loop was probed
here by first inserting C3-spacers throughout the triloop hairpin, d(cGCAg). Only modest
thermodynamic effects were observed at positions 2 through 4 of the loop (∆∆Go37 = 0.02 to -0.23 kcal/mol; ∆TM = -1.2 to +2.7 oC) (Figure 3.3A). However, insertion of a C3spacer between the closing base pair and nucleotide 1 of the loop (position 1) was
strongly destabilizing with ∆∆Go37 = +1.57 and ∆TM = -15.8 oC. These results show that
the triloop can be readily expanded at positions 2 and 3 to create a d(cGNNAg) loop, and
at position 4 to create a d(cGNABg) loop, but not at position 1.
Similar trends for expandability were found upon insertion of C3-spacers into the
tetraloop hairpin, d(cGCACg) (Figure 3.3B), with modest thermodynamic effects at
positions 2 through 5 of the loop (∆∆Go37 = -0.34 to +0.60 kcal/mol; ∆TM = -0.5 to
-7.9 oC), and a large destabilization at position 1 (∆∆Go37 = +1.61 kcal/mol; ∆TM = -15.4
o

C). The C3-spacers were somewhat destabilizing for positions 4 and 5 of the tetraloop,

whereas they were slightly stabilizing for positions 3 and 4 of the triloop. The difference
may be because of the more unfavorable entropy change for closure of a larger loop, and
relief of strain upon C3-spacer insertion into the triloop. To test loop expandability
further, two C3-spacers were added in tandem at the 3' end of the triloop. Addition of the
second C3-spacer was destabilizing by 1.38 kcal/mol (Figure 3.3A), likely due to
increased entropic cost for forming the loop. Consistent with this idea, the triloop with
the tandem C3-spacers, d(cGCA(C3)2g), was similar in stability to the tetraloop with the
single C3-spacer, d(cGCAC(C3)g), with a difference in ∆Go37 of 0.19 kcal/mol.
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The large destabilization for insertion of the C3-spacer at position 1 of both the
triloop and tetraloop hairpins strongly supports an interaction between the 5' end of the
loop and the CG closing base pair. To investigate this interaction, the closing base pair
was changed to the other Watson-Crick possibilities. Hairpins with the d(GCAC) loop
and AT, GC, and TA closing base pairs were less stable than d(cGCACg) by 2.38, 1.88
and 1.62 kcal/mol, respectively (Table 3.2). Nearest neighbor rules predict ∆∆Go37 values
for AT, GC and TA closing base pairs in this stem of only 0.44, 0.16, and 0.56 kcal/mol,
respectively. These data indicate that loop-closing base pair coupling is specific for a CG
closing base pair.
To investigate the loop-closing base pair coupling further, we repeated the C3spacer cycle in the GC closing base pair background (Figure 3.3C). In contrast to the
hairpin with a CG closing base pair, adding C3-spacers to the d(gGCACc) hairpin did not
lead to significant destabilization at any position (∆∆Go37 = +0.23 to -0.80 kcal/mol; ∆TM
= -2.7 to +6.0 oC). Similar results were observed for the triloop hairpin with a GC closing
base pair (∆∆Go37 = +0.22 to -0.31 kcal/mol; ∆TM = -1.8 to -9.5 oC), except that a C3spacer inserted at the 3' end of the triloop was stabilizing (Figure 3.3D). This stabilization
may be because absence of coupling does not allow a GC closing base pair to form for a
triloop. This stabilization is supported by ∆∆Go37 for a CG to GC change of
approximately +3.0 kcal/mol. Moreover, hairpins with C3-spacers inserted at positions 1
and 5 in d(tGCACa) and d(aGCACt) loops behaved similarly to hairpins with a GC
closing base pair (∆∆Go37 = +0.19 to +0.56; ∆TM = -0.9 to -7.2 oC) (Figure 3.3E, F).
Together, these results further support significant coupling of the loop and stem for a CG
closing base pair only. Interestingly, d(g(C3)GCACc) and d(c(C3)GCACg) have a
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∆∆Go37 of only 0.5 kcal/mol, as compared to 1.9 kcal/mol for the unmodified loops. The
difference of 0.5 kcal/mol is close to the difference of 0.16 predicted by a nearest
neighbor model (11, 12). This similarity suggests that the additional stability of the CG
closing base pair is due largely to its interaction with loop position 1.
Next, we changed the identity of the non-hydrogen bonded functional groups,
which might be free to participate in interactions with the closing base pair. The G of the
sheared GA base pair (Figure 3.2) was substituted with 2-aminopurine (2AP) or 2,6diaminopurine (DAP). 2AP eliminates the NH1 imino proton and 6-carbonyl group of G;
DAP eliminates the imino proton and has an amino group at position 6. Importantly,
these changes retain the potential for hydrogen bonds 1 and 2 of the sheared GA base pair
(Figure 3.2). Substitutions of 2AP and DAP for G of the d(cGCACg) loop were strongly
destabilizing with ∆∆G037 values of +0.92 and +1.13 kcal/mol, respectively (Table 3.2).
The same substitutions with a GC closing base pair were less destabilizing, with ∆∆G037
values of +0.64 and +0.79 kcal/mol. These results suggest that the imino proton and
carbonyl of the G at position 1 of the loop may help mediate the loop/CG closing base
pair interactions, depicted as '3' and '4' in Figure 3.2.

3.5

Discussion
The results herein support coupling between the CG closing base pair of the stem

and the 5' end of d(GNAB) and d(GNA) loops. C3-spacer results indicate that interaction
of the CG closing base pair with the G at the first position of the loop accounts for most
of the extra hairpin stability. The 2AP and DAP results suggest that the coupling is
mediated in part by the carbonyl and imino functional groups of the G of the loop. These
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functional groups do not participate in loop-loop base pairing, suggesting they may make
favorable vertical interactions with the CG closing base pair. Non-hydrogen bonded
functional groups have been implicated in mediating stacking interactions in other cases.
For example, vertical alignment of the carbonyl-4 of a uridine dangling end with the
amino group of an adjacent C was found to contribute ~0.5 kcal/mol to ∆Go37,stack (17).
Alternatively, partial pyramidalization of amino and ring nitrogens may allow for
hydrogen bonding between the loop and closing base pair (18). Further studies will be
needed to resolve these issues. Thermodynamic coupling of the loop and closing base
pair of a hairpin may diminish dynamic behavior and affect its ability to interact with
proteins and engage in tertiary structure formation.
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Table 3.1 Thermodynamic Parameters for C3 Effects on Hairpin Formation Measured by UV melting
o
Sequencea
∆Ho (kcal mol-1) ∆So (cal mol-1 K-1) ∆Go37 (kcal mol-1) TM ( C)
∆∆Go37 (kcal mol-1)
cGCAg
-33.0+1.3
-94.4+3.7
-3.69+0.12
76.1+0.7
cC3GCAg
-30.6+3.4
-91.7+10.6
-2.12+0.10
60.3+1.5
1.57+0.16
-31.3+2.0
-88.8+5.9
-3.71+0.18
78.8+1.1
-0.02+0.21
cGC3CAg
cGCC3Ag
-35.6+0.6
-103+2
-3.79+0.07
74.0+1.5
-0.10+0.13
-36.0+0.9
-104+3
-3.92+0.09
74.9+0.2
-0.23+0.15
cGCAC3g
-103+8
-2.55+0.08
61.8+1.1
1.13+0.14
cGCAC3 C3g -34.6+2.4

-15.8+1.6
2.7+1.3
-2.1+1.6
-1.2+0.7
-14.3+1.3

cGCACg
cC3GCACg
cGC3CACg
cGCC3ACg
cGCAC3Cg
cGCACC3g
C2APCACg
cDAPCACg

-33.0+1.0
-29.1+1.1
-37.5+3.4
-37.6+1.3
-32.7+5.5
-34.2+1.8
-31.3+1.0
-27.8+0.8

-97.0+3.0
-89.7+3.2
-110.+10.
-112+4
-106+2
-103+5
-94.6+3.7
-83.6+2.6

-2.96+0.10
-1.35+0.07
-3.30+0.24
-3.02+0.10
-2.39+0.07
-2.36+0.13
-2.04+0.04
-1.83+0.05

67.5+0.3
52.1+0.5
67.0+0.7
64.0+0.6
59.6+0.3
60.0+0.3
58.6+0.7
58.9+0.5

1.61+0.12
-0.34+0.26
-0.05+0.15
0.57+0.13
0.60+0.16
0.92+0.11
1.13+0.11

-15.4+0.6
-0.5+0.8
-3.5+0.7
-7.9+0.4
-7.5+0.4
-8.9+0.7
-8.6+0.6

gGCACc
gC3GCACc
gGC3CACc
gGCC3ACc
gGCAC3Cc
gGCACC3c
G2APCACc
gDAPCACc

-26.5+1.0
-24.1+0.5
-32.3+1.4
-29.6+0.5
-27.8+1.6
-30.5+3.3
-22.0+1.7
-15.3+3.2

-82.0+2.9
-75.1+1.7
-98.0+4.2
-91.0+1.6
-86.4+4.9
-95.2+10.7
-69.4+5.6
-48.4+10.0

-1.08+0.12
-0.85+0.11
-1.88+0.08
-1.43+0.04
-1.04+0.15
-0.99+0.04
-0.44+0.09
-0.29+0.11

50.2+1.4
48.3+1.7
56.2+0.5
52.7+0.5
49.0+1.4
47.6+1.4
43.5+1.6
43.0+2.3

0.23+0.16
-0.80+0.14
-0.34+0.12
0.05+0.19
0.09+0.13
0.64+0.15
0.79+0.16

-1.9+2.2
6.0+1.5
2.5+1.5
-1.2+2.0
-2.7+2.0
6.7+2.1
-7.2+2.6

∆TM (oC)
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gGCAc
gC3GCAc
gGC3CAc
gGCC3Ac
gGCAC3c

-14.4+2.4
-24.5+1.5
-17.9+2.1
-16.3+3.8
-31.5+1.3

-44.5+7.6
-75.8+4.9
-55.7+6.3
-51.6+11.5
-95.0+3.9

-0.63+0.38
-0.94+0.06
-0.62+0.19
-0.42+0.36
-2.01+0.09

51.3+8.9
49.5+1.5
48.1+3.0
41.8+4.3
58.2+0.81

-0.31+0.39
0.01+0.42
0.22+0.53
-1.38+0.39

-1.8+9.1
-3.2+9.4
-9.5+9.9
6.9+9.0

tGCACa
tC3GCACa
tGCACC3a

-28.8+0.6
-18.6+4.1
-30.7+1.2

-88.6+1.3
-57.2+3.5
-95.3+4.0

-1.34+0.22
-0.78+0.17
-1.15+0.17

52.1+2.3
51.3+4.9
48.9+2.2

0.56+0.28
0.19+0.28

-0.9+5.4
-3.2+3.1

aGCACt
-21.3+3.2
-66.8+10.5
-0.58+0.17
45.7+2.9
aC3GCACt
-24.2+1.0
-77.2+3.5
-0.30+0.08
40.9+1.2
0.28+0.19
-4.8+3.2
-19.9+1.3
-63.8+4.0
-0.10+0.14
38.5+2.6
0.49+0.22
-7.2+3.9
aGCACC3t
a
Changes relative to reference sequences are underlined. Solutions were P10E0.1 (pH 7.0). Parameters are the average of at
least three independently prepared samples between 1 and 60 µM CT, and errors are standard deviations. The TM was
constant between 1 and 60 µM CT. Experiments were carried out as described in the main paper. ∆∆Go37 values are
referenced to the entry at the top of each grouping. All sequences are DNA.
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Table 3.2 Thermodynamic Parameters for Non-C3 Effects on Hairpin Formation
Measured by UV Melting
Sequencea
cGCACg
gGCACc
tGCACa
aGCACt
C2APCACg
cDAPCACg

∆Go37 (kcal mol-1)
-2.96+0.10
-1.08+0.12
-1.34+0.22
-0.58+0.17
-2.04+0.04
-1.83+0.05

TM (oC)
67.5+0.3
50.2+1.4
52.1+2.3
45.7+2.9
58.6+0.7
58.9+0.5

gGCACc
g 2APCACc
g DAPCACc

-1.08+0.12
-0.44+0.09
-0.29+0.11

50.2+1.4
43.5+1.6
43.0+2.3

∆∆Go37 (kcal mol-1)b

∆TM (oC)

1.88+0.16
1.62+0.24
2.38+0.20
0.92+0.11
1.13+0.11

-17.3+1.4
-15.4+2.3
-21.8+2.9
-8.9+0.8
-8.6+0.6

0.64+0.15
0.79+0.16

-6.7+2.1
-7.2+2.7

76.1+0.7
-3.69+0.12
cGCAg
gGCAc
-0.63+0.38
51.3+8.9
3.06+0.40
-24.8+8.9
a
All sequences are DNA and the loop and closing base pair are given. The changes to the
sequence are underlined. The reference state for each set of changes is given in bold.
2AP is 2-aminopurine and DAP is 2,6-diaminopurine. b∆∆Go37 and ∆TM values are
referenced to the entry at the top of each grouping.
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Figure 3.1 C3-spacer (right) has the same framework as the backbone of a nucleotide
(left), but does not contain a sugar or base (B).
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Figure 3.2 Diagram of the sheared GA base pair of the loop showing the hydrogen
bonds, 1 and 2 (dashed lines), between the G and A. Also shown are two potential
interactions, 3 and 4 (dotted lines), from the major groove face of the G to the CG closing
base pair of the stem, which would lie below. Dashed lines are not used for interactions 3
and 4 since it is not known if they involve hydrogen bonds (see text).
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Figure 3.3 Tetraloops and triloops containing C3-spacers with ∆∆Go37 values relative to
unsubstituted loops. Numbering for substitution is denoted in panels A and B. Negative
∆∆Go37 values indicate stabilization and positive values indicate destabilization. Closing
base pairs are boxed. 'Tandem' indicates the ∆∆Go37 for insertion of two C3-spacers at
this position relative to one. All oligonucleotides are DNA.
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Chapter 4

Folding of a Stable DNA Motif Involves a Highly Cooperative
Network of Interactions

[Published as a paper entitled "Folding of a Stable DNA Motif Involves a Highly
Cooperative Network of Interactions" by Ellen M. Moody and Philip C. Bevilacqua in
Journal of the American Chemical Society, 125, 2003, 16285-16293.]

4.1

Abstract
The extent of cooperativity in folding is an significant aspect of the RNA folding

problem. We reasoned that an investigation into the origin of cooperativity might be best
carried out on a stable nucleic acid system with a limited number of interactions, such as
a stable DNA hairpin loop. The stable d(cGNAg) hairpin loop motif (closing base pair in
lower case; loop in upper case; N = A, C, G, or T) is stabilized through only three
interactions: two loop-loop hydrogen bonds in a sheared GA base pair and a loop-closing
base pair interaction. Herein we investigate this network of interactions and test whether
the loop-loop and loop-closing base pair interactions communicate. Thermodynamic
measurements of nucleotide analog substituted oligonucleotides were used to probe the
additivity of the interactions. On the basis of double mutant cycles, all interactions were
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found to be nonadditive and interdependent, suggesting that loop-loop and loop-closing
base pair interactions form in a highly cooperative manner. When double mutant cycles
were repeated in the absence of one of the interactions, nonadditivity was significantly
reduced suggesting that coupling is indirect and requires all three interactions in order to
be optimal. A cooperative network of interactions helps explain the structural and
energetic bases of stability in certain DNA hairpins and paves the way for similar studies
in more complex nucleic acid systems.

4.2

Introduction
Hairpins are common secondary structural elements in RNA and play important

roles in initiating RNA folding, forming tertiary structures, and interacting with proteins
(1, 2). Double-stranded DNA can transiently form cruciforms in which the individual
strands form hairpins (3). These structures have been implicated in telomere replication,
deletion mutations, and V(D)J recombination (4-6). In addition, DNA hairpins can play a
part in regulating replication and transcription (1, 7). The importance of DNA hairpins in
these biological processes is part of the motivation for studying their structures and
thermodynamics.
Research on the structure and stability of hairpins has concentrated mainly on
RNA, where they are most common. Stable RNA triloop and tetraloop hairpin sequences
have been reported (8-11), and numerous structures have been solved by NMR and X-ray
methods (12-16). There have also been a number of studies on the structure and stability
of DNA hairpin loops. As in RNA, the stability of DNA hairpins depends upon the base
composition of the loop as well as the closing base pair (17-20). The stability of the stem
can be accurately predicted using nearest-neighbor rules (21), and studies on model
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hairpins and combinatorial libraries are providing further rules for DNA loop stability (8,
20).
It has also been observed in both DNA and RNA that for certain hairpin loop
sequences a CG closing base pair provides much greater thermodynamic stability
(∆∆G°37 2–3 kcal/mol) than predicted by Watson-Crick base pairing alone (8, 10, 11, 20,
22, 23). Recent work in our lab demonstrated a large thermodynamic penalty for three
carbon spacer (C3) insertion between the 5’ end of a stable hairpin loop and a CG closing
base pair, with much smaller penalties for insertion throughout the rest of the loop or in
hairpins with other closing base pairs (24). These data support a stabilizing interaction
between the G at position one of the loop and the CG closing base pair. Although the
exact nature of the interaction has yet to be determined, the imino proton and carbonyl of
the first G of the loop appear to contribute to the effect (24). Importantly, this study
showed that even a simple secondary structure such as a DNA hairpin can be composed
of multiple types of interactions, loop-loop and loop-closing base pair, opening the
possibility for cooperativity in their formation.
We are interested in the RNA folding problem which involves the hierarchical
assembly of preformed secondary structures into a functional tertiary structure (2, 25).
An outstanding topic in RNA folding and catalysis is the contribution of cooperativity
and nonadditivity to the overall energetic picture of folding. Kraut and coworkers have
likened extensive nonadditivity in folding and catalysis to a house with poor structural
integrity, wherein removal of a single beam (= an interaction) leads to loss of the entire
structure (26). Using similar logic, we reasoned that a stable DNA hairpin loop, rather
than a stable RNA loop (see Chapter 6), might provide an ideal proving ground for such a
concept since it has fewer stabilizing interactions. In particular, the d(cGNAg) motif is
like the r(cGNRAg) motif, where 'R' is purine, in that both contain a sheared GA base
pair and a 2–3 kcal/mol bonus contribution of the closing base pair to ∆Go37 (24);
however, the r(cGNRAg) motif is further stabilized by four additional hydrogen bonds:
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1.) a G amino proton to the RpA phosphate, 2.) the G imino proton to the RpA phosphate,
3.) a bifurcated hydrogen bond from the G 2'-OH to the N7 and N6/O6 of the purine, and
4.) the amino proton of A to the G 2'-OH (13, 27). The fewer number of interactions in
the DNA loop might make each one essential to overall folding, thus allowing insight
into the fundamental issue of cooperativity in nucleic acid energetics and possible
demonstration of maximal nonadditivity.
Herein we investigate loop-loop and loop-closing base pair interactions in a stable
d(cGNAg) hairpin loop. Communication between the loop-loop and loop-closing base
pair interactions is investigated by probing the additivity of free energies in double and
triple mutant cycles. Results support a highly cooperativite system in which all loop-loop
and loop-closing base pair interactions are essential for stable folding.

4.3

Material and Methods

4.3.1

Preparation of DNA
Solid phase synthesized DNA was deblocked and desalted by the manufacturer

(IDT). Oligonucleotides were dialyzed against P10E0.1 [=10 mM sodium phosphate and
0.1 mM Na2EDTA, pH 7.0] for 3-4 h using a Gibco BRL microdialysis apparatus with a
flow rate of ~1L/h and a Spectra-Por membrane with a molecular weight cut-off of 1,000.
DNA oligonucleotides containing 7-deazaguanosine, 7-deazaadenosine and purine were
synthesized by either the Nucleic Acids Facility at Pennsylvania State University or the
HHMI-Keck Facility at Yale University using reagents from Glen Research. These
oligonucleotides were dialyzed or sep-packed before melting, and were stored in P10E0.1
at –20 oC. Electrospray ionization mass spectrometry was used to confirm the molecular
weights of oligonucleotides with modifications. For representative sequences, the DNA
was end-labeled by phosphorylation with [γ-32P] ATP and polynucleotide kinase (New
England Biolabs), and the purity was confirmed by observation of a single band by

112

denaturing PAGE (in 8.0 M urea at 50 oC); to prevent secondary structure on the gel, the
DNA was glyoxylated before electrophoresis (20, 28). All DNA had the general
sequence 5'-d(ggaXL1L2L3X'tcc), where X and X' are complementary nucleotides
forming the closing base pair and “L” indicates a loop nucleotide. Most oligonucleotides
have the same three beginning (5'gga) and ending (tcc3') nucleotides; in these cases, only
the loop and closing base pair are provided in the text.

4.3.2

UV Melting Experiments
UV absorbance melting profiles were obtained in P10E0.1 at 260 and 280 nm, using

a Gilford Response II spectrophotometer and a heating rate of 0.5 or 1 oC/min. Melts
were performed in 1, 5 or 10 mm pathlength cuvettes, at a minimum of three different
strand concentrations ranging from 1 to 70 µM. Melts were found to be independent of
strand concentration, consistent with the hairpin conformation (20). At the start of each
experiment, the hairpin was denatured by heating to 90 oC in melting buffer. Data for
forward and reverse melts were similar, consistent with reversibility of the melting
transition. Concentrations were calculated using absorbance values at 90 oC and
extinction coefficients from a nearest-neighbor analysis (29, 30). Data were the average
of three or more melts and errors are the standard deviations. Thermodynamic
parameters were obtained by non-linear least squares fitting to a two-state model with
sloping baselines using a set of parametric equations defined in Kaleidagraph v3.5
(Synergy software) (31).

4.3.3

Analysis of Double Mutant Cycles
The additivity of ∆Go37 values for double mutant cycles was analyzed similarly to

previously described (32-34). This approach can be illustrated using a thermodynamic
box in which the ∆G°37 values of the unmodified sequence (M00), two single mutants
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(M10 and M01), and the double mutant (M11) comprise the four corners of a box (see
Figure 4.4A as an example). (The subscripts on ‘M’ are placeholders for sites A and B,
respectively, with ‘0’ being the unmodified configuration and ‘1’ being the mutant
configuration.) Moving vertically from the bottom left-hand corner of the box gives the
free energy change associated with mutation A, ∆GA; moving horizontally from the
bottom left-hand corner gives the free energy change associated with mutation B, ∆GB;
and moving diagonally from the bottom left-hand corner of the box gives the effect of
both mutations, ∆GAB. (Note that these three values are simply ∆∆Go37s referenced to the
unmodified sequence.) The free energy change associated with mutation A in the
presence of B, B∆GA, and that associated with mutation B in the presence of A, A∆GB, are
given along the other two edges of the box. A coupling free energy term, δΑΒ, is defined
as the magnitude of the nonadditive effect between mutations A and B, such that B∆GA =
∆GA + δΑΒ, and was calculated according to the following equations,

δΑΒ = ∆Go37(M00) + ∆Go37(M11) – [∆Go37(M10) + ∆Go37(M01)]

(4.1a)

Nonadditivity is derived from the idea that if the two changes were additive, i.e. they did
not communicate, ∆GAB would be the sum of ∆GA and ∆GB. This concept is illustrated in
Figure 4.5. Equation 4.1a can be rearranged to give equation 4.1b which emphasizes the
possibility of non-additivity of individual mutation effects

δΑΒ = ∆GAB – (∆GA + ∆GB)

(4.1b)

A negative δΑΒ value occurs when the effect of a mutation is diminished in the
presence of another, and signifies positive coupling between the functional groups (33).
A positive value of δΑΒ, on the other hand, occurs when the effect of a mutation is
enhanced in the presence another, and signifies negative coupling. A δΑΒ value of 0
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supports the absence of coupling. A double mutant is considered ‘completely non–
additive’ if δΑΒ equals the smaller of –∆GA or –∆GB, which causes either B∆GA or A∆GB
to approach zero.
In a similar fashion, double mutant cycles were repeated in the presence of a third
mutation to test whether coupling was direct or indirect (32, 33). Two equations can be
defined for this case, with the following example in the presence of a mutational
configuration at site C.

C

δΑΒ = ∆Go37(M001) + ∆Go37(M111) – [∆Go37(M101) + ∆Go37(M011)]

(4.2a)

C

δΑΒ = C∆GAB – [C∆GA + C∆GB]

(4.2b)

As Di Cera points out, if the coupling between two sites, A and B, is direct, then
δΑΒ should equal CδΑΒ, otherwise the coupling requires one or more additional sites to be
established and is referred to as indirect (32, 33). Errors in δΑΒ values are calculated
from equation 4.1a rather than equation 4.1b to avoid over-counting.

4.4

Results

4.4.1

Thermodynamic Effects of Nucleotide Analog Substitutions
The thermodynamic consequence of functional group substitution in a sheared

GA base pair (Figure 4.1) were probed by examining the stability of a series of nucleotide
analogs in the d(cGNAg) triloop, whose NMR structure is known (35). The nucleotide
analogs used and representative UV melts are provided in Figures 4.2 and 4.3. When
substituted for G, 2-aminopurine (2AP) eliminates the NH1 imino proton and O6carbonyl group; 7-deazaguanosine (7dG) changes the 7-nitrogen to carbon; and inosine
(I) eliminates the 2-amino group (Figure 4.2A). When substituted for an adenosine, I has
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a carbonyl group at position 6 and an imino proton at position 1; 7-deazaadenosine
changes the 7-nitrogen to carbon; and purine eliminates the 6-amino group (Figure 4.2B).
In many cases it was possible to delete a functional group altogether instead of changing
it to another group in order to lessen the possibility of creating new, compensating
interactions, which is an important consideration for the nonadditivity studies (see
below).
Substitution of 7dG at position 1 of the loop, d(c7dGCAg), did not give a
significant thermodynamic penalty (∆∆Go37 = 0.06 kcal/mol) (Table 4.1), which is
consistent with the sheared GA pairing. For comparison, a G to 7dG substitution was
also made in a stem with a related loop, d(g7dgacGCACgtcc), and gave a similar
destabilization with a ∆∆Go37 of 0.34 kcal/mol. The effect of 7dG in the stem is similar
to effects reported for RNA duplexes, where ∆∆Go37 values of 0.14 to 0.36 kcal/mol were
observed.(36) These comparisons suggest that the small free energy penalty for 7dG
substitution in the loop is not significant. Substitution of the loop G with I, d(cICAg),
which eliminates the 2-amino group of G and thereby hydrogen bond 2, gave an expected
large energetic penalty with a ∆∆Go37 of 1.65 kcal/mol (Figure 4.3, Table 4.1).
Interaction 2 was also probed by eliminating the hydrogen bond acceptor, the N7 of A, by
substituting 7-deazaadenosine for the A at position 3 of the loop, d(cGC7dAg). This
nucleotide analog also had a large destabilizing effect with a ∆∆Go37 of 1.82 kcal/mol.
For comparison, substitution of 7dA for an A in a stem with a related loop,
d(gg7dacGCACgtcc), gave a much smaller destabilization with a ∆∆Go37 of 0.50
kcal/mol. Interaction 1 in the loop was probed by substitution of the A at position 3 with
I or Pur and was also destabilizing with a ∆∆Go37 of 1.35 and 0.96 kcal/mol, respectively.
Thus both interactions 1 and 2 are critical to stability of the loop.
The G at position 1 of the loop was further probed by substitution with 2AP,
which was found to be destabilizing with a ∆∆Go37 value of 0.79 kcal/mol. This
substitution eliminates the imino proton and carbonyl of the loop G suggesting that these
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two functionalities contribute to stacking interactions with the CG closing base pair (20).
Interestingly, the imino proton and carbonyl of the G of a sheared GA base pair are
known to contribute to folding stability in an RNA hairpin as well (37). In the RNA
hairpin study, a water-mediated hydrogen bond from the imino proton of the loop G to a
nearby phosphate was used to rationalize the 2AP substitution effect (37); however, there
is no such phosphate nearby in the DNA loop structure (35).

4.4.2

Investigating the Additivity of Loop-Loop Interactoins
The nucleotide analog modifications described above were consistent with the

sheared GA conformation (Figure 4.1). To test for cooperativity of the interactions
within the loop, double and triple mutants were constructed and analyzed. Double mutant
cycles are represented by thermodynamic boxes composed of the reference sequence, the
two single mutants, and the double mutant (Figure 4.4A). A term representing the
nonadditive effect, δΑΒ, was calculated according to equation 4.1a or 4.1b. A completely
additive set of mutations has a δΑΒ of 0, and a completely nonadditive set of mutations
has a δΑΒ = –∆GA = –∆GB = –∆GAB (see Section 4.3.3 for details).
The first double mutant examined was d(cIC7dAg), which tests the presence of
hydrogen bond 2 in the sheared GA (Figure 4.1). This double substitution had a
destabilizing effect of ∆∆Go37 = 1.70 kcal/mol (Table 4.2), similar to each of the single
modifications which had ∆∆Go37 values of 1.65 (I) and 1.82 (7dA) kcal/mol. These
values lead to complete nonadditivity with a δ of –1.8+0.2 kcal/mol (Figure 4.4B). The
complete nonadditivity of d(cIC7dAg) is expected since these changes are redundant in
that they affect the same hydrogen bond (Figure 4.1). In essence, once a hydrogen bond
is broken by deleting one of the participants, it cannot be ‘broken again’ by deleting the
other participant. The large magnitude of ∆∆Go37 values may reflect either the intrinsic
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value of the hydrogen bond in interaction 2 or, as supported by the data below, the loss of
additional, coupled interactions.
The double mutant d(cICIg) eliminates both hydrogen bonds 1 and 2 of the
sheared GA (Figure 4.1). This double modification gave one of the largest
destabilizations in this study, with a ∆∆Go37 of 2.08 kcal/mol (Table 4.1). (Substitution
of T for the A of the triloop, which also breaks both hydrogen bonds, gave a similarly
large destabilization of 2.05 kcal/mol (Table 4.1).) The single modifications were also
significantly destabilizing with ∆∆Go37 values of 1.65 (I1) and 1.35 (I2) kcal/mol,
respectively, giving a δ12 of –0.9+0.2 kcal/mol (Table 4.2). (The subscript ‘12’ on δ
refers to coupling between interactions 1 and 2.) The simplest interpretation of this
partial but still significant nonadditivity is that loss of one hydrogen bond significantly
weakens the other. More complicated scenarios are also possible. For instance, the
second hydrogen bond might not be weakened by the removing the first, but upon
removing the second hydrogen bond a new interaction might be created elsewhere,
perhaps by the new functional group. However, the next example, in which the hydrogen
bonds are removed without introducing new functional groups, suggests that this is not
the case.
The double mutant d(cICPurg) also eliminates both hydrogen bonds 1 and 2 in the
sheared GA (Figure 4.1); however, this double mutant eliminates the 6 amino group
without replacing it with a new functional group. The double mutant d(cICPurg) had a
large destabilization, with a ∆∆Go37 of 2.00 kcal/mol. The single modifications had
∆∆Go37 values of 1.65 (I) and 0.96 (Pur) kcal/mol, giving a δ12 of –0.6+0.2 kcal/mol
(Table 4.2). The d(cICPurg) double mutant had within experimental error essentially the
same thermodynamic penalty as d(cICIg), consistent with loss of one hydrogen bond
weakening the other. The slightly smaller δ12 value for d(cICPurg) may be attributed to
the smaller ∆∆Go37 value for the purine single substitution, which may have a smaller
desolvation penalty than inosine or somewhat different stacking interactions.
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In summary, these double mutations support deletion of hydrogen bond 1 of the
sheared GA pair weakening hydrogen bond 2, and vice versa. Loop-loop interactions can
therefore be considered to be somewhat nonadditive.

4.4.3

Coupling of Loop-Loop and Loop-Closing Base Pair Interactions
Recently, we probed the presence of loop-closing base pair interactions in

d(cGCAg) and d(cGCAGg) hairpin loops by using C3 spacers to interrupt potential
interactions with the closing base pair (24). Spacers were tolerated throughout the loop,
except between the closing base pair and position one of the loop. Notably, this effect
was absent with a GC closing base pair, which is less stable than a CG by 2–3 kcal/mol,
indicating that the loop-closing base pair interaction is specific to a CG closing base pair.
Studies using 2AP and DAP substitutions at position one of the loop suggested that the
imino proton and carbonyl of the loop G help mediate a portion of the interaction with the
CG base pair (interactions 3 and 4 in Figure 4.1) (24). The loop-closing base pair
interaction was therefore expected to be interrupted by either a C3 spacer insertion before
position 1 of the loop, or by a 2AP substitution at the first position of the loop. To test
this idea, an additional series of double mutants was investigated.
The double mutants d(c2AP C3CAg), d(c2APCC3Ag) and d(c2APCAC3g) gave
only modest destabilizations and small positive δ values of 0.2+0.3, 0.2+0.3, and 0.6+0.3,
consistent with additive effects (Table 4.2). These effects were as expected since the C3
spacer at these positions does not affect the closing base pair interaction (24). In contrast,
the d(cC3 2APCAg) mutant gave a negative δ value of –0.4+0.3 kcal/mol. The negative
sign on this δ is consistent with the C3 at the 5' end of the loop and the 2AP affecting the
same interaction; i.e. being somewhat redundant. However, 2AP does not appear to
eliminate loop-closing base pair interactions to the same extent as a C3 spacer. For
example, the ∆∆Go37 value for 2AP substitution of 0.79 kcal/mol is about half the value
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of 1.51 kcal/mol for C3 insertion before loop position one. In addition, 2AP and DAP
substitutions destabilize CG-closing base pair sequences only ≈0.3 kcal/mol more than
GC-closing base pair sequences (24). The small thermodynamic penalty upon 2AP
substitution for the first G of the loop may seem surprising, since one might expect
removal of the guanine carbonyl group to shield the protons on the amino group and
weaken interaction 2. Perhaps, other interactions compensate for any weakening of
interaction 2. These results suggest that a C3 spacer at the 5’ end of the loop provides the
best means of breaking loop-closing base pair interactions and was therefore used in
subsequent double mutant cycles.
Since the d(cGNAg) hairpin loop is characterized by loop-loop and loop-closing
base pair interactions, we wanted to test whether altering the loop-closing base pair
interaction might affect the strength of the loop-loop hydrogen bonds. To test this idea,
additional double mutant cycles were investigated. A set of double mutants involving A
to I substitutions at position 3 of the loop was investigated in the background of C3
spacers at different loop positions to determine the extent of additivity of interactions 1
and 3/4. For the d(cGC3CIg) and d(cGCI C3g) hairpin loops, the δ values were small at
0.5+0.3 and 0.2+0.2 kcal/mol, indicating that these modifications are nearly additive.
The double mutant d(cC3GCIg), on the other hand, gave a significant δ value of –0.9+0.2
kcal/mol (=δ13), suggesting that interruption of loop-closing base pair interaction via the
C3 spacers disrupts or significantly weakens loop-loop interaction 1. (The subscript ‘13’
on δ refers to coupling between interactions 1 and 3/4.) Curiously, the d(cGCC3 Ig)
double mutant had a positive δ value of +1.1+0.2 kcal/mol. This relatively large, positive
δ value was unexpected, but since it is positive it does not indicate the same type of
coupling seen in the rest of this study. A positive δ value indicates a synergestic effect,
in which a double mutant is less stable than the sum of the two single mutants. This may
be caused by the C3 spacer positioning the carbonyl group of inosine in an unfavorable
interaction.
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A 7dA in the triloop should disrupt hydrogen bond 2, and a C3 spacer at the 5'
end of the loop should disrupt interactions 3/4. Thus, this double mutant cycle was used
to probe coupling of loop-loop and loop-closing base pair interactions through loop-loop
hydrogen bond 2. The double modifications, d(cGC3C7dAg), d(cGCC3 7dAg), and
d(cGC7dA C3g) gave δ value of –0.2 + 0.3, +0.4 + 0.2, and –0.1 + 0.2, respectively
(Table 4.2). These values are close to zero, indicating that the C3 spacers at these
positions and the 7dA are roughly additive and therefore not communicating with each
other. In contrast, the d(cC3GC7dAg) double mutant gave a large negative δ of
–1.3 + 0.2 kcal/mol (=δ23). The large negative δ value strongly supports strong positive
coupling between interactions 2 and 3/4, and the notion that weakening of the loopclosing base pair interactions weakens loop-loop hydrogen bonding, and vice versa.
Overall, the d(cC3GCIg) and d(cC3GC7dAg) double mutant cycles support the existence
of a cooperative and highly coupled network of interactions for these stable hairpin loops.
Next, a series of double and triple mutant cycles were investigated to probe the
origin of the positive coupling. These cycles were carried out using I at position 3 of the
loop to test interaction 1, I at position 1 of the loop to test interaction 2, and C3 before
position 1 of the loop to test interactions 3/4. First, the coupling between interactions 2
and 3/4 was re-tested using the double mutant, d(cC3 ICAg). A large positive coupling
of δ23 = –1.3 + 0.2 kcal/mol was found (Table 4.2), in agreement with the double mutant
cycle using d(cC3GC7dAg). This result indicates that coupling between these
interactions is not specific to one set of mutants.
Next, the three δ values between interactions 1, 2, and 3 were calculated in the
presence of the other site being modified. A term representing the nonadditive effect
under these conditions, CδΑΒ, was calculated according to equation 4.2a or 4.2b. The
triple mutant cycle for d(cC3 ICIg) is given in Figure 4.6B, and the δ values are near the
bottom of Table 4.2. It can noted that CδΑΒ is defined on a face of the cube opposite that
for δAB (Figure 4.6A). Analysis of the mutants led to 1δ23, 2δ13, 3δ12 values of –0.6 + 0.1,
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–0.3 + 0.2, and –0.3 + 0.2, respectively. In all three cases, the nonadditivity was
significantly diminished relative to what was found in the presence of the other
interaction. This finding suggests that the coupling is not a result of direct interaction
between any of the two sites, and requires all three interactions in order to be optimal
(33).

4.5

Discussion
One of the goals of the RNA folding problem is to understand the

thermodynamics and kinetics of secondary and tertiary structure formation. The
energetics of structure formation can be complicated by cooperativity in folding, making
it impossible to understand contributions of interactions to stability by simple single
mutant analysis. A more complete understanding requires double and higher-order
mutational analyses in order to identify the presence of coupling and to understand its
origin (32-34). DNA, although less recognized in forming complex structures than RNA,
has important structural roles in nature, as pointed out in the introduction. More
importantly for this study, DNA provides a minimally stable system in which to examine
cooperativity in nucleic acid folding.

4.5.1

Coupling is Indirect and Increases with the Number of Interactions
The simplest source of nonadditivity from double mutant cycles is if both

modifications affect the same interaction, such as hydrogen bond 2 (Figure 4.1). This
redundant double mutant cycle led to complete nonadditivity and confirmed the identity
of hydrogen bond 2 (Table 4.2); however, it did not reveal any information about
coupling of the molecule. Of more fundamental interest is the nonadditivity of a double
mutant cycle that arises between different interactions. In this study, we report a network
of coupled interactions within the stable d(cGNAg) hairpin loop. By using double mutant
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cycles, hydrogen bonds 1 and 2 within the loop were shown to couple to each other as
well as to interactions 3/4 between the loop and closing base pair.
The coupling free energies for d(cC3 ICIg) in the presence of a third mutation,
C

δΑΒ , are –0.3 to –0.6 kcal/mol, which are substantially smaller than those in the

unmodified background, δΑΒ of –0.9 to –1.3 kcal/mol (Table 4.2). Although the negative
C

δAB values indicate that the simultaneous presence of any two interactions is worth more

than the sum of any single interactions, the positive cooperativity seen in δAB values is
about twice as large, indicating that the presence of all three interactions is worth
substantially more than any two interactions. Thus, in these small DNA hairpins,
cooperativity is positive and increases with the number of interactions. This has the
potential to provide both specificity and stability to folding. Specificity can be achieved
since the hairpin is not appreciably stable until all three interactions are simultaneously
present. This may result in DNA loops being stable with only a small subset of all
possible loop sequences, which is in agreement with the outcome of our selection
experiments on DNA tetraloops (20). Stability is also achieved through the strong
positive cooperativity in that the stability of the unsubstituted loop is substantially greater
than the free energy of loops in which only one interaction is removed.
The observation that coupling free energy depends on the configuration of a third
site indicates that the coupling between any two sites is indirect (32, 33). Simple cases
have been used to clearly illustrate the concept of direct coupling; for example,
electrostatic interactions between protonation sites on glutamic acid couple directly (33).
Apparently, the coupling in stable DNA hairpins cannot be written down as a simple
summation of pairwise couplings between the three interactions. The free energy penalty
for deleting any of the three interactions first is similar (Figure 4.6B, blue), suggesting
that this large, indirect coupling is almost completely dependent on all three interactions
being present at once.
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4.5.2

Indirect Coupling: Considerations of Enthalpy-Entropy Compensation and
Stacking Interactions
As discussed in the previous section, the positive coupling requires all three

interactions to be optimal. It is worth considering the origin of such coupling. One
possibility is that enthalpy-entropy compensation, in freezing out translation, rotational
and vibrational motions of the loop, prevents this entropic ‘price’ from having to be paid
each time a new interaction is made. Moving from M111 to M000 in Figure 4.6B provides
a useful way of viewing how the energetics of the DNA hairpin are distributed as the
interactions are ‘built-up’. In particular, as one proceeds from the triply-substituted
sequence, M111, to any of the doubly-substituted sequences, almost no change in free
energy is found (Figure 4.6B, red). This suggests that in the triply-substituted DNA
loops there are not enough other interactions to stabilize addition of the first of the three
interactions. However, as one proceeds from any of the doubly-substituted sequences to
the singly-substituted sequences, free energy changes of –0.25 to –0.7 kcal/mol are found
(Figure 4.6B, green). Thus, the presence of one interaction, while not stable itself,
apparently allows a second interaction (and the first) to form. A simple explanation for
these differences in free energy increments is that the entropy loss required for formation
of only one interaction is too great to allow it to form, but that it is compensated for by
the formation of the second interaction.
As one proceeds from any of the singly-substituted sequences to the unsubstituted
sequence, exceptionally large free energy changes of 1.35 to 1.65 kcal/mol are found
(Figure 4.6B, blue). Our initial expectation was that this large effect might be due entirely
to increasing bonuses from enthalpy-entropy compensation of hydrogen bond formation.
However, we do not favor this model, in part based upon considerations of other studies.
In the case of the exceptionally stable RNA hairpin loop sequence, r(cGCAAg), deletion
of single functional groups was worth only 0.3 to 0.5 kcal/mol in ∆G°37. (The latter
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comes from dividing ∆∆Go37 for each deletion by the number of hydrogen bonds, and
excludes 2AP data since source of this free energy is uncertain(37).) If enthalpy-entropy
compensation of hydrogen bonding was the sole basis for the 1.35 to 1.65 kcal/mol
effects seen in DNA, then deleting a functional group from a ‘rigid’ loop such as in RNA
where more interactions are present should have led to equally large or even larger
penalties. In addition, coupling free energies for double mutant cycles of G+1 and U42 in
the hairpin ribozyme were found to be worth only –0.24 to –0.62 kcal/mol, despite these
nucleotides being involved in more interactions (five each) than the G in the DNA loops
(34). If enthalpy-entropy compensation in hydrogen bond formation dominated, then
deleting interactions in this more rigid system should have led to even greater coupling
than found in DNA. (Of course, increasingly complex scenarios are also possible
wherein addition of hydrogen bonds leads to weakening of otherwise optimized
interactions and therefore negative cooperativity; however, the magnitudes of such
negatively cooperative interactions would have to be on the order of +1 kcal/mol to
reverse the effects found in the DNA hairpins.) Apparently, the energetics of hydrogen
bonds are limited to modest values (see section 4.5.3).
If the large coupling seen in DNA is not consistent with enthalpy-entropy
compensation of hydrogen bond formation, then what is its origin? Since the coupling is
indirect and involves all three interactions being present simultaneously, it is possible that
some type of stable stacking interaction is responsible, which might also involve
enthalpy-entropy compensation as is typical for stacking. The presence of a special
stacking bonus is supported by the large free energy penalties found for insertion of a C3
spacer before a CG closing base pair (24). In addition, the large magnitude of the
coupling free energy, –0.9 to –1.3 kcal/mol, is consistent with values for stacking of
dangling ends in DNA and RNA (38-40). This suggests that the stacking interaction may
involve optimal positioning of induced or permanent dipoles in the hairpin.
Alternatively, cooperativity may arise in part because modification of one functional
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group may affect an unmodified functional group via conjugation in the nucleobase,
which might diminish hydrogen bonding, stacking, and propeller twisting (41). Further
studies will be necessary to test these possibilities.

4.5.3

What is a Hydrogen Bond Worth?
An interesting debate has taken place in the literature over the energetic

contribution of a hydrogen bond. Deletion of functional groups from GC base pairs in
RNA duplexes by replacement with IC base pairs has led to estimates of –1.6 to –0.7
kcal/mol for a hydrogen bond (42). Similarly large values (–2.2 to –1.4 kcal/mol) have
been reported for removing hydrogen bonding groups from self-splicing RNAs (43).
On the other hand, substantially smaller values have been reported elsewhere for
the energetic contribution of a hydrogen bond. For example, hydrogen bonds in a
r(cGCAAg) tetraloop in RNA were analyzed by functional group substitution and found
to be worth only –0.3 to –0.5 kcal/mol in ∆Go37 (37). Likewise, individual hydrogen
bonds involved in tertiary structure of the Tetrahymena Group I intron P4-P6 domain
were found to be worth only –0.4 to –0.5 kcal/mol each in a ribose zipper (44).
The differences among these various findings may be explained most readily by a
correction for cooperativity in the hydrogen bond formation. Deleting a single hydrogen
bond participant in the unsubstituted DNA loops studied here not only deletes that
particular hydrogen bond, but also weakens other interactions. A more accurate
quantitation of the energetics of a hydrogen bond may be one-half the increment for
d(cC3 ICIg) to d(cC3 GCAg), which adds two hydrogen bonds in the absence of loopclosing base pair coupling. This analysis results in a modest value for a hydrogen bond
of 0.25 kcal/mol (Figure 4.6B). This estimate for a hydrogen bond in the absence of
cooperativity is in good agreement with those from the studies on stable RNA hairpins
and tertiary structure mentioned above (37, 44); in the latter case, the authors also showed
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that deletion of multiple hydrogen bonds was additive (see below). This energetic value
for hydrogen bonding in the absence of cooperativity also agrees with values from Rebek,
Kool and co-workers (45, 46).
Previous studies on RNA systems have demonstrated both additive and
nonadditive interactions. Silverman and Cech investigated hydrogen bonds involved in
tertiary interactions in the 160 nucleotide P4-P6 domain of the Tetrahymena group I
intron and found that the modest contributions of tertiary hydrogen bonds were
approximately additive, reflecting little or no cooperativity (44). In this case, the
formation of tertiary structure from large secondary structures was studied, and the
hydrogen bonds were spread out over several nucleotides. The study by Klostermeier
and Millar on the hairpin ribozyme (34) did reveal positive coupling, however it was
substantially more modest than that found here for DNA hairpin loops. In the case of the
hairpin ribozyme, the interactions mediated by the G+1 and U42 nucleotides were also
spread out, being over five interactions per nucleotide.
It appears that the greater cooperativity in the stable DNA hairpin loops arises
since one functional group cannot be deleted without severely weakening the other
interactions. This may be because stable DNA loops have fewer interactions than the
RNA motifs described above. Similar to the analogy of Kraut et al. on a poorly built
house (26), deletion of a single interaction in a DNA loop may be like removal of one leg
of a three-legged stool. Although each interaction ‘supports’ one-third of the load when
the stool is intact, deletion of any one leg results in the entire load being lost and the
structure of the stool changing. This appears to not be the case for deletion of hydrogen
bonds in more rigid backgrounds. The present study demonstrates that for minimally
stable systems, the nonadditivity formalism commonly used to assess cooperativity in
nucleic acid folding can lead to very large nonadditive effects. This complements the
studies on RNA tertiary structures with a greater number of interactions. It will be
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interesting to see whether exceptionally stable RNA hairpin loops, which have a greater
number of interactions than DNA loops, also exhibit cooperativity in their energetics.
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Table 4.1 Thermodynamic Parameters for Folding of Single, Double, and Triple
Mutants in the d(cGCAg) Hairpina
Stem
TM
∆Hoc
∆Soc
∆Go37c,d
∆GAc,d,e
b
-1
-1 -1
-1
o
(kcal mol-1)
modifications (kcal mol )
(cal mol K ) (kcal mol ) ( C)
–99.6+2.2
–2.97+0.09 67.0+1.6 -----–33.9+0.6
GCAC
Stem 7dg
Stem 7da

–31.1+1.5
–29.9+0.9

Loopf Modifications
–31.7+1.4
GCA

–91.8+4.5
–88.5+2.7

–2.63+0.13
–2.47+0.07

65.6+0.7 0.34+0.17
64.9+0.4 0.50+0.14

–90.7+4.1

–3.60+0.14

76.8+0.5 ------

ICA
2APCA
7dGCA

–28.8+1.3
–32.6+1.6
–27.0+3.3

–86.6+4.0
–95.9+4.7
–75.6+9.6

–1.95+0.05
–2.81+0.15
–3.55+0.32

59.6+0.9 1.65+0.15
66.3+0.8 0.79+0.20
84.4+3.3 0.06+0.35

GCT
GC7dA
GCI
GCPur

–26.6+1.1
–26.5+2.6
–28.8+0.9
–30.0+1.8

–80.4+3.2
–79.7+7.9
–85.5+2.9
–88.1+5.4

–1.56+0.08
–1.78+0.13
–2.25+0.11
–2.64+0.09

56.4+1.0
59.4+0.9
63.3+1.3
67.1+1.3

ICI
ICPur
IC7dA

–26.2+0.6
–26.7+2.9
–26.7+1.4

–79.4+1.8
–80.8+8.9
–79.9+4.2

–1.53+0.05
–1.60+0.14
–1.91+0.15

56.3+0.9 2.08+0.15
56.9+1.1 2.00+0.20
60.8+1.1 1.70+0.20

C3 2APCA
2AP C3CA
2APCC3A
2APCAC3

–26.8+2.5
–31.5+2.2
–32.4+2.1
–28.5+2.8

–81.0+7.8
–92.7+7.7
–95.4+6.6
–83.8+8.5

–1.65+0.08
–2.77+0.19
–2.84+0.06
–2.47+0.17

57.6+1.7
69.1+1.3
66.9+1.8
66.5+1.1

1.95+0.16
0.83+0.23
0.76+0.15
1.13+0.22

C3GCI
GC3CI
GCC3 I
GCI C3

–29.2+0.8
–30.1+1.2
–29.4+2.7
–31.9+1.5

–88.7+2.6
–90.8+3.7
–90.5+8.7
–95.7+4.6

–1.67+0.05
–1.89+0.06
–1.29+0.07
–2.24+0.10

55.8+0.9
57.9+0.8
51.4+1.4
60.4+1.2

1.93+0.16
1.71+0.15
2.31+0.15
1.36+0.17

C3GC7dA
GC3C7dA
GCC3 7dA
GC7dA C3

–27.4+1.6
–27.6+2.1
–26.9+2.9
–27.8+1.0

–83.2+5.2
–82.3+6.7
–81.8+9.2
–82.7+3.0

–1.60+0.02
–2.09+0.07
–1.54+0.13
–2.11+0.12

62.5+0.5
62.5+1.7
56.0+1.8
62.5+0.5

2.00+0.14
1.51+0.16
2.06+0.19
1.49+0.18

2.05+0.16
1.82+0.19
1.35+0.17
0.96+0.16
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C3 ICA

–29.6+3.8

–90.+12

–1.70+0.15

56.0+1.7 1.90+0.21

C3 ICI
–27.2+2.2
–82.7+6.9
–1.59+0.06 56.3+1.5 2.01+0.15
All sequences are DNA and are for loops that have a CG closing base pair. These
hairpin loops conform to the d(cGNAg) motif (20, 47) bSequence in bold type is the
reference for the sequences below. Changes from reference sequence are underlined.
Sequences are listed in order of position then most penalizing change. ‘Stem 7dg’ and
‘Stem 7da’ refer to sequences in which a substitution was made at positions 2 and 3 of
the stem, respectively. Double and triple mutants follow single mutants. cErrors are the
standard deviations from three or more measurements and were propagated by standard
methods. dAn extra significant figure is provided to avoid round-off error in subsequent
calculations. e∆GA is the free energy change associated with mutation A, and is calculated
as ∆∆G°37 for mutation A referenced to the unmodified sequence. fThermodynamic
parameters for the unmodified d(cGCAg) and d(cGCACg) entries are from a previous
study (20).
a
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Table 4.2 Free Energy Parameters and δ Values for Double Mutant Cycles in the d(cGCAg) Hairpina
Interaction ∆GAc
Probedb
(kcal/mol)

∆GBd
(kcal/mol)

∆GABe
(kcal/mol)

∆GAB(if additive)f
(kcal/mol)

1.65+0.15

1.82+0.19

1.70+0.20

3.47+0.24

δg
Red.

IC7dA

δ
(kcal/mol)
–1.8+0.2

ICI

2, 1

1.65+0.15

1.35+0.17

2.08+0.15

3.00+0.23

δ12

–0.9+0.2

ICPur

2, 1

1.65+0.15

0.96+0.16

2.00+0.20

2.61+0.22

δ12

–0.6+0.2

C3 2APCA
2AP C3CA
2APCC3A
2APCAC3

3, 3

1.51+0.16
–0.11+0.23
–0.18+0.15
–0.21+0.17

0.79+0.20
0.79+0.20
0.79+0.20
0.79+0.20

1.95+0.16
0.83+0.23
0.76+0.15
1.13+0.22

2.30+0.26
0.68+0.30
0.61+0.25
0.58+0.26

N.I.
N.I.
N.I.

–0.4+0.3
0.2+0.3
0.2+0.3
0.6+0.3

C3GCI
GC3CI
GCC3 I
GCI C3

3, 1

1.51+0.16
–0.11+0.23
–0.18+0.15
–0.21+0.17

1.35+0.17
1.35+0.17
1.35+0.17
1.35+0.17

1.93+0.16
1.71+0.15
2.31+0.15
1.36+0.17

2.86+0.23
1.24+0.29
1.17+0.23
1.14+0.24

δ13
N.I.
N.I.
N.I.

–0.9+0.2
0.5+0.3
1.1+0.2
0.2+0.2

C3GC7dA
GC3C7dA
GCC3 7dA
GC7dA C3

3, 2

1.51+0.16
–0.11+0.23
–0.18+0.15
–0.21+0.17

1.82+0.19
1.82+0.19
1.82+0.19
1.82+0.19

2.00+0.14
1.51+0.16
2.06+0.19
1.49+0.18

3.33+0.25
1.71+0.30
1.64+0.24
1.61+0.25

δ23
N.I.
N.I.
N.I.

–1.3+0.2
–0.2+0.3
0.4+0.2
–0.1+0.2

C3 ICA

3, 2

1.51+0.16

1.65+0.15

1.90+0.21

3.16+0.22

δ23

–1.3+0.2
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C3 ICI
C3 ICI
C3 ICI

Interaction C∆GAh
Probedb,h
(kcal/mol)

C

∆GBh
(kcal/mol)

C

∆GABh
(kcal/mol)

C

1

0.72+0.12
0.42+0.07
0.42+0.10

0.66+0.13
0.36+0.08
0.50+0.10

1.3+0.17
0.67+0.17
0.81+0.20

3, 2
3, 1
3
2, 1
2

0.58+0.12
0.25+0.16
0.39+0.17

∆GAB(if additive)h
(kcal/mol)

δ
1
δ23
2
δ13
3
δ12
h

δ
(kcal/mol
–0.6+0.1
–0.3+0.2
–0.3+0.2

a

All sequences are DNA and are for loops that have a CG closing base pair. b’Interaction Probed’ refers to the
interactions shown in Figure 4.1 for the sheared GA conformation. Interactions 3 and 4 are represented by the
number 3 for simplification because both interactions change simultaneously upon substitution. c∆GA values
are the free energy changes associated with the single modification that breaks the first of the ‘interactions
probed’ listed, and are calculated as ∆∆G°37 for mutation A referenced to the unmodified sequence. Values
for this column and column 4 and 5 are from Table 4.1, except the C3 spacer values, which were determined
in a previous study (24). d∆GB values are the free energy changes associated with the single modification that
breaks the second of the 'interactions probed' listed. e∆GAB values are the free energy changes associated with
both modifications in a single oligonucleotide. fValues are the sum of ∆GA and ∆GB. gδ values were calculated
from the difference between column 5, which is the actual free energy associated with the double mutant, and
column 6, which is the expected free energy change in the single mutants were additive. δ. hSuperscript ‘c’
refers to quantities measured in the background of a third change.
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Figure 4.1 Thermodynamic consequences of single functional group changes in
d(cGCAg) hairpins. Values are ∆∆Go37 values for substitutions with purine derivatives
(Table 4.1); the functional group substitutions are also provided. Certain substitutions
with pyrimidines were also performed (Table 4.1). Hydrogen bonds 1 and 2 (dashed
lines) are shown, as are two stacking interactions, 3 and 4 (dotted lines), from the G to the
CG closing base pair of the stem, which lies below based on the structure of d(cGCAg)
(35). Dashed lines are not used for interactions 3 and 4 because it is not known if they
involve hydrogen bonds (24).
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Figure 4.2 Nucleotide analogs used in this study. (A) Guanosine and analogs used to
replace it, and (B) adenosine and analogs used to replace it. Boxes represent areas of
change between the natural base and the analog.
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d(cICIg)
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Figure 4.3 Representative UV melting curves. d(cGCAg) (z) was the reference
sequences used in these studies. d(cICAg) () was destabilized, with a ∆∆Go37 of 1.65
kcal/mol and ∆TM of –17.2 oC. d(cICIg) (S)was only slightly more destabilized with a
∆∆Go37 of 2.07 kcal/mol and ∆TM of –20.5 oC. Absorbance values were normalized by
dividing each trace by its maximum absorbance value.
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A
M10
∆GA
M00

A∆G

B(=∆GB

+ δAB)

M11
B∆G (=∆G
A
A

∆G AB

∆GB

+ δAB)

M01

B
–0.13 (=1.65 – 1.78)
GC7dA (–1.78)
IC7dA (–1.91)
1.82
GCA (–3.60)

1.70

1.65

0.04 (=1.82 – 1.78)
ICA (–1.95)

Figure 4.4 Thermodynamic boxes for a redundant double mutant cycle. (A) Cycle
showing thermodynamic relationship between mutants A and B. M00 is the unmodified
sequence, M10 is the single mutant A that affects the hydrogen bond acceptor for
interaction 2, M01 is the single mutant B that affects the hydrogen bond donor for
interaction 2, and M11 is the double mutant. As an example, ∆GA is the free energy
change associated with mutation A, and is calculated as ∆∆G°37 for mutation A
referenced to the unmodified sequence. B∆GA is the free energy change for mutation A in
the background of mutation B. δΑΒ (in red) represents the nonadditive free energy of
combining the two mutations. δΑΒ was calculated according to equation 4.1b. Note also
that B∆GA = ∆GA + δΑΒ. (B) Free energy values at 37 oC for the redundant double mutant
d(cIC7dAg). Experimentally measured ∆Go37 values are at the corners of the box (Table
4.1). δΑΒ (red) for this cycle is maximal at –1.8+0.2 kcal/mol (Table 4.2).
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M11
M10

δAB< 0
A

∆GB

B

∆GA

∆G
∆GA

∆GB

M01
∆GAB

∆GA +∆GB

M00

Figure 4.5 Free energy diagram for a system with 2 interactions. M00 is the unmodified
sequence, M10 is the single mutant A that one interaction, M01 is the single mutant B that
affects the other interaction, and M11 is the double mutant. As an example, ∆GA is the
free energy change associated with mutation A, and is calculated as ∆∆G°37 for mutation
A referenced to the unmodified sequence. B∆GA is the free energy change for mutation A
in the background of mutation B. δΑΒ represents the nonadditive free energy of
combining the two mutations. Values in black were experimentally determined, while
values in red were derived from the model in Figure 4.4a.
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Figure 4.6 Thermodynamic cubes for triple mutant cycle. (A) Cycle showing
thermodynamic relationship between mutants A, B, and C. M000 is the unmodified
sequence, M100 is the mutation to hydrogen bond 1, M010 is the mutation to hydrogen
bond 2, and M001 is the mutation that affects interaction 3/4 (See Figure 4.1 for details.)
Formulas along the edges give free energy changes in terms of the nonadditivity free
energies. δ values were calculated according to equations 4.1b and 4.2b, and are given in
Table 4.2. Notation is further explained in the caption to Figure 4.4.
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Figure 4.6 (cont) (B) Example for the triple mutant d(cC3 ICIg). Experimentally
measured ∆Go37 values are at the vertices of the cube (Table 4.1), and the free energy
change associated with a mutation is given along an edge. Changes in free energy in
going from the unmodified to a single mutant are given in blue; changes in going from a
single to a double mutant are given in green, and changes in going from a double to the
triple mutant are given in red. δ values are provided in Table 4.2.
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Chapter 5

Structural and Energetic Consequences of Expanding a Highly
Cooperative Stable DNA Hairpin Loop
[Published as a paper entitled "Structural and Energetic Consequences of Expanding a
Highly Cooperative Stable DNA Hairpin Loop" by Ellen M. Moody and Philip C.
Bevilacqua in Journal of the American Chemical Society, in press.]

5.1

Abstract
Many hairpin loops are expanded versions of smaller, stable ones. Herein we

investigate the extent to which the energetics and structure of d(cGNAg) hairpin loops
will tolerate sequence variation. Changing the closing base pair from CG to GC was
found to completely eliminate loop–loop interactions; in contrast, expanding the loop at
the 3’–end resulted in similar energetics and nonadditivity parameters as the parent loop
suggesting that loop–loop interactions remain intact and highly coupled upon expansion.
Together, these data suggest that the CG closing base pair forms an essential platform
upon which a stable d(GNA) hairpin loop can fold, and that this loop can undergo 3’–
expansion with little effect to its structure or energetics.

144

5.2

Introduction
Hairpins are the most common secondary structural elements in RNA, playing

important roles in folding and interactions with proteins (1, 2). Double-stranded DNA
can form hairpins, for example in cruciforms (3). Biological roles of these structures
have been described and include regulating replication and transcription (1, 4-7).
Stable RNA triloop and tetraloop hairpin sequences have been reported (8-11) and
many three-dimensional structures are available (12-16). As in RNA, the stability of
DNA hairpins depends on both the sequence of the loop and the closing base pair (8, 1721). Previously, we carried out experiments directed towards identifying unusually stable
DNA hairpin loops using combinatorial selections and temperature gradient gel
electrophoresis (TGGE) (21). One of the motifs identified was d(cGNABg) (where the
closing base pair is in lower case, ‘N’ is A, C, G, or T, and ‘B’ is C, G, or T) and this
motif appears to have biological relevance (22). The d(cGNABg) motif is thought to be
an expansion of the stable triloop motif, d(cGNAg), which contains a sheared GA base
pair (23, 24). Indeed, studies on the d(cGNABg) motif revealed a large destabilization
when the first and third positions of the loop were changed (21).
It has also been observed in both DNA and RNA that for certain hairpin loop
sequences a CG closing base pair provides much greater thermodynamic stability
(∆∆Go37 = 2–3 kcal/mol) than expected from standard Watson–Crick base pairing alone
(8, 10, 11, 19, 21). A large thermodynamic penalty is incurred for three carbon spacer
(C3) insertion before the 5’–end of both d(cGCAg) and d(cGCACg) hairpin loops, with
much smaller penalties for insertion throughout the rest of the loop or in hairpins with
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other closing base pairs (24). These data support a stabilizing interaction between G1 of
the loop and the CG closing base pair as part of the basis for stability.
Recently, the cooperativity of d(cGCAg) loop folding was investigated by the use
of double mutant cycles, and all interactions were found to be nonadditive and
interdependent. These findings were consistent with loop–loop and loop–closing base
pair interactions forming in a highly cooperative manner (25). When the double mutant
cycles were repeated in the absence of the other interaction, nonaddivity was significantly
reduced (25), consistent with indirect coupling and a concerted folding of the loop (26).
Since many DNA and RNA loops appear to be expansions of stable tri– and tetraloops
(21, 27, 28), an important question is whether expansion of the loop affects the energetics
and cooperativity of folding. Herein the nature of loop–loop and loop–closing base pair
interactions in the 3’–expanded d(cGNABg) loops are probed by examining the stability
and NMR spectra of nucleotide analog substituted oligonucleotides. We find that 3’–
expanded loops, like their parent loops, fold in a highly cooperative manner.

5.3

Materials and Methods

5.3.1

Preparation of DNA
Synthesis, deblocking, desalting and dialysis were as described (25). DNA

oligonucleotides were either from IDT, the Nucleic Acids Facility at the Pennsylvania
State University, or the HHMI–Keck Facility at Yale University using reagents from
Glen Research. Electrospray ionization mass spectrometry and gel electrophoresis was
used to confirm the molecular weight and sizes of representative oligonucleotides. All
DNA had the general sequence 5’–d(ggaXL1L2L3L4X’tcc), where X and X’ are
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complementary nucleotides forming the closing base pair and ‘L’ indicates a loop
nucleotide. Since all oligonucleotides have the same three beginning (5’gga) and ending
(tcc3’) nucleotides, only the loop and closing base pair are provided in the text.

5.3.2

UV Melting Experiments
UV absorbance melting profiles were obtained in P10E0.1 [10 mM sodium

phosphate and 0.1 mM Na2EDTA (pH 7.0)] at 260 and 280 nm and analyzed using twostate, nonlinear least-squares fitting with Kaleidagraph v3.5 (Synergy Software) as
described (21, 29). The equations used in the fit assumed linear baselines and
temperature-independent enthalpy and entropy. Direct outputs from the fits were ∆Ho
and TM, from which ∆So and ∆Go could be calculated using standard thermodynamic
relationships. Melts were found to be largely independent of strand concentration,
consistent with the hairpin conformation. The only exception was d(cGCICg), which has
a self-complementary loop; in this case the parameters differ between 14 to 75 µM, but
were similar between 4 and 14 µM. Therefore the lowest strand concentration for which
acceptable data could be obtained (4 µM) was used.

5.3.3

NMR Spectroscopy
DNA oligonucleotides for NMR spectroscopy were synthesized, deblocked and

desalted by the manufacturer (IDT). Oligonucleotides were dialyzed as described (11).
DNA concentrations ranged from 240 to 570 µM, and the DNA was renatured prior to
the start of each experiment by heating to 90 oC for 3 minutes and cooling on bench top
for 10 minutes. NMR data were collected on Bruker AMX2–500 and DRX–400
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spectrometers using a 5 mm broadband probe, and on a DRX–600 spectrometer using a
fixed–frequency triple–resonance (1H, 13C, and 15N) probe as described (11).

5.3.4

Analysis of Double Mutant Cycles
The additivity of ∆Go37 values for double mutant cycles was analyzed sas

previously described (25, 26, 30, 31), with the wild–type (M00), two single mutants (M10
and M01), and the double mutant (M11) comprising the corners of a box (see Figure 5.5A
as an example). The free energy changes associated with mutations A and B are ∆GA and
∆GB, respectively, and the change associated with both mutations is ∆GAB. The free
energy change associated with mutation A in the presence of B is B∆GA, and that
associated with mutation B in the presence of A is A∆GB; these quantities are given along
the other two edges of the box. The magnitude of the nonadditive effect between
mutations A and B, δAB, is a coupling free energy given by
δΑΒ = ∆Go37(M00) + ∆Go37(M11) – [∆Go37(M10) + ∆Go37(M01)]

(5.1a)

δΑΒ = ∆GAB – [∆GA + ∆GB]

(5.1b)

A negative value for δΑΒ reflects that the deletion of the first interaction weakening the
second interaction, and signifies positive coupling between the functional groups (26). A
positive value for δΑΒ, on the other hand, reflects that the deletion of the first interaction
strengthens the second interaction, and signifies negative coupling. A δΑΒ of 0 supports
no coupling. A double mutant is considered ‘completely non–additive’ if δΑΒ equals the
smaller of –∆GA or –∆GB, which causes either B∆GA or A∆GB to approach zero (25).
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Certain double mutant cycles were repeated in the background of a third change
elsewhere in the loop to probe whether coupling is direct or indirect (26). The two
equations for this case are
C

δΑΒ = ∆Go37(M001) + ∆Go37(M111) – [∆Go37(M101) + ∆Go37(M011)]

(5.2a)

C

δΑΒ = C∆GAB – [C∆GA + C∆GB]

(5.2b)

where a superscript C denotes the presence of a mutational configuration at site C. If the
coupling between two sites, A and B, is direct, then δΑΒ should equal CδΑΒ; otherwise the
coupling is indirect and requires a concerted change (26). Errors were propagated as
described (25).

5.4

Results and Discussion

5.4.1 Thermodynamic Effects of Nucleotide Analog Substitutions
Previously, we carried out selection studies that led to the identification of the
DNA tetraloop hairpin motif, d(cGNABg), as being unusually stable (21). This motif
was compared to the stable triloop, d(cGNAg), for which an NMR structure showed a
sheared GA between positions 1 and 3 of the loop (23, 32). We reported large
thermodynamic destabilizations and changes in CD spectra for d(cGNABg) sequences
when the first and third positions of the loop were changed, and proposed an interaction
between the G and A (21). These results and the comparison to d(cGNAg) suggested that
the d(cGNABg) hairpin loop might also have a sheared GA base pair. To test this
possibility directly, the G and A of d(cGCACg) were probed by functional group
substitution and by NMR spectroscopy.
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The four most common GA pairings involving at least two hydrogen bonds are
provided in Figure 5.1 (33). The GA imino pairing is between the Watson–Crick faces of
the G and the A (Figure 5.1A); the GA N1–N7, carbonyl–amino pairing is between the
Watson–Crick face of the G and the Hoogsteen face of the A (Figure 5.1B); the GA N3–
amino, amino–N1 pairing is between the minor groove face of the G and the Watson–
Crick face of the A (Figure 5.1C); and the GA sheared pairing is between the minor
groove face of the G and the Hoogsteen face of the A (Figure 5.1D). In order to
distinguish among these possibilities, the functional groups were substituted with various
nucleotide analogs and the effects on stability were determined.
The nucleotide analogs used and representative UV melts are provided in Figures
5.2 and 5.3. In some cases one functional group was exchanged for another, and in other
cases it was possible to delete a functional group altogether, which lessens the possibility
of creating new, compensating interactions. Substituting Pur at position 3 in the loop,
d(cGCPurCg), destabilized the hairpin with a ∆∆Go37 of 1.09 kcal/mol and ∆TM of –7.3
o

C (Table 5.1). This substitution eliminates the 6–amino group of A and would disrupt

hydrogen bonding in each of the four possible pairings (Figure 5.1 A–D), consistent with
the destabilizing effect. The substitution of 7dG at position 1 of the loop, d(c7dGCACg),
did not give a significant thermodynamic penalty (∆∆Go37 = 0.22 kcal/mol and ∆TM =
0.0 oC) (Figure 5.3), which is also consistent with all four pairing possibilities and with
values for 7dG substitution in the stem (25, 34). Addition of an amino group to C2 of A,
d(cGCDAPCg) did not have a large effect either (∆∆Go37 = 0.31 kcal/mol and ∆TM = –
1.3 oC), consistent with all four pairings except perhaps the GA imino pairing where the
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amino of G might present a steric clash (Figure 5.1A); additional data below are also
inconsistent with the imino pairing.
Next, we describe substitutions that provide discrimination among the GA pairing
possibilities. Substitution of the loop G with I, d(cICACg) gave a large energetic penalty
with a ∆∆Go37 of 1.47 kcal/mol and ∆TM of –11.7 oC (Figure 5.3, Table 5.1). Effects of
this substitution, which eliminates the 2–amino group of G, support pairings C and D but
not pairings A and B (Figure 5.1). To distinguish between pairings C and D, 7–
deazaadenosine was substituted for the loop A, d(cGC7dACg). This change had a large
destabilizing effect (∆∆Go37 of 1.33 kcal/mol and ∆TM of –8.5 oC), supporting pairing D
with a sheared GA but not pairing C. For comparison, substitution of 7dA for an A in the
stem gives a much smaller destabilization, with a ∆∆Go37 of 0.50 kcal/mol and a ∆TM of
–2.6 oC (25).
G1 of the loop was further probed by substitution with DAP and 2AP, which were
destabilizing with ∆∆Go37 values of 1.16 and 0.94 kcal/mol, respectively, and ∆TM values
of –8.4 oC. For comparison, similar values were found for the d(cGCAg) triloop (see
below), and the imino proton and carbonyl of the G of a sheared GA base pair provide
similar energetic contributions in an RNA hairpin loop (35).
Similar functional group substitutions have been made throughout the d(cGCAg)
triloop (Figure 5.1D). In general, the thermodynamic consequences of functional group
substitutions in the triloop and tetraloop hairpins are quite similar. For example, the G to
7dG substitution gave a small destabilization of ∆Go37 = 0.05 kcal/mol, similar to the
effect of 0.22 kcal/mol in the tetraloop. The G to I substitution was very destabilizing
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with a ∆∆Go37 of 1.65 kcal/mol, similar to the 1.47 kcal/mol. The A to 7dA substitution
was also significantly destabilizing with a ∆∆Go37 of 1.82 kcal/mol and a ∆TM of
-17.4 oC, compared to the 1.33 kcal/mol and –8.5 oC in the tetraloop. Also, the 7dA
effects are in agreement with values reported for d(cGAAg) (23). 2AP substitution at the
first position of the loop, d(c2APCAg), was destabilizing by 0.79 kcal/mol, similar to the
value of 0.94 kcal/mol in the tetraloop. In summary, the pattern of ∆∆G°37 effects for the
triloop and tetraloop hairpins are highly similar supporting sheared GA pairings in both
loops.

5.4.2

NMR Characterization of the Hairpin Loop
NMR structures of several d(cGNAg) hairpins have been determined and shown

to contain a sheared GA base pair (23, 32). Data on the thermodynamic consequences of
functional group substitutions strongly supported a sheared GA pair in the d(cGNABg)
loops as well (section 5.4.1). To provide further support for the sheared GA pair in the
tetraloops, NMR experiments of several d(cGNABg) loops were conducted. Initially, 31P
NMR spectra were collected on d(cGCATg) and d(cGCAg) hairpins (data not shown).
After accounting for the resonance from phosphate buffer, the expected 11 resonances for
d(cGCATg) and 10 resonances for d(cGCAg) were observed. These resonances were
sharp and lacked the complication of additional resonances that might come from a
population of duplex conformation, consistent with these sequences exclusively adopting
the hairpin conformation.
Next, 1H NMR was performed on d(cGCATg), d(cGCACg) and d(cGCAg) loops
to observe exchangeable protons. The number of peaks and their chemical shifts were
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virtually identical between d(cGCATg) and d(cGCAg) (Figure 5.4), consistent with the
formation of hairpins with a sheared GA base pair. Four resonances were located in the
Watson–Crick hydrogen bonded imino region (12–14 ppm), with 1 to 2 imino resonances
shifted upfield to between 10 and 11 ppm. The T10 resonance was near 13.5 ppm in both
hairpins, as expected for a Watson–Crick AT base pair (36), and was confirmed by NOEs
to both G2 and G9 (data not shown). The cluster of three resonances between 12 and
13 ppm is consistent with the expected chemical shifts for the three Gs in Watson–Crick
GC base pairs (36). The center peak in this cluster of Gs broadened with temperature
between 1 and 15 oC (Figure 5.4), consistent with fraying and assignment as the terminal
base pair (37, 38). The two other Gs were confirmed as G2 and G9 by both having an
NOE to T10 but not to each other (data not shown). The imino protons of G1 and G5
were not visible in the NOE experiment prohibiting further assignment of G2 and G9;
however, this was not crucial to this study.
The resonance at ≈10.6 ppm in both the triloop and tetraloops broadened further
with temperature between 1 and 15 oC, consistent with absence of protection from
chemical exchange (37). Similar behavior has been reported for sheared GA base pairs in
RNA duplexes (39). Moreover, the imino proton in a sheared GA in a DNA duplex
resonates at ≈10.5 ppm (40, 41). Together, these data led us to assign the 10.6 ppm
resonance to the sheared GA base pair. It should be noted that the behavior of this
resonance is inconsistent with the imino proton of a GA imino base pair (Figure 5.1A),
which is sharp and typically resonates near 12 ppm (38), as well as expectations for a GA
N1-N7, carbonyl-amino base pair (Figure 5.1B). The additional resonance at ≈10.9 ppm
in the tetraloop spectrum was identified as T8 (Figure 5.4A) owing to its absence from
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the triloop spectrum. The T8 resonance in d(cGCATg) was broad and broadened further
with temperature until it was absent by 15 oC. This observation is also consistent with
the fourth base of the d(cGNABg) tetraloop being accessible to exchange with solvent
(37), and supports the notion that the d(cGNABg) loop is a d(cGNAg) triloop with the
extra base extruded into solution (21, 24). Proton NMR data collection was also carried
out on d(cGCACg) and revealed an imino spectrum identical to that of d(cGNAg),
including absence of the 10.9 ppm resonance (data not shown). These data support
d(cGCACg), which is the reference d(cGNABg) sequence in the thermodynamic cycles
described below, having the same fold as d(cGCATg), as well as assignment of T8.
In summary, thermodynamic analyses of functional group substituted
oligonucleotides and NMR data together support the d(cGNABg) hairpin loops having a
similar structure to d(cGNAg) with a sheared GA base pair and the ‘B’ position extruded
into solution. Double mutant cycles on d(cGNABg) loops (described below) further
strengthen this conclusion.

5.4.3 Effects of loop expansion on energetics and cooperativity
Comparison between d(cGCACg) and d(cGCAg) reveals that the 3’-expanded
loop is less stable by a ∆∆Go37 of 0.6 kcal/mol (Table 5.1). Examination of the enthalpy
and entropy changes for these two sequences suggests that the expanded sequence is less
stable for entropic reasons (-∆T∆S of 2.8 kcal/mol); in fact, the ∆H for d(cGCACg) is
slightly more favorable than for d(cGCAg) (∆∆H of -2.2 kcal/mol). Apparently the extra
nucleotide, which is extruded into solution, incurs a significant loss in entropy without a
complete enthalpic compensation.
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To test for cooperativity of the interactions within the loop, double mutants were
constructed and analyzed. The first double mutant, d(cIC7dACg), tests the presence of
hydrogen bond 2 in the sheared GA of a d(cGNABg) loop (Figure 5.1D). The double
substitution had a destabilizing effect of ∆∆Go37 = 1.37 kcal/mol (Table 5.2), similar to
the effect of each of the single modifications, which had ∆∆Go37 values of 1.47 (G to I)
and 1.33 (A to 7dA) kcal/mol. These data result in a δ of –1.4+0.2 kcal/mol and
complete nonadditivity (Figure 5.5B). Complete nonadditivity strongly supports these
changes affecting the same hydrogen bond, and therefore further supports the sheared GA
pairing in a d(cGNABg) loop (Figure 5.1D). The same double analog substitution in the
triloop had a very similar δ value of –1.8+0.2 kcal/mol (25).
Double mutant cycles were repeated in the background of a change at a third site,
either expansion of the 3’ end of the loop or modification of the closing base pair. These
experiments can be represented on a thermodynamic cube (Figure 5.6) with the wild–
type, 3 single mutants, 3 double mutants and the triple mutant at the vertexes. The first
triple mutant cube explores the consequences of expanding the d(cGCAg) loop by adding
a cytidine at the 3’ end, d(cGCACg) (Figure 5.6A). The δ1C and δ2C values are –0.3+0.2
and –0.2+0.2, respectively, where ‘C’ denotes 3’–expansion of the loop with a cytidine
(Table 5.2). These values are small indicating that the energetics of hydrogen bonds 1
and 2 are not significantly affected by expansion of the loop, and that the loop is not
significantly coupled to 3’-expansion. Probing δ12 in the background of the d(cGNACg)
loop, Cδ12, gives a large coupling free energy of –1.1+0.2, which is the same within error
as the δ12 in the wild–type background, –0.9+0.2. These comparisons support the
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expanded d(cGNABg) loop motif having similar energetics and cooperativity as the
parent d(cGNAg) loop.
Previous studies have shown that adding one C3 spacer at the 3’ end of the triloop
has little effect on stability (24). The effects of C3 insertion on the cooperativity of loop–
loop interactions were therefore studied in d(cGCAC3g) (Figure 5.6B). Similar to
observations for d(cGCACg), values of δ1C3 and δ2C3 for d(cGCAC3g) were small at
0.2+0.2 and –0.2+0.2, respectively. This indicates that expansion of the loop with either
a natural base or a three carbon spacer has little thermodynamic consequence on loop
stability. This is also evidenced by the δ12 term in the background of the C3 expansion,
C3

δ12 = –1.2+0.2, which exhibits a large degree of nonadditivity, essentially identical to

the δ12 values for the cytidine–expanded and parent triloops.
Lastly, it can be noted that all of the coupling free energy terms between
expansion and a loop interaction remain close to zero in the background of a change in
the configuration at the other loop interaction (Table 5.2). This observation is also
consistent with the notion that 3’–expansion of the loop has no appreciable affect on loop
energetics.

5.4.4 Effects of closing base pair on energetics and cooperativity
The third thermodynamic cube provides the coupling free energy of loop–loop
interactions in the presence of a GC closing base pair (Figure 5.6C). As revealed by δ1cbp
and δ2cbp of –1.3 + 0.5 and –1.6 + 0.4, respectively, there is a large coupling between the
loop and the closing base pair. A similar effect was found when the loop–closing base
pair interaction was disrupted with C3 spacers or 2AP (24). Since δ1,cbp and δ2,cbp are
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approximately equal to –∆G1 and –∆G2, the closing base pair and loop interaction 1 (and
2) are completely non–additive; this is also seen in that cbp∆G1 ≈ cbp∆G2 ≈ 0. Likewise,
loop–loop coupling is close to zero in the background of the GC closing base pair, cbpδ12
≈0.4+0.4, which differs significantly from the δ12 of –0.9+0.2. Together, these data
indicate that loop–loop coupling is indirect and requires a CG basepair to be optimal.

5.5

Conclusions
The d(cGNAg) motif is stabilized by two loop–loop interactions and a loop–

closing base pair interaction (23, 32). Functional group substitution and NMR
experiments supported the 3’-expanded d(cGNABg) loop having essentially the same
structure, with the ‘B’ position extruded into solution. Double and triple mutant cycles
showed no significant effect of loop expansion on loop-loop cooperativity. In contrast,
closing base pair changes revealed that a CG closing base pair is critical to loop-loop
cooperativity. Together, these data support the CG closing base pair forming an essential
platform upon which a stable and expandable loop can be assembled. Many RNA and
DNA hairpin loops found in nature appear to be expansions of smaller, unusually stable
loops (21, 27, 28). The results of the present study suggest that such loops may retain not
only structural characteristics of the parent loop, but also energetic features such as
nonadditivity. Similar energetics may occur because local interactions, in particular
stacking, are exceptionally strong.
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Table 5.1 Thermodynamic Parameters for Folding of Single, Double, and Triple
Mutants in the d(cGCACg) and d(cGCAg) Hairpinsa
TM
∆Hob
∆Sob
∆Go37b,c
∆GAb-d
–1
–1 –1
–1
o
(kcal mol ) (cal mol K ) (kcal mol ) ( C)
(kcal mol–1)
GCAC

–33.9+0.6

GCAC Loop Modifications
–99.6+2.2
–2.97+0.09

ICACf

–26.9+0.9
–27.9+0.8
–31.2+0.6
–31.2+1.1

–82.0+2.8
–84.1+2.5
–94.3+1.8
–91.6+3.4

–1.50+0.05
–1.81+0.06
–2.03+0.04
–2.75+0.06

55.3+0.5
58.6+0.3
58.6+0.4
67.0+0.5

1.47+0.10
1.16+0.11
0.94+0.10
0.22+0.11

GCIC

–25.3+1.9
–27.5+1.2
–31.4+1.6
–30.5+1.8

–76.3+6.0
–82.7+3.8
–92.6+4.6
–92.1+5.6

–1.64+0.11
–1.88+0.07
–2.66+0.13
–1.94+0.13

58.5+1.0
59.7+1.6
65.7+0.2
58.1+1.1

1.33+0.14
1.09+0.11
0.31+0.16
1.03+0.16

IC7dAC
ICIC

–24.2+2.9
–30.1+0.9

–72.9+8.8
–91.9+2.6

–1.60+0.17
–1.60+0.13

59.0+1.4
54.4+1.3

1.37+0.19
1.37+0.16

GCA
ICAf
2APCAf
7dGCAf
GC7dAf
GCIf
GCAC3f
GCACf
gGCAcf

–31.7+1.4
–28.8+1.3
–32.6+1.6
–27.0+3.3
–26.5+2.6
–28.8+0.9
–34.7+1.1
–33.9+0.6
–14.4+2.4

GCA Loop Modifications
–90.7+4.1
–3.60+0.14
–86.6+4.0
–1.95+0.05
–95.9+4.7
–2.81+0.15
–75.6+9.6
–3.55+0.32
–79.7+7.9
–1.78+0.13
–85.5+2.9
–2.25+0.11
–99.6+3.2
–3.81+0.09
–99.6+2.2
–2.97+0.09
–44.5+7.6
–0.63+0.38

76.8+0.5
59.6+0.9
66.3+0.8
84.2+3.3
59.4+0.9
63.3+1.3
75.3+0.5
67.0+1.6
51.3+8.9

1.65+0.15
0.79+0.21
0.05+0.32
1.82+0.19
1.35+0.18
–0.21+0.17
0.63+0.17
2.97+0.40

ICIf
ICAC3
GCI C3f
GCI C
ICACf

–26.2+0.6
–33.5+3.1
–31.9+1.5
–30.5+1.8
–26.9+0.9

–79.4+1.8
–101+10.
–95.7+4.6
–92.1+5.6
–82.0+2.8

56.3+0.9
60.1+1.9
60.4+1.2
58.1+1.1
55.3+0.5

2.07+0.15
1.29+0.16
1.36+0.17
1.66+0.19
2.10+0.15

e,f

DAPCAC

2APCAC
7dGCAC
GC7dAC
GCPurC
GCDAPC

e,f

–1.53+0.05
–2.31+0.07
–2.24+0.10
–1.94+0.13
–1.50+0.05

67.0+1.6

––––––
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gGCI c
g ICAc

–24.1+5.4
–27.6+5.5

–76+18
–87+18

–0.61+0.09
–0.56+0.5

45.5+2.5
43.5+1.1

2.99+0.17
3.04+0.15

ICI C
ICI C3
g ICI c

–30.1+0.9
–30.4+1.6
–24.0+7.0

–91.9+2.6
–91.7+5.0
–77+22

–1.60+0.13
–1.98+0.07
–0.18+0.18

54.4+1.3
58.6+0.9
39.2+1.8

2.00+0.19
1.62+0.16
3.42+0.23

a

All sequences are DNA and are for loops that have a CG closing base pair unless
otherwise indicated. These hairpin loops conform to the d(cGNABg) or d(cGNAg) motifs
(21, 32). bErrors are the standard deviations from three or more measurements and were
propagated by standard methods. cAn extra significant figure is provided to avoid round–
off error in subsequent calculations. d∆GA is the free energy change associated with
mutation A. eSequences in bold type are the reference for the sequences below. Some
oligonucleotides appear more than once in the table since they have multiple reference
sequences. Changes from reference sequence are underlined. Sequences are listed in
order of position then most penalizing change and grouped by single, double and triple
mutations. fThermodynamic parameters from previous studies, (21, 24, and 25), but are
provided here to facilitate comparisons and analysis of thermodynamic cubes.
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Table 5.2 Free Energy Parameters and δ Values for Double Mutant Cycles in the d(cGCACg) Hairpina

2
2, 1

∆GAc
∆GBd
∆GABe
(kcal/mol)
(kcal/mol)
(kcal/mol)
Probing Sheared GA in d(GCAC)
1.47+0.10
1.33+0.14
1.37+0.19
1.47+0.10
1.03+0.16
1.37+0.16

1, C exp
2, C exp
2,1

Thermodynamic Box A
1.35+0.18
0.63+0.17
1.66+0.19
1.65+0.15
0.63+0.17
2.10+0.15
1.65+0.15
1.35+0.18
2.07+0.15

1.98+0.20
2.28+0.17
3.00+0.18

δ1C
δ2C
δ12

–0.3+0.2
–0.2+0.2
–0.9+0.2

1, C3 exp
2, C3 exp

Thermodynamic Box B
1.35+0.18
–0.21+0.17 1.36+0.17
1.65+0.15
–0.21+0.17 1.29+0.16

1.14+0.20
1.44+0.17

δ1C3
δ2C3

0.2+0.2
–0.2+0.2

1, 3
2, 3

Thermodynamic Box C
1.35+0.18
2.97+0.40
2.99+0.17
1.65+0.15
2.97+0.40
3.04+0.15

4.32+0.42
4.62+0.41

δ1cbp
δ2cbp

–1.3+0.4
–1.6+0.4

Interaction
Probedb
IC7dAC
ICIC

GCI C
ICAC
ICI

GCI C3
ICAC3

gGCI c
g ICAc

∆GAB(if additive)f
(kcal/mol)

δab g

δab
(kcal/mol)

2.80+0.15
2.50+0.17

Red.
δ12

–1.4+0.2
–1.1+0.2

165

Interaction
probedb,h
ICI C

2

1,C exp

1

2,C exp

C exp

ICI C3

2

2,1

1,C3 exp

1

2,C3 exp

C3 exp

g ICI c

2

1,3
1
2,3
3
2,1

2,1

∆GAh
(kcal/mol)
0.42+0.07
0.72+0.12
1.47+0.10

c

∆GBh
(kcal/mol)

c

0.45+0.07
0.31+0.17
1.03+0.16

0.35+0.14
0.65+0.17
1.37+0.16

0.42+0.07
0.72+0.12
1.50+0.11

–0.36+0.09
0.01+0.15
1.57+0.13

–0.03+0.09
0.27+0.13
1.83+0.11

0.06+0.10
0.73+0.16
3.07+0.15

0.42+0.07
0.72+0.12
0.07+0.38

1.39+0.07
1.64+0.14
0.02+0.39

1.77+0.19
2.07+0.21
0.45+0.42

1.81+0.09
2.36+0.15
0.09+0.39

2

c

∆GABh
(kcal/mol)

∆GABh(if additive)
(kcal/mol)
0.87+0.09
1.03+0.18
2.50+0.17

δ1C
δ2C
C
δ12

δabh
(kcal/mol)
–0.5+0.2
–0.4+0.2
–1.1+0.2

2

δ1C3
1
δ2C3
C3
δ12

–0.1+0.1
–0.5+0.2
–1.2+0.2

δ1cbp
δ2cbp
cbp
δ12

–0.1+0.2
–0.3+0.2
0.4+0.4

c

c

δabh

2
1

1

c

a

All sequences are DNA and are for loops that have a CG closing base pair, unless otherwise specified. b’Interaction Probed’
refers to the interactions shown in Figure 1D for the sheared GA conformation. ‘C exp’ and ‘C3 exp’ refer to expansion of
the loop at the 3’–end by cytidine or a 3-carbon spacer, respectively. Interactions 3 and 4 are represented by 3 for
simplification. c∆GA values are the free energy changes associated with the single modification that breaks the first of the
‘interactions probed’ listed. d∆GB values are the free energy changes associated with the single modification that breaks the
second of the ‘interactions probed’ listed. e∆GAB values are the free energy changes associated with both modifications in a
single oligonucleotide. fValues are the sum of ∆GA and ∆GB. gδ values were calculated as the difference betweens columns
5 and 6, and errors were propagated from eq 1a. ‘Red.’ refers to redundant modifications that affect the same interaction. In
all other cases, the two interactions, and any background interaction, are given for δ. hSuperscript ‘c’ refers to quantities
measured in the background of a third change.
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Figure 5.1 Possible GA base pairs (33). (A) GA imino (B) GA N1–N7, carbonyl–
amino (C) GA N3–amino, amino–N1, and (D) GA sheared. Also shown in panel D are
∆∆Go37 values for substitutions with purine derivatives for d(cGCACg) (bold font) and
d(cGCAg) (normal font) (see Table 5.1); the functional group substitutions are also
provided. Substitutions with pyrimidines were also performed. Hydrogen bonds 1 and 2
(dashed lines) are shown, as are two potential interactions, 3 and 4 (dotted lines), from
the major groove face of the G to the CG closing base pair of the stem, which lies below
based on the structure of d(cGCAg) (23). Dashed lines are not used for interactions 3 and
4 because it is not known if they involve hydrogen bonds (24).
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Figure 5.3 Representative UV melting curves. Melts were carried out as described in
section 5.3.2. d(cGCACg) (z) was the reference sequence used in these studies.
d(cICACg) () was destabilized, with a ∆∆Go37 of 1.47 kcal/mol and ∆TM of –11.7 oC.
d(c7dGCACg) (S)was essentially unchanged in stability, with a ∆∆Go37 of 0.22
kcal/mol and ∆TM of –0.0 oC. Absorbance values were normalized by dividing each trace
by its maximum absorbance value.
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Figure 5.4 Exchangeable proton (400 MHz) NMR spectra (9–15 ppm) in 10 mM
phosphate and 0.1 mM Na2EDTA buffer, pH 7. Sequence and numbering for the full–
length hairpins are provided. Numbering of the stem in the triloop hairpin is based on the
tetraloop hairpin. (A) Spectra of d(cGCATg) at 240 µM at 1, 5, 10 and 15 oC. (B)
Spectra of d(cGCAg) at 280 µM at 1, 5, 10 and 15 oC. Assignments were made as
described in the text. The assignments of G2 and G9 were ambiguous and therefore are
indicated with ‘G2/9’.
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Figure 5.5 Thermodynamic boxes for double mutant cycles. (A) Cycle showing
thermodynamic relationship between mutants A and B. M00 is wild–type, M10 is the
single mutant A, M01 is the single mutant B, and M11 is the double mutant. ∆GA is the
free energy change associated with mutation A, and B∆GA is the free energy change for
mutation A in the background of mutation B. δΑΒ (in red) represents the nonadditive free
energy of combining the two mutations. δΑΒ was calculated according to equation 5.1b.
Note also that B∆GA = ∆GA + δΑΒ. (B) Example for the double mutant d(cIC7dACg).
Experimentally measured ∆Go37 values are at the corners of the box (Table 5.1). δΑΒ (red)
for this cycle is –1.43+0.20 kcal/mol (Table 5.2).
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172

Chapter 6

Evidence that Folding of an RNA Tetraloop Hairpin is Less
Cooperative than its DNA Counterpart

[Published as an accelerated publication entitled “Evidence that Folding of an RNA
Tetraloop Hairpin is Less Cooperative than its DNA Counterpart” by Ellen M. Moody,
Jessica C. Feerrar, and Philip C. Bevilacqua in Biochemistry, 43, 2004, 7992-7998.]

6.1

Abstract
Hairpin secondary structural elements play important roles in the folding and

function of RNA and DNA molecules. Previous work from our lab on small DNA
hairpin loop motifs, d(cGNAg) and d(cGNABg) (where B is C, G or T), showed that
folding is highly cooperative and obeys indirect coupling, consistent with a concerted
transition. Herein we investigate folding of the related, exceptionally stable RNA hairpin
motif, r(cGNRAg) (where R is A or G). Previous NMR characterization identified a
complex network of seven hydrogen bonds in this loop. We inserted 3-carbon (C3)
spacers throughout the loop and found coupling between G1 of the loop and the CG
closing base pair, similar to that found in DNA. These data support a r(GNRA) motif
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being expandable at any position but before the G. Thermodynamic measurements of
nucleotide analog substituted oligonucleotides revealed pairwise coupling free energies
ranging from weak to strong. When coupling free energies were re–measured in the
background of changes at a third site, they remained essentially unchanged even though
all of the sites were coupled to each other. This type of coupling, referred to as ‘direct’,
is peculiar to the RNA loop. The data suggest that for small stable loops, folding of RNA
obeys a model with nearest–neighbor interactions, whereas folding of DNA follows a
more concerted process in which the stabilizing interactions are linked through a
conformational change. The lesser cooperativity in RNA loops may provide a more
robust loop that can withstand mutations without a severe loss in stability. These
differences may enhance the ability of RNA to evolve.

6.2

Introduction
Hairpins, or stem–loops, are common secondary structural elements in RNA and

DNA, and have important biological functions including regulating gene expression,
initiating RNA folding, and forming tertiary structures (1-4). Thermally stable RNA and
DNA triloop and tetraloop hairpin sequences have been identified by sequence
comparison (5, 6) and temperature gradient gel electrophoresis (TGGE) selection
experiments (7-9). A number of structures of such loops have been solved (10-13), and
reveal an array of hydrogen bonding and stacking interactions. The stability of the RNA
and DNA hairpins has been found to depend upon both the base composition of the loop
and its closing base pair (6, 14-16).
TGGE experiments led to the identification of 4 classes of stable DNA tetraloops:
d(cGNABg), d(cGNNAg), d(cCNNGg), and d(gCNNGc) (9). The stable d(cGNAg) and
d(cGNABg) loops have been extensively studied by NMR and nucleotide analog
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substitutions and found to be stabilized by three interactions: two loop–loop hydrogen
bonds in a sheared GA pair and a loop–closing base pair interaction (9, 17-20). In
addition, the d(cGNAg) and d(cGNABg) loops were found to be expandable at any
position, except at the 5’ end of the loop (21). Indeed, in both DNA and RNA, certain
hairpin loop sequences have much greater thermodynamic stability with a CG closing
base pair than expected from Watson–Crick base pairing alone (∆∆Go37 = 2–3 kcal/mol)
(6-9, 22). A stabilizing stacking interaction is therefore presumed to exist between
position 1 of these loops and the CG closing base pair.
Recently, the cooperativity for folding of d(cGNAg) and d(cGNABg) loops was
investigated by single, double, and higher order functional group mutagenesis cycles (19,
20). Cooperativity is an important concept in molecular recognition and enzymology, as
it links function and structure (23-25). Deletion of single functional groups resulted in
unusually large thermodynamic penalties, ranging from 1.35 to 1.65 kcal/mol for
d(cGNAg) and d(cGNABg), respectively. Double mutant cycles revealed significant
nonadditivity, with coupling free energy terms (δ) ranging from –0.9 to –1.3 kcal/mol.
Moreover, repeating of double mutant cycles in the absence of the third interaction,
revealed sharply diminished, or even zero, coupling free energy terms (19, 20). This
behavior, referred to as indirect coupling (23), suggests that all three interactions need to
be present simultaneously to have significant stability. These studies supported the
notion that simple, minimally stable DNA hairpin loops fold in a concerted fashion, in
which the interactions are linked through a conformational change.
Since hairpins are more common in RNA than DNA, and because RNA motifs
tend to have more hydrogen bonds than DNA, we thought it would be interesting to
investigate the origin of coupling in RNA hairpin loops. The model RNA hairpin chosen
for this study is a member of the phylogenetically conserved (5) and unusually stable (6)
r(GNRA) family, for which a number of structures have been determined (11, 26-30). As
seen in d(cGNA(B)g) loops, this loop contains a sheared GA pair and a loop–closing base
175

pair interaction, as well as five additional loop–loop hydrogen bonds (Figure 6.1).
Together, these eight interactions and the surrounding 2’–hydroxyls provide a much
different context in which to assess cooperativity and the origin of coupling.

6.3

Materials and Methods

6.3.1

Preparation of RNA
RNA was prepared by solid–phase synthesis and deprotected as per the

manufacturer’s suggestions (Dharmacon). Select oligonucleotides were purified on a
C18 HPLC column using an ammonium acetate and acetonitrile gradient. The major
peak was collected and desalted by dialysis or elution on a disposable C–18 column
(Waters), and the molecular weight was confirmed by electrospray ionization mass
spectrometry. Oligonucleotides were stored in P10E0.1 [=10 mM sodium phosphate and
0.1 mM Na2EDTA (pH 7.0)]. All RNA had the general sequence 5’–
r(ggaXL1L2L3L4X’ucc), where X and X’ are complementary nucleotides forming the
closing base pair and ‘L’ indicates a loop nucleotide. All oligonucleotides have the same
three beginning (5’gga) and ending (ucc3’) nucleotides, therefore only the loop and
closing base pair are provided in the text.

6.3.2

UV Melting Experiments
UV absorbance melting profiles were obtained in P10E0.1 at 260 and 280 nm, and

analyzed using Kaleidagraph v3.5 (Synergy Software), as described elsewhere (8, 9).
Melts were found to be independent of strand concentration, consistent with the hairpin
conformation. A low ionic strength buffer was chosen for three reasons: to favor the
hairpin conformation over the duplex (31), to prevent the TM from being so high that an
upper baseline was hard to define, and to facilitate comparison to earlier studies on DNA
done in this buffer (9, 19-21).
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6.3.3

Analysis of Double Mutant Cycles
The additivity of ∆Go37 values was analyzed as described (19, 23, 24, 32). The

free energy change associated with mutation A is denoted ∆GA, and the change
associated with mutation A is in the presence of mutation B is denoted B∆GA. The
magnitude of the nonadditive effect between mutations A and B is the coupling free
energy, δAB, which was calculated according to the equations
δΑΒ = ∆Go37(M00) + ∆Go37(M11) – [∆Go37(M10) + ∆Go37(M01)]

(6.1a)

δΑΒ = ∆GAB – [∆GA + ∆GB]

(6.1b)

where M00, M01, M10, and M11 signify the unmodified, two single mutant and double
mutant sequences. A negative value for δΑΒ reflects that deletion of the first (set of)
interaction(s) weakens the second (set of) interaction(s), and signifies positive coupling
between the functional groups (23). A positive value of δΑΒ, on the other hand, reflects
that deletion of the first (set of) interaction(s) strengthens the second (set of)
interaction(s), and signifies negative coupling. This is expressed in equation 6.1b,
wherein non-zero values of δAB reflect effects of double mutants not being the sum of
effects of single mutants. A δΑΒ value of 0 supports no coupling. A double mutant is
considered ‘completely non–additive’ if δΑΒ equals the smaller of –∆GA or –∆GB, which
causes either B∆GA or A∆GB to approach zero (19).
Certain double mutant cycles were repeated in the background of a change
elsewhere in the loop to test whether the coupling was direct or indirect. The equations
for these cases are
C

δΑΒ = ∆Go37(M001) + ∆Go37(M111) – [∆Go37(M101) + ∆Go37(M011)]

(6.2a)

C

δΑΒ = C∆GAB – [C∆GA + C∆GB]

(6.2b)

where a superscript C denotes a mutational configuration at site C. If δΑΒ equals CδΑΒ
then coupling is direct, otherwise it is indirect (23). Errors were propagated as described
(19).
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6.4

Results

6.4.1

Probing Loop–Closing Base Pair Interactions in r(GAAA)
We recently tested d(cGCAg) and d(cGCACg) hairpins for the presence of loop–

closing base pair interactions by inserting C3 spacers throughout the loop to interrupt
potential interactions (21). Spacers were tolerated at all positions except between the
closing base pair and the first position of the loop, where a large destabilization penalty
(∆∆G°37 = 1.61 kcal/mol) was incurred. This effect was absent with a GC closing base
pair, which is 2–3 kcal/mol less stable than a CG. These results supported a stable
stacking interaction between position 1 of the loop and a CG closing base pair.
For r(cGAAAg), we likewise inserted C3 spacers throughout the loop and
determined the thermodynamic consequences (Figure 6.2; Table 6.1). The pattern of
energetic effects was qualitatively similar to that found for DNA. A large destabilization
(∆∆G°37 = 1.89 kcal/mol in RNA versus 1.61 kcal/mol in DNA) was incurred for C3
spacer insertion between the CG closing base pair and position 1 of the loop, with smaller
effects (+0.18 to –0.44 kcal/mol) for substitution elsewhere in the loop.
Next, we looked at the importance of having a CG closing base pair for a
r(GNRA) loop; surprisingly, to our knowledge this effect has not yet been reported. A
destabilizing effect (∆∆G°37 = 1.27 kcal/mol) was found for the CG to GC swap (Table
6.1), consistent with a free energy bonus for a CG closing base pair. The magnitude of
this effect, although significant, was not as large as that found for a r(UNCG) loop (2.3
kcal/mol) (6), or for d(cGNAg) (3.06 kcal/mol) and d(cGNABg) (1.88 kcal/mol) loops
(9).
The smaller energetic penalty for a CG to GC switch for a r(GNRA) loop suggests
that a GC closing base pair might also be able to interact stably with this loop. To test
this idea, we measured the effect of C3 spacer insertion before the 5’–end of a
r(gGAAAc) loop. In contrast to results for related DNA loops (21), a significant
thermodynamic penalty still resulted, with a ∆∆G°37 of 1.35 kcal/mol as compared to
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1.89 kcal/mol for a CG closing base pair (Table 6.1). This finding further supports a GC
closing base pair having an appreciable, and therefore interruptible, stabilizing interaction
with a r(GAAA) loop.
Significant stability of r(gGAAAc) is also consistent with the common occurrence
of GC closing base pairs for r(GNRA) loops phylogenetically. For example, in a survey
of prokaryotic 16S rRNAs, GNRA loops were found to contain both GC and CG closing
base pairs with high frequency, whereas UNCG loops were almost always associated
with a CG closing base pair (5, 33).

6.4.2

Loop-Loop Pairwise Coupling Terms in r(GAAA)
The r(GNRA) loop contains a complex network of 7 hydrogen bonds, all of which

originate from G1: the 2 hydrogen bonds of the sheared GA pair, the imino and amino
protons of G1 to the RpA phosphate, and a set of 3 bifurcated hydrogen bonds from the
2’–OH of G1 to the N7 and N6/O6 of R and the H6 of A (Figure 6.1) (11, 26-30). We
carried out a series of functional group changes, both alone and in pairwise combinations,
and measured the effects on stability.
The first set of mutants was designed to probe the sheared GA pair. Substituting
G1 with I eliminates hydrogen bonds 2 and 3, and destabilized the r(cIAAAg) mutant,
with a ∆∆Go37 of 0.75+0.11 kcal/mol (Table 6.2). Substituting A4 with I replaces the 6–
amino group with a carbonyl and eliminates hydrogen bonds 1 and 4. As expected,
r(cGAAIg) was also significantly destablized, with a ∆∆Go37 of 1.02+0.19 kcal/mol.
Simultaneously mutating G1 and A4 to inosines, r(cIAAIg), was destabilizing by
1.62+0.11 kcal/mol, which is close to the sum of the single mutant effects. This gives
rise to a small δ14/23 value of –0.2+0.2 kcal/mol.
The effect of the G1 to I change in RNA (0.75 kcal/mol) is much smaller than in
DNA (1.45–1.70 kcal/mol) (9). Moreover, a δ value close to 0 for the sheared GA pair in
RNA contrasts sharply with the results in DNA, where interactions 1 and 2 were found to
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be highly coupled with a δ12 of –0.9+0.2 for d(cICIg) and –1.1+0.2 kcal/mol for
d(cICICg).

6.4.3

Loop–Closing Base Pair Pairwise Coupling Terms in r(GAAA)
Next, we examined coupling between the loop and the closing base pair (cbp)

using a C3 spacer before G1 to interrupt loop-closing base pair interactions and inosines
to interrupt loop-loop interactions. The single mutants r(cC3GAAAg) and r(cGAAIg)
were destabilizing by 1.89+0.17 and 1.02+0.19 kcal/mol, respectively (Table 6.2). The
double mutant, r(cC3GAAIg), on the other hand, was destabilized by only 1.59+0.20
kcal/mol. This gives rise to a δ14/cbp value of –1.3+0.3 kcal/mol. This large, negative δ
value indicates that loop-loop and loop-closing base pair interactions are highly coupled.
This is similar to what was found for DNA loops, where d(cC3GCIg) gave a δ value of
-0.9+0.2 kcal/mol.
The single mutant r(cIAAAg) was destabilizing by 0.75+0.11 kcal/mol, while the
double mutant, r(cC3IAAAg), was destabilizing by 2.02+0.19 kcal/mol, which gives a
δ23/cbp of –0.6+0.3. This significant, negative δ value indicates that these interactions are
non–additive and are interacting, although not to the same extent as 14 and the closing
base pair. For comparison, in DNA d(cC3ICAg) gave a δ2/cbp of –1.3+0.2 kcal/mol,
which is somewhat larger than for δ23/cbp.

6.4.4

Examining the Origin of Coupling: The r(cC3IAAIg) Triple Mutant
Next, the three pairwise δ values between C3, and inosine at the first and fourth

positions were calculated in the presence of the other site being modified (Figure
6.3A/Table 6.3). A term representing the nonadditive effect under these conditions, CδAB,
was calculated according to equations 6.2a and 6.2b. First, r(cIAAAg), in which
interactions 2 and 3 are absent, was used as a reference sequence. The 23δ14/cbp value for
this case is –1.3+0.2 kcal/mol, which is equal to the δ14/cbp value of –1.3+0.3 kcal/mol.
180

Next, (cC3GAAAg), in which the cbp interaction is absent, was used as a reference
sequence. The cbpδ14/23 value is –0.1+0.3 kcal/mol, which is close to –0.2+0.2 kcal/mol
for δ14/23. Lastly, r(cGAAIg), in which interactions 1 and 4 are absent, was used as a
reference sequence. The 14δ23/cbp value is –0.6+0.3 kcal/mol, which is the same as the
δ23/cbp value of –0.6+0.3. Overall, these comparisons indicate that δAB values are, within
error, equal to CδAB values. This supports direct coupling of the interactions.

6.4.5

Examining the Origin of Coupling: The r(cdIAAIg) Triple Mutant
Next, we measured several other CδAB values to see if they also couple directly

(Figure 6.3B/Table 6.3). These mutants involve a change of the 2’-OH of G1 to 2’-H.
First, we consider single and double mutants involving changes at the 2’-OH of G1. The
single mutants r(cdGAAAg) and r(cGAAIg) were destabilized by 0.98+0.20 and
1.02+0.19 kcal/mol, respectively, whereas the double mutant, r(cdGAAIg), was
destabilized by only 0.99+0.21. This gives rise to a large, negative δ14/456 value of –
1.0+0.3, consistent with complete non–additivity. These changes are redundant in that
they both interrupt interaction 4, providing a possible molecular basis for complete
nonadditivity.
The single mutant r(cIAAAg) was destabilizing by 0.75+0.11 kcal/mol, whereas
the double mutant, r(cdIAAAg), was destabilizing by 1.45+0.12 kcal/mol. This gives rise
to a small δ23/456 of –0.3+0.2, indicating that these interactions are largely additive.
Next, we consider triple mutant cycles involving changes at the 2’-OH of G1.
First, r(cdGAAAg), in which interactions 4–6 are absent, was used as a reference
sequence. The value for 456δ14/23 is –0.2+0.3 kcal/mol, which is equal to the δ14/23 value
of –0.2+0.2. Next, r(cGAAIg), in which interactions 1 and 4 are absent, was used as a
reference sequence. The 14δ23/456 value is –0.3+0.3 kcal/mol, which is equal to the δ23/456
value of –0.3+0.2. Lastly, r(cIAAAg), in which interactions 2 and 3 are absent, was used
as a reference sequence. The 23δ14/456 value is –1.1+0.2 kcal/mol, which is the same as
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δ14/456 value of –1.0+0.3. Overall, these three comparisons, like the three above, support
direct coupling in that δAB values are, within error, equal to CδAB values.

6.5

Discussion
There have been extensive structural and energetic studies on unusually stable

RNA and DNA hairpin loop sequences (6-9, 22, 34, 35). The goal of the present study
was to delineate similarities and differences in the cooperativity of RNA and DNA
hairpin loop folding. We chose to study a r(GNRA) loop sequence since it shares
extensive similarities with the DNA loop sequences, d(cGNAg) and d(cGNABg),
including unusual thermodynamic stability, a sheared GA pair, and a stable loop-closing
base pair interaction (11, 17, 18, 26-30). In addition, both r(GNRA) and d(cGNAg) loops
have structures solved.
We did find many qualitative similarities between the behaviors of the two loops.
Both systems were significantly destabilized by modifying interactions 1 and 2 in the
sheared GA pairing. In addition, introduction of a GC closing base pair significantly
destabilized both systems, as did introduction of a C3 spacer before position 1 of the loop
but not elsewhere in the loop. The latter result supports expandability of r(GNRA) loops
at all positions except before the G. As illustrated and summarized by Abramovitz and
Pyle, numerous experiments in the literature also support this model (36). However, a
large number of differences were found between the two systems.
Differences can be divided into effects of single changes, double mutant cycles,
and triple mutant cycles. Thermodynamic effects associated with single functional group
changes were in general larger in DNA than in RNA. This was surprising since deletion
of a single functional group in RNA eliminates more interactions than in DNA. For
example, deletion of the amino group of G1 deletes interactions 2 and 3 in RNA but only
interaction 2 in DNA, yet the penalty in RNA is only 0.75 kcal/mol versus a 1.45 to 1.70
kcal/mol penalty in DNA (19, 20).
182

Single mutant effects have also been reported on a different r(cGNRAg) loop,
r(cGCAAg), by SantaLucia and co-workers, although at an ionic strength of 100 mM
NaCl (34). They found that a G to I substitution was destabilizing by a ∆∆G°37 of 0.54
kcal/mol, similar to our value of 0.75+0.11 kcal/mol. A purine substitution at the last
position of the loop, which eliminates hydrogen bonds 1 and 4, was destabilizing by 0.28
kcal/mol, whereas in our study an inosine substitution at the last position, which also
eliminates hydrogen bonds 1 and 4, was destabilizing by 1.02+0.19 kcal/mol. The
differences in these two values may be due to the addition of the carbonyl group upon
substituting A with I. Substitution of a deoxy G at position 1 of the loop had a ∆∆G°37 of
0 in their studies, but was found herein to be destabilizing by 0.98+0.20 kcal/mol. The
∆∆G°37 differences may be due to the higher ionic strength in their system leading to a
higher TM (68.1 oC versus 61.3 oC) and therefore a longer extrapolation back to 37 oC, or
perhaps to an indirect influence of nucleotide 2 on the loop. Overall, the single mutant
results are in qualitative agreement between the two studies.
In general, coupling free energy terms for double mutant cycles were also
significantly larger in DNA than RNA. For example, the free energy coupling term
between interactions 1 and 2 in the loop was near zero in RNA, but approximately
-1.0 kcal/mol in d(cGNAg) and d(cGNABg) loops (19, 20). Likewise the coupling term
between the closing base pair and interaction 23 was only –0.6 kcal/mol in RNA, but
–1.3 kcal/mol in DNA.
Lastly, triple mutant cycles showed markedly different behavior in RNA than
DNA. In particular, for the 6 sets of δs in r(GAAA), δAB values were, within error, equal
to CδAB values (Table 6.3). For DNA, on the other hand, δAB values were considerably
larger (by ≈ −0.6 kcal/mol) than CδAB values. Thus, in RNA the interactions are directly
coupled, whereas in DNA they are indirectly coupled. The direct coupling effect in RNA
is especially noticeable since most of the pairwise interactions are coupled, yet the
coupling constant for each pair does not depend on the configuration of the third site (23).
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For example, the closing base pair is coupled to interactions 14 and 23, δ14/cbp = –1.3 and
δ23/cbp = –0.6 kcal/mol, yet δ14/cbp ≈ 23δ14/cbp and δ23/cbp ≈ 14δ23/cbp.
What might be the molecular origins of the different cooperative behavior of these
two systems? For the DNA loops, deletion of a given functional group was found to be
progressively less penalizing as other interactions were removed (19). Given this
scenario, one might have expected that in RNA, where there are more stabilizing
interactions than in DNA, deletion of a given functional group would have been the most
penalizing. Clearly, this is not the case. For DNA, the system, having only three
interactions, was minimally stable to begin with. Thus, loss of any of the interactions
simply could not be tolerated and led to significant weakening of the others. This
molecular scenario is consistent with a concerted change in which the 3 interactions are
linked through a conformational change. The observation that no loop-loop interactions
could be detected in a GC closing base pair background supports a high degree of
cooperativity the DNA loops (20).
In RNA, the smaller effects of single, double and triple mutants suggest that a
given mutant is simply not as destabilized as in DNA, and therefore that overall the
folding of the RNA loop is less cooperative. One molecular scenario is that RNA is able
to compensate for the loss in functionality upon mutation by ‘opportunistic’ hydrogen
bonding and stacking elsewhere in the loop. Given the presence of multiple 2’OHs, there
is a much greater number of hydrogen bonding groups available for interaction in RNA
than DNA. This is also reflected in the hydration patterns of GNRA tetraloops. High
resolution crystal structures (at least 2.0 Å resolution or better) reveal 7 structural water
molecules, primarily lining the major groove of the loop (30), which could presumably
partake in stabilizing hydrogen bonds. Also, the purine at position 3 of the RNA loop
allows for more stacking interactions throughout the system than in DNA where the
purine is absent. The possibility for more interactions may explain why, for example, a
GC closing base pair is relatively stabilizing in a r(GNRA) loop. If small DNA hairpins
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with indirect coupling can be compared to a three-legged stool (19), RNA hairpins with
direct coupling might be likened to a eight-legged stool. With the greater number of legs
(interactions), loss of any one leg does not lead to collapse of the entire stool (structure).
Similar arguments have been used to explain nonadditivity in enzymes (25).
Greater cooperativity often manifests itself in greater specificity (23, 25). In the
case of the hairpin loops, the DNA loops were generally less tolerant of mutations, and
therefore more specific, than the RNA loops. The greater mutability or plasticity of the
RNA loops has implications for RNA evolution. Shuster and Fontana have emphasized
the importance of neutral genetic drift in evolution in which RNA can mutate with no
significant change in its function, searching for the appropriate context from which to
evolve new function (37). The observation that loop-loop interactions continue to couple
similarly despite changes elsewhere in the sequence is consistent with modularity in RNA
motifs as simple as a tetraloop. RNA’s ability to tolerate changes in its loops with less
catastrophic results than DNA might enhance the ability of RNA to evolve, supporting
RNA as a potentially important prebiotic polymer.

6.6

Conclusions
In summary, small RNA hairpins were found to exhibit less cooperativity than

their DNA counterparts. This conclusion is based on three properties of the DNA loops:
larger energetic effects of single functional group substitutions, greater nonadditivity of
double mutant cycles, and indirect coupling, as revealed through triple mutant cycles. All
three of these observations support a concerted folding of DNA loops as opposed to a
modular, stepwise folding of RNA loops. Importantly, this finding does not disagree
with the importance of cooperativity in Mg2+ binding to RNA tertiary structures, which is
driven by electrostatic forces rather than hydrogen bonding and stacking of the
nucleobases (38). The molecular basis for the differences in cooperativity between RNA
and DNA loops is likely the extra hydrogen bonding afforded by the 2’-hydroxyls and 7
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waters of hydration, as well as the extra stacking afforded by the purine at position 3 of
the RNA loops. The lesser cooperativity in RNA loops may lead to a more robust loop
that can withstand mutations without a severe loss in stability. These differences may
enhance the ability of RNA to evolve.
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Table 6.1 Free Energy Parameters for C3 spacer Insertion in the r(GAAA) Loop
TMb
∆Hob
∆Sob
∆Go37b,c
∆GAb,c
a
–1
–1 –1
–1
o
sequence
(kcal mol ) (cal mol K ) (kcal mol ) ( C)
(kcal mol–1)
cGAAAg

–41.7+0.8

–123+2

–3.65+0.09

66.8+0.5

C3GAAA

–35.9+1.4

–110.+4

–1.76+0.14

53.0+1.0

1.89+0.17

GC3AAA

–46.5+4.0

–137+12

–4.09+0.29

67.0+1.1

–0.44+0.30

GAAC3A

–44.1+3.1

–131+9

–3.47+0.17

63.5+0.7

0.18+0.19

GAAAC3

–44.0+2.0

–129+6

–3.90+0.16

67.1+0.6

–0.25+0.18

gGAAAc

–39.6+3.3

–120.+10.

–2.38+0.07

56.9+1.4

C3GAAA

–33.6+8.6

–105+27

–1.03+0.29

46.8+1.5

1.35+0.30

a

Sequences in bold type are the references for the sequences below. Changes from the
reference sequence are underlined and listed from 5’ to 3’ positions in the loop. bErrors
are the standard deviations from three or more measurements and were propagated by
standard methods. cAn extra significant figure is provided to avoid round–off error in
subsequent calculations.
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Table 6.2 Thermodynamic Parameters for Folding of Single, Double and Triple Mutants
in the r(cGAAAg) Hairpin
TM
∆Hob
∆Sob
∆Go37b,c
∆GAb,c
a
–1
–1 –1
–1
o
sequence
(kcal mol ) (cal mol K ) (kcal mol )
( C)
(kcal mol–1)
–123+2
–3.65+0.09
66.8+0.5
–41.7+0.8
GAAA

C3GAAA

–35.9+1.4

–110.+4.

–1.76+0.14

53.0+1.0

1.89+0.17

GAAI

–37.7+1.2

–113+4

–2.63+0.17

60.3+1.2

1.02+0.19

dGAAA

–36.8+2.6

–110.+8.

–2.67+0.18

61.3+1.5

0.98+0.20

IAAA

–39.1+0.6

–117+2

–2.90+0.06

61.5+0.4

0.75+0.11

C3IAAA

–34.9+2.7

–107+8

–1.63+0.17

53.0+0.7

2.02+0.19

IAAI

–34.3+1.4

–104+5

–2.03+0.06

56.5+0.5

1.62+0.11

C3GAAI

–39.8+3.8

–122+12

–2.06+0.18

54.0+1.2

1.59+0.20

dIAAA

–36.3+1.2

–110.+4.

–2.20+0.08

57.0+1.2

1.45+0.12

dGAAI

–37.3+2.3

–112+7

–2.66+0.19

60.8+0.5

0.99+0.21

C3IAAI

–37.5+1.5

–114+5

–2.05+0.08

55.0+0.8

1.60+0.12

dIAAI

–37.3+2.4

–113+7

–2.40+0.l3

58.4+0.9

1.25+0.16

a

Sequences in bold type is the reference for the sequences below. Changes from
reference sequence are underlined. Sequences are listed in order of most penalizing
change and grouped by single, double and triple mutations. bErrors are the standard
deviations from three or more measurements and were propagated by standard methods.
c
An extra significant figure is provided to avoid round–off error.

192

Table 6.3 Free Energy Parameters and δ Values for Double Mutant Cycles in the r(cGAAAg) Hairpin
Interaction
∆GAb
∆GBc
∆GABd
∆GAB(if additive)e
a
Probed
(kcal/mol)
(kcal/mol)
(kcal/mol)
(kcal/mol)
δΑΒ

δΑΒf
(kcal/mol)

C3IAAA

23/cbp

0.75+0.11

1.89+0.17

2.02+0.19

2.64+0.18

δ23/cbp

–0.6+0.3

IAAI

14/23

1.02+0.19

0.75+0.11

1.62+0.11

1.77+0.20

δ14/23

–0.2+0.2

C3GAAI

14/cbp

1.02+0.19

1.89+0.17

1.59+0.20

2.91+0.24

δ14/cbp

–1.3+0.3

dIAAA

23/456

0.75+0.11

0.98+0.20

1.45+0.12

1.73+0.21

δ23/456

–0.3+0.2

dGAAI

14/456

1.02+0.19

0.98+0.20

0.99+0.21

2.00+0.26

δ14/456

–1.0+0.3

∆GAg
(kcal/mol)
0.60+0.18

∆GBg
(kcal/mol)
0.57+0.25

∆GABg
(kcal/mol)
0.58+0.19

C

C3IAAI

Interaction
probeda,g
14
23/cbp

C

C

C

∆GABg(if additive)
(kcal/mol)
1.17+0.25

C

δΑΒg

14
23

14/cbp

0.87+0.08

1.27+0.18

0.85+0.1

14/23

–0.30+0.23

0.13+0.22

–0.29+0.16

δ23/cbp

2.14+0.19

–1.3+0.2
23

cbp

δ14/cbp

–0.17+0.28

–0.1+0.3
cbp

dIAAI

456

δΑΒg
(kcal/mol)
–0.6+0.3
C

δ14/23
δ14/23

14/23

0.01+0.26

0.47+0.20

0.27+0.22

0.48+0.27

456

23

14/456

0.87+0.08

0.70+0.10

0.50+0.14

1.57+0.12

23

δ14/456 –1.1+0.2

14

23/456

0.60+0.18

–0.03+0.25

0.23+0.21

0.57+0.26

14

δ23/456 –0.3+0.3

–0.2+0.3
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Interaction Probed’ refers to Figure 6.1. Cbp represents a C3 spacer. b∆GA values are for breaking the first of the
‘interactions probed’ listed. c∆GB values are for breaking the second of the ‘interactions probed’ listed. d∆GAB values are
for both modifications in a single oligonucleotide. eValues are the sum of ∆GA and ∆GB. fδ values were calculated as the
differences between columns 5 and 6, and errors were propagated from equation 6.1a. gSuperscript refers to quantities
measured in the background of a third change.
a’
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Figure 6.1 Hydrogen bonding network proposed in GNRA tetraloops by Jucker and
Pardi (28). Bases are numbered by loop position from 5’ to 3’. Hydrogen bonds are
numbered as follows: 1, G N3 to AH6; 2, GH2 to AN7; 3, GH2 to AOP; 4, GO2’ to
AH6; 5, G 2’OH to the six position of the R nucleotide; 6, G 2’OH to the N7 of the R
nucleotide; 7, GH1 to AOP.
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Figure 6.2 Energetic effects of C3 spacers. Values are ∆∆Go37 (kcal/mol) relative to
those of unsubstituted loops. Positions of substitution are numbered 5’ to 3’. Negative
∆∆Go37 values indicate stabilization and positive values indicate destabilization.
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Figure 6.3 Thermodynamic cubes for triple mutant cycles. A) Cube for r(cC3IAAIg).
B) Cube for r(cdIAAIg). Experimentally measured ∆Go37 values are at the vertexes of
the cube and the free energy change associated with a mutation is given along an edge. δ
values are provided on each of the six faces. Pairs of δ values on two opposite faces of
the cube are approximately the same, consistent with direct coupling. δ values are
provided in Table 6.3.
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Chapter 7

Linkage Between Proton Binding and Folding in RNA and DNA: A
Thermodynamic Framework and its Experimental Application for
Investigating pK Shifting in Nucleic Acids
[Manuscript in preparation by Ellen M. Moody, Juliette T. Lecomte and Philip C.
Bevilacqua]

7.1

Abstract
The binding of ligands to macromolecules influences their stability. Although

much is known about the effect of Mg2+ ions on RNA folding, less is known about H+
ions. In this study, we develop a formalism to describe the effect of proton binding to the
nucleobases on nucleic acid stability. We present simulated thermal denaturation
behavior for a series of thermodynamic models. This formalism is then applied to
experimental data for the folding of nucleic acids with shifted pKs. We show that it
provides pK values for multi-state, pH-dependent UV melting studies in agreement with
the outcome from pH titrations with UV-visible detection. The framework developed
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here is similar to that used for Mg2+-RNA binding from Draper and co-workers, except
that the unfolded state is described more explicitly owing to the presence of specific
proton binding sites on the bases. A full description of the effects of proton binding on
stability requires consideration of zero to a few protonations of the folded state, coupled
formation of any structures such as an A+ ● C wobble pair, and multiple ionizations in the
unfolded state. Microscopic pk values (where k is the acid dissociation constant) in the
unfolded state were described with values measured directly on unstructured
oligonucleotides, and a macroscopic pK value for the ensemble of unfolded states was
estimated by curve fitting of simulated and experimental melting data. This formalism
provides a means for fitting pH-dependent thermal denaturation data and for
understanding the driving forces for nucleobase pK values perturbed to neutrality and
beyond.

7.2

Introduction
Nucleic acids, in the simplest terms, are polyanions and are therefore stabilized by

the binding of cations. The binding of both monovalent and divalent species metal ions is
well studied (1-3). Less is known, however, about the binding of other classes of cations
such as protons. Significantly shifted pKs might occur in nucleic acids owing to strong
secondary and tertiary structures and favorable electrostatics, which might allow
protonation at neutrality.
pH is an integral variable of all solutions and affects the stability, structures, and
function of all biological molecules. Human blood plasma normally has a pH between
7.3-7.5 (4), although in certain organelles such as lysosomes, the pH is more acidic, near
5. Biological control of pH is important because proteins and nucleic acids denature at
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high and low pH values, rendering them functionless; in addition, enzymes have optimal
activity at certain pH values. Nucleobases in the unfolded state have pKs of less than 4.2
and greater than 9.3, and shift even further from neutrality in a typical Watson-Crick base
pair owing to stability conferred by base pairing (5). One might therefore think that the
pK of the nucleobase is an unimportant parameter at biological pH values. However,
numerous folded state pKas perturbed towards neutrality have been reported (5-10). For
instance, studies on the lead-dependent RNA enzyme, or leadzyme, provide pK values for
the seven adenosines ranging from < 3.1 to 6.5 (5); studies on the U6 loop of the
spliceosome reveal an AC basepair with a pK of 6.5 (9); the A loop of 23S ribosomal
RNA has a cytosine with a pK of 6.4 (8); a DNA duplex has two AC basepairs with pKs
of 6.6 (11); and in our lab, a DNA hairpin was found to have a pK of 6.9 (10). Thus
protonated bases may play important roles in both the acidic and neutral regions of the
cell.
Shifted pKs can play several potentially important roles in catalysis and folding.
As a matter of convenience, shifted pKs have been separated into 2 classes based on
structural and functional features (12, 13). Class I pKs are defined as those for which the
loaded proton is involved in hydrogen bonding as in the case of the N1 of A in a wobble
A+ ● C basepair and is therefore not free to transfer and partake in general acid/base
catalysis (Figure 7.1). Class II sites, on the other hand, are defined as those for which the
loaded proton is not sequestered in hydrogen bonding, and is therefore free to transfer
(13). Class II pKs have been implicated in the mechanism of proton transfer by protein
enzymes, notably RNase A, as well as in the HDV and hairpin ribozymes (14-17). The
ideal pK for these residues is near biological pH, a histidine-like activity, since to be
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involved in proton transfer the residue not only has to be able to load a proton, but also to
release it.
Class II sites also have the potential to contribute to catalysis as oxyanion holes.
These sites are cationic and have the potential to stabilize an oxyanion transition state.
Free energy calculations on serine protease active sites indicate that the primary
mechanism for rate acceleration is derived from electrostatic stabilization in the transition
state (18). Although proton transfer is unlikely for Class I sites, these sites lend
themselves to oxyanion hole formation and therefore to the potential for electrostatic
catalysis. An oxyanion hole was recently proposed in the active site of the ribosome
(13). To be optimal, the pK for an oxyanion hole should be shifted 1-2 units above
biological pH, a lysine- or arginine-like activity, which would afford at least 90% of the
molecules in the functional protonated state at neutrality. Such shifted pK values would
be especially valuable, since, unlike proteins, nucleic acids typically lack positive
functionality at biological pH. One goal of the present study is to investigate the
feasibility of such shifts.
Shifted pKa values are also important in the folding of certain RNA structures,
especially internal A+ ● C base pairs in helices, triples and quartets. For example,
formation of a protonated triple (three bases hydrogen bonding) drives pseudoknot
formation, which is involved in frameshifting in viruses (19). Likewise, a number of
pseudoknots contain quadruples, which utilize a base with a shifted pK; for instance, C41
in the crystal structure of the HDV ribozyme is found in a quartet with a similar hydrogen
bond network as the above triple (20).
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There is a rich literature describing the effects of ligands on biopolymer stability.
Schellman developed a general thermodynamic groundwork for the effects of ligand
binding on biopolymer stability, and Acampora and Hermans studied the
thermodynamics of proton binding (21-23). Draper and Misra extended this theory using
the non-linear Poisson-Boltzmann equation to describe how the association of Mg2+ ions
is coupled to the tertiary folding of RNA (24). In the present study, we investigate proton
binding to RNA and DNA, drawing on some of the earlier formalisms to describe the
linkage between folding and proton affinity (i.e. pK).
In principle, a complete description of the folding-proton binding linkage requires
pK values for all folded and unfolded states. We show that in the unfolded state,
perturbations of the nucleobase microscopic pks by the neighboring phosphates are
modest, but when the number of such sites is large, a significant macroscopic pK shifted
towards neutrality occurs. This effect appears to be commonplace and accounts for the
sensitivity of stability to acidic and alkali conditions. In contrast, pK perturbations in the
folded state are less common, requiring a unique structural feature of the folded state,
such as an A+●C wobble pair, and are driven by the interactions made possible only upon
nucleobase protonation.
In this report, we focus on Class I A+●C wobble pairs (Figure 7.1), which are a
common example of structures with perturbed pKs and are amenable to design and
experimentation. In these base pairs, N1 of A is protonated and donates a hydrogen bond
to the O2 of C, whereas the N6 of A donates a hydrogen bond to the N3 of C. Similar to
the isosteric GU wobble, the A+●C wobble base pair causes local fluctuations in B-form
DNA, but does not effect the global conformation (25). Incorporation of an A+●C
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wobble in A-form RNA causes a bend of ~ 20o, similar to that caused by GU wobbles, as
well as a widening of either the major or minor groove, which may be important in
creating protein recognition sites (26, 27). Our motivation for establishing a
thermodynamic framework for the proton-coupled folding of RNA and DNA was twofold: 1.) To provide a formalism for fitting pH-dependent thermal denaturation data of
RNA and DNA with a goal of extracting pK values, and 2.) To provide insight into the
structural and thermodynamic driving forces for pK shifting towards neutrality.

7.3

Materials and Methods

7.3.1

Preparation of DNA and RNA
Solid-phase synthesized DNA oligonucleotides were deblocked and desalted by

the manufacturer (IDT). Oligonucleotides were then dialyzed against distilled-deionized
water for 3-4 h using a Gibco BRL microdialysis apparatus with a flow rate of ~1L/h and
a SpectraPor membrane with a molecular weight cut-off of 1,000. The sequence of
DNA(AC), which forms a hairpin with an internal AC base pair (underlined), is
d(5'CGCAGGACGCAGTCCCGCG). The sequence of DNA(GC), which forms a
hairpin that replaces the AC with a GC (underlined), is d(5'CGCGGGACGCAGTC
CCGCG). Solid phase synthesized RNA was deblocked and desalted according to
manufacturers instructions (Dharmacon, Lafayette, CO) and stored in water. The
sequences for model oligonucleotides for unfolded state microscopic pKs were r(5'UA),
r(5'UC), and r(5'UUCUU).
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7.3.2

Thermal Denaturation Experiments
All experiments were conducted in a background of 100 mM KCl to maintain

constant and physiologically-relevant ionic strength and to overwhelm small salt
differences generated during titrations or from the preparation of the buffers at different
pH values. A series of different buffers were used for UV absorbance thermal
denaturation profiles to cover the necessary pH range: 25 mM MES (pH 5.0-6.0), 25 mM
MOPS (pH 6.0-7.0), 25 mM HEPES (pH 6.45-8.5) and 25 mM HEPPS (pH 7.0-9.0),
where MES, MOPS, HEPES and HEPPS have pK values at 20oC of 6.15, 7.20, 7.55 and
8.00, respectively (28). Melting experiments at pH 6.0 were carried out in both MOPS
and MES and were similar, as were melts at pH 7.0 in MOPS, HEPPS and HEPES,
suggesting that the buffer is not directly involved in the equilibrium. These four buffers
were chosen in part because their pKs have a shallow dependence on temperature:
∆pK/oC is -0.011, -0.006, -0.014 and -0.007 for MES, MOPS, HEPES, and HEPPS,
respectively (28). Despite these precautions, changes in pH during the actual thermal
denaturation experiments, which typically covered a range of 60-80 oC, were
unavoidable. For curve fitting, the pH value assigned to each melt was estimated at the
midpoint of that transition using the ∆pK/oC factor for the buffer; this was done since
solution conditions experienced near the transition midpoint most strongly influence ∆H
and ∆S. As an example, a melting profile with a TM of 63 oC using MOPS (pH 6.00 at 25
C) was adjusted to pH 5.77 for ∆Go37 versus pH curve fitting.

o

Thermal denaturation with UV detection was carried out similarly to previously
described (29). Briefly, melting experiments were performed using a Gilford Response II
spectrophotometer at 280 nm with a heating rate of 0.5 oC/min. Melts were performed in
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1, 5, or 10 mm pathlength micro cuvettes, at a minimum of three different strand
concentrations ranging from 1 to 80 µM. Melting profiles were found to be independent
of strand concentration, consistent with the hairpin conformation; if duplexes were
forming, calculations using a nearest-neighbor model predicted a TM change of ~8 oC
over a 20-fold difference in strand concentration, which is well outside the error limits of
the experiments (+1 oC). At the start of each experiment, the hairpin was renatured by
heating to 90 oC in melting buffer. Data for forward and reverse melts were 90% or more
similar, consistent with reversibility of the melting transition. Concentrations of RNA
and DNA were calculated using absorbance values at 90 oC and extinction coefficients
from a nearest-neighbor analysis (30, 31). Data were the average of three or more melts.
Thermodynamic parameters were obtained by non-linear least squares fitting to a twostate model with linear baselines using a set of parametric equations defined in
Kaleidagraph v3.5 (Synergy software) (32) (described in Section 1.4.5).

7.3.3

UV Absorbance pH Titrations
For DNA and RNA hairpin oligonucleotides, pK values were directly determined

by a UV-absorbance detected pH titration. Depending on the case, oligonucleotides were
chosen to remain either fully folded or fully unfolded throughout the titration, and so
afford a two-state system. Oligonucleotides were desalted and dried in vacuo and
resuspended in distilled-deionized water from a Barnstead NANOpure Diamond unit
which minimized absorbance in the far UV region of the spectrum. As in the case of the
melting experiments, 100 mM KCl was added to overwhelm small changes in salt
concentration generated during the pH titration. In these experiments, buffer was
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deliberately omitted to allow the pK value for the oligonucleotide to be directly observed.
Concentrations of oligonucleotides were 10-35 µM and a total volume of ~3.5 mL in a
1 cm pathlength cell was used. UV absorbance was monitored at room temperature
(~19 oC) on a Beckman Coulter DU 650 spectrophotometer, and pH was monitored using
a Corning 430 pH meter with a Mettler Toledo 3mm diameter AgCl reference electrode.
The spectrophotometer was zeroed on 100 mM KCl in distilled-deionized water at the
beginning of the experiment. To prevent noise in the data, the cuvette remained in the
spectrophotometer for the duration of the experiment, with mixing of the 3.5 mL sample
performed manually with a 1 mL pipetman. Approximately 1 µL of a dilute HCl stock
solution (pH ~1.0) or KOH stock solution (pH ~12) was added to the sample, followed by
mixing, a pH determination, and a UV scan from 220 to 320 nm. The pH electrode was
allowed to equilibrate in the sample for ~1 min before each reading. This time was
sufficient to remove any noticeable drift in the reading. Throughout the titration, the
change in the total volume was less than 1%, and therefore no corrections were made.
Absorbance (A) at a given wavelength versus pH data were fit to equation 7.1 to obtain
the pK value,
A = AP +

AU − AP
1 + 10 n ( pK − pH )

(7.1)

where Au and Ap are the absorbance values of the unprotonated and protonated states,
respectively, and n is a Hill constant reflecting the number of proton binding sites. This
equation assumes infinite cooperativity among multiple sites, if present. A value of n
near unity is consistent with one proton binding site, whereas a value significantly greater
than unity would be consistent with the closest higher integer being the number of sites.
The values of n from fits are shown in the figure captions. Several different wavelengths
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were chosen for fitting titration data, and were determined on the basis of good signal to
noise and locations near isosbestic points for any neighboring transitions. Particular
wavelengths that gave the best signal depended on whether the oligonucleotide was
folded or unfolded throughout the titration, as well as on the identity of the ionizing base,
adenine or cytosine. Titrations of r(UC) and r(UUCUU) were monitored at 240 and
290 nm, where the absorbance of a C upon protonation have the greatest change.
Titrations of r(UUAUU) were monitored at 225 and 230 nm, where changes in
absorbance of an A upon protonation have the greatest change. Baselines were fixed as
lines with slopes of zero for unfolded state oligonucleotides (equation 7.1), which is
reasonable based on the data. A slight baseline slope may be present for hairpins,
indicated by DNA(AC) data, and might arise from neighboring transitions; however,
owing to the complexity of the overlapping transitions, which have values of n
significantly greater than 1, a baseline with a slope of zero was imposed based on design
of the systems and data on the unfolded oligonucleotides. This assumption has been
applied in numerous other pK determinations in oligonucleotides (5, 7, 11).

7.3.4

Simulation of data and curve fitting
Simulations of functions and non-linear curve fitting were performed in

Kaleidagraph v3.5 (Synergy software). The only adjustable parameters in the fitting of
simulated data were the microscopic pks of the folded and unfolded states (see equation
7.15 and Scheme 7.3), and in the case of actual data, the folded state pK and ∆GFref (see
equations 7.12 and 7.15 and Schemes 7.3 and 7.4).

207

7.4

Results and Discussion: Thermodynamic Framework

7.4.1

Comparison of H+ to Mg2+ binding to Nucleic Acids
As discussed in the Introduction, the pH-dependent component to the folding of

nucleic acids is of potential importance to RNA catalysis and gene regulation. Protons
can bind to the folded RNA, which generally contains few titratable sites in the
physiologically relevant pH range and adopts different folded conformations as a result of
protonation at these sites. Protons also bind to the unfolded RNA giving a large
ensemble of unfolded states; in this case, the number of sites is generally greater and their
pKs span a smaller range giving rise to multiple microscopic states for the unfolded state
and a macroscopic pK (33). Proton binding to the folded state stabilizes the nucleic acid
whereas binding to the unfolded state destabilizes it. These effects are observed as
changes in free energy, ∆GFobs, (see Table 7.1 for a summary of abbreviations) or melting
temperature, TMobs, as determined from thermal denaturation experiments. Our general
approach for treating these processes parallels that of Schellmann, Draper, and Misra and
colleagues for Mg2+-dependent folding of RNA (3, 21) and involves considering linked
equilibria for folding and proton binding in both the folded and unfolded states. One
major difference between Mg2+ and H+ as the ligand for RNA and DNA is that specific
sites exist for H+ binding, whereas Mg2+, in most cases, does not bind specifically. Misra
and Draper identified three types of binding sites: diffuse, outer-sphere, and inner-sphere,
each of which is non-specific and involves differing degrees of participation from the
solvation shell of the ion and the ligand (13, 34). Therefore, it may be simpler to describe
the unfolded state for H+ binding. In the case of Mg2+, Draper and Misra found that most
of the ions surrounding an RNA molecule are distributed as the Boltzmann weighted
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average of the mean electrostatic potential, with a few individual ions actually sitebinding to the RNA. In contrast, proton binding is always site-specific and obeys the law
of mass-action. One reason is that the in vivo concentration of H+ is much lower than
divalent and monovalent ions, (~0.1µM versus 2-5 mM and 150 mM, respectively), and
so non-specific condensation of cations to neutralize the phosphate backbone is
dominated by metal ions.

7.4.2

Formalism Linking Proton Binding and Folding
The observed equilibrium constant, KUobs,1 for the unfolding reaction is a

phenomenological constant defined as the ratio of the summation of the concentrations of
all unfolded species, including ligand-free and ligand bound states, to the summation of
the concentrations of all such folded species. We consider this a two-macroscopic-state
system, where {F} and {U} represent an ensemble of multiple ligand-bound folded and
unfolded microstates, respectively,

[ ]
,
[
]
Σ FH
nU

obs

{F}

KU

{U}

and therefore K

obs
U

=

Σ UH ii +

i =0
nF
j =o

(7.2a)

j+
j

where nU and nF are the number of proton binding sites in the unfolded (U) and folded (F)
states, respectively. For detection by UV spectroscopy, equation 7.2a can be used in the
standard thermodynamic equations for thermal denaturation, as long as protonation does
not significantly change the unfolded and folded state extinction coefficients, ε. This
condition appears to be reasonably met. At 280 nm, the change in ε for A, determined by

1

Note, we begin by following the convention of unfolding used by Schellman (21), Draper (3) and others.
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titration, is approximately 4 %, which is much smaller than the 25% change that occurs
during thermal denaturation (Fig 7.7B and 7.8B). Thus, the expression given in equation
7.2a is measured directly by the melt. The independence of the extinction coefficient on
protonation may break down for F if the percentage of basepair changes is exceptionally
large, but even here, in the temperature range of the main transition of the melt (TM+10
o

C), the primary species changing populations are Ui to Fi, and changes within the

ensemble of Ui states or within the ensemble of Fi states should be negligible owing to
more significant enthalpies for unfolding of the entire hairpin than protonation.
It is convenient to partition KUobs into ligand-free (KUref) and ligand-bound (ΣU,

ΣF) contributions, where KUref is the equilibrium constant for unfolding with the bases in
their standard neutral forms, and ΣU and ΣF are the binding polynomials described by
Schellman and Draper (21, 35). The origin of Σu and ΣF from Kuobs can be illustrated by
considering a hypothetical system involving a single proton binding site in the folded
state, a, and two proton binding sites in the unfolded state, a, the same site as in the
folded state, and b. An assumption of this model is that protonation at site b completely
prevents folding (see below). According to equation 7.2a this gives

KUobs =

++
[U ] + [U a+ ] + [U b+ ] + [U ab
]
+
[ F ] + [ Fa ]

(7.2b)

Using [U] and [F] as reference states and multiplying by ([U]/[U])/([F]/[F]), equation
7.2b can be rewritten as

KUobs

 [U + ] [U + ] [U ++ ] 
[U ]1 + a + b + ab 
[U ] [U ]
[U ] 

=
+
 [F ] 
[ F ]1 + a 
[F ] 


(7.2c)
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We will first assume that the a and b sites have identical affinity and are independent of
each other. Let, kU and kF denote unfolded- and folded-state microscopic acid
dissociation constants, respectively.
kU =

[U ][ H + ] [U ][ H + ] [U a+ ][ H + ] [U b+ ][ H + ]
=
=
=
and
++
[U a+ ]
[U b+ ]
[U ab++ ]
[U ab
]

(7.3)

kF =

[ F ][ H + ]
,
+
[ Fa ]

(7.4)

Through substitution,

K

obs
U

(
(

)
)

[U ] 1 + [ H + ] / kU
=
[F ] 1 + [H + ] / kF

2

(7.5a)

Note that the macroscopic acid dissociation constant for the singly protonated states, Ku,
(the middle term upon expanding the numerator) is tighter than for the microscopic acid
dissociation constant by kU, by Ku=kU/nu. This is a purely statistical effect that gives a
macroscopic pk shifted towards neutrality (see simulation 7.4).
In general, for nU and nF sites, we obtain
K obs
U =

(
[F](1 + 10

[ U] 1 + 10 pk U −pH

)
)

nU

pk F − pH n F

(7.5b)

This expression gives the position of the observed equilibrium as a function of aH+, which
is ligand activity and is defined in our experiments as free proton concentration, i.e., aH+
= 10-pH. By substitution,
Σ
K Uobs = K Uref  u
Σ
 f






(7.5c)

where the equilibrium constant for the reference, Kuref, is the ligand-free F to U unfolding
reaction in the absence of bound ionizable protons, KUref=[U]/[F], and the influence of
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proton binding on stability is described with the binding polynomials, ΣU and ΣF. The
binding polynominals are functions of ligand activity (aH+) and temperature and are given
by

(

)

(

)

ΣU = 1 + 10 pkU − pH

Σ f = 1 + 10 pk F − pH

nU

,

(7.6)

nF

(7.7)

Note that if no ionizable protons bind to F, ΣF = 1, or if no protons bind to U, ΣU=1.
Before proceeding with analysis of the experimental data using these equations
and models, we inspect the validity of the assumptions of identical and independent sites.
The expressions for kU assume independent sites with the same affinity for a proton, e.g.:
two adenines separated far enough to not interact appreciable by electrostatics. This
assumption is made using a combination of microscopic binding constants of binding two
ligands (protons) to two identical sites with the same affinity. For example, between two
macroscopic pKs, K1 and K2, ∆G of interaction can be defined (in kcal/mol) as ∆GI = 2.303RT(pK1 - pK2) - RTln4 = 1.36 (∆pK – 0.578) at 25 oC, where ∆pK = pK1 – pK2.
From this equations, when ∆GI = 0, pK1- pK2= log 4 = 0.602. Looking at simple
diamines with possible protonations at each end of the molecule, as the distance between
the charges increases, the ∆pK, and therefore the ∆GI gets smaller (36, 37). For example,
1,2 diaminoethane has a ∆pK of 3.06 giving a ∆GI of 3.38 kcal/mol, 1,3-diaminopropane
has a ∆pK of 1.67 with a ∆GI of 1.48 kcal/mol, and 1,4-diaminobutane has a ∆pK of 1.17
with a ∆GI of 0.81 kcal/mol at 25 oC. The distance between the protonated heteroatoms in
1,3-diaminopropane is 4.93 Å for a fully extended chain with torsion angles of 180
degrees. The distances between two adjacent bases in an unfolded state RNA is not
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exactly known, but using distances in various structures, one can predict the distances in
the unfolded state. In the leadzyme the distance between the N3 and N1 atoms of C11
and A12 in a double stranded helical region is 5.15 angstroms (38), while in the loop
comprised of A16, A17, A18, the distances are 3.99 Å between the N1 of A16 and A17,
and 3.06 Å between the N1 of A17 and A18. In an unfolded state, the distance between
the heteroatoms on these bases should be even further apart than in double helix or loop
structures owing to more conformational freedom. Thus ∆pK and ∆GI for adjacent
protonation in the unfolded state are predicted to be smaller than 1.7 and 1.5 kcal/mol,
respectively. In addition, the majority of doubly protonated states will not have adjacent
protonation sites and therefore be less perturbed. Since most doubly protonated states
will not involve adjacent bases, we ignore this small shift. Moreover, triply and higher
order protonated states are less populated. Of course, negative cooperativity could be
treated on a case-by-case basis, for example for two nearby, negatively-linked folded
state sites by explicitly inputing the altered pKs.

7.4.3

Dependence of TM on pH

One way a pK could be determined is from the dependence of TM on pH. We can
isolate terms from equation 7.5c.

ln K Uobs = ln K Uref + ln Σ u − ln Σ f

(7.8)

For thermal denaturation studies, the observed melting temperature, TMobs, at a given pH
is defined as the temperature at which KUobs = 1, i.e. ln KUobs= 0. This condition also
corresponds to ∆GUobs=0, and so denotes constant free energy conditions. The
temperature dependence of KUref , is obtained from the van't Hoff relationship
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ln K ref
U (T ) =

∆H ref
U
R

 1
1
 ref −  ,
T
 TM

(7.9)

TMref and ∆HUref are defined for the F to U unfolding reaction with the bases in the
standard protonations and R is the gas constant. ∆HUref is assumed to be independent of
temperature, i.e., ∆Cp = 0. Substituting equation 7.9 into equation 7.8 at T = TMobs gives
1
T

obs
M

=

1
ref
M

T

+

Σ 
R
ln U 
ref
∆H U
 ΣF 

(7.10)

where ΣU and ΣF are evaluated at T = TMobs of a particular thermal denaturation
experiment. As shown by Draper and co-workers, the dependence of 1/TMobs on ligand
concentration and temperature can be defined by taking the differential of equation 7.10.

(

)

d 1/ TMobs =
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∆Href
U

 ∂ ln ΣU

 ∂ lnΣU
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+
obs
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 ∂ 1/ Tobs ∂(1/ Tobs ) 
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 ∂ ln[H ] ∂ ln[H ] 


(

)

(

)

(7.11)

This is a general equation that only assumes two protonatable macroscopic states, U and
F, and a ∆HUref independent of temperature. However, since a TM analysis necessitates
accounting for the temperature dependence of the last two terms in equation 7.11, this can
complicate application of equation 7.10 to curve fitting, especially if proton binding is
associated with RNA secondary structural folding which has a large negative enthalpy.
In addition, the assumption that ∆CP = 0, which goes into equation 7.11, can be
problematic for certain tertiary and secondary structures (39). Also, the overall
contribution of enthalpy of H+ binding may not be negligible given the large number of
unfolded state species and the possible coupling of ligand binding to highly temperature
dependent equilibria such as stacking.
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7.4.4

Dependence of ∆Gobs on pH

As an alternative to TM, the dependence of ∆Gobs on pH can be analyzed. ∆Gobs is
evaluated at constant temperature, and so circumvents the requirement of ascertaining ∆H
and ∆S for the reaction. This is the primary reason we chose to focus on ∆G vs pH
treatment.
An expression for observed unfolding free energy, ∆GUobs, can be defined from
equation 7.8 to give the following equations, where the subscript denotes the actual
physical process ('U', unfolding; 'F', folding; 'H', proton binding), and the superscript
denotes the background of the rest of the molecule.
∆GUobs = ∆GUref − RT ln (ΣU / Σ F ) ,

(7.12)

We can further define ∆GHF = -RTlnΣF and ∆GHU = -RTlnΣU as the contribution of
proton binding to the folded and unfolded states, respectively (3, 21, 40). This leads to
∆GUobs = ∆GUref + ∆G HU − ∆G HF

(7.13)

or the folding reaction
∆G Fobs = ∆G Fref + ∆G HF − ∆G HU

(7.14)

The contribution of proton binding to the free energy of folding at a given pH, ∆∆GH, is
defined as
∆∆GH = ∆GHF − ∆GHU = ∆GFobs − ∆GFref = ∆∆GFobs = − RT ln(Σ F / ΣU ) (7.15)

In this work, we use a reference temperature of 37 oC and all terms in equation 7.15 are
dependent on pH except ∆GFref. In the next section, we provide simulations of the
dependence of ∆∆GFobs on pH, and these simulations are derived from this equation.
Thus, to understand the influence of folding on proton binding, which is our goal and is

215

ultimately reflected in shifted pK values, we can examine the influence of proton binding
on folding, which can be determined experimentally by pH-dependent thermal
denaturation experiments.
Similar to TM, the ligand and temperature dependencies of ∆GFobs can be defined
by taking the differential of ∆GFobs from equation 7.12,

 ∂∆G Fref
Σ
d (∆G Fobs ) = 
d (1 / T )  + RT 2 ln U d (1 / T ) +
ΣF

 ∂ (1 / T )
 ∂ ln Σ F
∂ ln Σ U
∂ ln Σ U

∂ ln Σ F
− RT 
d ln[ H + ] −
d ln[ H + ] +
d (1 / T ) −
d (1 / T )
+
∂ (1 / T )
∂(1 / T )
∂ ln[ H + ]
 ∂ ln[ H ]


(7.16)

If T is held constant (e.g.: ∆G is evaluated at 37oC), the ligand dependence of ∆GFobs can
be isolated,
 ∂ ln Σ F
∂ ln Σ U 
d∆G Fobs

= − RT 
−
+
+
+ 
d ln[ H ]
 ∂ ln[ H ] ∂ ln[ H ] 

(7.17)

However, since ∆∆GFobs=∆GFobs-∆GFref (7.15) and ∆GFref is not a function of pH,
 ∂ ln Σ F ∂ ln Σ U
d∆∆G Fobs
−
= − RT 
∂pH
dpH
 ∂pH





(7.18)

For the general case using equations 7.6 and 7.7,
∂ ln Σ F − 2.303nF [ H + ] / k F
=
and
1 + [H + ] / kF
∂pH

(7.19)

∂ ln ΣU − 2.303nU [ H + ] / kU
=
∂pH
1 + [ H + ] / kU

(7.20)

For each simulated binding model, analytical expressions for ∂lnΣi/∂pH are
provided, which upon substitution into equation 7.18, give the slope of ∆∆G-pH plots. It
is of interest to note that over pH values where kF < [H+] < kU, while ∂lnΣF/∂lnpH
approaches a constant whose value reflects the number of proton binding sites in the
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folded state, nf , ∂lnΣU/∂pH is ≈ zero. In other words, saturation of the folded state
binding sites does not preclude further stabilization by lower pH conditions; stabilization
by lowering the pH is only prevented when pKU is approached.
The partial derivatives of equation 7.17 are the proton binding densities νF and νU
(21). Thus, the change in the number of protons bound upon folding can be determined
by the following equation,
d∆∆G obs
F
= +2.303RT(ν F − ν U ) = +1.42∆n
dpH

(7.21)

Note that equation 7.21 requires H+ saturating for F and U to be valid. When the pH is
between the pK for the folded and unfolded state, the upper limit of the slope is 1.42
times the number of binding sites in the folded state.

7.5

Results and Discussion: Simulations

Next, we present associated binding polynominals and their partial derivatives
with respect to pH for a series of binding models. All models have only two macroscopic
states, U and F, but variable number of ligand-bound microscopic states. An approach of
building-up from simple to more complex (most realistic) models is used.

7.5.1

Single Protonation in the Folded State

Scheme 7.1 shows the simplest possible model having linkage between proton
binding and folding. It is a 3-microscopic state model that involves a single protonation
of the folded state in which proton binding drives folding. Although this scheme is
oversimplified since in reality the proton does bind to U at low pH, it illustrates important
limiting behavior of the binding model. As shown in Figure 7.2 (blue), the free energy
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contribution to folding does not level off at low pH values but decreases indefinitely,
with the pK found graphically near the top rounding point of the curve; the pk is also the
inflection point in a ∂∆∆GFobs/∂pH versus pH plot as expected from equations 7.18 and
7.19 (Figure 7.2B). This behavior is noteworthy since one might expect to see saturation
behavior set in once the proton has bound to ca. 90% of F; this does not occur because of
the linked nature of the unimolecular (U to F) and bimolecular (F to FH+) equilibria. The
total effect of proton binding on free energy for unfolding for this model given by
equation 7.15, ∆∆GFobs = ∆GHF = − RT ln Σ F . At low pH (<<pkF), ∆GFobs = ∆GFref + 1.42
(pH-pkF), where 1.42 (pH-pKF) is –RT ln(FH+/F) evaluated at 37 oC. Behavior seen for
this system parallels that observed for Mg2+ binding to the folded state of RNA (35).

7.5.2

Single Protonation in the Unfolded State
Scheme 7.2 shows a 3-microscopic state model that involves a single protonation

of the unfolded state and associated binding polynominals and partial derivatives. In this
case protonating a base with a low pK value, for example the base pairing face of A or C,
disfavors folding since the unfolded molecule must deprotonate before folding can occur.
As shown in Figure 7.2A (red), the free energy contribution to folding increases
indefinitely at low pH with the pK found graphically near the rounding point of the curve,
which is the inflection point of a first derivative plot (Figure 7.2B). The total stability is
disfavored by lowering the pH (from equation 7.15); ∆∆GFobs = ∆GHU = RT ln ΣU . At low
pH, (pH<<pkU), ∆GFobs = ∆GFref − 1.42( pH − pkU ) .

218

7.5.3

One Protonation in the Folded and One Protonation in the Unfolded State
Scheme 7.3a shows a 4-microscopic state model that begins to approach a more

realistic scenario for simple RNA and DNA oligonucleotides. As shown in Figure 7.2
(black), in which the pK for the folded state is assumed to be greater than that for the
unfolded state, plateau regions occur at both low and high pH, with the two pK values
found graphically near the rounding points of the curve at low and high pH, which are the
inflection points of a first derivative plot (Figure 7.2B).
For Scheme 7.3a, the thermodynamic box is completed with ∆GFH sat., which is the
folding free energy from unfolded state in which the site with the shifted pK is saturated
with proton in U and F. Note that free energy changes on the left and right sides of the
box are not functions of pH. In agreement, the slope of the curve at very low pH is zero
(Figure 7.2 black). In addition, it can be noted that the black curve in Fig 7.2 is derived
graphically from the sum of the red and blue curves. In other words, at low pH, the slope
of the ∆∆GFobs versus pH plot is zero because proton binding affects the free energy of U
and F equally.
It is instructive to consider ∆GFH sat. as the sum of ∆GFref and a bonus term, ∆Gx,
which describes the possible favorable free energy associated with folding upon
protonation of the appropriate base in the folded state (Scheme 7.3b). Folding from U to
F'H+ can then be broken into three processes: favorable folding of U to F, (= ∆GFref),
unfavorable protonation with a pK approximated by the unfolded state pK since structure
has not yet been allowed to form, (= 1.42(pH-pKU)), and favorable folding of additional
structure made possible by protonation, ∆Gx. This process is illustrated pictorially in
Scheme 7.3c for a model hairpin with a central AC basepair. In general, FH+ in Schemes
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7.3b and 7.3c never accumulates because ∆Gx is favorable. Therefore, the numerator of
n

[

]

[

] [

]

[

]

KUobs (equation 7.2a), Σ FH j = [F ] + FH + + F ' H + ~ [F ] + F ' H + , suggesting
j =0

Scheme 7.3a is a good approximation.
Note that the thermodynamic box of Scheme 7.3a requires that the difference of
the right and left sides equals that of the top and bottom sides. ∆GFH sat.-∆GFref = ∆Gx = 1.42(pkF-pkU)=-1.42∆pK, which gives ∆pK = -∆Gx,37/1.42. In other words, the strength
of proton binding, reflected in ∆pK, depends on the extent of new structure afforded upon
protonation of U. The system acts like it has a higher pK in the folded state, pKf, because
protonation and additional structure formation are coupled.
The major differences in the behaviors of Schemes 7.1-7.3 is illustrated in Figure
7.2. For Scheme 7.1, the unfolding equilibrium at low pH is between protonated folded
and unprotonated unfolded species, while at higher pH (> pKF), the unfolding equilibrium
is primarily between unprotonated folded and unfolded species. Likewise, for Scheme
7.2 at low pH the unfolding equilibrium is primarily between the unprotonated folded and
the protonated unfolded species, whereas at higher pH (> pKU), the unfolding equilibrium
is again primarily between unprotonated folded and unfolded states. For Scheme 7.3, on
the other hand at low pH, the unfolding equilibrium lies primarily between protonated
folded and protonated unfolded species and is independent of pH. As the pH increases
above the pK of the unfolded state, the unfolding equilibrium is between primarily the
protonated folded and unprotonated unfolded species, and at pH values above the pK of
the folded state, the unfolding equilibrium is once again primarily between unprotonated
folded and unfolded states.
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7.5.4

One Protonation in the Folded State and Multiple Protonations in the Unfolded
State

Next we consider Scheme 7.4, which shows a 6-microscopic state system and
involves either a single or no protonation in the folded state, and multiple protonations in
the unfolded state. In reality, protonation events in the unfolded state involve A and C
imino positions, thus there can be 2A+C microscopic unfolded states, where A and C are
the number of A's and C's, respectively. Note that the top box of Scheme 7.4 is the same
as Scheme 7.3, and ΣF is unchanged. ΣU, on the other hand, contains terms for
protonations of A and C and deprotonations of G and U. Each term contains the pK of
the ionizable proton and is raised to the number of that base in the molecule. Note that
this term contains one term for each base and does not take into account how the affinity
for a proton may be affected by protonation/depronation of an adjacent base, see Section
7.4.2 for assumptions. The curve for this model is partially sigmoidal (Figure 7.3), with
the pKF found graphically where the curve begins to level off at high pH, and an apparent
pKU defined at pH just higher than the minimum before the curve begins to increase at
low pH values. This apparent pKu increase is caused by the ensemble of unfolded state
pK components. The effect of the multiple protonations contributing to an apparent pK
shifted towards neutrality was also seen by Knitt and Herschlag, where the combination
of G and U pK values, each being 9.4, gave an apparent pK shifted towards neutrality of
7.6 (33).
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7.5.5

Equations from the Literature

Lastly, the following equation has been used in the literature to describe a single
protonation in the folded state.
 1
1
1
1
=
+
−

TM TM unprot  TM prot TM prot


1

 1 + 10 pH − pK


(7.22a)

This equation follows from an assumption that 1/TM is a linear combination of a TM for
the unprotonated equilibrium, 1/TMunprot, and a fixed TM of the protonated equilibria,
1/TMprot ,
1
1
1
=
f unprot +
f prot
TM TM unprot
TM prot

(7.22b)

where funprot and fprot are the fraction of molecules in each state. The apparent pK deduced
from this plot is the inflection point of the fit, and the pH dependence portion of the curve
between the two baselines always goes from ~90% unprotonated to ~90% protonated in
roughly two pH units centered about the pK. A single pK is obtained in this equation, as
the curve displays only one inflection point.
Likewise, the following equation follows from a similar assumption with a ∆G for
the unprotonated equilibrium, ∆Gunprot, and a fixed ∆G for the protonated equilibrium,
∆Gprot.
∆Gobs = ∆Gunprot + (∆G prot − ∆Gunprot )

1
1 + 10 pH − pK

(7.23)

namely that ∆Gobs is a weighted average of ∆Gunprot and ∆Gprot. We show below that
these equations do not properly describe the systems of interest.
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7.6

Results and Discussion: Simulations and Experiments

7.6.1

Unfolded State pKs

Our simulations and data account for multiple protonations in the unfolded state.
pKU values for bases free in solution are known, but an accurate pKU value for a base in
the context of a longer oligonucleotide was needed. The RNA oligonucleotides r(5'-UC),
r(5'-UUCUU), and r(5'-UUAUU) were used to estimate microscopic pk values for the
unfolded state binding polynominals. These oligonucleotides were designed to be
unfolded at room temperature, with only one ionizing base present in the pH range of the
titration (2.5-6.5), and allowed the effect of progressively increasing charge from
flanking phosphates to be assessed.
We determined the microscopic pkUs of r(UC), r(UUCUU), and r(UUAUU) by
titration and monitoring by UV absorbance (see Figure 7.4). In all cases, Hill coefficients
were near unity as expected (Figure 7.4). Titration of r(UC) gave a pKU of 4.20 + 0.01,
which is the literature value for the single base, pK of 4.2 (41). However, a C in an RNA
oligonucleotide is surrounded by additional negative charges that are which is expected to
raise the pK. Indeed, titration of r(UUCUU) gave a slightly higher pKU of 4.41 + 0.02.
Titration of r(UUAUU) gave a pKU of 3.70 + 0.04, slightly higher than the value of 3.5
for the free base (41). From these data, an upwards shift of 0.2 was used for all bases, in
the simulations.
The simulations in the previous section were all on small oligonucleotides, ~12
bases in length. As one might expect, as the number of As and Cs in an oligonucleotide
increases, the complication of unfolded state pKs increases (see figure 7.5). In this figure
12-, 24- and 80-nucleotide oligonucleotides (with equal number of A, C, G and U) are
simulated according to Scheme 7.4 and variations. Some simulations depict protonation
of just As and Cs (Fig 7.5A,B), while others depict protonations of all 4 bases (Fig 7.5C,
D). According to these simulations, the oligonucleotides become denatured both at high
and low pH. Acid denaturation occurs when As and Cs protonate and therefore cannot
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form Watson-Crick basepairs, thereby favoring the unfolded state and destabilizing the
molecule. Similarly, alkaline denaturation is the result of Gs and Us deprotonating and
thereby losing the ability to form Watson Crick basepairs. The apparent pKF and pKU
values for Figure 7.5B were calculated by truncation of the data and fit to Scheme 7.3
with a single protonation in the folded and unfolded states (Table 7.1). It should be noted
that even though values of 3.7 and 4.4 were used for the unfolded state pKs of A and C,
the combination of multiple protonations gives a pKU higher than the individual values,
and that the more pKU values combined, the higher the apparent pKU. The calculated pKF
values were close to the 7.5 used in the actual simulation, although it is important to note
that as the length of the oligonucleotide increases, the calculated pKF becomes less
accurate.

7.6.2

Comparison of Data Fitting to Equation 7.15 and 7.23

In figure 7.6, simulated data from Scheme 7.4 were truncated and fit to equation
7.15 or equation 7.23. For all simulated curves, 2 adenine and 4 cytosine protonations in
the unfolded state were used and the pKF values were varied. Figure 7.5A has a pKF of
6.0. Fitting (from pH 5 to 9) with equation 7.15 without protonation in the unfolded state
returned a pKF of 5.7. Fitting to equation 7.23 returned a pKF of 5.8. Fitting to equation
7.15 and allowing pKU to float gave a pKF of 6.1 and an apparent pKU of 5.4 (See table
7.2). Note that this apparent pKU, which is a combination of multiple pKU values, is
higher than that of A or C. Note also that all 3 fits were reasonably successful in
returning a pKF near the input value of 6.0. Fig 7.6B has a pKF of 6.5, and fitting to
equation 7.15 without protonation in the unfolded state gives a pKF of 6.3. Fitting to
equation 7.23 returns a low pKF value of 6.0, while fitting to equation 7.15 gives a correct
pKF of 6.5 and an apparent pKU of 5.4. Note that even though equation 7.23 gives a good
fit to the data, it does not return the correct pKF value. This is because the pKF value
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obtained from fits to equation 7.23 is the inflection point of the curve, not the rounding
point at high pH as in the case for the other two equations.
Figure 7.6C has an input pKF of 7.5. Fitting to equation 7.15 without protonation
in the unfolded state gives a pKF of 7.4. Note that as the pKF become more separated
from the apparent pKU, this approach fits the data better and returns a more correct pKF.
Fitting to equation 7.23 returns a low pKF value of 6.6, and an overall poor fit, while
fitting to equation 7.15 (Scheme 7.3) gives a correct pKF of 7.5 and an apparent pKU of
5.3. Note that the apparent pKU value remains constant, as expected, because the number
of protonations in the unfolded state was not changed. Lastly, Figure 7.6D has an input
pKF of 8.5. Fitting to equation 7.15 without protonation in the unfolded state gives a pKF
of 8.4. Fitting to equation 7.23 returns a very low pKF of 7.2, while fitting to equation
7.15 gives a correct pKF of 8.5 and pKU of 5.3.
In summary, if the pKF value is near 6.0, equation 7.23 fits the data and returns
and accurate value. However, for more shifted pK values, this equation significantly
underestimates pKF values.

7.6.3

Folded State pKs

Figure 7.7 is a fit of ∆Go37 values determined by melting at different temperatures
for DNA(AC). These data are fit to equation 7.12 and give a pKF of 6.7+0.1. Note that
the model used to fit the data and the experimental data are in good agreement. The data
were fit with pKF as the only variable and 3 adenine and 8 cytosine protonations in the
unfolded state. For this oligonucleotide, the adenines and cytosines in the loop were
counted in the equation because this loop/closing basepair is known to be exceptionally
stable (42) and protonation of the loop may affect the energetics and structure.
Figure 7.8 provides a titration with UV detection of DNA(AC). The DNA(AC)
data were fit to a 2-state model with flat baselines. Spectra were obtained at each pH and
3 wavelengths were chosen for analysis. These wavelengths, 265, 280, and 285 nm gave
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pKF values of 7.0 + 0.1, 7.0 + 0.2, and 7.1 + 0.1, respectively. These values are in good
agreement with the value obtained by fitting of parameters obtained through thermal
melting data. A control sequence, DNA (GC), where the AC was replaced with a GC, is
shown in Figure 7.9. As expected, DNA(GC), which does not contain a possible A+●C
base pair and is plotted over the same range of values as the DNA(AC), shows no
sigmoidal transition as in the other oligonucleotide. UV titrations similar to this one are
convenient, simple methods for determining a pK of a folded oligonucleotide.
The pK for DNA(AC) was also analyzed by a phosphorothioate NMR titration
(Chapter 8). This involved incorporating a phosphorothioate label at multiple positions
in the backbone near the AC and monitoring by 31P NMR. Fitting the chemical shift
versus pH data to a modified Henderson-Hasselbalch equations for fast exchange on the
NMR time scale gave pKa values ranging from 6.65 + 0.02 to 6.93 + 0.3 at 30 °C and
even higher, 6.9 + 0.2 to 7.17 + 0.2 at lower temperatures (14 to 19 oC). The pK values
determined from these experiments are in good agreement with those obtained by both
fitting of thermal melting data and UV titration described in this chapter.

7.6.4

Estimation of the Intrinsic Contribution of an A+● C Basepair to Helix Stability
In Scheme 7.3B, the energetic contribution of the A+●C formation is isolated in

the ∆Gx term, where ∆Gx = -1.42∆pK. For DNA(AC), the pK shifted from 3.7 in the
unfolded state to 7.0 in the folded state, giving a ∆Gx = -1.42∆pK = -1.42(7.0-3.7) =
- 4.7 kcal/mol. This very favorable ∆G term is from a combination of stacking,
hydrogen bonding and electrostatics. To dissect these contributions, we can consider a
few cases. First, it is unlikely in the unprotonated form that the AC is already fully
stacked because NMR data indicate that a structural change occurs upon protonation
(Chapter 8). If the unprotonated AC is not stacked, another possibility is that the A and C
are swung far out into solution. This might allow the CG and GC basepairs above and
below it to stack fully on each other. If so, then upon protonation this single CG/GC
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stack would have to be broken, (at a cost of +2.17 kcal/mol) and two new stacks with the
AC would be made. Consideration of this case yields an intrinsic value of ~-3.5 kcal/mol
(= (-4.7-2.17)/2) per AC nearest neighbor. A third possibility is that the AC is partially
stacked before protonation. If so, the -4.7 kcal/mol would reflect completion of stacking,
formation of hydrogen bonds and electrostatics and is a lower limit to the contribution of
two AC nearest neighbor terms from a completely unfolded reference state. This
suggests that each AC nearest neighbor contributes at least -2.4 kcal/mol (= -4.7/2).
SantaLucia and co-workers calculated nearest neighbor parameters for GT
basepairs (43). AC and GT both form a wobble pairs with two hydrogen bonds (Figure
7.1) and might therefore be expected to have similar stacking and hydrogen bonding
energetics. SantaLucia found that nearest neighbors for GT basepairs next to AT or GC
pairs range from only +0.74 to -0.59 kcal/mol (43). These small values for hydrogen
bonding and stacking do not account for the -2.4 to -3.5 kcal/mol calculated for the
formation of an AC basepair. We conclude that electrostatics provides the majority of
the free energy bonus.
Nucleic acids have a high charge density in the folded state making electrostatics
important to folding. For example, in the core of double stranded DNA, axial charge
density increases ~2.5 times upon duplex formation (2). The energetic bonus for having
a positive charge in the folded state appears to account for most of the large stability.
Intriguingly, these calculations suggest that if a base analogue were cationic at neutrality,
i.e., it had an unshifted pK > 7, it could contribute an enormous amount to stability.
In closing, pK shifting is driven by the extent of electrostatic stabilization and
structure formation that occur subsequent to adenosine protonation. According to ∆pK =
-∆Gx/1.42, the larger the ∆Gx value, the more highly shifted the pK. To maximize ∆Gx,
these systems could incorporate larger amounts of structure formation upon protonation,
or in other words a high degree of cooperativity. Structures that have additional
basepairs form upon protonated AC basepair formation may give more shifted pK values.
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These systems are currently being designed in the laboratory with the goal of perturbing
pK values much higher than neutrality.
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Table 7.1 Thermodynamic Constants, Abbreviations, and Notation for Equations
Variable
Equation(s)a Definitionb
aH+
Ligand activity defined as free proton concentration
KUobs

7.2a

Observed equilibrium constant for unfolding. Value
depends on pH.

Ua+

7.2c

Same as UHa+; others follow this shorthand for
bound proton.

KUref

7.5c

Equilibrium constant for the reference unfolding
reaction, F to U. Defined as KUref = [U]/[F]. Value
is independent of pH.

TMobs

7.10

Observed melting temperature. Defined as the
temperature where KUobs = 1. Value depends on pH.

TMref

7.9

Melting temperature for the reference unfolding
reaction, U to F. Value is independent of pH.

∆HUref

7.9

Enthalpy change for the reference unfolding
reaction, U to F. Value is independent of pH.

ΣU, ΣF

7.5c

Proton binding polynominals for the unfolded and
folded states, respectively. Values depend on pH
(and TM).

kU, kF

7.5a

Microscopic acid dissociation constant for a
nucleobase in the unfolded and folded states,
respectively. Values are independent of pH.

KU, KF

Various
figures

Macroscopic (observed) acid dissociation constant
for an oligonucleotide in the unfolded and folded
states, respectively. Values are independent of pH.

∆GFH sat

∆GUobs, ∆GFobs

Folding free energy between unfolded and folded
states in which the site with the shifted pK is
saturated with proton.
7.12, 7.14

Observed free energy change for unfolding and
folding, respectively. Defined as ∆GUobs= RTlnKUobs. Values depend on pH.
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∆GUref, ∆GFref

7.12, 7.14

Free energy change for the reference unfolding and
folding reactions. Values are independent of pH.
Defined as ∆GUref = -RTlnKUref.

∆GHU, ∆GHF

7.13, 7.14

Free energy contribution for proton binding to the
ensemble of unfolded or folded states, respectively.
Defined as ∆GHU = -RTlnΣU. Values depend on pH.

∆∆GH , ∆∆GFobs 7.15

Total free energy contribution for proton binding to
folding. Equal to
∆∆G Fobs = ∆G Fobs − ∆G Fref = ∆G HF − ∆G HU = ∆∆G H .
Values depend on pH.

nU, nF

7.2a

Number of proton binding sites in the unfolded and
folded states, respectively. Values are independent
of pH.

AU, AP

7.1

Absorbance of unprotonated and protonated RNA
oligonucleotide, respectively. Value is independent
of pH.

n

7.1

Hill constant. Values greater than one reflect
multiple ionizations.

a

Equation denotes the first equation the term is found. A superscript of 'ref' denotes a
pH-independent value for the unfolding reaction, U to F, in their typical neutral states
and tautomeric forms. bFor clarity, definitions indicate whether the value is independent
or dependent on pH.

234

Table 7.2 Data simulation parametersa
Figurea
7.6A

7.6B

7.6C

7.6D

Symbolb
●
▬

Equationc
Simulated
imput data
Eq 7.15

ΣF, ΣUd

pKfa
6.0

pKUa
3.7 (2), 4.4 (4)

R2a

scheme
7.3
scheme
7.1

6.1

5.3

0.999

▬

Eq 7.15

5.7

▬

0.973

▬

Eq 7.23

5.7

▬

0.999

●

6.5

3.7 (2), 4.4 (4)

▬

Simulated
imput data
Eq 7.15

6.5

5.2

0.999

▬

Eq 7.15

6.3

▬

0.985

▬

Eq 7.23

6.0

▬

0.999

●

7.5

3.7 (2), 4.4 (4)

▬

Simulated
imput data
Eq 7.15

7.5

5.2

0.999

▬

Eq 7.15

7.4

▬

0.993

▬

Eq 7.23

6.6

▬

0.995

●

8.5

3.7 (2), 4.4 (4)

▬

Simulated
imput data
Eq 7.15

8.5

5.2

0.999

▬

Eq 7.15

8.4

▬

0.996

scheme
7.3
scheme
7.1

scheme
7.3
scheme
7.1

scheme
7.3
scheme
7.1

▬
▬
Eq 7.23
7.2
0.979
Values were obtained from fits to simulated data in Figure 7.6. bBlack circles indicate
simulated data, while red and blue lines represent fits. cEquations and dbinding
polynominals used in fits are provided.
a
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Σ F = 1 + 10 pk F −pH
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ΣU = 1

H
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∆GF,37

∂ ln Σ F − 2.303[H + ] / k F
=
∂pH
1 + [H + ] / k F

U

∂ ln Σ U
=0
∂pH

Scheme 7.1 3 microscopic states: unfolded, folded, and folded protonated.
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Σ u = 1 + 10 pk U − pH
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∆GF,37

U

+

H

UH+

∂ ln Σ F
=0
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∂ ln Σ U − 2.303[ H + ] / k U
=
∂pH
1 + [ H + ] / kU

Scheme 7.2 3 microscopic states: unfolded, unfolded protonated and folded.

236

F
ref
∆GF,37

U

+

H

F'H+
ref
H sat.
∆GF,37
= ∆GF,37
+ ∆Gx,37

+

Σ U = 1 + 10 pkU − pH

Σ F = 1 + 10 pk F − pH

UH+
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=
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1 + [H + ] / k F
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=
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1 + [ H + ] / kU

Scheme 7.3a 4 microscopic states: unfolded, unfolded protonated, folded, and folded
protonated.
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Scheme 7.3b 5 microscopic states: unfolded, unfolded protonated, folded, folded
protonated without AC basepair formed, and folded protonated with AC basepair formed.
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Scheme 7.3c Cartoon depicting the 5 microscopic states shown in Scheme 7.3b.
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Σ f = 1 + 10 pk F − pH
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∂ ln Σ F − 2.303[H + ] / k F
=
∂pH
1 + [H + ] / k F

UHa+Hb+......
......

......

...... UH +
b
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ΣU = 1 + 10 pkU ( A) − pH

) (1 + 10
nA

) (1 + 10

pkU ( C ) − pH nC
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pH − pkU ( G ) nG

)

pH − pkU (U ) nU

 n [ H + ] / k ( A) nC [ H + ] / kU (C ) nG k U (G ) /[ H + ] nU kU (U ) /[ H + ] 
∂ ln Σ U

= −2.303 A + U
+
+
+
+
+
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Scheme 7.4 Multiple microscopic states: unfolded, multiple unfolded protonated, folded
and folded protonated.
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Figure 7.1 AC and GT wobble base pairs. R represents the ribose sugar. A)

Unprotonated AC wobble pair. This pairing with a single hydrogen bond is unlikely to
form. B) A+●C wobble pair with two hydrogen bonds involving a protonated N1 of A.
This pairing is similar to C) the GT wobble pair.
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Figure 7.2 Contributions of proton binding to nucleic acid stability for schemes
involving one protonated folded and/or one protonated unfolded state. Simulations are of
∆∆GFobs versus pH comparing the models in schemes 7.1(blue), 7.2 (red), and 7.3 (black).
A) Simulations use equation 7.15, binding polynominals from schemes 7.1-7.3, and a pkF
and pkU of 7.5 and 4.4, respectively. Note also that the black line, which is the simulation
for the complete scheme 7.3, is built up from the summation of ∆GHF (in blue) and
–∆GHU (in red), which can be seen graphically. A value of zero for ∆∆GFobs corresponds
to no contribution of proton binding to stability, i.e. ∆GFobs=∆GFref. Dotted line shows
idealized behavior with no ionization equilibrium. B) First derivative with respect to pH
plot of data in A.
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Figure 7.3 Contributions of proton binding to nucleic acid stability from Scheme 7.4
involving one protonated folded state and an ensemble of protonated unfolded states.
Simulations are of ∆∆GFobs versus pH for the model in Scheme 7.4. A hairpin with two
adenines and four cytosines was assumed. Simulations use equation 7.15 and binding
polynominals from Scheme 7.4, with a pkF of 7.5 and pkus of 3.7 and 4.4 for the As and
Cs, respectively. Note that the black line, which is the simulation for the complete
scheme 7.4, is built up from the summation of ∆GHF (in blue) and -∆GHU (in red). A
value of zero for ∆∆GFobs corresponds to no contribution of proton binding to stability,
i.e. ∆GFobs=∆GFref. The dotted line shows idealized behavior with no ionization
equilibrium. The value of n was set to 1.
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Figure 7.4 Determination of unfolded state pk values. A) Titration of UC using KOH
monitored at 240 nm (●) and 290 nm (○). These titrations give an average pk of 4.20 +
0.01 and n value of 1.08. B) Titration of UUCUU using KOH monitored at 240 nm (●)
and 290 nm (○). These titrations give an average pk of 4.41 + 0.02 and n value of 1.01.
C) Titration of UUAUU using HCl monitored at 225 nm (●) and 230 nm (○). These
titrations give an average pk of 3.70 + 0.04 and n value of 1.20. 100 mM KCl was added
to all samples. Data were fit to equation 7.1.
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Figure 7.5 Contribution of proton binding to nucleic acid stability involving variable
numbers of unfolded state protonations. Simulations are of ∆∆GFobs versus pH based on
the models in Scheme 7.4. Each simulation considers a hypothetical 12mer (black),
24mer (blue) and 80mer (red) in which protonation of a single nucleotide precludes the
entire oligonucleotide from folding. Simulations use equation 7.15 and binding
polynomials from Scheme 7.4, with a pKF of 7.5 and pkUs of 3.7, 4.4, 9.4 and 9.4 for As,
Cs, Gs, and Us, respectively. RNA molecules are assumed to have an equal distribution
of A, C, G and U residues. A value of zero for ∆∆GFobs in panel A corresponds to no
contribution of proton binding to stability, i.e. ∆GFobs=∆GFref. Dotted lines show
idealized behavior with no ionization equilibrium. A) Simulations with no protonations
allowed in the folded state (ΣF=1) (e.g.:canonical Watson-Crick base pairs only), and
multiple A and C protonations in the unfolded state. B) Simulations with a single
protonation in the folded state and multiple A and C protonations in the unfolded state. C)
Simulation of no protonations allowed in the folded state and multiple A, C, G and U
protonations in the unfolded state. D) Simulations with a single protonation in the folded
state and multiple A, C, G and U protonations in the unfolded state.

243

B

A
0.4
Data simulated from scheme 4
Fit to eq11/scheme 3
Fit to eq11/scheme 1
Fit to eq 14

0

∆∆GF (kcal/mol)

0

-0.5

-0.2

obs

obs

∆∆GF (kcal/mol)

0.2

-0.4

-1

-0.6
-1.5

-0.8

3

-1
3

4

5

6

7

8

4

5

6

7

8

9

pH

9

pH

C

D
0
0
-1

∆∆GF (kcal/mol)

-1

obs

obs

∆∆GF (kcal/mol)

-0.5

-1.5
-2

-2

-3

-4
-2.5
-5

-3
3

4

5

6

pH

7

8

9

3

4

5

6

7

8

9

pH

Figure 7.6 Fitting of simulated data for contributions of proton binding to stability. Data
were simulated according to scheme 7.4 (red, Figure 7.3) and a variable pKF value. For
all simulated data (●), a hairpin with 2 adenine and 4 cytosines was assumed, and with
pkUs of 3.7 and 4.4, respectively. Simulated data were fit (solid lines) to either equation
7.15/scheme 7.1 (green line), equation 7.15/scheme 7.3 (red line), or equation 7.23 (blue
line). Only every 5th point of the simulated data is shown for clarity, and a legend is
provided in panel A which applies to all panels. Fits are from to pH 5 to 9 only and
results from the fits are summarized in Table 7.2. A) Simulation with a pKF of 6.0. B)
Simulation with a pKF of 6.5. C) Simulation with a pKF of 7.5. D) Simulation with a pKF
of 8.5.
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Figure 7.7 Secondary structure and thermal denaturation data of DNA(AC). A)
Secondary structure of DNA(AC) in the folded protonated form. B) Representative
melting curves. Normalized absorbance at 280 nm was plotted versus temperature at
different pH values. Note that lowering the pH stabilizes the strand until the pH is lower
than 6. C) Plot of fit to ∆G37 values determined from thermal melting versus pH. All
data points are the average of 3 or more melts. Error bars are the standard deviations of
the ∆GFobs values from individual melts. Data were fit to equation 7.12/scheme 7.4 using
3 adenine and 8 cytosine protonations (black line) in the unfolded state, as dictated by the
sequence of DNA(AC), with pk values of 3.7 and 4.4, respectively. The value for pKF,
which was one of the two adjustable parameters in the fit, was determined to be 6.7 + 0.1.
∆GFref was also allowed to vary and gave a value of 3.6 + 0.2. The pH values were
corrected from pH at room temperature values to values at the TM using ∆pK/oC values
for the respective buffers (28).

245

0.44

0.72

0.435

0.715

0.43

0.71

0.425

0.705

0.42

(GC) ( )

265A

0.725

265A

(AC) ( )

A

0.415

0.7

0.41

0.695

0.405

0.69
5

6

7

8

9

10

pH

280A

0.27

0.44

0.265

0.435

0.26

0.43

0.255

0.425

0.25

0.42

0.245

(GC) ( )

0.445

280A

(AC) ( )

B

0.24

0.415
5

6

7

8

9

10

pH

C

0.2

0.32

(AC) ( )
285A

0.19

(GC) ( )

0.315

285A

0.195

0.31
0.185

0.305
0.18
5

6

7

8

9

10

pH

Figure 7.8 Titrations with UV detection of DNA(AC) (●) and DNA(GC) (○). A)
Monitoring at 265 nm; pKF from fit is 7.0 + 0.1 and n is 0.6 + 0.1. B) Monitoring at
280 nm; pKF from fit is 7.0 + 0.2 and n is 0.7 + 0.2. C) Monitoring at 285 nm; pKF from
fit is 7.1 + 0.1 and n is 1.0 + 0.3. Range on right y-axis is set to be the same as that on
the left y-axis. Note that absorbance values at 260nm and 280 nm increase with pH as
expected for a hyperchromic effect from melting of the AC basepair.
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Figure 7.9 Thermal denaturation data of DNA (GC). All data points are the average of 2
or more melts and the error bars are the standard deviations of the ∆GFobs values from
individual melts. Line is a simulation with no adjustable parameters using equation
7.12/scheme 7.4 and 2 adenine, 8 cytosine, 8 guanosine and 1 thymine protonations in the
unfolded state, as dictated by the sequence of DNA (GC), with pK values of 3.7, 4.4, 9.2
and 9.2, respectively. ∆GUref was set to -3.5 kcal/mol. The pH values were corrected
from pH at room temperature values to values at the TM using ∆pK/oC values for the
respective buffers (28).
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Chapter 8

Simple Method for Determining Nucleobase pKa Values by
Indirect Labeling and Demonstration of a pKa of Neutrality in
dsDNA

[Published as a communication entitled, “Simple Method for Determining Nucleobase
pKa Values by Indirect Labeling and Demonstration of a pKa of Neutrality in dsDNA” by
Ellen M. Moody, Trevor S. Brown and Philip C. Bevilacqua in Journal of the American
Chemical Society, in press.]

8.1

Introduction
Nucleobases can have shifted pKas, which have been separated into two classes

(1, 2). Class I sites are those for which the loaded proton is involved in hydrogen
bonding, such as a wobble A+●C basepair (Figure 1.1), and therefore not free to undergo
proton transfer. Class II sites are those for which the loaded proton is not hydrogen
bonded and thus free to partake in proton transfer including general acid/base catalysis
(Figure 1.6) (2).
Free nucleobases have pKas of 3.5 and 4.2 for N1 of adenine and N3 of cytosine,
respectively, and 9.2 and 9.7 for N1 of guanine and N3 of thymine (3). These values shift
even further from neutrality in a typical Watson-Crick base pair owing to the stability
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conferred by base pairing (1, 2, 4). However, numerous folded state pKas are perturbed
towards neutrality for RNA and DNA, with values ranging from 3.8 to 6.6 (4-8). pKas
shifted towards neutrality can participate in RNA and DNA catalysis (1, 2, 9).
We wanted to develop a simple approach for determining pKas in folded DNA
and RNA molecules and investigate the extent to which basepairing can shift pKas.
Phosphorothioates were substituted into dsDNA to study Class I A+●C basepairs by 31P
NMR. This substitution shifts the phosphorus peak downfield by ~50 ppm (Figure 8.1).
We found that these peaks had a pH-dependent change in chemical shift, presumably
caused by a change in local structure upon A+●C basepair formation. Phosphorothioate
substitutions have also been used to assign 31P spectra (10). Phosphorothioates have been
used to monitor ion binding in the hammerhead ribozyme, and found to yield a higher
field shift upon addition of Cd2+ ions (11, 12). They have also been used to identify
inner-sphere metal ion coordination in a tetraloop (13).

8.2

Materials and Methods

8.2.1

Preparation of DNA Samples
DNA oligonucleotides were synthesized, deblocked and desalted by the

manufacturer (Integrated DNA Technologies). Oligonucleotides were dialyzed into
sterile, distilled, deionized water as described (14). The DNA sequences were DNA1 *A:
5'-CG*AGAATTCCCG; DNA1 C*: 5'-CGAGAATTCC*CG; DNA2 A*:
CGCA*GGACGCAGTCCCGCG; DNA2 C*: 5'-CGCAGGACGCAGTCCC*GCG;
DNA2 AG*: 5'-CGCAG*GACGCAGTCCCGCG and DNA2 A* ctrl: 5'CGCA*GGACGCAGTCCTGCG, where * indicates the position of the phosphorothioate
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substitution. Electrospray mass spectrometry confirmed the phosphorothioate
substitution in DNA2 A*. The secondary structures in Figure 8.2 were confirmed by
mfold 3.1 (15, 16) with the smallest ∆∆Go37 equal to 3.3 kcal/mol, calculated as the
difference between the optimal and first suboptimal predicted secondary structures. Selfcomplementary DNA1 was predicted to have a ∆Go37 of +1 kcal/mol in forming any
intra-strand secondary structure, thus supporting duplex over hairpin formation. A single
set of two 31P peaks for all sequences at all pH values is consistent with a single
secondary structure. All experiments were conducted without addition of a buffer and in
the background of 100 mM KCl to maintain constant and physiologically-relevant ionic
strength throughout the titrations, which involved addition of small amounts of KOH or
HCl. NMR samples were 100 mM KCl and 5% D2O. DNA concentrations ranged from
640 µM to 2.5 mM, and the oligonucleotides were renatured prior to the start of each
experiment by heating to 90 oC for 3 minutes and cooling on bench top for 10 minutes.
An internal coaxial tube containing 1% trimethyl phosphate (TMP) in 5% D2O was used
as a reference and set to 0 ppm. The pH values were determined using a Accumet 3 mm
micro combination electrode with a calomel reference or a Mettler Toledo 3 mm diameter
AgCl reference electrode using a Corning 430 or Accumet Basic AB15 meter. The pH
was determined both before and after the NMR experiment; values agreed within 0.05 pH
units and were averaged for each point. All sequences were titrated from low to high pH
by the addition of 0.1 M KOH, with the exception of DNA1 C* and DNA2 C*, which
were titrated from high to low pH by adding 0.05 M HCl. The pH values were
determined at 30 oC for all data in Table 8.1, expect DNA1 C*, which was determined at
room temperature (~20 oC) and mathematically corrected to 31 oC. The pH values for
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NMR data at additional temperatures were determined at room temperature (~23 oC) for
all sequences except DNA2 AG*, which was determined at 33 oC (Table 8.2).

8.2.2

NMR Conditions
The NMR titrations in Table 8.1 and Figure 8.3 were carried out at 31 oC for

DNA1 C*, as per Wang et al.(17), and at 30 oC for all DNA2 sequences for comparison.
The NMR spectra for additional temperatures (Table 8.2 and Figure 8.4) were collected
at 23 oC for DNA1, 19 oC for DNA2 A* and 14 oC for DNA2 C*, DNA2 AG* and
DNA2 A* ctrl. The chemical shift of the Rp and Sp phosphorothioate resonances were
followed as a function of pH. NMR data were collected on a Bruker AMX2-500
spectrometer using a 5 mm broadband probe with a 31P frequency of 202.46 MHz and a
90o pulse of 20 µsec.

31

P spectra were acquired with a spectral width of 23,809 Hz, a

recycle delay of 3 s, and proton decoupling (WALTZ-16) (18). Data were processed
using XWINNMR (Bruker). 32K data points were collected and the FIDs were zerofilled to 64K and apodized using 10 Hz line broadening.

8.2.3

Fitting of the Data
Chemical shift (δ) versus pH data were fit to equation 8.1, which is the

Henderson-Hasslebalch equation adapted for fast chemical exchange on the NMR time
scale, to obtain the pKa value, n, δP and ∆δ,
δ = δP +

∆δ
,
1 + 10 n ( pK − pH )

(8.1)

where ∆δ=δU-δP, δU and δP are the chemical shift values of the unprotonated and
protonated states (in ppm), respectively, and n is a Hill constant reflecting the number of

251

proton binding sites. This equation assumes infinite cooperativity between multiple sites,
if present. A value of n near unity is consistent with one proton binding site, or
independent sites. The values of pKa, n, and ∆δ from fits of data collected at 30 oC and
31 oC are provided in Table 8.1. As a control, the slope of the linear fit of DNA2 A* ctrl
was used as a baseline correction to equation 8.1 in fitting peak 1 of DNA2 C* at 14 oC;
this was done to test the possible effect on the resultant pKas. The curve fits yielded pKa
values of 7.08 ± 0.03 without a correction, 6.99 ± 0.02 with a lower baseline correction,
7.18 ± 0.03 with an upper baseline correction, and 7.08 ± 0.02 with a correction to both
baselines. This demonstrates that sloping baselines as seen in DNA2 A* ctrl do not affect
the calculated pKa value by more than ± 0.1.

8.3

Results
To test the method, we chose a self-complementary DNA duplex sequence

(DNA1) with a published pKa of 6.6, determined by 1H and 15N NMR (17). The
phosphorothioate (*) was incorporated 3' of C10 (DNA1 C*) or 5' of A3 (DNA1
*A)(Figure 8.2A). The chemical shifts of the Rp and Sp resonances were followed as a
function of pH, with referencing to an internal TMP standard. The Rp and Sp
diastereomers were not separated since their resonances did not overlap. This provided
pKas from two substitutions in a single experiment. Within error, these peaks gave the
same pKa values. Fitting data for DNA1 C* to a Henderson-Hasselbalch equation
adapted for fast chemical exchange on the NMR time scale (see section 8.2.3) gave pKa
values of 6.56 + 0.04 and 6.57 + 0.03 (Table 8.1, Figure 8.2), which are in good
agreement with the published value of 6.6 (17). Jones and coworkers reported a pKa in
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D2O based on an uncorrected pH meter reading. A correction of a pH meter reading and
a back correction for a pH titration on cytidine yields a similar pKa (19). Because of this,
we make a direct comparison of our pKa with the reported by Jones and coworkers.
Values of the Hill coefficient were 1.26 + 0.13 and 1.32 + 0.10, suggesting that the A+●C
basepairs act independently, as expected.
For DNA1 *A, peak 1 had a significant slope at pH values lower than 6, while
peak 2 showed little change throughout the titration (Figure 8.4). The origin of these
effects is unclear at present, but phosphorothioates at other positions did not show this.
Data for DNA1 *A peak 1 were fit with three different baseline methods, which gave
pKas ranging from 6.46 to 6.89, in agreement with results from DNA1 C*.
The next sequence investigated (DNA2) was a DNA hairpin with a stable loop
and closing basepair (20, 21) that contains a single A+●C basepair in the center of the
stem. This sequence was also designed to have more stable nearest-neighbor interactions
than DNA 1, which should favor the equilibrium constant for folding and a more shifted
pKa. Nearest neighbor calculations using GC or AT in place of the AC favored DNA2
over DNA1 by a ∆∆Go37 of -0.33 (GC) and -0.15 kcal/mol (AT) (22). These differences
correspond to ∆pKas of 0.24 and 0.11 with respect to DNA1. In addition, SantaLucia and
coworkers calculated nearest-neighbor parameters of internal AC mismatches in DNA at
pH 5 and 7 and found that the contribution of an AC was strongly dependent on its
nearest-neighbors (23). They reported a ∆Go37 difference for the nearest neighbors in
DNA2 and DNA1 of -0.56 kcal/mol (1M NaCl at pH 5.0), which corresponds to a ∆pKa
of 0.40 at 37 oC. Overall, these three calculations predict that DNA2 should have a
higher pKa than DNA1.

253

As in DNA1 C*, the phosphorothioate was first incorporated 3' of the C of the
A+●C basepair, in DNA2 C*. Fitting the pH dependence of the two DNA2 C*
resonances gave n values of 1.25 + 0.09 and 1.37 + 0.10, respectively, and pKas of 6.84 +
0.03 and 6.93 + 0.03, suggesting that nearest-neighbor interactions can drive a pKa in
dsDNA to neutrality (Table 8.1).
In order to ensure that placement of the phosphorothioate was not responsible for
shifting the pKa, the experiment was repeated with two other label placements. First,
incorporation 3' of A4 of the A+●C basepair, DNA2 A* (Table 8.1, Figure 8.2B and 8.3),
gave n values of 1.11 + 0.04 and 1.15 + 0.06 and pKa values of 6.87 + 0.02 and
6.65 + 0.02, similar to those determined for DNA2 C*. Second, the label was moved an
additional basepair away from the A+●C, in DNA2 AG*, which gave n values of
0.88 + 0.15 and 0.98 + 0.23 and pKa values of 6.93 + 0.08 and 6.90 + 0.10, similar to
those for DNA2 A* and DNA2 C*. The change in chemical shift for DNA2 AG* was
considerably smaller than that for DNA2 A* and C* (Table 8.1), |δave| of 0.07 versus 0.38
and 0.20, consistent with a smaller structure perturbation at this remote position upon
protonated basepair formation. Similarity among the six pKa values for DNA2 C*, A*
and AG* strongly supports the label not causing the pKa shift.
As a last control, the AC was changed to an AT, in DNA2 A* ctrl. As expected,
the plot of the downfield-shifted resonances versus pH no longer had a sigmoidal shape
and could be fit with a straight line (Figure 8.4 and 8.5).
At 30-31 oC, the average pKas for DNA1 and DNA2 were 6.56 and 6.85,
respectively, giving a ∆pKa of 0.29, which is in agreement with that predicted from
nearest-neighbor parameters. Lowering the temperature to 14-19 oC gave a higher
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average pKa value for DNA2 of 7.06 (Table 8.2 and Figure 8.4), which further supports
folding providing a critical driving force for pKa shifting.

8.4

Conclusions
In summary, phosphorothioate incorporation combined with 31P NMR provides a

simple method for determining pKa values in structured DNA molecules. pKa values of
neutrality were promoted by favorable nearest-neighbor partners and lower temperature.
Numerous DNA enzymes have been prepared in vitro (24), and pKas of 7 could confer
several catalytic strategies upon these enzymes, including electrostatic catalysis (1, 2). In
the future, indirect labeling with a phosphorothioate could be used to measure shifted
pKas in RNA and DNA molecules with complex structures, including Class II sites that
involve a structural change upon protonation.
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Table 8.1 Parameters from fits to pH titrations
Sequence
Peaka
nc
∆δ (ppm)b,c

pKac

DNA1 C*

DNA2 C*

DNA2 A*

DNA2 AG*

1

0.29±0.01

1.26±0.13

6.56±0.04

2

0.43±0.01

1.32±0.10

6.57±0.03

1

0.197±0.005

1.25±0.09

6.84±0.03

2

0.196±0.005

1.37±0.10

6.93±0.03

1

0.381+0.004

1.11+0.04

6.87+0.02

2

-0.372+0.006

1.15+0.06

6.65+0.02

1

-0.082±0.005

0.88±0.15

6.93±0.08

2

-0.049±0.004

0.98±0.23

6.90±0.10

a

Peak 1 is the more downfield shifted phosphorothioate peak. bCalculated as
the difference between high and low pH. cValues of ∆δ, n, and pKa were
obtained from non-linear curve fitting to equation 8.1. NMR conditions were
31 oC for DNA1 and 30 oC for DNA2 in 100 mM KCl. pH values were
determined at 30-31 oC. Data at these and additional temperatures are given
in Supporting Information.
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Table 8.2 Parameters for fits to pH titrations at additional temperatures
Sequence
Peaka
nc
pKac
Temperature (°C)
∆δ (ppm)b,c
DNA1 C*

DNA2 C*

DNA2 A*

DNA2 AG*

1

0.45±0.01

0.89±0.06

6.64±0.03

23

2

0.6±0.02

1.01±0.08

6.63±0.03

23

1

0.306±0.007

0.98±0.07

7.08±0.03

14

2

0.243±0.005

1.26±0.09

7.00±0.03

14

1

0.367+0.006

1.05+0.05

7.17+0.02

19

2

-0.404+0.007

0.92+0.04

7.00+0.02

19

1

-0.127±0.002

0.94±0.05

6.94±0.02

14

2

-0.035±0.003

0.9±0.3

7.2±0.1

14

a

Peak 1 is the more downfield shifted phosphorothioate peak. bCalculated as the
difference between high and low pH. cValues of ∆δ, n, and pKa were obtained from nonlinear curve fitting to equation 8.1. Temperature values are between 14 and 23 oC and are
provided in Section 8.2.2. The average ∆pKa at these lower temperatures (0.42) is similar
to that at 30 oC (0.29).
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51.5
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51.0
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49.5
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Figure 8.1 Representative NMR spectra highlighting downfield-shifted phosphorothioate
resonances. Spectra are referenced to an internal TMP standard set to 0 ppm. The inset
is a blow-up of the boxed region and displays the lowest and highest pH spectra in the
titration of DNA2 A* at 19 oC.
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6.56, 6.57

A 5'

3'
CGAGA AT T C C CG
G C C C T T A AGA GC

3'

5'
6.56, 6.57

B 5'

6.87, 6.65
6.93, 6.90

No Transition

C 5'
C G C A G GA CG
G C G T C C T GAC

C G C AG GA CG
G C G C C C T GAC
3'

3'
6.84, 6.93

Figure 8.2 DNA oligonucleotides with arrows indicating locations of phosphorothioates.
The Rp/Sp pKas are provided. Boxes enclose the A+•C basepair and its nearest neighbors.
A) DNA1 B) DNA2 C) DNA2 ctrl.
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Figure 8.3 Titration curves for data in Table 8.1. A) DNA1 C* at 31 oC, B) DNA2 C* at
30 oC, C) DNA2 A* at 30 oC, and D) DNA2 AG* at 30 oC. Both Peak 1 (the most
downfield shifted peak; filled circles) and Peak 2 (open circles) are shown. The reported
chemical shifts reported are relative to TMP (0 ppm). Data are fit with equation 8.1 and
pKa and n values for panels A-D are provided in Table 8.1.
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Figure 8.4 Additional titration curves. A) DNA1 C* at 23 oC, B) DNA2 C* at 14 oC, C)
DNA2 A* at 19 oC, D) DNA2 AG* at 14 oC, E) DNA2 A* ctrl at 14 oC, and F, G, H)
DNA1 *A at 23 oC. Both peak 1 (the most downfield shifted peak; filled circles) and
peak 2 (open circles) are shown. The reported chemical shifts are relative to TMP (0
ppm). In panels A – D, the data are fit with equation 8.1. Panel E data are fit with a
straight line. Panel F data are fit with equation 8.1 using the slope of the data below pH
5.93 to represent the dependence of δP on pH. Panel G and H are DNA1 *A data ≥ pH
6.33 fit with equation 8.1 with a lower baseline that is either variable or fixed at the
chemical shift value observed at pH 6.33 (51.344 ppm), respectively. In these two
panels, only peak 1 is fit, but peak 2 data are shown for comparison. pKa and n values for
panels A-D are provided in Table 8.2. pKa and n values for panels F, G, and H are
6.46+0.03, 6.8+0.1, and 6.89+0.06, respectively, and 1.5+0.1, 1.7+0.7, and 2.0+0.4,
respectively. Because of the uncertainty in DNA1 *A n values, caused by the low pH
baseline, this pKa data is treated only qualitatively.
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Figure 8.5 Titration curves tracking the change in chemical shift with pH for DNA2 A*
peak 1 (●), DNA2 A* peak 2 (ο), and DNA2 A* ctrl peak 1 (♦). Chemical shift values
are with respect to TMP. Data for DNA2 A* were fit to equation 8.1, while data for
DNA2 A* ctrl were fit to a linear equation (R=0.98).
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