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Abstract

Since the discovery of DNA, researchers have been attempting to decode the detailed
structure, properties, and abilities of this molecule. At first approximation, DNA
can be thought of as a long, regular, double-stranded helix encoding the genomic
information of life. However, on closer analysis DNA has been found to take on a
wide variety of complex shapes and functions both in vitro and in vivo. DNA can
be single-, double-, triple-, and even quadruple-stranded in nature and can bind in
both the Watson–Crick conformations and also in a variety of non-canonical configurations that add to its inherent flexibility, structure, and activity. Elucidating
the varied structures and behaviors of DNA has historically been an experimental
endeavor, due in large part to the difficulties in capturing nucleic acid’s complex motions and function in a tractable computational model. However, as the applications
of DNA expand and computation power increases, simulation models are playing an
increasingly important role in DNA understanding and engineering. In this thesis, we
simulate short DNA and RNA (less than 100 nucleotides) and examine their complex
structures. In particular, we will (i) experimentally evaluate previous DNA coarse
grained models for their ability to capture complex nucleic acid structures, and (ii)
develop a new model that can better capture both canonical and non-canonical interactions and show its utility in the study of several known structures. Further, we
will use our understanding of the intricate interactions of short oligonucleotides to
unravel a hereto experimentally inaccessible mechanistic pathway for a catalytically
active DNA molecule. The model developed and the importance of non-canonical
interactions in nucleic acid systems will be useful in the continued understanding and
engineering of DNA and RNA molecules for nanotechnology, genetic engineering, and
therapeutic applications.
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1
Primary Structure of Nucleic Acids

We also now appreciate that molecular biology is not a trivial aspect of
biological systems. It is at the heart of the matter. Almost all aspects
of life are engineered at the molecular level, and without understanding
molecules we can only have a very sketchy understanding of life itself. All
approaches at a higher level are suspect until confirmed at the molecular
level.
Francis Crick, What Mad Pursuit, 1988 [1]

1.1

Introduction to Nucleic Acids

Nucleic acids are molecules which play a central role in the transmission, expression,
and conservation of genetic information. The most common nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). First discovered by Friedrich
Miescher in 1869 as a phosphate-rich chemical found in cells, nucleic acids have been
the subject of study ever since [2]. Recently, it has been discovered that nucleic acids
can play even wider and more unexpected functions than that of a simple genetic
library.
The role of DNA as the carrier of genetic information has been amply demonstrated
beginning with the classic experiments of Avery et. al. in 1944 [3] and Hershey and
Chase in 1952 [4]. These experiments marked the opening of the contemporary era
of genetics, the bridge connecting ‘chromatin’ to classical Mendelian thought, and introducing the ‘DNA only’ view of inheritance [5]. With this understanding the search
began to connect the matter of life with its unique and individual functions.
1
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The classic example of how biological function follows from biomolecular structure
comes from the elucidation by Watson and Crick in 1953 of the structure of DNA as
a double helix [6, 7], using the X-ray diffraction patterns generated by Franklin [8],
Wilkins [9], and their associates, and the chemical evidence of base complementarity
of Chargaff [10] from the early 1950s. In their seminal paper, Watson and Crick
explicitly suggest the relationship between form and function when they state that “it
has not escaped our notice that the specific pairing we have postulated immediately
suggests a possible copying mechanism for the genetic material” [6]. From this start
of understanding biological purpose and biomolecular structure, the study of nucleic
acids has grown to encompass entire scientific disciplines; in fact, this extremely
versatile molecule continues to be found to have new forms and novel functions.
We begin our examination of the interplay of structure and function by examining
nucleic acids at the molecular level, as suggested by Francis Crick in the introductory
quotation of this chapter from his book What Mad Pursuit [1]. This chapter discusses
the physical and chemical properties of the monomeric building blocks of nucleic acid
structure: the bases, nucleosides, and nucleotides; the components of its primary
structure. Seemingly recondite monomer structural features such as the electron
distributions and bond conformations are included and will be built upon in this and
later chapters as key factors of base stacking, hydrogen bonding, and helix geometries.
As we move through this treatise, we will explore DNA’s other levels of complexity,
moving from the sequence of its bases (primary structure) to base pairing (secondary
structure) to its three-dimensional shape (tertiary structure).

1.2

Composition of Nucleotides

Nucleotides have many functions in living organisms; they participate as essential
intermediates in virtually all aspects of cellular metabolism [11]. Serving an even more
central biological purpose are nucleic acid molecules; they are the elements of heredity,
the emissaries of genetic information transfer, and the agents of catalytic change.
Nucleic acids are linear polymers of nucleotides in which the order of their subunits,
or primary structure, promote additional information, structure, and function. A
nucleotide consists of three molecular fragments: a heterocyclic nitrogen group, a
sugar group, and a phosphate group.
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Figure 1.1: A schematic representation of the pyrimidine and purine ring structures with the conventional numbering shown.

1.2.1

Nitrogenous Bases

The heterocyclic nitrogenous bases of nucleotides are derivatives of either pyrimidines
or purines. Pyrimidines are six-membered heterocyclic aromatic rings containing two
nitrogen atoms. The atoms are numbered in a counterclockwise fashion, as shown
in Figure 1.1 [12]. The purine ring structure is represented by the combination of a
pyrimidine ring with a five-membered imidazole ring to yield a fused ring system. The
nine atoms in this system are numbered according to the convention shown in Figure
1.1. Each base is essentially planar, and its conformations are limited [12].
The common naturally occurring pyrimidines are cytosine (2-oxy-4-amino pyrimidine), thymine (2-oxy-4-oxy-5-methyl pyrimidine), and uracil (2-oxy-4-oxy pyrimidine). The latter is only found in RNA and replaced by the functionally equivalent
thymine in DNA. Adenine (6-amino purine) and guanine (2-amino-6-oxy purine) are
the two common purines appearing in nucleic acids, as depicted schematically in Figure 1.2 [11]. Various other pyrimidine and purine derivatives are also present in nucleic
acids as minor constituents and will not be further discussed here [13]. Resonance possibilities within the pyrimidine and purine ring systems and the electron-rich nature
of their –OH and –NH2 substituents endow them with the capacity to undergo tautomeric shifts [12] and multiple hydrogen bonding incidences [13] as will be discussed
in Section 1.3.1.

1.2.2

Sugar Group

Nucleic acids are comprised of a cyclic, furanoside-type sugar: β − D-ribose in RNA
and β − D-deoxyribose in DNA which is schematically depicted in Figure 1.3 [13].

1.2 Composition of Nucleotides

HNH
6

4

O
N

5

1N

6

7
8

2

4

N
3

N9
H

6

O

2

NH

Cytosine

3

2

6

O

7

N9
H
O
4

4

5

N3

N
H1

4

N
3

HNH

Guanine

HNH
4

N

8

2

Adenine

5

5

1HN

O

N
H1

Thymine

5
6

NH

3

2
N
H1

O

Uracil

Figure 1.2: A schematic representation of the common pyrimidine and purine nitrogenous bases
found in nucleic acids; thymine and uracil are exclusively found in DNA and RNA,
respectively. Purines are connected to DNA or RNA sugars at the N9 position in
the imidazole ring. The pyrimidines are connected to DNA or RNA sugars at the N1
position.

When these ribofuranoses are found in nucleotides, their atoms are numbered as 1’,
2’, 3’, 4’, and 5’ to distinguish them from the ring atoms of the nitrogenous bases
[11]. The presence in the -OH group at the 2’-position of the sugar along with the
presence of uracil instead of thymine distinguishes RNA from DNA.
A nucleoside is constructed from a nitrogenous base and a sugar group joined by a
β-gylcosyl C1’ −N1 or 9 linkage. The free bases depicted in Figure 1.2, bear a hydrogen
atom in position 9 (purine) and 1 (pyrimidine); in nucleosides, this hydrogen atom is
replaced by a single bond connecting it to the sugar moiety [13]. Unlike the planar
ring structures of the bases, ribofuranose rings in nucleosides can exist in four different

OH
4’
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H H
3’

OH

O

Base
H

1’

H

2’

H

Figure 1.3: A schematic depiction of β − D−deoxyribose sugar. The nitrogenous base is attached
as shown at the C1’ position with glycosidic bond.
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puckered conformations. In all cases, four of the five atoms are in a single plane. The
fifth atom (C2’ or C3’ ) is on either the same (endo) or the opposite (exo) side of the
plane relative to the C5’ atom [14].

1.2.3

Phosphate Group

A nucleotide results when phosphoric acid is esterified to a sugar -OH group of a nucleoside. The nucleoside ribose ring has three -OH groups available for esterification,
at C2’ , C3’ , and C5’ (with the first lacking in DNA nucleosides). The C2’ and C3’
do not occur naturally, but can be generated from nucleic acid hydrolysis; DNA and
RNA nucleotides are phosphorylated at the C5’ position [13].
Linear chains of nucleotides are formed with 3’ to 5’ phosphodiester bridges, as depicted in Figure 1.4. They are formed as each nucleotide is successively added to the
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3’ -OH group of the preceding nucleotide, a process that gives the polymer a directional sense. This polarity is defined by the asymmetry of the nucleotides and the
way they are joined. Phosphodiester linkages create the repeating sugar-phosphate
backbone of the polynucleotide chain, which is a regular feature of both DNA and
RNA. We shall refer to the strand that forms as either RNA (if comprised of uracil
and ribose sugar groups) or single-stranded DNA (ssDNA) (if comprised of thymine
and deoxyribose sugar groups). Although RNA polynucleotide chains are typically
short ( 100 nucleotides), DNA chains can contain hundreds of millions of nucleotide
units [11].

1.2.4

Nucleic Acid Nomenclature

The only significant variation in the chemical structure of nucleic acids is the nature
of the nitrogenous base at each nucleotide position. These bases are not part of the
sugar-phosphate backbone but instead serve as distinctive side chains. They give
each polymer a unique identity, property, and structure. The convention in notation
of nucleic acid structure is to read the polynucleotide chain from the 5’-end of the
polymer to the 3’-end. Note that this reading direction actually passes through each
phosphodiester bond from 3’ to 5’ as seen in Figure 1.4 [11].

1.3

Nucleotide Interactions

Base-base interactions are of two kinds: (i) those in the plane of the bases (horizontal)
due to hydrogen bonding and (ii) those perpendicular to the base planes (vertical)
stabilized mainly by London dispersion forces and hydrophobic effects and constituting base stacking [13]. Hydrogen bonding is most pronounced in non-polar solvents
where base stacking is negligible; base stacking dominates in water where base-base
hydrogen bonding is greatly suppressed due to competition of binding sites by water
molecules [12]. The charge densities of the atoms in each nucleotide explain most of
their interactive behaviors with other molecules.
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1.3.1

Hydrogen Bonding

Hydrogen bonds are mainly electrostatic in character. They play a key role in nucleic
acid secondary structure and are fundamental to the biological functions of DNA
and RNA. In general, a hydrogen bond X−H · · · Y is formed if a hydrogen atom H
connects two atoms X and Y of higher electronegativity. Hydrogen bonds are “soft”
and only weakly directional. Compared to covalent bonds with their well-defined
length, strength, and orientation, hydrogen bonds are about 20 to 30 times weaker;
as an example, the energy required to lengthen a C−C covalent bond by 0.1 Å is 3.25
kcal/mol while a similar extension to a O−H · · · O hydrogen bond only necessitates 0.1
kcal/mol [12]. Similarly, other base-base hydrogen bond geometries favor maximum
distances of 3.15 Å (for N−H · · · N) and angles up to 25◦ , as compared to a covalent
C−C bond distance of 1.54 Å and in-line rigidity [12]. Therefore, systems relying on
hydrogen bonding, such as those prevalent in nucleic acids, are more susceptible to
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bending and stretching, and thus result in many variable geometries.
The oxygen and nitrogen atoms of each nitrogenous base can act as hydrogen bond
donors or acceptors; the sites are illustrated in Figure 1.5 [13]. Each base has donor
and acceptor sites, so if there are no constraints on the geometry of the interaction
each base can pair with itself or any other base through hydrogen bonding [15]. Even
when the nucleotides are bound together with phosphodiester bridges, the flexibility
and bonding potential of the resulting nucleic acid can lead to a wide variety of
overall structures [13]. These structures will be discussed further in relation to RNA
and ssDNA in Section 2.3. The bases can also hydrogen bond to polar amino acids
in nucleic acid–protein interactions [14]. Nucleosides and nucleotides provide further
hydrogen bonding opportunities through the 2’-OH group and the phosphate group
[13].
Through a series of electrotitrimetric studies, Gullarnd first determined that bases
were linked by hydrogen bonding [13]. Since 1947, hydrogen bonding interactions
between like and different bases have been often observed experimentally in crystal
structure analysis of individual bases, nucleosides, and nucleotides [12]. Under the
assumption that at least two hydrogen bonds must form between any two bases in
order to produce a stable base pair (bp), the four bases (since uracil and thymine
similarly bond) can be arranged in 28 different configurations [12, 13]. In a series of
solutions of nucleotides, all possible two hydrogen bond — but no one hydrogen bond
— configurations have been measured [12, 16]. However, when additional geometric
restraints are included, the number of probable base-pairs is significantly reduced.
Here we will discuss in detail three types of hydrogen bonds that are vital in nucleic acids and measured experimentally: Watson-Crick, Hoogsteen, and wobble base
pairs.

Watson–Crick Base Pairs
Hypothesized in their seminal 1953 paper, Watson and Crick introduced the idea of
specificity in DNA hydrogen bonding; that is, that the bases in the most common form
of DNA maintain two particular pairings: adenine with thymine (A · T) and cytosine
with guanine (C · G) [6, 7], as shown in Figure 1.6. This specific set of pairings was
inferred from two sets of data, (i) when a pyrimidine was paired with a purine the
distance between their C1’ sugar atoms was essentially constant and (ii) Chargaff had
measured that the concentrations of A and T and C and G were always the same
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Figure 1.6: Watson-Crick base pairs found in the regular structure of double-stranded DNA. The
A · T and C · G base pairs have the same distance between the C1’ atoms of their sugars
and can form a regular helix of any sequence. Each nucleic acid double helix has a
major and minor groove; the minor groove is on the side of the base pair where the
sugars are attached. Only the hydrogen atoms explicitly involved in hydrogen bonding
are depicted.

throughout the genomes of any organism ( [A]
= [C]
= 1) [6–10]. In addition, Watson
[T ]
[G]
and Crick also hypothesized that the specificity of these base pairs could explain
how the genes in DNA could be duplicated (for stable inheritance) upon cell division
[6, 7]. The characteristic geometries and features of two nucleic acid strands enjoined
by Watson–Crick hydrogen bonds will be further discussed in Section 2.2.

Hoogsteen Base Pairs
If we examine the hydrogen acceptor and donor sites labeled in Figure 1.5, we can
see that there are still a large number of configurations available. Indeed, if we simply examine the adenine and thymine bases, we can see that there are at least three
other configurations for the A · T base pair with two hydrogen bonds, as depicted
in Figure 1.7. These additional possible configurations were used as an explanation
by Karst Hoogsteen in 1959 and 1963 for the anomalies he recognized between the
electron-density projection measured by the Weissenberg photographs he took and
the predicted Watson–Crick results [17, 18]. From these differences, Hoogsteen deduced that nucleotides could arrange themselves in ways other than the newly defined
canonical Watson–Crick formation. Further base combinations were found that ex-
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thymine. Reverse base pairing occurs when one base is rotated 180◦ with respect to
the other. It should also be noted that the two bases in the Watson-Crick hydrogen
bonding pair are not coplanar. Rather they are twisted about the hydrogen bonds at
approximately 12◦ in the A · T pair. In contrast, the A · T Hoogsteen base pair can
either be in a perfectly coplanar arrangement or rotated 9◦ [12]. The bases will be
schematically drawn in a planar fashion regardless of any twist about the hydrogen
bonds. The dashed (gray) line, rotation arrow, and pointer highlight the rotation axis
necessary to form the different configurations.

panded the variety of Hoogsteen base pairs; however, a generalized definition of a
Hoogsteen type bond is one where the hydrogen bonding occurs with atoms on the
major groove side (if it were in a Watson–Crick base pair configuration, see Figure 1.6
for clarification of groove positions) of the nitrogenous base. As an example, Figure
1.7 depicts both the Watson–Crick and Hoogsteen hydrogen bonding configurations
for the A · T base pair. It should be noted that a reversed base pair occurs when one
base is rotated 180◦ with respect to the other, and will not be distinguished further
in this text.
Due to the variety of additional configurations allowed through Hoogsteen type hydrogen bonding, many more nucleic acid structures can be created. Other Hoogsteen
type hydrogen bonding pairs include A · A, C · A, G · A, C+ · G, G · G, and T · A,
as illustrated in Figure 1.8. Hoogsteen hydrogen bonding has been experimentally
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Figure 1.8: Some of the possible configurations of the Hoogsteen-type base pairings with the DNA
nitrogenous bases. Similar configurations with uracil instead of thymine are possible
in RNA molecules as none of the presented configurations rely on the thymine methyl
group. All base-base interactions allow at least two hydrogen bonds.
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determined in a variety of single-stranded DNA and RNA, for example it is found
in rRNA [19], tRNA [12], and other oligonucleotides [20]. Hoogsteen hydrogen bond
configurations have also been measured in canonical, double-stranded, B-DNA helices
[21], and they are the primary method of triple-stranded DNA formation. The role
of Hoogsteen bond formation in single-stranded (ssDNA), double-stranded (dsDNA)
and triple-stranded (tsDNA) nucleic acids will be further discussed in Sections 2.3,
2.2, and 2.4.

Wobble Base Pairs
Additional nucleotide combinations are also possible; wobble base pairs were first
put forth by Crick in 1966 to help explain the codon/anticodon amino acid coding
system [22]. These additional base pairings include A · A, A · G, C · A, C · T, T · G
and T · T, as illustrated in Figure 1.9 [22]. Ionization of bases can provide further
opportunities for hydrogen bonding between nucleotides including A · A+ , A+ · C,
C · C+ , and C+ · G; the C · C+ base pairing is included in Figure 1.9 [13]. Wobble
pairs are believed to be a critical element for higher order RNA folding and ssDNA
interactions (like hairpins, to be discussed in Section 2.3) because they produce a
unique local helical conformation and present a distinctive array of functional groups
in the major and minor grooves of the duplex [23]. Evidence for the wobble base pair
comes not only from the translation process that Crick first espoused, but has also
been directly verified in many other systems [24, 25]. The G · T and A · G wobble base
pairs are the most common non-Watson–Crick pairs in large single-stranded nucleic
acids and complex triple-stranded structures [26].
The non-Watson–Crick pairs can occur singularly within a helical stem or as stacks
of tandem or more base pairs forming intricate and recurrent motifs. As will be
discussed in later sections, the flexibility, orientation, and stability of noncanonical
hydrogen bonding can produce complex three-dimensional structures with unique
functions comprised of DNA and RNA.

1.3.2

Base Stacking

In addition to hydrogen bonding, base stacking interactions occur between nitrogenous bases. In aqueous solutions, interaction of the flat planes of the bases (without
the base-base hydrogen bonding described in Section 1.3.1) is favored over coplanar
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interaction of the edges (with base-base hydrogen bonding). In non-aqueous solutions
the reverse is true [13]. With base stacking as the dominant force in polar solutions,
the stacking of two bases often contributes more than half of the free energy of the
total base pair. This causes the bases to aggregate and form columns of nitrogenous
rings [12, 13, 15].
Base stacking is a complex interaction that depends on several non-covalent forces,
though the exact nature of these interactions are not well understood [13]. The
forces stabilizing DNA stacking include: (i) induced dipole attractions, (ii) permanent
electrostatic effects, and (iii) solvation effects.
Van der Waals dispersive forces (dipole induced dipole and induced dipole induced
dipole attractions) certainly stabilize the stacking orientation of nucleic acids. Due
to the large planar aromatic rings found in the pyrimidine and purine rings, van
der Waals dispersive forces play a large role in the formation of DNA secondary
structures. The dipole-induced dipole and induced-dipole-induced dipole forces are
maximized when the large planar rings of the nitrogenous bases aggregate into stacked
configurations. This kind of aromatic stacking commonly refers both to the forces that
favor this geometry of the face-to-face juxtaposition of two aromatic molecules. In
the large majority of all known DNA structures, the bases are in face-to-face contact
[13].
Second, permanent electrostatic effects of interacting dipoles also undoubtedly influence stacking stability; this favorable or unfavorable contribution depends on the
bond dipoles of the nucleotides. Electrostatic effects in DNA have received the greatest research focus [13]. This is likely because electrostatic effects are considered easier
to model computationally than dispersive forces or solvation-driven effects. On average, it appears that permanent electrostatic effects are significant in influencing
variations in stability for different base pairs and structures. This largely explains
why stacking efficiency of DNA bases varies considerably depending on the neighboring bases [12]. However, on average, it appears that the electrostatic effects make
a very small contribution in both random sequence and genomic sized nucleic acids.
Thus, while permanent electrostatic effects can locally stabilize or destabilize a given
base stacking interaction, and they affect the preferred geometries, it appears that on
average the electrostatic effect is small in relation to the other components of base
stacking [12, 13].
Finally, solvation effects also contribute to the stacking energy for nucleic acids.
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This interaction depends on whether a nucleotide (most relevantly, its flat π-system
surface) is better solvated by water or by a neighboring base’s π-system surface
[12, 13, 15]. In polar solutions, free nucleotides (those not bound with the phosphodiester bridge between phosphate and sugar groups in the backbone) will aggregate
into columns to maximize the overlap of their π-systems. However, the degree of this
contribution relative to van der Waals effects is still uncertain. Overall, much more
study is needed to gain further insight of how the three forces — dispersive, electrostatic, and solvation-driven — cooperate to stabilize stacking for the nitrogenous
bases of nucleotides.
Despite the many unknowns in the details of the base stacking interaction, the generalized behavior and overall geometry of nucleotides in polar solutions shows distinctive
attributes. The bases are generally not directly aligned (to maximize surface area of
contact and thus the overlapping π orbital systems) but are rather offset [12, 13].
This offset orientation may be favored by the preferred conformation of the backbone
(if the nucleotides are joined by a phosphodiester bridge between the sugar and phosphate groups) and/or it may be favored by electronic effects in the bases themselves.
Some support is seen that highly polar substituents such as NH2 , N, or O, of one
base superimposed over the aromatic system of the adjacent base [12] may give rise
to the observed offset. However, in general the distance between two aromatic planes
is the van der Waals distance, ≈ 3.4 Å , independent of the structure or presence of
a nucleotide backbone [12].

Intra-Chain Base Stacking
In the large majority of all known nucleic acid structures, the bases are in face-to-face
contact with the contiguous bases on the same chain. In order to maximize surface
area contact along a single DNA or RNA polynucleotide while allowing the backbone
sugar and phosphate groups to take a favorable configuration, the nitrogenous bases
stack atop one another with an offset helix orientation. This can be seen in the righthanded helical direction of the stacked guanine bases in the single-strand DNA of
Figure 1.10.
As discussed previously, the permanent electrostatic effects (while overall impact may
be small) are significant in influencing variations in stability for different base pairs
and local structures. This largely explains why stacking efficiencies of nucleotides
vary considerably depending on the neighboring base [12, 13, 15]. Often such pri-
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Figure 1.10: A single-stranded nucleic acid depicting intra-chain base stacking interactions. The
single-stranded DNA molecule has formed a right-handed helix. Base stacking causes
the planar rings of the purine base structures to self-organize in a parallel fashion
through free rotation of the C1’ −N1 single covalent bond. The inset shows four guanine nitrogenous bases with parallel purine rings; the four nucleotides are arbitrarily
colored to facilitate understanding of the base stacking geometry.
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mary structure (sequence) effects are neglected when considering chromosomal length
nucleic acids, however, for short RNAs and DNAs, the local structure effects may produce considerable changes in the overall form and function of the molecule.
Recently a comprehensive set of data was generated for the intra-chain stacking of all
four natural bases on both the 5’ and the 3’ sides of a nucleic acid polymer and with
all four possible neighboring bases in order to understand the sequence dependent
effect that stacking can contribute to local structure. These energies will be discussed
in more detail in Section 5.1.3. In general, the purines stack more strongly than
the pyrimidines due to the two electronic effects: London dispersion and permanent
dipoles. These combine and lead to appreciable effects which are more pronounced
in purines than in pyrimidine bases with the averaged trend [12]:
purine − purine > pyrimidine − purine > pyrimidine − pyrimidine.
In addition, a nucleotide’s neighboring base can have a significant influence on the
stacking energetics. This effect may be due to the differing electrostatic interactions
between varied pairings of the two bases directly involved in the stacking interaction
and because of variable polarizabilities of those neighboring bases. In aqueous solutions the thermodynamics of stacking of nucleosides has been measured by vapor
phase osmometry [27], ultracentrifugation [28], calorimetry [29], and NMR [30]. For
DNA, the stacking of the base on the 5’ side is more favorable than on the 3’ side
most likely because the geometry of overlap is more favorable at that position. Interestingly, for RNA the reverse is true; the 3’ stacking interaction is the more favorable
[12].

Cross-Chain Base Stacking
Similarly to the base stacking interactions that can occur between contiguous bases on
the same nucleic acid strand, cross-chain base stacking occurs between noncontiguous
bases. The noncontiguous bases can either occur on the same strand (as in folded
hairpin structures, see Section 2.3), or among different strands that are being held
together with hydrogen bonding (such as double- or triple-stranded nucleic acid conformations). As with all stacking energies, cross stacking interactions approximately
decay with the sixth power of the distances between any two nitrogenous bases [12],
and therefore are only substantial between nearby base ring structures. Due to the
shape and size of the individual bases (with the purines A and G having larger planar
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surface areas), cross stacking is most significant between purines due to the possibility
of significant nitrogenous base ring structure overlap in this configuration. However,
due to geometric and electrostatic constraints, it is estimated that cross stacking will
only have an average maximum energy of 10-15% of the similar base-base contiguous
stacking energy [12, 13].

The physical features of nucleotides and nucleic acids discussed thus far help explain
some of the characteristic properties and the fundamental, functional importance of
these molecules in biological systems. The components, construction, and charge
densities of each nucleotide along with the associative forces between bases, such as
hydrogen bonding and stacking interactions, are greatly responsible for the formation
of nucleic acid structures. The vast array of possible DNA and RNA formations will
be discussed in the following sections.

2
Secondary and Tertiary Structures of Nucleic
Acids

The century of biology upon which we are now well embarked is not a
matter of trivialities. It is a movement of really heroic dimensions, one
of the great episodes in man’s intellectual history. The scientists who
are carrying the movement forward talk in terms of nuclei-proteins, of
biochemical genetics, of molecular morphology. But do not be fooled,
this is the dependable way to seek a solution of the cancer and polio
problems, the problem of rheumatism and of the heart, all the problems
of the population. This is the understanding of life.
W. Weaver, Science and Complexity, 1948 [31]

2.1

Introduction to Nucleic Acid Secondary Structures

As the “century of biology” began, and after years of being diverted by the war effort,
scientists in the late 1940s and early 1950s were once again able to address more
fundamental scientific questions and focus on problems such as those affecting the
nature of life. It was from this desire to tackle the great “problems of the population”,
as Weaver describes it [31], that spurred the research into the structure of DNA.
By 1953 when Watson and Crick [6, 7] began their foray into DNA model building,
there was already quite an assemblage of information definitively known or at least
probably inferred about the molecule.
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As was introduced in Chapter 1, the majority of the data concerning DNA was generated by Franklin [8], Wilkins [9], and their associates at King’s College. Under the
newly improved methods of Signer for extracting long unbroken molecules of DNA
from cells [32], Wilkins began the process of drawing uniform fibers from a viscous
solution of DNA. Under polarized light these molecules appeared well ordered, and
thus, characteristic of long molecules oriented parallel to one another. The X-ray
diffraction photographs taken of these first filaments showed hazy patterns that were
later understood to be indicating helical features [32, 33]. This was the first direct evidence of the true nature of the DNA molecule; a long fibril wound in a helical shape.
At the beginning of 1951 Rosalind Franklin joined the King’s College researchers
to continue the exploration of the DNA molecule by X-ray diffraction analysis and
within the year she transformed the state of the field [32, 33]. By drawing thinner
fibers and developing a micro focus X-ray tube, she was able to enhance both the
alignment of the DNA molecules within the specimen and the quality of the diffraction patterns. However, it was not until she made a systematic study of DNA, by
controlling the relative humidity, and thus the water content of the samples, that she
was able to explain the variable features of the DNA samples previously examined.
In fact, in what Franklin would later name A and B, she found that two forms of the
DNA molecule existed with a transition from the “crystalline” to “wet” states at 75%
relative humidity [32, 33]. These X-ray patterns of the A- and B-forms (the latter the
so named B51 photograph) of DNA revolutionized the understanding of the molecule
[8, 9]. The individual features and characteristics of several different forms of similar
DNAs will be discussed further in Section 2.2.
In addition, from the X-ray crystallography studies conducted by Franklin [8, 33],
several key structural features were deduced for both the A- and B-forms of DNA.
From the reflection on the meridian it was understood that the molecule consisted of
regular stacking of the nucleotide bases on top of each other and the number of units
per turn could be calculated, even without knowing the details of the helix itself. In
fact, the X-ray diffraction photographs were detailed enough to not only show the
pattern for the nucleotide units but also depicted the secondary fans emanating from
the two 0.34 nm meridional reflections, top and bottom, and running obliquely to
the equator. These shapes are characteristic of a discontinuous helix, as is to be
expected from the discrete moieties in a phosphate-sugar chain. Finally, from a series
of density measurements, Franklin deduced that there were two or three chains of
DNA per lattice point. The packing was determined to be pseudo-hexagonal, which
implied that the molecules had an approximate cylindrical shape with a diameter
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of about two nanometers [8, 9, 33]. With a detailed Patterson map of the molecule
constructed in January 1953, Franklin determined that the phosphate groups of the
backbone lay on the outside of the two, co-axial helical strands, arranged antiparallel
to each other, with the bases arranged on the inside [8, 32–34].
With (some of) this structural information, Watson and Crick, along with Pauling,
began to build models of DNA. Pauling proposed a three-chain structure with a central phosphate-sugar backbone and the bases extended radially on the outside of the
structure [35, 36]. Unbeknownst to Pauling at the time, but understood by Watson
and Crick, Franklin’s measurements had already determined the two strand, phosphates on the outside, characteristics of DNA and thus Watson and Crick were able
to dismiss Pauling’s model as implausible based on Franklin’s Patterson map analysis [8, 32, 33]. Watson and Crick then embarked on redesigning their original DNA
model (one with three strands, but the bases on the inside) with all of the structural
data determined by Franklin. With the chemical evidence of base complementarity of Chargaff [10] and determining the correct tautomeric forms of the nucleotide
bases, Watson determined that when adenine and thymine and cytosine and guanine were paired the geometry of each was almost identical. Moreover each base pair
could fit either way between the two chains while maintaining the symmetry found
in the molecule by Franklin. With the model such defined, Watson and Crick had
determined the most prolific structure of double-stranded DNA [6, 7].
In the nearly three quarters of a century since the discovery of the structure of the
double helix, this simple description of the genetic material that regulates all life remains true and has not had to be appreciably altered to accommodate new findings.
Nevertheless, we have come to realize that the structure of DNA is not quite as uniform as was first thought. Although the phosphate-sugar backbone is regular along
the double helix, the different permutations of nitrogenous bases in the DNA sequence
lead to local orientation differences and structural effects. Some DNA sequences even
permit the double helix to twist in the left-handed sense [11, 13, 37, 38], as opposed
to the right-handed sense of Watson and Crick’s model and the majority of natural
DNAs. In addition, not all genetic material in organisms is double-stranded as supposed by Watson and Crick; some small viruses have a single-stranded chromosome
[11, 13] and both single- and triple-stranded structures are known as regulatory devices in several organisms [38–41]. DNA quadraplexes, for example in the G-quartet,
are important structural features found in chromosomal telomeres and other promotional regions of a genome [11, 13, 42, 43]. Still additional complexity comes from

2.2 Double-Stranded Nucleic Acid Structure

22

interactions of DNA molecules with each other, RNAs, and proteins [11, 13, 15].
Likewise to the structural discoveries of DNA, we now realize that RNA, which at first
glance appears to be very similar to DNA, has its own distinctive structural features.
It is principally found as a single-stranded molecule [11, 13, 15]. Yet by means of intrastrand base pairing, RNA exhibits extensive double-helical character and is capable
of folding into a plethora of diverse tertiary structures [44–47]. These structures
are full of surprises, such as non-classical base pairs, base-backbone interactions,
and knot-like configurations. Most remarkable of all, and of profound evolutionary
significance, some RNA molecules are enzymes that carry out reactions that are at
the core of information transfer from nucleic acid to protein [48–51]. In recent years
this enzymatic ability of RNA has been found to also exist within DNA [52–56].
Clearly, the structures of DNA and RNA are richer and more intricate than was first
appreciated. Indeed, there is no one generic structure for nucleic acids and this helps
explain the vastness of the characteristic properties and the fundamental, functional
importance of these molecules in biological systems. As we shall see in this chapter,
there are in fact, variations on common themes of structure that arise from the unique
physical, chemical, and topological properties of the polynucleotide chain. We will
continue our examination of the interplay of structure and function by examining the
great complexities of nucleic acid secondary and tertiary structures: double-stranded
nucleic acids (dsDNA and dsRNA) including a primer of dsDNA types, triple-stranded
DNA (tsDNA), quadruple-stranded DNA (qsDNA), and single-stranded nucleic acids
(ssDNA and RNA).

2.2

Double-Stranded Nucleic Acid Structure

Double-stranded nucleic acid molecules can assume a variety of secondary and tertiary
structures. However, fundamentally, double-stranded nucleic acids consist of: (i) a
regular two-chain structure, comprised of nucleotides joined with the phosphodiester
bridges detailed in Section 1.2.3; (ii) hydrogen bonds formed between opposing bases
of the two chains, illustrated in Section 1.3.1; and/or (iii) base stacking interactions
occurring amongst contiguous bases, as described in Section 1.3.2. The double helical
structure of a nucleic acid complex arises as a consequence of its secondary structure,
and is a fundamental component in determining the tertiary structure of the molecule
at large.
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In nature, DNA is predominantly found as a duplex of two single-stranded DNA
molecules. A number of factors account for the stability and preponderance of the
double-helical structure of DNA. First, both internal and external hydrogen bonds
stabilize the double helix. The two strands of DNA are held together by hydrogen
bonds between complementary bases. In long range DNA double helices, these are
predominantly the Watson–Crick base pairs of A · T and C · G as described in Section
1.3.1. The polar atoms in the sugar-phosphate backbone form external hydrogen
bonds with surrounding solvent (such as water) molecules. Second, the negatively
charged phosphate groups are all situated on the exterior surface of the helix in
such a way that they have minimal effect on one another and are free to interact
electrostatically with cations in the solution. Third, as detailed in Section 1.3.2, the
core of the helix consists of the base pairs, which, in addition to being hydrogen
bonded, stack together.
The two chains of the double helix are usually arranged in an antiparallel fashion
(that is one chain runs 5’ to 3’ while the complementary strand is 3’ to 5’ ) to each
other, and this arrangement is due to the stereochemical consequence that the sugars
in the respective nucleotides have opposite orientations [11, 12]. The polar sugarphosphate backbone of the two chains are on the outside of the double helix with
the bases stacked in the interior. As is discussed in Section 1.3.2, the heterocyclic
bases stack and are located on the inside of the complex as a consequence of their
π-electron clouds, hydrophobicity of their planar rings, and their geometry [12, 13].
The interactions of the charged phosphates along the backbone, the hydrogen bonding
and stacking between the bases, and the steric effects of all atoms in the duplex affect
the axial stiffness or persistence length of the molecule. Since dsDNA in solution does
not take a rigid structure but is continually changing conformation due to thermal
fluctuations and collisions with solvent molecules, and with elastic motions on the time
scale of nanoseconds, the classical measures of rigidity are ill-suited to this application.
Instead, the persistence length, or the length of DNA over which the time-averaged
correlations in the orientation of the polymer are lost, is used to describe DNA stiffness
[57, 58]. Both the primary structure and overall secondary structure can alter the
persistence length of a double helix significantly. Local sequence effects can change
rotational angles of the bonds comprising the polynucleotide backbone due primarily
to the sequence dependent variations in the base pair stacking. The consequence
of these local interactions can be both gentle and sharp bends in the dsDNA fiber.
However, when these local variations are summed over the great length of a DNA
molecule, the net result is a double helix, randomly coiled in a spherical shape. A
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general estimate of the stiffness of dsDNA is 46 - 50 nm or 140 -150 base pairs
[13].
When duplex DNA molecules are subjected to conditions of temperature, pH, or
ionic strength that disrupt their hydrogen bonds, the strands are no longer held
together. That is, the double helix is denatured and the two strands separate to form
single-stranded DNAs. If temperature is the denaturing agent, the double helix is
said to melt. Denatured DNA will renature to re-form the duplex structure if the
denaturing conditions are removed (that is, if the solution is cooled, the pH returned
to neutrality, or the denaturants are diluted out). Renaturing requires reassociation
of the DNA strands into a double helix, a processed termed reannealing. For this
to occur, the strands must realign so that their complementary bases are once again
within hydrogen bonding distance of each other [11, 13, 14, 59].
Wound into a spiral shape, the DNA double helix can be characterized by some select
geometries: the major and minor groove sizing, the diameter, the bases per turn, rise,
and handedness. First, a fundamental attribute of a double helix is the size of its
major groove and minor groove, with the major groove usually being wider than the
minor groove. The two grooves, or spatially accessible regions, can also be thought of
as void helices that wind around the two nucleotide chains. In a top down examination
of each Watson–Crick base pair, shown in Figure 1.6, the glycosidic bonds holding the
bases in each base pair are not directly across the helix from each other, this causes
the sugar-phosphate backbones of the helix to be dissimilarly spaced along the helix
axis and thus the grooves are unequal in size. Instead, the intertwined chains create
a major groove and minor groove with the minor groove between the C1’ -glycosidic
bonds of each base pair. The major groove lies at 180◦ from the minor groove and
contains more donor and acceptor constituents (and thus functional groups) than the
minor groove [11, 13, 15]. The electron donor and acceptor locations of the bases, as
illustrated in Figure 1.5, accessible to the major groove, along with its relative greater
size, give it unique potential for additional interactions [11, 13–15]. One example of
these additional interactions will be detailed in Section 2.4.
Second, the diameter of the DNA double helix is a measure across the cross section
of the DNA fiber. For Watson–Crick hydrogen bonding between a purine and a
pyrimidine, the diameter is practically constant regardless of which nitrogenous base
is on each strand [6, 7, 11, 13, 14]. This leads to a regular diameter of the long double
helix with little local sequence effect. However, depending on the secondary structure
of the duplex, the double helix’s average diameter can vary greatly. Further, for non-
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canonical base pairings, the primary structure (sequence) can have a large effect on
the diameter of the molecule.
Additional geometric features can be used to describe dsDNA. The number of bases
in a complete rotation of the spiral shape, or bases per helical turn, along with the
rise, or distance between nucleotides, describe the packing density of the nucleotides
in the helix. Finally, the handedness, either a right-handed or left-handed helix, of the
DNA chain is vital in describing its shape. Although the geometry of a nucleotide or
base pair can be completely characterized by six coordinates: rise, shift and slide (for
diameter), tilt and roll (for bases per turn), and twist (for handedness), as these values
precisely define the location and orientation in space of every base or base pair in a
nucleic acid molecule relative to its predecessor along the axis of the helix [12, 13, 15].
We will use instead, the previously defined characteristics for a generalized description
of each helical structure which encompass the specific descriptors in a more intuitive
manner.
At least three dsDNA conformations are believed to be found in nature: A-DNA (Section 2.2.2), B-DNA (Section 2.2.1), and Z-DNA (Section 2.2.3) [6–8, 12–15, 37, 59].
However, other DNA conformations can be generated with particular environmental
factors or stresses; the sugar-phosphate groupings that constitute the backbone are
inherently flexible and the nitrogenous bases are rife with hydrogen bonding sites to
promote stabilizing interactions allowing numerous other configurations. To continue
the nomenclature that Franklin [8] began by naming her first two structures of DNA,
A-DNA and B-DNA, almost all of the alphabet has been used to describe different
types of DNA secondary and tertiary structures. Only the letters, F, Q, U, V, and Y
are now available to describe any new DNA structures that may appear in the future.
Most of these additional forms have been created synthetically and have not been
observed in naturally occurring biological systems [12, 13, 60].
Of the naturally occurring dsDNA secondary structures, the B-DNA form is believed
to predominate in the cellular environment [6–9, 12, 13]. A-DNA and Z-DNA differ
significantly in their geometries and dimensions to B-DNA, although still form the
standard helical structures that we have previously described. The A-DNA form
appears likely to occur in dehydrated samples of DNA, the hybrid pairings of DNA and
RNA strands, and when a double helix is formed between two RNA molecules [8, 11–
14]. Segments of DNA that have been methylated for regulatory purposes, along
with particular pyrimidine-purine repeating patterns and protein-DNA complexes
have been found to adopt the Z geometry [11–14, 37]. The dimensions of each of
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Helix Axis
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B-DNA

Major Groove

Rise = 0.34 nm
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depth = 0.75 nm
width = 0.57 nm

Helix Diameter = 2.0 nm

1 complete helix turn = 10 bases

depth = 0.85 nm
width = 1.17 nm

Right-Handed
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Figure 2.1: The B-form of dsDNA has several distinct features. The end projection, with the helix
axis into the page (left illustration), shows that the molecule has a tightly packed core
of stacked nitrogenous bases with an outer ring of sugars and finally the phosphate
groups comprising the surface. The side projection (right illustration) depicts the
right-handedness of the complex. Note that the bases are nearly perpendicular to the
helix axis (drawn as (gray) dashed line to aid reader). In addition, both the major
and minor grooves along with the rise and helical turn are shown. The 5’ - and 3’ ends of the duplex are labeled. The atoms are colored as follows: phosphates (gold),
oxygens (red), carbons (teal), nitrogens (blue), and hydrogens (white). A (gold) ribbon
connects the phosphate groups along each backbone and is included to aid the reader.

the aforementioned characteristics of DNA are detailed in Sections 2.2.1, 2.2.2, and
2.2.3. It is important to note that primary structure, or local sequence, can have
a significant effect on many dsDNA secondary sequences; some of these effects are
described in Sections 2.2.6.

2.2.1

B-Form DNA

Watson and Crick described the B-DNA structure in their 1953 model [6, 7]. As can
be seen in Figure 2.1, it is characterized as a right-handed double helix with between
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10 and 10.6 bases per turn, depending on local sequence. One complete rotation
around the spiral (pitch) occurs every 3.4 nm and the distance between neighboring
base pairs (rise) is 0.34 nm. The nitrogenous bases are nearly perpendicular to the
helical axis. The diameter is 2.0 nm; a more detailed cross-sectional measurement
is the distance of the phosphate atom from the helical axis, which measures 0.94
nm. The major groove is approximately 50% wider than the minor groove and is the
primary location of B-DNA interaction with other DNAs, RNAs, and proteins. The
major groove depth and width is 0.85 and 1.17 nm, respectively. The minor groove
depth and width is 0.75 and 0.57 nm, respectively [12, 13]. The geometric descriptors
of B-form DNA are summarized in Table 2.1 to ease comparison with dsDNA’s other
structures.

2.2.2

A-Form DNA

An alternate form of the right-handed double helix is shown in Figure 2.2 as A-form
DNA. A-DNA molecules differ in a number of ways from the B-form DNA described
in Section 2.2.1. In general, the B-form of DNA is longer and thinner than the short,
squat, and more tightly wound A-DNA form. The pitch, or distance required to
complete one helical turn has shrunk from the 3.4 nm in B-DNA to 2.46 nm, a 25%
macroscopic shrinkage in the length of the fiber. One turn on A-DNA requires 11 base
pairs to complete. In A-DNA, the base pairs are no longer nearly perpendicular to
the helix axis, but instead are tilted 19◦ with respect to the centerline axis, depicted
in Figure 2.2. Successive base pairs occur every 0.29 nm along the axis as opposed to
0.34 nm in B-DNA [11–13].
Although relatively dehydrated DNA fibers (Franklin found a 75% relative humidity
needed to transition from B- to A-form DNA [8, 33]) can be shown to adopt the Aconformation under physiological conditions, it is unclear whether DNA ever assumes
this form in vivo [13]. However, double-helical DNA:RNA hybrids (dsDNA:RNA)
and double-stranded RNA (dsRNA) exhibit an A-like conformation, see Section 2.2.7.
The 2’- OH group in RNA sterically prevents the double helical regions of RNA chains
from adopting the B-form helical arrangement. Consequently, double stranded regions
involving RNA chains assume an A-like structure with their bases strongly tilted with
respect to the helix axis. It should be noted that right-handed dsDNA in solution has
10.5 base pairs per turn and a structure that lies between A- and B-DNA forms, but
closer to B-DNA [12–15]. The geometric descriptors of A-form DNA are summarized
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Figure 2.2: The A-form of dsDNA has several distinct features. The end projection, with the helix
axis into the page (left illustration), shows that the molecule has a open core with
the nitrogenous bases forming an inner ring, surrounded by the sugar and phosphate
groups intermixed in an outer ring. The side projection (right illustration) depicts
the right-handedness of the complex. Notice that in A-DNA the base planar rings
are strongly tilted towards the helix axis, depicted as the (gray) dashed line. The
characteristic geometries comprising the major and minor grooves, rise, and bases
per turn are shown. The 5’ - and 3’ -ends of the duplex are labeled. The atoms are
colored as follows: phosphates (gold), oxygens (red), carbons (teal), nitrogens (blue),
and hydrogens (white). A (gold) ribbon connects the phosphate groups along each
backbone and is included to aid the reader.

in Table 2.1 to ease comparison with dsDNA’s other structures.

2.2.3

Z-Form DNA

Named for its characteristic “zig-zag” backbone, as can be seen in Figure 2.3, Z-form
DNA is distinctively different from either A- or B-DNA as described in Sections 2.2.1
and 2.2.2. Most notably, Z-DNA is left-handed and has a structure that repeats
every two base pairs, instead of repeating every one base pair as in A- and B-DNA
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Figure 2.3: The Z-form of dsDNA is considerably different from the right-handed A- and B-form
DNAs. The end projection, with the helix axis into the page (left illustration), shows
that the molecule is left-handed with a close packed interior core. The side projection
(right illustration) demonstrates the “zig-zag” nature of the backbone (from which the
structure gets its name) and is traced in a (gold) ribbon to aid the reader. The base
planes are nearly perpendicular (-6.2◦ off perpendicular) to the helix axis sketched
as the (gray) dashed line. Z-DNA does not have a major groove; the major groove is
filled with the cytosine C5 and guanine N7 and C8 atoms. The characteristic geometries
comprising the minor groove, rise, and bases per turn are shown. The 5’ - and 3’ -ends
of the duplex are labeled. The atoms are colored as follows: phosphates (gold), oxygens
(red), carbons (teal), nitrogens (blue), and hydrogens (white).

[11–15]. Although Z-DNA is thought to occur naturally, formation of this structure
is generally unfavorable, however certain conditions can promote it. As examples,
an alternating purine-pyrimidine sequence (especially consisting of only guanine and
cytosine), negative supercoiling, or high salt and some cations (all at physiological
temperature and pH) can induce a transition from B- to Z-form. The transformation
from right-handed B-DNA to left-handed Z-DNA has been experimentally measured
with an alternating guanine-cytosine (poly(dGdC)), but has not been observed thus
far with a similar adenine-thymine nucleotides [12]. Although the Z-DNA conforma-
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tion has been difficult to study because it does not exist as a stable feature of the
double helix, it was the first discovered by single crystal X-ray diffraction methods
and subsequently rediscovered from fiber diffraction studies [12, 13]. In addition,
Z-RNA has been demonstrated by NMR [12]. It is believed that Z-DNA is a transient structure that is occasionally induced by biological activity and then quickly
disappears in vivo [12, 13].
The alternating pyrimidine-purine sequence of this oligonucleotide is the key to its
unusual properties. The N-gylcosyl bonds on the guanine residues in this alternating
copolymer are rotated 180◦ with respect to their conformation in B-DNA, so that the
purine ring is over the deoxyribose ring (syn- conformation) rather than the usually favored anti-conformation. Due to the fact that the guanine nitrogenous ring is flipped,
the cytosine planar ring must also flip to maintain normal Watson–Crick base pairing.
However, pyrimidine nucleotides do not readily adopt the syn-conformation because it
creates steric interference between the pyrimidine C2 -oxy substituent and the pentose
ring. Since the pyrimidine ring does not rotate relative to the pentose structure, the
entire cytosine nucleoside (base and sugar) must rotate 180◦ . The alternating antipyrmidine/syn-purine arrangement in each strand favors a conformation transition
that realigns the sugar-phosphate backbone along the zig-zag course. It is topologically possible for the guanine to go syn and the cytosine nucleoside to undergo the
180◦ orientation without breaking and reforming the three G · C hydrogen bonds; the
transition from right-handed to left-handed can occur without disruption of bonding
relationships among the atoms involved. The proposed method of transition from Bto Z-DNA involves flipping the bases over one at a time, while maintaining Watson–
Crick pairing, in a cavity produced by longitudinal breathing (local stretching). The
cavity propagates down the helix after base pair flipping; the cooperatitively of the
experimental transition is explained [12, 13, 61]. Sections of Z-DNA can form within
longer B-DNA double helices with a pair of B-Z junctions on either end of the transient regions. In a B-Z junction box, a base pair is extruded (flipped out) from the
cylindrical double helix (no intra- or inter-chain hydrogen bonding or stacking) which
may act as a biological marker and functionalized target. It is also believed that
Z-DNA regions within longer, chromosomal, B-DNA, double helices provide torsional
strain relief while DNA transcription occurs [11–14].
In general, Z-DNA is more elongated and slimmer than B-DNA. Z-DNA has two
chains arranged antiparallel; one complete helical turn spans 4.56 nm and comprises
12 base pairs. The diameter of the molecule is 1.8 nm with a phosphate to helix axis
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distance between 0.62 and 0.77 nm [12, 13]. The geometric descriptors of Z-form DNA
are summarized in Table 2.1 to ease comparison with dsDNA’s other structures. There
is another form of Z-DNA, called Z(WC)-DNA with many of the same characteristics
of Z-DNA such as being left-handed and having a zig-zag backbone, but also having
Watson–Crick backbone directions. Energetically this intermediate structure may
explain many of the open questions concerning the B- to Z-DNA structural transition;
however, it has not yet been verified by crystallographic studies. Nevertheless, ZDNA stands as another important and unique structure possible in double-stranded
DNA.

2.2.4

P-Form DNA

As was discussed earlier in this chapter, there is a vast palette of possible dsDNA
structures, so many that only five letters remain (with the current nomenclature
classification) to describe any newly discovered conformations [60]. We will not endeavor to outline all of the possible duplex configurations, but wish to include a few
additional (and some non-natural) DNA arrangements. One member of this DNA
alphabet soup is Pauling or P-DNA. Here, we do not refer to Pauling’s original DNA
model of three strands with the bases exposed and extended radially on the outside of
the molecule [35, 36] (also called P-DNA), but instead to a two oligonucleotide structure with similarly arranged external bases that has been named in homage to Linus
Pauling [60, 62, 63]. P-DNA is believed to be produced as a result of relatively weak
supercoiling and topological constraints; such that is probably encountered during
replication and transcription (where positive supercoiling is produced downstream of
the protein complex) or during recombinational repair where the ends are constrained
and writhing is surprised [11, 13, 14, 59, 62].
DNA supercoiling, with degree σ, is involved in gene regulation because locally unwound DNA is necessary for transcriptional activation and recombinational repair.
Since the proteins are only acting on a small segment of a larger DNA molecule, there
are additional restrictions limiting the behavior near these sites: linking number is
constant (sum of twist and writhe) and writhe is suppressed by the pulling forces
of the proteins (which can be up to 14 pN). As a consequence, pulling on the DNA
molecule increases the effective torque applied [59, 62]. The pulling forces in P-DNA
do not overstretch the molecule with the transition at ≈ 3 pN for overwound DNA,
but instead limit the writhe. As an example, local denaturation of DNA has been ob-
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served in plasmids unwound by σ ≈ -0.07. By stretching the molecule and preventing
its writhing, denaturation is already observed at σ ≈ -0.015 [62].
Twisting a DNA molecule, which is unable to writhe, can occur in one of the two
directions: (i) unwound molecules, σ < 0 and (ii) overwound molecules, σ > 0 [59].
Here we will consider starting with the B-form of DNA, see Section 2.2.1 for geometric
details, and will make all comparisons to this structure. For unwound molecules, with
−1 < σ < −0.015, the torque is relieved by a local denaturation of the DNA: for every
helical turn of bases denatured, one turn of unwinding is released. For overwound
molecules, with 0.037 < σ < 3, the torque is also relieved by the local formation of
a new DNA structure: for every helical turn converted to the new structure, three
turns of overwinding are released. This new structure, P-DNA, has approximately
2.62 bases per helical turn and an extension 75% larger than B-DNA [62].
As twisting increases on a B-DNA structure, stretching of the phosphodiester bridges
forces the stacked base pairs against one another. Beyond σ ≈ 1, the backbones resist
further extension, the Watson–Crick hydrogen bonds are broken, and the bases are
expelled from the double helix. This allows the backbones to move to the center of
the molecule. Twisting can continue until σ ≈ 4, although the energy cost is quite
high past a supercoiling degree of 3.5. Around σ = 3, the optimal structure is only
≈ 60% longer than the original B-DNA structure, but the length can be modified
easily between ≈ 25 and 80% with some variations as a function of base sequence.
The persistence length for P-DNA is approximated at 19 nm [62]. It is important to
note that the resulting P-DNA conformation can be reached by starting from either
B- or A-form DNA.
In this conformation, the phosphate groups are diametrically opposed around the helical axis, and their anion oxygens point outwards and are fully accessible for stabilizing
interactions with counter ions. There are also important inter-strand phosphate-sugar
stabilizing interactions. The expelled bases are relatively free to rotate. Depending on
the sequence, both stacking and hydrogen bonding between adjacent bases can occur
(with some purines taking a syn conformation to favor such interactions). It should
also be noted that very similar left-handed P-DNA can be created by strong negative
twisting; these structures are reached after passing through a completely unwound
state and strongly resemble their right-handed analogues. The geometric details of
P-DNA are included in Table 2.1 to aid comparison to the other types.

Major Groove Depth
Major Groove Width
Minor Groove Depth
Minor Groove Width

Glycosidic Bond Orientation

Base Pair per Repeating Unit
Base Pair per Helix Turn
Rise per Base Pair
Base Pair Inclination
(off perpendicular to helix axis)
Diameter
P Distance from Helix Axis

Helix Handedness

Property

2.55 nm
0.95 nm

2.37 nm
0.94 nm

0.85
1.17
0.75
0.57

nm
nm
nm
nm

1.35
0.27
0.28
1.10

nm
nm
nm
nm

anti

19◦

2.4◦

anti

1
11
0.29 nm

right-handed

A-DNA

1
10 to 10.6
0.34 nm

right-handed

B-DNA

0.90 nm
0.40 nm

convex

1.8 nm
0.62 to 0.77 nm
anti for CG step
syn for GC step

-6.2◦

2
12
-0.35 to -0.39 nm

left-handed

Z-DNA

-

both

0.69 to 1.6 nm
0.55 to 0.60 nm

free rotation

P-DNA
both (depending on
sign of supercoiling values given for right)
1
2.62
0.585 nm

Table 2.1: A summary of geometric descriptors of B-, A-, Z-, P-, and S-form dsDNA.

narrow

shallow

1.4 nm

highly inclined

1
37.5
0.40 nm

right-handed

S-DNA
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S-Form DNA

When the pulling forces greatly exceed those used in the formation of P-DNA and
are no longer simply eliminating writhing in the molecule, but instead are inducing
stretching, an additional conformation the overstretched, or S-DNA, conformation
can be reached. Extensional experiments on the double-stranded B-DNA have shown
that the overstretching transition occurs when the molecule is subjected to stretching
forces of 65 pN or more [62–64]. The DNA molecule thereby increases in length by a
factor of 1.8 times the normal contour length. Above 150 pN (for a random sequence)
S-DNA denatures into characteristic ssDNA molecules.
S-DNA can take two conformations depending on whether the ends are allowed to
freely rotate. If the ends of the molecule are unrestricted, it will be “ladder like”
and can be considered an unwound helix. This unwinding leads to an elevation of
the S-DNA compared to B-DNA and may allow easier access to the base pairs for
transcription. If, instead, the ends are not free to rotate (rather it is a section of
dsDNA in a longer molecule, as in P-DNA), then the molecule undergoes stretching
due to the high force acting on it. The elongated DNA is characterized by a strong
base pair inclination, a narrow minor groove, and a diameter roughly 30% less than
that of B-DNA. The base pairs, which are exposed on the major groove side of
the double helix are still bound by a single hydrogen bond, and strong inter-strand
stacking between the bases is seen. The conformational change occurs progressively
and cooperatively during stretching [63, 64]. As pulling force is applied to a B-form
dsDNA, regions of B-, P-, and S-DNA can all form [65].
Extensions of dsDNA molecules, with both the P- and S-forms, are important aspects
of the winding and subsequent unwinding of the B-form DNA that must occur during transcription and replication. Genetic recombination, which requires the protein
RecA and triplex formation, discussed in Section 2.4, is thought to extend and unwind
dsDNA as an intermediate step. RecA induces pulling forces and a 1.5 times extension of B-DNA to aid in this process [64, 65]. Although the conformation of S-DNA
is not as well understood as the others, its geometric characteristics are included in
Table 2.1 to aid in comparison.
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Other Structures in dsDNA

The previous conformations of dsDNA discussed are all variations sharing a common
secondary structural theme, the double helix. In this context, the DNA is assumed
to be in a regular, linear form. However, DNA can also adopt regular structures of
higher complexity (and outside helical geometries). By relaxing the rules governing
its local structure in small pockets along a longer, regular double helix, DNA can
adopt a much wider variety of structures.
Palindromic sequences within DNA are DNA base sequences that are inverted repeats
of each other and have the potential to form a tertiary structure known as a cruciform.
Cruciform configurations exist when the normal inter-strand hydrogen bond base
pairing is replaced by intra-strand hydrogen bonding. In effect, each DNA strand
folds back on itself in a hairpin structure to align the palindromic sequences. The
structural features of a DNA hairpin and single-stranded cruciform structures are
discussed in Section 2.3. Such cruciforms are never as stable as normal DNA duplexes
due to the unpaired segment in the loop region. However, negative supercoiling can
cause a localized disruption of hydrogen bonding between base pairs in DNA and
may promote the formation of cruciform loops. Of biological significance, cruciform
structures have a two-fold rotational symmetry about their centers and can potentially
create distinctive recognition sites for specific DNA binding proteins [12–15, 59].
Local sequence effects are not limited to additional hydrogen bonding conformations,
but can also include structural changes within a standard B-DNA form. For example,
the poly-A tract (when there are more than four contiguous adenines) induces local
bending due to the presence of several, contiguous adenosine residues. The adenosine
nitrogenous rings stack well and cause each base to tilt with respect to the helical
axis. Due to this extreme tilting of the bases, the junction of the poly-A tract and the
regular, random sequence, B-DNA is not smooth and yields a global curvature to the
DNA with a larger angle at the 3’ than the 5’ -end of the A tract. The overall bend
for a poly-A tract is approximately 20◦ . Chains of poly-A tracts are found in phase
with each other down the length of the double helix (that is, lengths of poly A are
equally spaced along the double helix with units of 10 nucleotides between them, such
as A5 N10 where N is any nucleotide) which allows quite drastic global bend angles to
form [12, 13, 66, 67]. The poly-A tract, as with the cruciform structures, is believed
to be involved in transcription regulation and site recognition [11, 13, 15].
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Table 2.2: A summary of geometric descriptors of B-DNA, A-RNA, and A’-RNA.

Property
Helix Handedness
Base Pair per Repeating Unit
Base Pair per Helix Turn
Rise per Base Pair
Base Pair Inclination
(off perpendicular to helix axis)
Diameter
P Distance from Helix Axis
Glycosidic Bond Orientation
Major Groove Depth
Major Groove Width
Minor Groove Depth
Minor Groove Width

2.2.7

B-DNA
right-handed
1
10 to 10.6
0.34 nm

A-RNA
right-handed
1
11
0.273 to 0.281 nm

A’-RNA
right-handed
1
12
0.30 nm

2.4◦

16 to 19◦

10◦

2.0 nm
0.94 nm
anti
0.85 nm
1.17 nm
0.75 nm
0.57 nm

1.9 nm
0.87 nm
anti
very deep
and narrow
wide and
shallow

2.0 nm
0.93 nm
anti
very deep
and narrow
wide and
shallow

Forms of dsRNA

Depending on their biological function, naturally occurring double-stranded RNAs
either display long, double-helical structures or they are globular, with short doublehelical domains connected by single-stranded stretches. Double-helical domains can,
in many cases, be predicted from the primary nucleotide sequence and special computer algorithms have been developed for this purpose [68]. Short double helices are
found in tRNA, in ribosomal RNAs, in globin mRNA, and in many of the genes of bacteriophages. In viruses, the RNA structures can include pronounced, well-developed
double helices [12, 13].
RNA double helices display two major, structurally similar conformations, depending
on the salt concentration of the environment, much as was seen in the A-DNA and
B-DNA structural transition at 75% relative humidity. At low ionic strength, the
A-RNA double helix, with 11 bases per helix turn predominates [12, 69]. If the salt
concentration is raised in excess of 20%, A-RNA is transformed into A’-RNA with
a 12-fold helix. Both A- and A’-RNA structures exhibit features typical of Watson–
Crick base pairs [13]. The polynucleotide chains are arranged antiparallel and form
a right-handed double helix. Because the base pairs are displaced 0.44 nm from the
helix axis, a very deep major groove and a rather shallow minor groove are created.
This extremely skewed helix spacing aids in the formation of additional structures
[12, 69]. The principle difference between A- and A’-RNA are in the pitch heights,
about 3.0 nm for A-RNA but 3.6 nm for A’-RNA. The axial rise per residue in A-RNA,
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0.273 to 0.281 nm, is smaller than for A’-RNA, 0.30 nm, a difference that is reflected
in the base pair tilt angle of 16◦ to 19◦ in A-RNA and 10◦ in A’-RNA. Otherwise,
the nucleotide conformation in both A- and A’-RNA are the same [12, 13]. The
geometric descriptors previously used are listed in Table 2.2 for A-RNA and A’-RNA
and compared with the standard B-DNA values for a double helix. When a hybrid
molecule of DNA and RNA is formed, the A-RNA structure is observed [12, 69].

Double-stranded nucleic acids, in their common natural forms, are uniquely suited
to be able to reliably transmit, express, and conserve the vast genetic information
needed by an organism. Due to the long-range, regular, and sequence independent
features, along with the inherent stability of the duplex, the canonical B-form DNA
and A-form RNA genomic molecules can be billions of bases long and yet be accessible, organized, and compact enough to be stored in each and every cell of an organism. The additional secondary and tertiary structures found in these long dsDNA
and dsRNA molecules (such as the Z-form, P-form, S-form, cruciforms, and poly-A
tracts) are transitory in nature, responding to the local structure or stresses on the
double helix and providing unique markers in an otherwise regular fiber. However,
for shorter, more functionalized, and more active nucleotide molecules, many other
configurations are possible. These include single-, triple-, and quadruple-stranded
nucleic acids.

2.3

Single-Stranded Nucleic Acid Structure

Nucleic acid secondary structure is generally divided into helices, as was previously
described in Section 2.2, where the base pairs are numerous and contiguous, and
various kinds of loops where there are stretches of unpaired nucleotides. The double
helix is an important tertiary structure in nucleic acid molecules which is intimately
connected with the molecule’s secondary, or base pairing, structure. When the duplex
is denatured into its single-stranded components, there are a wide variety of other
configurations possible based on its primary and bonded secondary structures.
When a single-stranded nucleic acid folds back on itself and is able to base pair, it
forms a stem-loop or hairpin configuration. The bonded bases comprise the stem
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Bulge
Stem

Hydrogen
Bonding

Single Nucleotide Strand

Figure 2.4: The single-stranded nucleic acid structural components of a stem-loop and bulge. A
stem-loop configuration occurs when a single nucleic acid chain folds back on itself
forming a hydrogen bonded stem region and an unbounded loop region. A bulge
interrupts a regular double helix when there are unpaired nitrogenous bases on one
strand that do not correspond to any nitrogenous bases on the other strand of the
duplex. The backbone of each ssDNA is represented by the (orange) line and the
hydrogen bonding is shown as the (purple) dashed lines.

of the molecule while the unpaired bases fold into the loop structure. The stemloop structure is extremely common and is a building block for larger structural
motifs. Internal loops (short series of unpaired bases in a larger paired helix) and
bulges (regions in which one strand of the helix has additional inserted bases with no
counterparts in the opposite strand) are also frequent structural components [11, 13,
15]. These structural elements are illustrated in Figure 2.4.
In fact, it has been newly proposed that ssDNA secondary structure formation of hairpins may cause significant issues for a variety of utilizations including sequencers, sensors, and other antisense applications [70, 71]. The next generation Illumina/Solexa
type sequencers use a ensemble of ssDNA probes ligated to a chip surface and then
free, fluorescent dyed, nucleotide terminators are added and the fluorescence signals
are read and recorded. The ssDNA probes are short fragments of genomic DNA; it is
possible for reverse complementary sequences of exist within these ssDNA probes [72].
As was discussed previously, such sequences have the ability to fold back on themselves and form stem-loop or hairpin structures. Moreover, the secondary structures
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of single-stranded nucleic acid sequences do not necessarily consist of a single stretch
of Watson–Crick complementary sequences. Some non-Watson–Crick base pairs may
form, and the secondary structure may even include unpaired regions, yet these sequences may still provide large overall free energy stabilization. In a next generation
sequencer such secondary structures would stop the ssDNA probe from fluorescing,
and thus the original fragment of genomic DNA from being properly read. Not only
would such systematic error bias the sequencing data for recognizing single nucleotide
polymorphisms (SNPs), but also significant errors throughout a genome could accumulate [71].
Similar to the persistence length described in Section 2.2 for double-stranded DNA,
the persistence length for single-stranded DNA and RNA can be measured. Experiments on the more stable molecule, DNA, have found values of 0.75 nm via mechanical
stretching [73], 1.3 nm utilizing atomic force microscopy [74], 1.4 nm from thermal
melting profiles [75], 1.76 nm and 1.82 nm with sedimentation experiments [76], 1.5 3.0 nm with fluorescence spectroscopy [77], 2.0 - 3.0 nm via transient electrical birefringence [78], and 3.1 - 5.2 nm with fluorescence recovery after photobleaching [79].
The persistence length of ssDNA seems to vary widely due to a variety of factors
including the length of the sequences examined i.e., long ( 100 nucleotides) and
short (< 100 nucleotides), the model used to examine the data (freely jointed chain
or wormlike chain), and the concentration and type of buffer used in each experiment. It is believed that RNA exhibits similar flexibility, though direct experimental
measurements are rare. Although no one value is agreed upon, the flexibility is much
greater in ssDNA than in dsDNA.
Single-stranded nucleic acids lack of prominent double-stranded (helical) structure
along with its high degree of flexibility and ability to bond with a wide variety of
hydrogen bonding patterns, as described previously and in Section 1.3.1, give these
molecules the unique ability to fold into a wealth of diverse formats. Due to the absence of consistently base-paired nucleotides, base stacking interactions, as described
previously in Section 1.3.2, are especially important in single-stranded secondary and
tertiary structure formation. In fact, the medley of structures is so vast that ssDNA and RNA are ideal candidates as functional molecules for in vivo and in vitro
applications.
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Aptamers

Aptamers are functional molecules comprised of short strands of nucleotides that can,
as Crick described, do “a very neat job in a small space” [80]. Fundamental to their
function, aptamers exhibit strong binding to a specific target (other nucleic acids,
proteins, small organic compounds, or even entire organisms) [50]. It is the ability of
these molecules to bind to a specific target molecule with a high degree of specificity
and selectivity that makes aptamers quite useful as biological agents.
Aptamers range in size from approximately 10 to 100 nitrogenous bases and sometimes
have complex three-dimensional structures, produced by a combination of Watson–
Crick and non-canonical intramolecular interactions [81]. They bind to their targets with a dissociation constant, KD , typically in the low nano-molar range. Aptamers can distinguish enantiomers of small molecules or minor sequence variants
of macromolecules frequently with KD ratios spanning several orders of magnitude
[50, 82]. In a striking example of specificity, an aptamer to the small molecule theophylline (1,3-dimethylxanthine) binds with 10,000-fold lower affinity to caffeine (1,3,7trimethylxanthine) that differs from theophylline by a single methyl group [50]. They
are typically composed of RNA, single-stranded DNA, or a combination of these with
non-natural nucleotides [82].
Theoretically it is possible to select aptamers virtually against any molecular target;
aptamers have been selected for small molecules, peptides, proteins, as well as, viruses
and bacteria [50, 82, 83]. Aptamers are isolated from extremely complex libraries
of nucleic acids, generated by combinatorial chemistry, by an iterative process of
adsorption, recovery, and re-amplification. These libraries are usually comprised of a
pool of oligonucleotides (usually of chains less than 100 bases) of 1010 to 1020 sequences
[84, 85]. Additional sequence variation can be introduced at each cycle and the process
becomes an in vitro paradigm of Darwinian evolution. This protocol, called systematic
evolution by exponential enrichment (SELEX), is generally used with modification
and variations for the selection of specific aptamers. After sufficient enrichments,
aptamers can be cloned and studied as homogenous sequence populations [50, 82, 84–
86]. Using this process, it is possible to develop new aptamers quickly and for unique
targets. Aptamers are usually created synthetically, but natural aptamers also exist
[50, 82, 87].
In addition to the genetic information (primary structure) encoded by the nucleic
acids, aptamers also function as highly specific affinity ligands by molecular inter-
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action based on their three dimensional folding pattern [50, 81, 82, 88]. The three
dimensional complex shape of a single-stranded oligonucleotide is primarily due to the
base-composition led intra-molecular hybridization that initiates folding to a particular molecular shape. This molecular shape assists in binding through shape specific
recognition to its targets leading to considerable three dimensional structure stability
and thus the high degree of affinity [50, 82, 89].
Aptamers can be used to analyze the natural processes of nucleic acid – protein
recognition, to generate inhibitors of enzymes, hormones and toxins with potential
pharmacological uses, to detect the presence of target molecules in complex mixtures
and to generate lead compounds for medicinal chemistry [50, 81–83, 87, 90–92]. Their
advantages over alternative approaches include the relatively simple techniques and
apparatus required for their isolation, the number of alternative molecules than can
be screened, and their chemical simplicity. Disadvantages of aptamers include their
pleomorphism, their high molecular mass, and the restricted range of target sites that
appear to be suitable [50, 82].
The very first paper describing directed in vitro evolution of nucleic acids described
the isolation of a totally new enzyme, a nuclease composed of DNA [93–95]. The
likelihood was thereby opened up that it was possible to develop any form of useful
new catalyst that could be conceived and for which a selection procedure could be
devised. To an extent, this has been realized, with the isolation of both DNA and
RNA enzymes that can cleave and ligate DNA or RNA [53, 56, 96–102], can form
and cleave amide bonds and alkylate halogenated peptides [103], have oxidative and
peroxidase activity [50, 82], and can have a carbon–carbon bond forming activity
[50, 82]. These enzymatic nucleic acids, called RNAzymes and DNAzymes, will be
discussed further in Sections 2.3.2 and 2.3.3.

2.3.2

RNAzymes

Due to its enormous structural and dynamic flexibility, single-stranded RNA molecules
can exhibit many of the structural features of a classical enzyme, such as an active
site, a binding site for a substrate, and a binding site for a cofactor, such as a metal
ion [49, 52, 93, 96]. Such RNA molecules are known as RNA enzymes, catalytic RNA,
ribozymes, or RNAzymes.
Like the traditional protein based enzymes, RNAzymes act in similar ways. As with
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all catalysts, enzymes work by lowering the activation energy for a reaction and
thus dramatically accelerating the rate of the reaction [59]. An enzyme’s characteristics (complementary shape, hydrophilic/hydrophobic interactions, stereospecificity,
regioselectivity, and chemoselectivity) specify the reactions that it catalyzes. Since
enzymes are extremely selective for their substrates and speed up only a few reactions from among many possibilities, the set of enzymes present determines which
metabolic pathways occur [11, 14]. Proteins, which dominate the enzyme field and
were once considered the sole biological enzymes, are evolutionarily suited to act as
catalysts in nature; almost all processes in vivo need enzymes in order to occur at
biologically relevant time scales [11, 14, 49].
In the early 1980s, the perception of protein-only enzymes was challenged by the
revelation that certain natural RNAs could function as enzymatic machines to mediate
biological catalysis [48, 49, 52, 104]. The discovery of ribozymes has profoundly
altered the view of how life might have evolved. For example, in the RNA World
hypothesis, RNA once functioned as both the genetic material and the enzymatic
machines of life [49, 104]. According to this theory, the genetic coding ability of DNA
and the catalytic ability of proteins have evolved from a RNA genome and RNA
enzymes, respectively. The natural RNA enzymes discovered are believed to be the
remainder of this evolutionary process. The RNA World theory has gained support
as more natural ribozymes are discovered that perform the most basic of functions in
vivo. Other natural RNAzymes have been shown to possess significant capacity for
catalyzing various other chemical reactions, prompting researchers to take advantage
of the potential structural complexity of RNA to generate novel RNA species that
have specific desirable enzymatic properties for in vivo and in vitro applications [49,
104].
Before long, natural ribozymes were being supplemented by novel artificial ribozymes
that catalyzed an even broader range of chemical transformations [53]. With the
success of both natural and novel ribozymes, questions concerning DNA’s innate
ability to perform as a catalyst arose. However, at present, no naturally occurring
enzymes have been found to be composed of DNA.

2.3.3

DNAzymes

As noted above, the general impression of DNA’s potential as an enzyme was shaped
by its natural role as a double-helical molecule used to store genetic information.
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The repetitive structure of double-helical DNA restricts its catalytic potential by
prohibiting the formation of more complex secondary and tertiary structures. Structural sophistication is a prerequisite for catalytic function, as is commonly observed
with ribozymes and protein enzymes. However, DNA can be synthesized as a singlestranded polymer and, therefore, like single-stranded RNA, has the freedom to form
higher-ordered and elaborate structures.
Preliminary evidence showed single-stranded DNA possessed adequate flexibility for
complex tertiary structure formation [50]. In addition, demonstrations were conducted showing that a large fraction of a particular RNAzyme, the hammerhead
ribozyme, could be replaced with deoxyribonucleotides without significant loss of catalytic activity [50, 105]. However, without a natural deoxyribozyme to study, little
effort in the mid 1990’s had been spent on establishing DNA’s ability to form structures or to enhance chemistry relative to either RNA or proteins. This question was
ultimately answered in 1994 when the first DNA enzyme was created by in vitro selection techniques [52]. The SELEX protocol, as described previously in Section 2.3.1 is
a powerful and yet simple technique that has been routinely used to isolate extremely
rare DNA or RNA sequences with a function of interest from extraordinarily large
populations of single-stranded DNA or RNA molecules [84–86].
The primary structure, or the sequence of bases, comprises the configuration of a
DNAzyme. The configuration is constant for a deoxyribozyme but the conformation depends on the environment (such as temperature, pH, salt concentration, or
interactions with other molecules). It is vital that the conformation is dynamic;
deoxyribozymes and their substrates fold and bend in order to induce fit and catalyze reactions. The secondary structure of the DNAzyme is comprised of two major
components: a catalytically active loop and complementary base pairing substrate
binding arms, as illustrated in Figure 2.5.
The catalytic core consists of a sequence of nucleotides that aids the desired reaction,
such as cleavage or ligation, on the substrate molecule. Usually forming a loop of some
shape, the catalytic function occurs at the central unpaired region of the substrate.
Deoxyribozymes, like anti-sense oligonucleotides, can be designed to bind to any
nucleotide molecule simply by following the rules of Watson–Crick base pairing. In
the molecule, two binding arms are attached to the catalytic loop. These arms are
designed in such a way so that they complementarily bind to the substrate nucleotides.
Both the length and sequence of these chains can be used to exactly match the desired
catalytic site. The successful fusion of the catalytic activities of the core loops with

2.3 Single-Stranded Nucleic Acid Structure

44

DNAzyme Structure
Catalytic Loop
Binding Arm

Hydrogen Bonding

Nucleic Acid Substrate
Catalytic Function Site
Figure 2.5: The DNAzyme secondary structure is comprised of a catalytic loop or core of the
molecule and two substrate binding arms. The binding arms hydrogen bond (typically
with Watson–Crick hydrogen bonding) with a nucleic acid substrate. The binding
arms are typically 7 to 12 nucleotides (here 10 bases) in length and can be tuned for
the specific substrate of interest. The catalytic function site is located in the unpaired
base region of the nucleic acid substrate. The backbone of each single-stranded nucleic
acid is represented by the (orange) line and the hydrogen bonding is shown as the
(purple) dashed lines.

the target recognition capabilities of the arms produces deoxyribozymes whose utility
can be customized for uses from basic biotechnology applications to advanced forms
of therapeutics [106–111].
Thousands of enzymatic nucleic acids have been found through the forced evolution
process and examined in laboratory settings. Of all of these molecules, the 10-23
DNAzyme is probably the most studied. Named for its origin as the 23rd clone of the
10th cycle of in vitro selection, it can cleave almost any RNA molecule at a purine –
pyrimidine junction in a biological cofactor range (i.e. Mg2+ ). The cleavage occurs
by increasing the rate of the background hydrolytic degradation reaction that makes
RNA inherently unstable [96, 112]. It cleaves A−U and G−U sites with very high
proficiency and A−C and G−C sites with reduced efficiencies [55, 56]. The ability
of the 10-23 DNAzyme to cleave at such positions means that the AUG start codon
of any gene can be used as a target [113–115]. Due to this versatility, the 10-23
DNAzyme has been investigated as a potential tool for in vitro, cell culture, and in
vivo applications [51]. The particular and far reaching applications will be discussed
in Chapter 7.
The core of the 10-23 deoxyribozyme is composed of only 15 nucleotides, flanked on
each side by a substrate-binding arm of seven to ten nucleotides that bind to the RNA
target via Watson–Crick base pairing, as shown in Figure 2.6. This simple structure
permits easy alteration of the substrate specificity to generate precise cleavage agents
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Figure 2.6: The 10-23 DNAzyme secondary structure is comprised of a catalytic loop or core of
the molecule and two substrate binding arms. The binding arms hydrogen bond with
a nucleic acid substrate. The catalytic core is 15 nucleotides and is a semi conserved
sequence across variants. The binding arms are typically seven to ten nucleotides (N)
in length and can be tuned for the specific substrate of interest. The catalytic function
site is located in the unpaired base region of the nucleic acid substrate and cleavage
occurs between a pyrimidine (Y) and purine (R). The backbone of each single-stranded
nucleic acid is represented by the (orange) line and the hydrogen bonding is shown as
the (purple) dashed lines.

for almost any RNA sequence. The chemical stability, high catalytic proficiency,
mismatch discrimination, and the ease of synthesis of DNA have made the 10-23
DNAzyme an attractive alternative to ribozymes for site-specific cleavage of biological
RNA targets [113–115]. Such advantages to the 10-23 DNAzyme have made it a much
studied molecule both by experimental and simulation approaches; further discussion
of this aptamer is detailed in Chapter 7.
With the discovery of the first deoxyribozyme, DNA joined RNA and proteins as the
building blocks of powerful biocatalysts [52–54, 95, 96, 98–100, 116, 117]. Although it
had been excluded from natural evolution, the ability of DNAzymes to be specifically
designed and created in the laboratory opened an entirely new field of biological
molecular function. This function is inherently rooted in the structure and thus
sequence of the single-stranded nucleic acids comprising aptamers. Further complex
structures involving multiple nucleic acid strands are described next in Sections 2.4
and 2.5.
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Triple-Stranded DNA Structure

The generalized double helix can, under certain conditions, accommodate a third
strand in its major groove. This can occur with both DNA and RNA molecules, but
we will concentrate on DNA [12, 13, 69]. A DNA triplex is formed when pyrimidine
or purine bases occupy the major groove of the DNA double helix forming Hoogsteen,
reverse Hoogsteen, wobble, or reverse wobble hydrogen bonds, as described in Section
1.3.1 and Section 1.3.1, with the Watson-Crick bonded nitrogenous bases comprising
the regular double helix. Examples of common triple-bonded nitrogenous base geometries and bonding sites are illustrated in Figure 2.7. Triple-stranded helices can
form with three individual oligonucleotides bound with inter-strand hydrogen bonding, between two strands (where one is in an intra-strand hairpin configuration), or
with the one nucleic acid exhibiting intra-strand hydrogen bonding with itself twice.
Two of the segments are parallel with each other while the third is antiparallel to
the first two. Triplex structures have been found to play important roles in gene
regulation, DNA repair, and site specific modification or cleavage [13].
The possible base triples are not limited to those depicted in Figure 2.7, and experimentally pH, and thus protonation, have greatly altered the possible combinations
[118]. The greater wealth of base hydrogen bonding combinations, each with their
own local structure due to steric effects, significantly increases the complexity of the
base stacking and hydration interactions that further stabilize the helical structure.
Although there is little empirical and experimental base stacking data available for
tsDNA, these interactions are believed to be strong and vital to triple-stranded DNA
stability [12, 13].
However, even when complementary base pairing and stabilizing stacking interactions
exist, there are still many other factors that effect the feasibility of triplex formation
beyond the basic considerations, outlined previously in Section 2.2, for duplex formation. The structure of a duplex or a tract within a duplex determines the feasibility of
the acceptance of a triplex forming oligonucleotide into the major groove [12, 13, 69].
A deep major groove along with a slightly unwound (more base pairs per helical
turn) structure, as exists in A-RNA, A’-RNA, A-DNA and B-DNA, make suitable
candidates for triplex formation. In addition, divalent counter ions are also important in the charge screening of the phosphate groups and are probably involved in
site-specific interactions to counterbalance the high linear charge density formed in
triplexes. Finally, for intramolecular triplexes, such as H-DNA structures discussed
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Figure 2.7: Schematic illustration of some of the possible base configurations comprising triplestranded DNA. All base-base interactions allow at least two hydrogen bonds. The
bases stabilized by Watson–Crick hydrogen bonding interactions are denoted with the
parentheses with the additional Hoogsteen or wobble hydrogen bonding base indicated
after this pair, as labeled above. The hydrogens not explicitly involved in the hydrogen
bonding have not been included for clarity’s sake. Additional triples are possible;
protonation of bases, such as the (C · G) · C+ triple, greatly increases the possible
hydrogen bonding sites.
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Double Helix
Watson-Crick
Hydrogen Bonding
Triple Helix

Hoogsteen
Hydrogen Bonding

Single Nucleotide Strand

H-DNA
Double Helix
Figure 2.8: The schematic structure for H-DNA. A section of the double helix denatures, breaking
the Watson–Crick hydrogen bonds. One strand of the denatured section remains as a
single nucleotide strand, as labeled above. The other strand has a palindromic sequence
to that of the nearby double helix and winds its way into the major groove. A triplex
formation arises as Hoogsteen hydrogen bonds are formed between the Watson–Crick
duplex and the invading strand. The Watson–Crick and Hoogsteen hydrogen bonds
are shown as (purple) dashed lines and (purple) ellipses, respectively. The two solid
(dark orange and light orange) lines outline the backbone of the two nucleotide strands.

below, suitable sequence and negative superhelical density (slightly unwound helical
structure) are critical for the complex formation.

2.4.1

H-DNA

Although the canonical Watson–Crick double helix is the most stable DNA conformation for an arbitrary sequence under usual conditions, some sequences within duplex
DNA are capable of adopting structures quite different from the canonical B-form.
H-DNA, named for the hydrogen ions that stabilize it, is formed when negative superhelical stress is applied on specific sequences contained in larger dsDNA [41]. In order
to relieve the negative supercoiling stress on the molecule, the duplex tract kinks and
folds in the middle while twisting and unpairing several of the base pairs. This structure will quickly re-anneal into its regular dsDNA structure unless sufficient hydrogen
bonding can occur between one of the now single-strands and a nearby region of the
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dsDNA duplex can occur. Thus, the overall H-DNA structure is contained within a
stretch of dsDNA but has both a triple-stranded region and a single-stranded region,
as illustrated in Figure 2.8.

2.4.2

Strand Invasion for Repair

Organisms have developed several DNA repair mechanisms to cope with DNA damage. While some types of DNA damage are primarily repaired by the action of a
single, specific repair pathway, most types of damages are repaired by more than one
pathway. One such example is how triplex formation plays an important role in the
repair of a stalled replication fork or a break in dsDNA [11–13]. For in vivo systems,
the process is quite complex since the strand invasion is aided by proteins, such as
RecA or Rad51 [11, 13, 14, 59, 119]. However, we can consider the simplest structure
of this phenomenon as the process consisting of a dsDNA molecule and an invading
ssDNA strand, where the ssDNA possesses the same sequence as one of the strands
of the dsDNA. At the end of the process, the ssDNA is wrapped inside the major
groove of the dsDNA and the complex is stabilized by a combination of Watson–Crick
and Hoogsteen bonds [11–14, 59, 119, 120]. Large sections of error prone DNA can
be corrected when the third strand replaces the erroneous section of double helix
through a series of protein catalyzed reactions, binds to the complementary strand,
and ligates to the nicked ends of the strand.

2.5

Quadruple-Stranded DNA Structure

Tetrameric DNA structures consist of four nucleic acid strands wound together. This
can occur in one of two ways: (i) with four individual strands twisted as if an additional chain has been added to a triple-stranded DNA molecule and the base pairs are
fully intercalated, or (ii) as two base-paired parallel-stranded duplexes are intimately
associated with their base pairs fully intercalated. In the first case, the chains are all
antiparallel to their nearest neighbors, in the second case the relative orientation of
the duplexes is antiparallel [121]. The first type of tetrameric nucleic acid structure
is characteristic of the G-quartet.
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Figure 2.9: The guanine tetrad, or G-quartet, is formed when four guanine nucleotides bond in
a planar fashion via Hoogsteen bonding. G-quartets are often stacked on top of one
another to form additional tertiary structures.

2.5.1

G-Quartet

G-quartets (also known as G-quadruplexes and G-tetrads) are nucleic acid sequences
that are rich in guanine and are capable of forming a quadruple-stranded structure.
Four guanine bases can associate through Hoogsteen hydrogen bonding, see Section
1.3.1, to form a square planar structure called a guanine tetrad, as shown in Figure
2.9. Hydrogen bonded G quartets are known to occur in the telomeric regions at the
ends of chromosomes, and G-tetraplexes can form from guanine monomers, guanine
rich DNA and RNA oligomers, and polymers [13]. Two or more guanine quartets can
also stack on top of each other to form a stacked G-quadruplex. The quartet structure
is further stabilized by the presence of a cation (K+ is favored over Na+ ) which sits
in the central channel between each pair of tetrads. They can be found in both DNA
and RNA and may be intramolecular, bimolecular, or tetra molecular. Depending
on the direction of the strands or parts of a strand that form the quaduplexes, the
structures may be described as parallel or antiparallel. Depending on the sequence
and the number of nucleic acids involved, there is a wide variety of tertiary structures
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that can be formed from G-quartets.
Telomeric repeats in a variety of organisms are rich in G-quartets. The human telomeric repeat consists of many repeats of the sequence d(GGTTAG), and the tetrads
formed by this structure have been well studied by NMR and X-ray crystallography.
G-quartets, with their higher degree of stabilization, decrease the activity of many
enzymes. These tetrads also appear in or near the promoter regions of genes. In
fact, genome wide surveys have been conducted and find that there are thousands of
potential G-quartet sites on each chromosome. There are several possible models for
how quadruplexes could control gene activity, by either up- or down-regulation. Upregulation could be achieved by forming in the non-coding DNA strand and helping
to maintain an open conformation of the coding DNA strand to enhance transcription and expression. Down-regulation could be achieved by a G-quartet forming in
or near a promoter sequence and blocking transcription [12, 13]. In addition to chromosome stability and gene transcription regulation, guanine tetrads are implicated
in recombination, viral integration, and cellular senescence.

2.5.2

I-Motif

On the complementary strand of a Watson–Crick double helix that can form Gquartets, the cytosine rich strand can also fold into a complex and unique secondary
structure. Called the i-motif, the tetrad is comprised of intercalated C · C+ base pairs.
Although only two cytosines are bound to each other, the i-motif arises due to the
intercalated nature of the folded structure. The four sections of the nucleic acid are
90◦ from each other. The molecules are arranged so that they are intercalated; that
is, the two nucleic acid strands directly across from each other have the base rings
planar, but the other two nucleotides are not in the same plane. This allows a zipperlike configuration to arise, with each cytosine bound to only the one directly across
from it, but the four strands arranged in a stable tetrad complex. The stability of the
i-motif depends on the pH (since the cytosines need to be protonated), and C-rich
telomeric repeats have been measured folded in stable i-motifs at a slightly acidic
pH. As there was a diverse set of possible G-quartets, there are a myriad of possible
i-motif structures each with different intercalation and looping topologies [42].
Although the Watson–Crick double helix is the predominant form under physiological
conditions, the G-quadruplex and i-motif may be formed under different conditions
such as high temperature or low pH. In vivo these structures can occur anywhere
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along chromosomal DNA (but particularly in the telomeric regions), permanently or
temporarily, either naturally or in a pharmacological context. Stability at neutral or
alkaline pH can be enhanced by inter-molecular interactions (proteins-DNA, RNADNA, DNA-DNA, or drugs-DNA), or by superhelical stress on duplex DNA. The
formation of an intramolecular G-quartet and i-motif can occur separately or together,
at the same position or at different locations on a duplex [42].

The secondary and tertiary structures of nucleic acids are vital to the tasks that
these molecules perform, whether it is the long, regular, organized double-helix for
the storage of genomic data or the complex three-dimensional shapes essential to aptamer affinity, selectivity, and function. In order to better understand these biological
molecules and their abilities, a multitude of experimental methods have been devised.
In addition to laboratory based examinations, simulation has arisen as an additional
method to understand nucleic acids at every length and time scale. In the next chapter we will describe several nucleic acid models and simulation methods that span
the relevant length and time scales for the features of DNA and RNA discussed in
Chapters 1 and 2.

3
Nucleic Acid Simulation Models and Methods

Remember that all models are wrong; the practical question is how wrong
do they have to be to not be useful.
George E. P. Box, Empirical Modeling-Building
and Response Surfaces, 1987 [122]

3.1

Introduction to Nucleic Acid Simulation Models
and Methods

Nucleic acids can take a wide array of complex shapes as their single, double, triple,
and even quadruple nucleotide interactions permit multifaceted conformations to
form. From the very beginning of nucleic acid study with the physical models of
Watson and Crick [6, 7], abstraction and modeling have played a significant role in
the understanding of DNA and RNA. These physical models gave rise to mathematical
concepts and techniques to study complex configurations. DNA simulation models
span many length scales, from atomistic models describing only a few nucleotides,
to dumbbell or cylinder DNA models that encompass entire chromosomes. Just as
these models describe DNA molecules ranging from the micro to the macroscale, the
methods used in their simulation are also suited for an array of length and time
scales.
As with the sentiment of Box in Empirical Model-Building and Response Surfaces, it
must be remembered that nucleic acid models are only approximations; each model
therefore, must be evaluated to determine to which biological systems it is best suited
53
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before it becomes “not useful” [122]. Careful consideration must be utilized when
choosing a nucleic acid model and method; in this chapter we will outline some of the
possible models and methods for DNA and RNA investigations. The simulation of
nucleic acids is now a mature field [123] and modeling techniques are powerful tools
for the understanding and description of their forms and functions.

3.2

Nucleic Acid Simulation Models

Many models of DNA are available in literature. Although a complete description
in terms of all atomic coordinates would at first glance appear desirable, as more
chemical detail is included in a model not only do the computational requirements
associated with its solution increase significantly, but such detailed models may garner
little additional physical insight. If the property of interest are not defined on the
Angstrom length scale or femto to picosecond time range, then the calculations will
simply examine the emergent phenomena. The additional burden on the system to
evaluate unnecessary detail severely restricts the length and time scales amenable to
study. The overarching challenge in simulating nucleic acids is therefore to include
just enough detail in a model to capture the physics that are responsible for DNA’s
relevance in a particular application [124]. We will continue our discussion of nucleic
acid models by examining three model length scales: atomistic, coarse-grained, and
continuum models in Sections 3.2.1, 3.2.3, and 3.2.2, respectively.

3.2.1

Atomistic Scale of Nucleic Acid Models

At the most detailed level, atomistic simulations provide the most intimate embodiment of DNA. In these models, most, if not all, atoms are explicitly depicted as
shown in Figure 3.1. This allows nucleic acid models at this scale to capture sequence
dependent characteristics of oligonucleotides. The interactions between groups are
defined by the force field, or the set of parameters and mathematical functions used
to describe the potential energy. Force field functions and parameter sets are derived
from both experimental work and quantum mechanical calculations [125–132]. These
quantum mechanical calculations are often used to further refine particular characteristics in a nucleic acid model that may be of particular importance to the system
examined, such as the hydrogen bonding and stacking interactions between nitrogenous bases [12, 13, 131, 132]. In fact, the ab initio quantum chemical calculations
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Figure 3.1: A schematic representation of nucleic acid models over many orders of magnitude. The
models are divided into three broad categories: atomistic models where every or nearly
every atom is included, coarse-grained models where groups of atoms, nucleotides, or
other substructures are combined, and continuum models where the DNA is represented as cylinders or fibers. These models can be used to capture sequence dependent
features and generalized polymer features of a system. On the left side of the figure is
a qualitative length scale (not to scale) of the depiction of a single bead (when applicable) ranging from a bead representing one atom to a bead representing millions of
base pairs (or thousands of persistence lengths).
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with inclusion of electron correlation made since 1994 (such reliable calculations were
not feasible before then) significantly modified our view on interactions of nucleic acid
bases [13, 127].
All-atom force fields provide parameters for every type of atom in a system, including hydrogen, while united-atom force fields treat the hydrogen and carbon atoms
in methyl and methylene groups as a single interaction center. These two types of
atomistic (or near atomistic) nucleic acid models can be used separately, or in some situations, together in a hybrid approach that gives the most detail to particular aspects
of the system and thus greater accuracy for these components. In biological systems,
the CHARMM [129, 133] and AMBER [134, 135] force fields commonly provide the
interaction descriptions necessary. Atomistic simulations of biological systems often
include explicit representation of every atom in the system, solute and solvent alike,
however it can also be limited to explicit rendering of the biological molecule and
implicit representation of the solvent [46, 123, 125, 126, 135–151]. Further groupings
and approximations of the atoms and thus the force fields used to describe biological
molecules have been completed; these simplifications are essentially coarse-graining
the system and will be discussed in Section 3.2.3.
Despite the excellent agreements between the atomistic simulations of nucleic acids
and experimental results, the scale of oligonucleotides that can be examined with
such a detailed model is quite restricted. Typically less than 50 nucleotides are
simulated for at most of a few microseconds; most studies are of shorter nanosecond
length simulation times. Comprehensive reviews and recent calculations show that
extensive studies of long DNA molecules continue to be well beyond the reach of fully
atomistic representations [124].

3.2.2

Continuum Scale of Nucleic Acid Models

At the other end of the spectrum of length scales, and for the study of full genomic
DNA, continuum models of DNA treat the double helix as a uniform medium [152,
153]. Several continuum models have been used to shed considerable light onto the
mechanical behaviors, such as bending, of DNA in various environments. For example,
one of the simplest models of DNA deformability treats DNA as an ideal elastic rod,
that is a thin elastic body that is inextensible, intrinsically straight, transversely
isotropic and homogeneous [154]. When these models are used, deformation of nucleic
acids in any direction of the space or any part of the rod are equally probable. These
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features make it possible, for instance, to represent large pieces of DNA (at the kilo
base pair to mega base pair range) or even entire ribosomal RNAs (rRNA), but only
with low resolution. While these approaches can investigate macroscopic properties
where DNA can be considered as a continuum, they are by definition, unable to
deal directly with complex structural formations, sequence dependent features, or
environmental effects.

3.2.3

Coarse-Grained Scales of Nucleic Acid Models

For many applications of interest, however, the approaches mentioned above are either
superfluous (atomistic) or inadequate (continuum). As with many of the configurations described in Chapters 1 and 2, the complex structures require both numerous
nucleotides and sequence dependent features to form; atomistic models typically cannot reach the number of nucleotides necessary while continuum models fail to capture
any sequence dependent (and thus local) features. In order to capture these features,
a variety of coarse-grained models of nucleic acids have been developed that span several orders of magnitude (from a couple dozen nucleotides to millions of base pairs),
as shown in Figure 3.1. Such models have been successful in reproducing distinct
features of nucleic acids but do not provide a comprehensive description of both local
features (such as hybridization or melting) and global features (such as mechanical
properties) within one representation. Therefore, coarse-grained nucleic acid models
are chosen such that they provide the relevant information at the length and time
scales inherent in their design. In the remainder of this section we shall endeavor to
give a brief overview of the different levels of coarse-grained models available and to
which systems they have been applied. This discussion will continue in Chapter 4 for
a two bead nucleic acid model, Chapter 5 for a three bead nucleic acid model, and in
Chapter 7 for a multi-scale model approach.
Continuing with the model simplifications described in Section 3.2.1, additional atoms
are grouped together in each nucleotide. Transitioning from atomistic models with
between 32 and 36 atoms (also called interactions sites) per nucleotide, coarse-grained
models typically begin with five to eight interaction sites or beads per nucleotide. In
these models the beads are representing nucleotide structures of groupings of atoms;
the springs are used to keep these groupings at desired relative positions. This level
of coarse graining allows for many of the features of the nucleotide to be included
(for example, the steric hinderance of the nitrogenous base planes) without having to
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include all or even most of the atoms. Further, sequence dependent coarse-graining
allows for functional groups to be captured and have on the order of two or three beads
per nucleotide. As nucleic acid models continue to be less refined, we transition from
primary structure dependent models to generalized polymer models. In these, the
base identity can no longer be captured and/or the model represents not ssDNA but
instead generic double-stranded DNA. Here a single bead can represent anywhere
from a single base (or one base pair) to thousands of base pairs (kbp). Finally,
dumbbell models can model an entire chromosome (on the order of millions of base
pairs (Mbp)) with only two interaction sites and are typically used for polymer and
mechanical property studies. These models fully span the atomistic to continuum
scale of nucleic acid modeling.

Sequence Dependent Models
Beyond the atomistic length scale, a series of increasingly less refined nucleic acid
models have been developed in which multiple beads represent each nucleotide. These
beads are typically connected with springs, and thus, are deemed bead-spring models. These models most often encode primary structure though not necessarily, and
often have a varying nature of what each bead represents. Fundamentally, each bead
represents a functional group in the nucleotide, the division of beads can be defined
by steric considerations or chemical considerations. For example, one system with
eight beads per nucleotide [155] does not include specific base interactions (and thus
no primary structure information), but rather focuses on the steric properties of each
nucleotide in their Watson–Crick bound state (secondary structure information) for
particular study of the spontaneous helical tertiary structure of DNA. A system with
seven beads per nucleotide [156] is parameterized particularly for RNA and can encode base identity. Further, in another system, nucleotides are represented by six
interaction sites [157] and can encode base identity and thus particular chemical interactions between functional groups. Finally, a slightly less refined system of four
or five beads per nucleotide [158] has been developed to examine some secondary
structures of nucleic acids. Depending on the computational resources and methods utilized, these models may be able to reach the simulation time (on the order
of seconds) and number of nucleotides necessary to examine some of the secondary
and tertiary structures described in Chapter 2. However, it should be noted that
none of these models encode non-canonical hydrogen bonding, therefore many of the
formations detailed in Chapter 2 cannot be examined.
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Figure 3.2: A schematic illustration of the coarse-graining process of a nucleotide to a three bead
model. A nucleotide containing adenine is represented in both depictions; the phosphate group (P), the deoxyribose sugar group (S), and the nitrogenous base group (A)
that are circled are then embodied three beads. Each bead in the coarse-grained effort
is then given different characteristic interactions.

Further coarse-graining depicts three beads per nucleotide (also called a three bead
model) and is schematically represented in Figure 3.2 [63, 159–167]. These systems
have been used for a wide variety of investigations, including everything from hybridization and melting to bending and packing studies. For three bead models, the
three functional groups: the phosphate group; the sugar group; and the nitrogenous
base group are rendered with three separate beads. Each of these can have its own
interaction specificity. As depicted in Figure 5.1 and described in detail for one such
system [166] in Chapter 5, a three bead representation allows for chemical considerations to be included with base identity preserved. In addition, fundamental steric
considerations are also included in the model through the bead sizes or angular potentials. The three bead per nucleotide model can capture several detailed aspects of
nucleic acids that were described in Chapter 1 such as chirality (left- or right-handed
helices), major and minor grooves, base stacking, and hydrogen bonding characteristics. Depending on the model, parameters, and other considerations, the ability
to capture some or all of these features allows many of the structures described in
Chapter 2 to be examined.
Two interaction sites per nucleotide models [168–177] are also widely utilized to examine oligonucleotide systems. These models have also been used to examine hybridization and melting, in addition to helical structures, aptamers, quadraplex structures
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(Holliday junctions), and nanotweezers. These models have varying abilities to encode
primary structure; some have generic bases, some encode only hydrogen bonding base
identities, and some can capture many features of each adenine, cytosine, guanine,
and thymine base. As illustrated in Figure 4.1 and described in Chapter 4 [172, 174],
a two bead representation has a backbone bead encompassing the sugar and phosphate groups and a base bead for each nitrogenous base. This level of coarse-graining
allows partial steric considerations to be included in the model by characterizing the
size of the beads or the angles between them, along with chemical factors, such as
base stacking and hydrogen bonding, These features allow the capture of some of the
secondary and tertiary structures described in Chapter 2.

Generalized Polymer Models
As we continue up the length scale, we move from functional group bead-spring
models (where the beads are fundamentally different to capture sequence specificity)
presented previously to a system where the model divides the polynucleotide into
beads that usually are uniform in type and characteristics. The size of one beadspring unit can vary depending on the type of problem under analysis: from a single
base pair to tens of thousands of base pairs. These will be discussed below.
At the next level of bead-spring models, and in the transition from sequence dependent
features to generic nucleic acid polymer models, are the one bead per nucleotide or
base pair systems. In these, either each nucleotide becomes a single interaction site
[178–183] or each base pair, that is two nucleotides enjoined by hydrogen bonding (and
almost always Watson–Crick hydrogen bonding) is represented as a single bead [147].
Since there is no longer nucleotide specificity, base identity is lost in these models
and each bead acts as a generic base with features not dependent on whether it is
an adenine, cytosine, guanine, or thymine nucleotide. Simulating tens to hundreds
of nucleotides, these models have been used successfully to examine helical structure,
flexibility, hybridization, and melting.
Further polymer models that are defined at the sub-persistence length consist of
entropic spring DNA models. In these systems, we can think of the entropic springs
now representing the nucleic acid strand with the beads mainly providing reference
points along the chain for long range interactions; opposed to how the functional
group bead spring DNA models, described above, represent the components of each
nucleotide with the beads and the springs are used for position regulation. These
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models range from a bead-spring unit representing three base pairs [184, 185] to a
bead-spring unit representing anywhere from eight to 150 base pairs [186]. Often subpersistence length (on the order of 150 base pairs) models can be tuned through the
use of bending, electrostatic, and other potentials to embody any number of base pairs
in this range. These bead spring models have often been used to examine twisting,
bending, supercoiling, ejection of DNA from a phage, packing into a nucleus or phage,
and band translocation (as through a nanopore).
At the persistence length of DNA (RNA molecules do not typically reach these lengths
due to their inherent instabilities), the springs connecting the backbone beads, are
often replaced with extremely stiff springs or rods (and thus named a bead-rod model)
and used to simulate thousands of base pairs [58, 187–190]. Bead-rod models typically investigate static and dynamic properties of DNA including stress, relaxation,
diffusivity studies along with solvent effects on the three-dimensional conformation of
the DNA polymer. It should be noted that bead rod models are not restricted to this
scale (though they are often used on the persistence length scale) and can be used at
other length scales [170].
Beyond the persistence length of DNA, entropic spring models are again typically used
[188, 191–198]. A repeating unit of the polymer can thus represent anywhere from a
Kuhn length (or twice the persistence length) to hundreds of Kuhn lengths. The level
of coarse-graining is therefore usually decided by the computational resources and the
amount of information detail needed to represent a particular dsDNA strand. One of
the more commonly modeled DNAs is referred to as λ-DNA and is an approximately
48,000 bp digest of the λ bacteriophage [199, 200]. Other digests are available and
can create dsDNA fragments that range from a few hundred base pairs to tens of
thousands of base pairs in length. Extremely coarse (where a bead is thousands
of base pairs) entropic spring models are often used to capture the polymer type
behaviors of dsDNA in various confinements (for example, nanoslits, wells, and post
arrays) and reagent environments. In spite of their low resolution, they yield results
in excellent agreement with experimental data for diffusion, structural relaxation, and
behavior under different flow fields for bulk and confined DNAs [124, 201].
Finally, entropic spring models can evolve to the most simplistic of systems: the
trumbbell (three beads connected with two springs) and the dumbbell (two beads
connected with one spring) models can be used to represent double-stranded DNA
[189, 193]. These models define the broadest of coarse-grained length scales where
each bead and spring unit represents tens of thousands to millions of base pairs. It
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should be noted that trumbbell and dumbbell models can be used for shorter DNA
and RNA molecules.

3.2.4

Treatment of the Solvent

Nearly all biological systems are studied in a solvent, either a simplistic solvent comprised typically of water and indicative of many simplified in vitro experiments or
complicated solvents containing many salt and metal ions and characteristic of often
necessary in vivo conditions. In this work we will regard the treatment of the solvent
as a simulation methodology decision instead of a simulation modeling consideration.
Therefore, as will be described in Section 3.3.1 the solvent can either be represented
explicitly with every (or nearly every) water, salt, and metal atom or ion individually represented, implicitly as a generalized force acting on the nucleic acid polymer
as detailed in Section 3.3.4, or the fluid can be treated in a manner somewhere in
between as in Sections 3.3.2 and 3.3.3.

3.2.5

Multi-Scale Models of Nucleic Acids

Frequently, a combination of models focusing on different length scales will be used
to examine a particular nucleic acid system. Such multi-scale approaches can take
one of two forms: (i) a particular system is examined at multiple length scales with
differently resolved models in each simulation, but the entire nucleic acid is represented by only one scale model at a time, or (ii) part of the system has more or
less detail than other components, giving rise to increased information only for particular sections of the nucleic acid. The first form is often utilized in coarse-grain
model development; parameters are often found by using a “bottom-up” approach
[157, 164, 182, 183, 202, 203]. However, as will be described in detail in Chapter 7,
the entire system can be represented with different models to gain a more detailed
understanding of particular phenomena by varying the length and time scales for
particular observations. Secondly, multi-scale models are often mixed in a particular system in order to increase the resolution of a particular part of the nucleic acid
without having to fully represent the entire system at the same length scale [204–
207]. Because of the simplifications to the model and the reduction in the number of
interaction sites needed, longer simulation times can be reached with the same computational resources. Further discussions in Section 3.3.6 will outline how multi-scale
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modeling methods can also be implemented, on both components of a nucleic acid
polymer and the solvent, in order to be able to gain more resolution of particular
aspects in a biological system.

3.3

Nucleic Acid Simulation Methods

The application of simulation methods has proven to be an increasingly powerful tool
for the study of molecules of biochemical and biological interest. In particular, nucleic
acid simulation applications have employed different methods to computer dynamic
and/or static properties of interest. In this chapter we will briefly describe some of the
more common methods of nucleic acid simulations including the temporal methods
of molecular dynamics (MD), dissipative particle dynamics (DPD), multi-particle
collision dynamics (MPC), and Langevin/Brownian dynamics (LD/BD) techniques.
In addition, the Monte Carlo (MC) configurational sampling methods will also be
outlined. This list is limited in nature and the details are intended only to give a broad
overview and do not include the intricacies vital to each of the simulation methods.
In addition, new simulation methods are proposed every year, the development of
new methodologies will continue to improve nucleic acid understanding via simulation
methods [124, 201]. Finally, there are a variety of multi-method approaches that have
also been utilized for nucleic acid studies. Like the nucleic acid models discussed in
Section 3.2, many different simulation methods are associated with certain ranges of
length and time scales and must be carefully chosen for each particular nucleic acid
system.

3.3.1

Molecular Dynamics Simulation Method

Molecular dynamics (MD) is a simulation technique that allows the prediction of
the time evolution of a system of interacting particles (such as atoms, molecules, or
coarser interaction sites or beads) by numerically integrating the classical equations of
motion and can estimate relevant physical properties [201, 208–211]. Although MD is
often used to simulate systems at the molecular level, it is also suitable for modeling
coarser systems. Specifically, it generates such information as positions, velocities,
and forces from which the macroscopic properties (such as pressure, energy, and heat
capacities) can be derived by means of statistical mechanics. MD simulation consists
of three constituents: (i) a set of initial conditions (initial positions and velocities
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of all particles in the system); (ii) the interaction potentials to represent the forces
among all the particles; and (iii) the evolution of the system in time by solving a
set of classical Newtonian equations of motion for all particles in the system. The
equation of motion is generally given by
Fi (t) = mi

d2 ri
d t2

(3.1)

where Fi is the force acting on the ith particle at time t which is obtained as the
negative gradient of the interaction potential U , mi is the mass, and ri the position. A
physically relevant molecular dynamics simulation involves not only the Newtonian
equation of motion for all particles in the system, but also the proper selection of
interaction potentials, numerical integration, boundary conditions, and the controls
of pressure, temperature, particle number, and volume to mimic physically meaningful
thermodynamic ensembles.
The interaction potentials together with their parameters, constitute the so-called
force field, and describe in detail how the particles in the system interact with each
other; the potential energy of the system is dictated by the particle coordinates.
Such a force field may be obtained by a variety of methods, and several different
atomistic nucleic acid force fields were described previously in Section 3.2.1. A typical
interaction potential U may consist of a number of bonded and non-bonded interaction
terms:
U (r1 , r2 , . . . , rN ) =

NX
bond

Nangle

Ubond (ibond , ra , rb ) +

+

Uangle (iangle , ra , rb , rc )

iangle

ibond
NX
torsion

X

Utorsion (itorsion , ra , rb , rc , rd )

itorsion

+

N
−1 X
N
X

Uvdw (i, j, ra , rb )

i=1 j>i

+

N
−1 X
N
X

Uelectrostatic (i, j, ra , rb ).

(3.2)

i=1 j>1

The first four terms represent bonded interactions: bond stretching Ubond , bond-angle
bend Uangle , and dihedral angle torsion Utorsion . The last two terms are non-bonded
interactions: van der Waals energy Uvdw and electrostatic energy Uelectrostatic . In
the above equation, ra , rb , rc , and rd are the positions of the atoms or particles
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specifically involved in a given interaction; Nbond , Nangle , and Ntorsion stand for the
total numbers of these respective interactions in the simulated system; ibond , iangle ,
and itorsion uniquely specify an individual interaction of each type; i and j in the van
der Waals and electrostatic terms indicate the atoms involved in the interaction.
There are many algorithms for integrating the equation of motion. The algorithms of
Verlet, velocity Verlet, leap-frog, and Beeman, are commonly used in MD simulations
[201, 208? –212]. MD simulations can be performed in many different ensembles, such
as grand canonical (µVT), micro canonical (NVE), canonical (NVT), and isothermalisobaric (NPT). The constant temperature and pressure can be controlled by adding
an appropriate thermostat and barostat, respectively [124, 201, 213].
In addition, it is most common within atomistic MD systems to represent the solvent
explicitly; many differing models have been developed that explicitly describe a water
molecule [201]. By including each individual water molecule in the simulation, the
number of interaction sites is drastically increased and thus there is a great reduction
in the accessible time and length scales [183, 201]. There are several advantages to
using an explicit fluid instead of a coarser, bead representation of the solvent or an implicit representation with a generalized force field, such as local solvation interactions
(such as sugar hydration effects) and the preservation of long range hydrodynamic
interactions; however most of the calculation time in these systems will be spent on
the fluid and not the nucleic acid of interest. As will be seen in Sections 3.3.2 and
3.3.3, other methods have been developed (by varying degrees of coarse graining)
that represent the solvent in the systems without the computational costs of MD.
The Langevin and Brownian dynamics methods described in Section 3.3.4 continue
the trend by eliminating the need to explicitly represent the fluid at all. Finally,
we will conclude our discussion of methods with Section 3.3.5 which gives a broad
overview of Monte Carlo techniques.
The molecular dynamics simulation method can be used for a variety of nucleic acid
models ranging from the atomistic scales to much coarser systems [46, 123, 125, 126,
129, 130, 133, 135–150, 155–165, 171, 181, 204]. Molecular dynamics, with the proper
atomistic level model choice (as described in Section 3.2.1), allow access to the finest
length and time scales and is often used in atomistic and microscopic systems. As
will be seen in Chapter 7, atomistic models coupled with molecular dynamics can
access features on the Angstrom length scale and femtosecond time scale; however,
due to limited computational resources, these types of simulations rarely exceed microseconds worth of simulation time [124].
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MD - Dissipative Particle Dynamics Simulation Method

Like molecular dynamics, dissipative particle dynamics (DPD) is a particle-based
method [201]. The solute particles continue to be governed by molecular dynamics,
however, the fluid is modeled by large particles interacting via soft potentials [192,
214–218]. Each of these particles represents a cluster of solvent molecules moving
together in a coherent manner. The computing time is reduced by coarse graining
of the solvent and thus reducing the number of interaction sites at the expense of
capturing hydration effects.
DPD particles are defined by their mass mi , position ri , and momentum pi . The
interaction force between two DPD particles i and j can be described by a sum of
R
D
conservative FC
ij , dissipative Fij , and random forces Fij :
D
R
Fij = FC
ij + Fij + Fij ,

(3.3)

FC
ij = Π0 ωC (rij )êij ,

(3.4)

FD
ij = −γωD (rij )(êij · pij )êij ,

(3.5)

FR
ij = σζij ωR (rij )êij ,

(3.6)

where rij = |ri − rj | and êij = r̂ij /rij . The force FC
ij represents conservative forces
that act on the particle, and in the above expression Π0 is a constant related to the
fluid compressibility. The dissipative force is an inter-drag force between a pair of
soft fluid particles moving through each other opposing their relative motion (pij )
and dissipating heat where γ is the friction constant between the two clusters. The
random noise force is given by FR
ij with σ a noise amplitude, and ζij a random noise
term with zero mean (i.e., < ζij >= 0) and unit variance. To satisfy the fluctuation
dissipation theorem, the dissipative and random forces are interrelated through the
weight functions, ωD (r) = [ωR (r)]2 ; ωC (r) is the weight function for the conservative
force function. While the interaction potentials in molecular dynamics are highorder polynomials of the distance rij between two particles, in DPD the potentials
are softened so as to approximate the effective potential at microscopic, and not
atomic, length scales. The form of the conservative force in particular is chosen to
decrease linearly with increasing rij . Beyond a certain cut-off separation, rC , the
weight functions and thus the forces are all zero.
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Therefore the total force Fi (t) acting on particle i at time t is
Fi (t) =

X
j6=i

FC
ij +

X
j6=i

FD
ij +

X

FR
ij .

(3.7)

j6=i

Because the forces are pairwise and momentum is conserved, the macroscopic behavior
directly incorporates Navier–Stokes hydrodynamics. Dissipative particle dynamics
can simulate both Newtonian and non-Newtonian fluids, including polymer melts
and blends, on microscopic length and time scales. Dissipative particle dynamics are
often coupled with a standard molecular dynamics approach so that the fluid and
the nucleic acid polymer are simulated with the respective techniques. Nucleic acids
in fluid flow environments, be that tethered, in confined geometries, or in separation
devices, have been modeled with dissipative particle dynamics schemes [192, 214–
218].

3.3.3

MD - Multi-Particle Collision Dynamics Simulation
Method

Multi-particle collision dynamics (MPC), also known as stochastic rotation dynamics
(SRD), continues the trend of coarse-graining the interactions of the fluid particles
[201]. In a DPD system, the solvent beads represent clusters of fluid molecules and
all bead-bead interactions are calculated. By contrast, in MPC the collisions between
fluid particles are replaced by multi-particle collision events that omit the molecular
details and eliminate the need to calculate the forces between the fluid particles.
Here the savings of reducing the fluid particles is countered by the loss of capturing
hydration effects. In this method, the fluid is modeled as point particles of mass
mi . MPC simulations occur in two steps: (i) a streaming step where the particles
move ballistically and (ii) a collision step which transfers momentum between the
particles.
In the first step, each particle evolves in time according to Newton’s laws of motion.
There are no interactions among the particles, but external forces may be present.
The positions ri (t) are updated in discrete time intervals δt:
1
ri (t + δt) = ri (t) + vi (t)δt + fi δt2 ,
2
where vi is the velocity and fi is the acceleration due to some external force.

(3.8)
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The second step transfers momentum between the particles. The simulation domain
is partitioned into cells and each cell has a center of mass velocity, vCM which corresponds to the local macroscopic velocity. The particles within each cell only interact
with other members of the same cell by means of a non-physical scheme constructed
to conserve momentum. Multi-particle collisions within each cell are represented by
the operation
vi (t + δt) = vCM (t) + R(vi (t) − vCM (t)).
(3.9)
The collision operator, R, consists of a rotation through an angle α about a randomly
chosen axis. The collision events are defined to conserve mass, momentum, and
energy such that the hydrodynamic equations of motion are obeyed on sufficiently
long length and time scales. Similar to the coupling that is often seen between DPD
and MD, MPC can be integrated into a standard MD simulation. The nucleic acid
polymer, and any other solute molecules in the simulation can be integrated with the
momentum of the fluid by including them in the MPC collision step. As an example,
multi-particle collision techniques have been used to examine the dynamics of nucleic
acids in micro-channels [219–221].

3.3.4

Langevin and Brownian Dynamics Simulation Methods

Beyond the mesoscopic fluid models of DPD and MPC, further coarse-graining can
be achieved by avoiding direct simulation of the fluid altogether [201, 222–224]. It
is computationally advantageous to coarse-grain out the fine details of the collisions
of individual collisions with the solvent molecules but to keep the statistical effects
of their frictional drag and Brownian motion. At this scale we can consider the
two main effects of the fluid acting on a particle: (i) a frictional force opposing its
motion and (ii) random kicks arising from collisions with the solvent. The frictional
(or dissipative) force FD (t) removes energy from the particle while the fluctuating
Brownian force FB (t) adds energy to the particle. Hence, at this level of coarsegraining, the fluid is included solely in a statistical manner govern by the fluctuation
dissipation theorem. By replacing the explicit fluid with a drag and a Brownian force,
the long-range particle-particle interactions mediated by the fluid are lost. However,
there are methods of including hydrodynamic interactions in Langevin or Brownian
Dynamic systems [225].
By adding the dissipative drag force and the Brownian force to Newton’s second
law shown in Equation 3.1 (with the additional conservative forces, FC (t)), we reach

3.3 Nucleic Acid Simulation Methods

69

Figure 3.3: To avoid explicitly calculating interactions with a solvent for the particle (orange
sphere), the fluid particles (blue spheres) are treated as a viscous medium. To account
for the Brownian motion and dissipative losses that occur as a result of collisions with
large numbers of solvent particles, a stochastic force, FB (t) and a drag force are implemented into the simulation. The result is that larger systems and longer time scales
are accessible than in transitional molecular dynamic approaches.

Langevin’s equation,
d2 r
F(t) = m 2 = FC (t) + FD (t) + FB (t),
dt

(3.10)

where m is the mass of the particle. The frictional force due to the drag exerted on
the particle by the fluid is given by
FD (t) = −γv(t)

(3.11)

where γ is the frictional coefficient [59]. The velocity v(t) is the velocity of the particle
with respect to the local solvent velocity. For a spherical particle the Stokes formula,
γ = 6πηR

(3.12)

where R measures the radius of the particle and η is the viscosity of the solvent, is
used.
The Brownian force represents the constant molecular bombardment exerted by the
surrounding fluid, as depicted in Figure 3.3. Although FB (t) is due to the solvent
molecules colliding with the particle, it can only model the net effect of a large number
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of collisions. The Brownian force is taken as a centered Gaussian random variable
with zero mean and variance 2γkB T /∆t, where ∆t is the integration time step. As
with DPD, the fact that the variance is related to the frictional coefficient γ is again
a consequence of the fluctuation dissipation theorem. At the time scales of interest,
the values of the Brownian force are uncorrelated at different time steps.
It can be shown that the energy transferred to the particle from a single collision with
a solvent molecule decays on the viscous time scale m/γ [226]. If this is much smaller
than the timescale over which FC (t) changes (over damped limit), then ma(t) = 0 in
the Langevin equation and obtain the following discretized equation of motion:
r(t + ∆t) = r(t) +

∆t B
[F (t) + FC (t)]
γ

(3.13)

which defines Brownian dynamics (BD).
BD is particularly useful for systems where there is a large gap in the time scale
governing the motion of the solvent and polymer. For example, in DNA or RNA
polymer and solvent mixtures, a short time-step is required to resolve the fast motion
of the solvent molecules, whereas the evolution of the slower polymer molecules of
the system requires a larger time-step. However, if the investigations concern only
the nucleic acid and not the solvent molecules then they may be removed from the
simulation and their effects on the polymer can be represented by dissipative and
random force terms described above.
A Brownian dynamics simulation method has been used across many nucleic acid
model length scales [166–169, 172–174, 184, 191–193, 195, 197, 206]. By this method
there are a greatly reduced number of interaction sites once the explicit atoms or
molecules of the solvent have been replaced by an implicit Brownian solvent. The
time and length scales accessible depend on the model chosen to represent the nucleic
acid only, and the characteristics of the fluid have little effect. By this method long
DNAs (through coarse-grained models, described in Section 3.2.3) can be simulated
for seconds of time.
Traditionally LD/BD systems do not include hydrodynamic interactions. This approximation is valid for certain systems, such as when hydrodynamic interactions are
screened out, and this consideration must be carefully considered when choosing a
simulation method. When necessary, there are methods of incorporating hydrodynamic interactions with LD and BD simulations of nucleic acids [191, 192].
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Monte Carlo Simulation Method

While MD, DPD, MPC, and LD/BD simulation methods are all dynamic in nature,
allowing the time evolution of the system to be observed; the broad class of Monte
Carlo (MC) simulation techniques do not attempt to simulate the dynamics of a system [201, 227]. There are many types of Monte Carlo procedures; fundamentally,
however it is a biased random walk in phase space. The nucleic acid polymer can
be modeled at any level of detail from atomistic to generic entropic spring representations. With this method, components of the model are translated or rotated in
space, the change in the potential is calculated, and then the move is either accepted
or rejected. If accepted, the positions of the nucleic acid are updated; with either
outcome the method is repeated. At one extreme, MC methods can only be used to
study equilibrium properties, which are different from the dynamic methods (Sections
3.3.1, 3.3.2, 3.3.3, and 3.3.4) which give non-equilibrium, as well as, equilibrium properties. An assortment of additional techniques have been added to the general Monte
Carlo scheme in order to approximate dynamic properties of interest [201, 227].
Metropolis Monte Carlo is the most widely used Monte Carlo method for nucleic
acid simulations. In an NVT ensemble, with N interaction sites, a new configuration
is created by arbitrarily moving bead(s) from position i → j. Due to such model
movement, it is possible to compute the change in the potential energy of the system
∆U :
∆U = U (j) − U (i),
(3.14)
where U (i) and U (j) are the potentials associated with the original and new configurations, respectively. This new configuration is then accepted or rejected according
to the following rules. If ∆U < 0, then the translation or rotation movement would
bring the system to a state of lower energy. In one possible manner to sample the
Boltzmann distribution, the movement is immediately accepted when the change in
energy is negative. If ∆U ≥ 0, the move is accepted only with a certain probability
pi→j which is given by


−∆U
,
(3.15)
pi→j ∝ exp
kB T
where kB is the Boltzmann constant. According to Metropolis et al. [228], if a
random number ξ with uniform distribution between 0 and 1 is generated, then the
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new configuration is accepted according to the following rule:



−∆U
ξ ≤ exp
, the move is accepted,
kB T


−∆U
, the move is not accepted.
ξ > exp
kB T

(3.16)
(3.17)

If the new configuration is rejected, the positions are not updated and the process is
repeated for another randomly chosen selection of interaction sites.
Monte Carlo simulations of nucleic acids [229–231] span all length scales, from atomistic [151], to coarse-grained [63, 175–177, 180, 190, 207], to continuum [152, 207].
Often dynamics are approximated in these nucleic acid simulations to gain more insight than mere equilibrium values [170, 196]. Monte Carlo simulations have some
distinct advantages in biological systems since they are able to throughly sample the
phase space and thus gather information concerning many different energy states.
Understanding the complex energy surface for nucleic acid structures can give great
insight into the fundamental nature of their structures and functions.

3.3.6

Multi-Scale Methods of Nucleic Acids

Classical approaches to simulations assume that a nucleic acid can be represented
using Newton’s laws and simple equations (the force field) relating the structure of
the system with its energy. The level of accuracy in the representation of the nucleic
acids, the solvent, and the force-fields describing them leads to a variety of simulation methods, some of which have been discussed previously. Each methodology is
orientated to the study of different aspects of a biological system. At the smallest
scale (microscopic), many functional aspects of nucleic acids depend on local, primary
structure and structural details, whose analysis requires an atomistic, quasi-atomic,
or sequence dependent coarse-grained model level of description. The classical microscopic methods are based on the calculation of the molecular energy or force for
a given nuclear configuration using a force field. The difference between the methods are found in (i) the representation of the nucleic acid and solvent, (ii) the force
field, and (iii) the post-processing of the energy information derived from the force
field.
At the mesoscopic scale, despite the importance of understanding the molecular structure, parts of the system are homogenized with respect to different aspects (for ex-
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ample, the fluid) which can be at different scales. The techniques of DPD and MPC,
described in Sections 3.3.2 and 3.3.3, are by definition multi-scale in nature. The
Langevin and Brownian dynamics techniques of Section 3.3.4 are in spirit also multiscale as all of the eliminated fluid particles are represented by a single set of forces.
Finally, at the macroscopic (or continuum) scale, further averaging and homogenizing
to the system is done so that discrete components are ignored. Macroscopic models
obey the fundamental laws of continuity, equilibrium, and the conservations of energy and entropy. The laws governing these models are coupled with the appropriate
constitutive equations and equations of state. Computational approaches range from
simple closed-form analytical expressions to complex structural mechanics [126].
In addition to the mesoscopic methods, combinations of other techniques can be used
to better examine a particular nucleic acid system. Such multi-scale approaches typically employ a sequential series of simulation methods to examine particular details
of a system. For example, as will be described in Chapter 7, a coupling of Brownian dynamics (with its long time and length scales) and molecular dynamics (with
small but highly detailed time and length scales) can be done to gain insights into
biological systems at relevant in vitro or in vivo conditions and experimental times.
In addition, other method combinations have been used for nucleic acid study: Monte
Carlo and Brownian dynamics routines [187, 205] and molecular dynamics and Lattice
Boltzmann techniques [186].
In fact, the challenge in the future will be not simply to develop new and improved
simulation techniques at individual time and length scales, but to also integrate the
developed methods at a wider range of time and length scales, spanning the entire
spectrum. As more multi-scale methodologies are constructed the connections and
influences between scales will be better captured and understood; as was shown in
Chapter 2, nucleic acid primary structure is fundamental to secondary and tertiary
structural formations. Such development of multi-scale methods is crucial in order to achieve the longstanding goal of predicting global features from local effects
[212].

3.4

Conclusions

The understanding of DNA molecules and the complex structures that they can form,
as described in Chapters 1 and 2, necessitates a comprehensive understanding of nu-
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cleic acid phenomena at different time and length scales. In the past decade and a half
or so, this need has significantly stimulated the development of computer modeling
and simulation, either as a complementary or alternative technique to experimentation. In this connection, many traditional simulation techniques (such as MC,
MD, BD, DPD, and MPC) have been employed to study biological systems. These
techniques and the models that they utilize indeed represent approaches at various
time and length scales from molecular scale (atoms), to the micro/mesoscale (coarsegrained beads and particles), and then to the continuum or macroscale (domains),
and have shown success to various degrees in addressing many aspects of DNA configurations.
In order to model the complex nucleic acid structures described in Chapter 2 we need
to carefully consider which nucleotide model to choose. Since all of the features detailed in Chapter 2 are sequence dependent, we must choose either an atomistic or
low level coarse-grained model, as shown in the upper section of Figure 3.1. Further,
due to the fact that some of the structures involve the movement of large fragments of
nucleotides we must choose a model that can represent at least 100 nucleotides; atomistic models at this scale are computationally expensive, therefore we must choose one
of the functional group coarse-grained nucleic acid models. In addition, since we are
interested in understanding the formation and folding pathways, a dynamic method
is vital. With the large time scales necessary for large segments of polynucleotides
to arrange in complex, three-dimensional formations, mesoscale simulation techniques
must be utilized. Finally, although the structures described in Chapter 2 are undoubtedly affected by the solvent, the characteristics of the fluid in these structures is not
of the first concern; therefore we chose a Brownian dynamics simulation method and
either a two or three bead per nucleotide model for our future investigations.
We will begin, in Chapter 4, with the simpler of the two models, a canonical two
bead depiction of each nucleotide and we will attempt to simulate the most simplistic
of Chapter 2’s structures, a single-stranded nucleic acid hairpin. Before moving on
to more complex shapes, we will investigate and evaluate the two bead model with
experimental data. It will be seen that the two bead DNA model fails to consistently
capture the dynamics of single-stranded DNA hairpin behavior. Therefore, in Chapter 5 we will develop and experimentally validate a slightly more complex three bead
per nucleotide model that will allow us to capture not only the sequence dependent
features of both canonical (Watson–Crick) and non-canonical (Hoogsteen and wobble) hydrogen bonding and base stacking effects, but also polynucleotide chirality. It
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will be shown that this model can not only capture single-stranded characteristics
of hairpin melting, but also double-stranded structures such as B-Form DNA. Chapter 6 will demonstrate the full capabilities of this newly developed three bead DNA
model with examples of double-stranded structures of P-Form dsDNA (Section 2.2.4),
S-Form dsDNA (Section 2.2.5); triple-stranded structures of H-DNA (Section 2.4.1)
and strand invasion (Section 2.4.2); and quadruple-stranded structures of G-quartets
(Section 2.5.1). Finally, Chapter 7 will provide a multi-scale approach to a particular biological system, the 10-23 DNAzyme (Section 2.3.3), in which a coarse-grained
Brownian dynamics simulation is coupled with an atomistic molecular dynamics simulation to understand particular global and local features of mechanistic importance.
As will be discussed in detail in Chapter 7, many important processes in biology are
inherently multi-scale.

4
Two Bead DNA Model and Verification Process

Observation and theory get on best when they are mixed together, both
helping one another in the pursuit of truth. It is a good rule not to put
overmuch confidence in a theory until it has been confirmed by observation. [...] it is also a good rule not to put overmuch confidence in the
observational results that are put forward until they have been confirmed
by theory.
Sir Arthur Stanley Eddington,
New Pathways in Science, 1934 [232]
As was seen in Chapter 3, the last two decades have witnessed a vast accumulation
of biological models of nucleic acids. The theories put forth concerning DNA and
RNA structure have been built in order to understand the fundamental principles
governing nucleic acid behavior through reverse engineering techniques. However, the
models have not been well studied with actual, consistent, and reliable experimental
evidence. Without verifying these nucleic acid models by confirming them with data,
it is difficult to place much importance on their conclusions. Indeed, as Eddington
[232] explained when combined “observation and theory” can both be used to come
to the aid of “one another in the pursuit of truth”.
In this chapter we seek to develop a method of “mixing together” [232] a nucleic
acid model with experimental data concerning simple oligonucleotide behavior. This
method chooses to compare a system for which the experimental and simulation data
can be adequately captured and for which the resultant data is simple yet informative.
In particular, the ssDNA open-close melting transition is chosen as the particular
study approach due to the fact that the behavior can be well captured by both
dynamic and static modeling methods. Although we will only consider a dynamic
76
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method, that of Brownian dynamics, as described in Section 3.3.4, the hairpin melting
data can be used for a variety of simulation models and methods. We will focus on
a relatively utilitarian nucleic acid model that is able to span a wide range of both
length and time scales, as described in Chapter 3.

4.1

Required Features of the Nucleic Acid Model

As was introduced in Chapters 1 and 2, DNA structure possesses several levels of
complexity, ranging from the sequence of bases (primary structure) to base-pairing
(secondary structure) to its three-dimensional shape (tertiary structure). Models
have been built at each of these levels and are able to describe some phenomena,
but their ability to span multiple complexity levels is limited. Fundamentally, however, in order to be able to capture the base-scale resolution behavior imbedded in
the primary structure of the nucleotides, and thus the base specific secondary and
tertiary structural features described in Chapter 2, we must retain some individual
base characteristics in the DNA model. As was described in Section 3.2, there are
still many DNA model types that preserve this type of base identity.
It is also important to note that in order to fully capture higher order structures,
a sufficient length of time must elapse. The time scale necessary to allow for large
nucleic acid sections to arrange into complex patterns spans several orders of magnitude; this limits the prospective modeling techniques, as detailed in Section 3.3, that
provide tractable models and methods for investigating the advanced structures of
nucleic acids.
Coarse-grained modeling is an increasingly widespread method to study the dynamics
of nucleic acids. As was discussed in Chapter 3, these approaches include Monte Carlo
[63, 151, 170, 176, 229, 230], Brownian dynamics (BD) [168, 169, 172, 184], molecular
dynamics (MD) [46, 123, 134, 136, 140, 142–144, 155, 158–160, 164, 171, 233], and
lattice Boltzmann [192, 194, 234] methods. As was detailed in Chapter 3, for a given
level of computational resources, there always exists a trade-off between the available
length and time scales. Coarse-grained models allow access to relatively long time
scales, albeit at a correspondingly coarse length scale [45, 160]. Yet, if we properly
chose the length scale necessary for the particular application, we can find a reasonable
balance between these two considerations.
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Two Bead Nucleic Acid Model

For the intricate secondary and tertiary structures of short ( 100 nucleotides) nucleic acids, it is reasonable to begin with a two bead descriptor of a nucleotide, as
discussed in Section 3.2.3. This approach allows for the base identity and properties to be preserved (as one of the beads represents the nitrogenous base) along with
the generic features of a oligonucleotide strand. In addition, we utilized a standard
Brownian dynamics algorithm, discussed in Section 3.3.4 with this base-backbone
single-stranded DNA model in order to be able to reach the long time scales necessary for complex structure conformations. The exact simulation conditions will be
further detailed in Section 4.2.4.
For the basic structural unit of the simulated DNA, we adopted the model depicted
schematically in Figure 4.1. The nucleic acid’s backbone groups, the deoxyribose
sugar and phosphate groups, are represented in a single bead, the backbone bead.
Contiguous backbone beads are connected to one another. The nitrogenous bases A,
C, G, and T are represented by a separate bead and connected to the backbone beads
as schematically depicted in Figure 4.1.
The model, developed by previous group work [172], is written in terms of a dimensionless length σ and energy . The value of σ is fixed as the size of the beads; all
beads are the same size. The degree of freedom embodied in  is used to map the simulation reduced temperature T to the experimental temperature; this will be further
discussed in Section 4.3.7. Each of the potentials depicted in Figure 4.1 and governing the interactions of the model can be sorted into three categories: nonspecific
interactions occurring between all beads, backbone-backbone interactions, and basebase interactions. Throughout the experimental testing and model validation process
described in this chapter, the general forms of the potentials will not change, however, specific parameters are often altered to understand overall model sensitivity and
importance for experimental matching. For this reason, the potential equations are
given in their more general forms with particular parameter values listed below each
equation. These parameters are often adjusted individually or in tandem depending
on their type, the interactions involved, and the underlying physics.
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A

T

G

C

Figure 4.1: A schematic representation of a two bead coarse-grained model of DNA. Each nucleotide is represented by two beads, one for the phosphate and sugar groups and one
for the nitrogenous base; A (blue), C (green), G (red), T (yellow)). The backbone
beads (orange) are contiguous for each nucleic acid strand. The various interactions
are labeled between the beads: all beads have excluded volume (UEV ) interactions;
connected beads have modified harmonic (UMH ) interactions, backbone beads have a
bending potential (UBB ) between them and the bases have both hydrogen bonding
(UHB ) and stacking (US ) interactions.
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Nonspecific Interactions

In general, the spacing between the backbone group and the base beads are enforced
by a combination of excluded volume interactions and modified harmonic springs,
defined by Equations 4.1 and 4.2, respectively; the sum of these potentials creates a
relatively deep well that minimizes the fluctuations in these distances [172]. In the
model every bead interacts with the other beads by excluded volume interactions in
order to provide each bead with a physical size. For each bead i, the interaction with
bead j is given by the truncated pairwise Lennard-Jones potential,
 " 12  6 #

σ
σ
 4
+ ε, rij ≤ rc
−
rij
rij
UEV (rij ) =


0,
rij > rc

(4.1)

where rij is the distance between beads i andj and rc is the minimum in the potential
[172, 213],
The connectivity between the various species (backbone-backbone and base-backbone)
is achieved with the use of a modified harmonic potential, which ensures finite extensibility [172, 235]. This potential is given by the so-called finitely extensible nonlinear
elastic potential (FENE),
"
 2 #
κ 2
rij
UMH (rij ) = − R0 ln 1 −
.
2
R02

(4.2)

In Equation 4.2, κ is the effective strength of the potential and R0 is the cutoff of the
potential. We use the values κ = 30.0/σ 2 and R0 = 1.5σ, independent of the tip of
bond [172, 235]. Although the chemistry of the bonds connecting backbone-backbone
(the phosphodiester bridge described in Section 1.2.3) and the base-backbone (the
β-glycosyl C1’ -N linkage described in Section 1.2.2), are rather different, the choice
of parameters yield fairly stiff springs. At our level of coarse-graining, stiff springs
are sufficient to describe both bonds, as we are mostly concerned about the connectivity between different parts of the backbone, rather than a detailed examination
of the particular internal modes of the molecule. The combination of excluded volume and spring forces maintains a relatively constant extension between bonded bead
pairs.
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Backbone-Backbone Interactions

To provide some additional stiffness to the backbone of the single-stranded DNA, we
utilized a bending potential,
UBB (rij ) =

ub
(cos θ + cos θ0 )2
2

(4.3)

applied only between contiguous backbone beads. The parameter θ0 is the desired
bending angle along the backbone, and ub is a tunable parameter dictating the effective stiffness of the molecule; ub = 0 implies a freely jointed chain while ub  0
implies a stiff molecule [155, 168, 169]. Here we use a straight (equilibrium angle of
π) θ0 = 0 bending angle and a ub = 18 [172]. These parameters give a persistence
length for the molecules on the order of a few nucleotides. This value, as a rough
approximation, is relatively in line with the persistence lengths for single-stranded
DNA discussed in Section 2.3.

4.2.3

Base-Base Interactions

The sequence dependent structure is captured by base specific potentials. In this basic
model of DNA we seek only to include the most indispensible base identity features
of the molecule, mainly its Watson–Crick hydrogen bonding and its base stacking
interactions, as discussed in Sections 1.3.1 and 1.3.2, respectively. The sequence
dependent interactions have the generic form

i−1
h
 r
ij
−Γ +1
,
Uk (rij ) = −uk δkij exp 20
σ

(4.4)

where k denotes whether it is a hydrogen bonding or a stacking interaction. This
particular form of the potential has been used elsewhere [172, 184] to model hydrogen bonding and stacking in DNA. The parameter uk gives the overall strength of
the stacking to hydrogen bonding interactions [12, 13, 184] and will be used in the
validation process as a tunable parameter. The individual δkij gives identity to each
base and describes how a base of type i and a use of type j interact with one another through either stacking or Watson–Crick hydrogen bonding interactions. The
parameter Γ = 1.5 is used for both the stacking and hydrogen bonding interactions
through this first iteration of the model.
The two bead model uses a general approximation of hydrogen bonding strength for
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ij
Table 4.1: The base specific hydrogen bonding parameters, δHB
for the hydrogen bonding (WatsonCrick only) in the two bead coarse grain model of DNA.

A
C
G
T

A C
0
0
0
0
0
1
2/3 0

G T
0 2/3
1
0
0
0
0
0

the Watson–Crick type bonding. As was explained in Section 1.3.1 and shown in
Figure 1.6, a A · T Watson–Crick base pair has two hydrogen bonds while a G · C
Watson–Crick base pair has three. As an approximation of the strength of the interaction, even though hydrogen bonding strength is not additive, we simply count the
number of hydrogen bonds; a A · T base pair being two thirds the strength of a G · C
base pair. Therefore, the effective hydrogen bonding is given by the anti-diagonal
matrix of Table 4.1. The hydrogen bonding of some base bead i is computed with all
other base beads j 6= i, which allows the model to move smoothly between secondary
structure in ssDNA and dsDNA.
As can be seen in Table 4.1, only A · T and G · C base bead pairs interact by hydrogen
bonding with one another. We exclude hydrogen bonding interactions between contiguous base beads, even if they are an A · T or G · C pair. We also exclude hydrogen
bonding interactions between base i and base j = i ± 2 to prevent the formation of
three membered rings. This choice is motivated by the heuristic criteria one observes
in the M-Fold server [68] where such rings are normally excluded when one employs
moderate values of buffer ionic strength. In the present model, the isotropy of the hydrogen bonding interactions can, in principle, lead to small-membered rings through
an unrealistic twisting of the backbone chain and interactions through the phosphate
backbone or along oblique angles that should not, in reality, lead to significant hydrogen bonding interactions. The specific issues of pseudo-knots and other unrealistic
ssDNA formations will be discussed further in this chapter and in Section 5.1.3.
The two bead model also uses a rudimentary approximation of stacking strength. As
was explained in Section 1.3.2, there are many aspects that affect the base stacking
strength of two nucleotides, but a generalized ranking for the stacking interactions
can be considered to be
purine - purine > pyrimidine - purine > pyrimidine - pyrimidine.
These qualitative guidelines can be used for the rough stacking interactions provided
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Table 4.2: The base specific stacking parameters, δSij for each stacking combination possible.

A
C
G
T

A
3/4
1/2
3/4
1/2

C
1/2
3/4
3/4
1/4

G
3/4
3/4
1
1/2

T
1/2
1/4
1/2
1/4

in Table 4.2, with the strongest stacking occurring between two guanines (purines)
and the weakest between cytosine and thymine or thymine and thymine (pyrimidines).
Since the model only has two beads, it does not have directionality and therefore the
stacking table is diagonally symmetric. The two bead model does not included any
cross-stacking interactions.

4.2.4

Simulation Algorithm

The potentials detailed above are incorporated into a standard Brownian dynamics
algorithm. We scale the length with σ, the energies with , and the time with τ ≡
ξσ 2 /, where ξ is the bad friction coefficient. The friction of each bead is identical
and there are no hydrodynamic interactions between the beads. Given the positions
xi (t) of all of the N beads in the system, the position dependent energy of bead i is
given by the sum of Equations 4.1, 4.2, 4.3, and 4.4,
Ui (xi (t)) = UEV + UMH + UBB + Uk .

(4.5)

where the potentials on the right-hand side refer to the relevant values for bead i.
The equations of motion governing the time-dependent positions xi (t) of each bead
in the simulation are given by the Langevin equation
∂U
dxi
=−
+
dt
∂xi

r

2T
ri
∆t

(4.6)

where xi are the dimensionless bead positions, T = kB T (K)/ is the dimensionless
temperature in terms of Boltzmann’s constant, kB , and the dimensional temperature, T (K), and ∆t is the dimensionless time step. The random numbers, ri , are
Gaussian with mean zero and unit variance. The stochastic differential equation is
integrated using a predictor-corrector scheme [224]. We only report time-independent
data (qualitative trajectories or thermodynamic data), rendering the choice of friction
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coefficient one of convenience since it is adsorbed into the time constant. Typical time
steps are 0.1τ or 0.01τ and the bead positions are either saved every 100τ or 1000τ ,
depending on the polymer characteristics examined.

4.3

Validation of Two Bead DNA Model

At the heart of any DNA simulation model are the potential energy functions used
to quantify the interactions between different parts of the chain. These functions and
their parameters, given above, need to be selected to capture the relevant physical
properties of single-stranded DNA. Careful selection and testing must be done to
understand the quality of any given DNA model.
At the most generic and macroscopic level, we would expect a robust nucleic acid
model to be able to capture thermal denaturation (melting). As a prototypical example, we consider here the case of a DNA hairpin. At the minimum, the model
should at least lead to the correct melting-point temperature, i.e., the temperature
at which there is a 50% probability of locating the hairpin in the open state. This is
an experimentally accessible and relevant descriptor of DNA behavior. The melting
point temperature is a function of ionic strength, which provides an approach to tune
the parameters for different experimental conditions [160, 176]. At the next level of
complexity, we would like the model to mimic the entire dependence of the sigmoidal
melting temperature curve from the 100% closed state at low temperature to the
100% open state at high temperatures. In particular, capturing the “shoulders” of the
melting temperature curve near the fully closed and fully open states is particularly
challenging. A model that passes this test, especially in a biologically relevant buffer,
could be used with confidence in more complex in vivo scenarios.

4.3.1

DNA Hairpin Melting Experimental Method

In order to provide a stringent test of the model [172–174], we needed a large set of
consistent experimental data. Since the melting transition of single-stranded DNA
hairpins was chosen as a basic test for the general behavior of the DNA model at
the relevant detail scale, we first looked to the literature for experimental hairpin
melting curves and temperatures. After exhaustive literature searches, we found that
the cited values varied greatly amongst one another (even for very similar sequences)
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Base Case

A5C5T5

Class 1:
Length

A5C10T5
A7C5T7

Class 3:
Identity
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G5A10C5

Class 2:
Loop

A5G5T5
A5G10T5

A7C10T7
Figure 4.2: The ssDNA hairpin base case sequence of 5’ -A5 C5 T5 -3’ is used in a series of melting
experiments. There are three classes of hairpin variants: Class 1 alters the stem and/or
loop lengths; Class 2 modifies the loop identity; and Class 3 varies the identity of the
bases in the stem and loop. A total of seven hairpins are examined for their melting
characteristics.

and speculated that the melting point temperature differences (some as large as 30
K) were due to the specific experimental conditions [12, 13, 236, 237].
Therefore, in order to provide a rigorous test of the model [172–174], we obtained a
large set of experimental data under well-controlled conditions. We examined a base
case of A5 C5 T5 and select variants, which are grouped in the three classes depicted
in Figure 4.2 and listed in Table 4.3: (1) In the first class we retain the nucleotide
sequence AX CY TX while varying the values of X and Y; (2) In the second class, the
stem identity is conserved but the cytosine bases in the loop are replaced with guanines
of different lengths; (3) In the third class, the stem bases were changed to guanine
and cytosine with adenine and thymine as the loop bases. To simplify the subsequent
discussion of the data analysis we assigned each sequence the value j = 1 : 7 appearing
in Table 4.3. In addition to the sequences in Table 4.3, we also considered several
other sequence variants that fall into these classes (A10 G20 T10 , A5 G20 T5 , A10 C20 T10 ,
C10 T20 G10 , G5 T10 C5 , A10 C5 T10 , A12 C5 T12 , A12 C10 T12 ) but these were rejected due to
high melting point (TMP ) temperature or other experimental difficulties (such as low
synthesis yields, especially with poly-guanine sequences). Each single-stranded DNA
sequence was obtained from IDT (Integrated DNA Technologies) and HPLC purified
by the manufacturer prior to use. The lyophilized powder was serially diluted with
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Class

Type
Base Case

1

∆Length

2

∆Loop

3

∆Identity

Sequence
A5 C5 T5
A5 C10 T5
A7 C5 T7
A7 C10 T7
A5 G5 T5
A5 G10 T5
G5 A10 C5
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j
1
2
3
4
5
6
7

TMP (mfold)
319.1 K
308.5 K
330.6 K
323.1 K
331.8 K
324.3 K
347.1 K

Table 4.3: List of single-stranded DNA sequences. The ∆ classes refer to the change in stem length
(1), loop (2), or sequence (3) when compared to the base case A5 C5 T5 . The index j
will be used throughout to denote the DNA hairpin type. The mfold predicted meltingpoint temperatures were found for 1µM monovalent sodium, similar to Buffer A, and
are given for the aligned stem bonding configuration.

DI water to a concentration of 1 µM to make a stock solution.
A Quantitative Polymerase Chain Reaction (QPCR) machine (Mx3000P, Stratagene)
was used to collect the temperature and fluorescence intensity data for the DNA
hairpins in Table 4.3. Although acquiring melting curve data is not the standard use
of a QPCR system, the machine’s accurate temperature control, ability to excite and
detect fluorescent molecules, and its 96 sample capacity make it well suited for our
experiments. However, this equipment choice led to some experimental restrictions.
For example, the DNA hairpins must have relatively low melting-point temperatures
(TMP < 353 K) due to the fact that (i) the buffer experiences significant vaporization
in the upper temperature range, which can lead to inaccurate fluorescence readings
due to condensation on the cap of the sample tube, and (ii) the QPCR system is
not designed to capture temperatures greater than 363 K. We only used sequences
with mfold [68] predicted melting-point temperatures TMP < 353 K (1 M monovalent
sodium, similar to Buffer A) to ensure a sufficient dynamical range to capture the
upper plateau of the melting curve. The mfold predicted melting-point temperatures
are summarized in Table 4.3. This restriction limits the possible sequences to be
examined experimentally.
The experiments were conducted in a biologically relevant buffer, Buffer A [99] at 1X
concentration (0.05 M HEPES, 0.5 M NaCl, 0.5 M KCl; Ionic Strength = 1; pH =
7.1 at 25◦ C). This standard composition of Buffer A is a reasonable model for in vivo
conditions and has proven useful for in vitro applications as well; for example, Buffer A
at these specifications was used in the initial evolution of the 10-23 DNAzyme [55, 99].
While appropriate for studying basic physics, a monovalent salt poorly captures the
effects of a complex biologically relevant buffer, like Buffer A.
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Well Type

Buffer A

Control Buffer Well
Control Dye Well

1X
1X

Experimental Signal Well j

1X

Well Contents
SYBR
DNA Hairpin
Green I Dye
0
0
2X
0
2.2 µM stem
2X
base pairs
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Well Number, k
kbuffer = 1 − 4
kdye = 5 − 12
kDNA = 1 + 12j

Table 4.4: List of well types randomly loaded on each 96 well plate. One of the seven DNA hairpins
(j = 1 − 7) under study was loaded into each experimental signal well. The number of
replicates of each well type per plate is the number of well numbers, k, corresponding
to that experimental condition.

Three different types of wells (Control Buffer Wells, Control Dye Wells, and Experimental Signal Wells), each containing 50 µL of solution, were arranged randomly on
each 96 well plate. The contents of each well are summarized in Table 4.4. The control
buffer wells each contained only a 1X Buffer A solution and were used to measure the
background fluorescence signal of the biological salt solution. The control dye wells
contained a 1X Buffer A solution and a 2X SYBR Green I dye solution. The SYBR
Green I fluorescence signal when bound to double stranded DNA is 800- to 1000-fold
greater than when bound to single stranded DNA (Molecular Probes). This well
type was used to measure the background fluorescence signal of the unbound SYBR
Green I intercalating dye. In the experimental signal wells, the 1X Buffer A and 2X
SYBR Green I dye solutions were combined with 2.2 µM of DNA hairpin stem base
pairs. These optimal concentrations of stem base pairs and dye were determined by
an independent set of measurements, described in Section 4.3.3, of the melting of the
A10 C5 T10 sequence over a range of SYBR I concentrations (0.02 X to 10 X) and DNA
concentrations (0.02 µM to 0.2 µM). The replicates of each well type are enumerated
in Table 4.4. Two identical plates were made and each plate was run twice to generate
the experimental intensity data.
We tested temperature ramps of δT = 1 K/5 min and δT = 1 K/min and did not
notice any significant change in the data when the fluorescence versus temperature
curves obtained at each ramp rate were overlaid. Most of the results reported here
were obtained with δT = 1 K/min as the temperature transition rate. Fluorescence
data were collected over the range of 293 K to 363 K. The fluorescence signal at a single
temperature was measured for each well 14 times before raising the temperature by
one degree. The specifications of the QPCR system allowed for temperature plateaus
to be programmed in increments of 1K while the actual temperature has a precision of
± 0.1 K. The plate was allowed to equilibrate for 5 minutes once the new temperature
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was reached before obtaining fluorescence data. This process was repeated for each
temperature in the specified range, creating over 80,000 measurements per plate.
The resultant raw data consists of the temperature and corresponding fluorescence
intensity (in arbitrary units) of each sample.
Each 96-well plate was loaded in a randomized manner in order to control for the
known edge effects in QPCR systems. The wells consist of a series of control buffer
wells, control dye wells, and experimental signal wells. All data collected from areas
of the plates deemed inconsistent was eliminated from further analysis if it satisfied
either of the following criteria: (i) the signal strengths were less than ten percent or
greater than 500 percent of the average signal strength at the corresponding temperature, or (ii) the signal variance was greater than ten times the average signal variance
at the corresponding temperature.

4.3.2

DNA Hairpin Melting Experimental Data Analysis

For each well, we binned the raw intensity data into temperature increments of 1 K
and then averaged the 14 data replicates in each bin to produce an intensity Ik (T)
for each of the k = 1 : 96 wells, where T is measured in ∆T = 1K increments. For
the control buffer wells, k = kbuffer = 1 : 4 on a single plate, the intensity signals were
averaged to create a plate specific background signal corresponding to the specific
characteristics of Buffer A. This produced a plate specific background signal,
Bplate (T) = hIk i1:4 ,

(4.7)

such as the one in Figure 4.3a. In the latter and what follows, h ik represents an
average of the k wells. The background fluorescence signal, Bplate (T), is subtracted
from the raw data for the control dye wells (k = kdye = 5:12) and the DNA containing
wells (k = kDNA = 13:96) to create the corrected intensity
I0k (T) = Ik (T) − Bplate (T).

(4.8)

After correcting for the background signal, the data from the control dye wells (k =
kdye = 5:12), were similarly smoothed into an average curve to form the unbound
SYBR Green I, background corrected, fluorescence corrected signal
hubSG(T)i = hI0k i5:12

(4.9)

a
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0.4
0.2
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Temperature, K

Figure 4.3: Postprocessing of the experimental data for the A5 C5 T5 (j = 1) sequence. (a) Average
background fluorescence signal, Bplate (T). (b) Average background corrected unbound
SYBR Green I temperature dependence, huSG(T)i. (c) An example well’s melting
curve, IMC
k (T); the temperature dependence of the bound SYBR Green I signal is fit
from the closed hairpin state, bSGfit,k (T). (d) Normalized and averaged replicates for
the j = 1 sequence. The temperature variation range is reported at selected normalized
intensity values.
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seen in Figure 4.3b. The ubSG(T) curve was fit with a linear temperature relationship,
ubSGfit (T)
ubSGfit (T) = afit T + bfit ,
(4.10)
where afit and bfit are the coefficients of the linear regression for the averaged unbound
SYBR I signals. The linear SYBR I background fluorescence, ubSGfit (T) is subtracted
from the raw data for the DNA containing wells (k = kDNA ) = 1+12j, where j = 1 : 7
counts the seven DNA hairpin types,
I00k (T) = I0k (T) − ubSGfit (T).

(4.11)

The value I00k (T) thus corrects for the background fluorescence signal of the buffer and
the signal due to the excess amounts of intercalating dye.
The maximum of each I00k (T) curve, Imax
k , was found for each of the kDNA wells. Applying the melting curve (MC) algorithm,
max
IMC
− I00k (T),
k (T) = Ik

(4.12)

transforms the data into the standard melting curve format prevalent in literature
(though not yet normalized on [0, 1]). This melting curve has the familiar sigmoidal
shape, with high temperatures corresponding to high intensity values and low temperatures corresponding to low intensity data.
In addition to the unbound dye, we also needed to correct for the temperature dependence of the bound SYBR Green I. To make this correction, we assumed that: (i) the
stems are all fully closed between 298 and 303 K, (ii) the bound SYBR I fluorescence
depends linearly on temperature, similar to the unbound dependence measured in Figure 4.3b, and (iii) the fluorescence intensity is proportional to the number of bonded
base pairs. From the low temperature (and thus closed state) data, an extrapolation
of the bound SYBR Green I background signal
bSGk (T) = ak T + bk

(4.13)

was formed, as shown in Figure 4.3c, for each of the DNA containing wells k = kDNA .
We then removed each bound SYBR I contribution from the corresponding fluorescence signal at every temperature using the iterative approach described in Equations
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(4.14) - (4.16). We first approximated the fraction of closed base pairs as
MCmax
cbpk (T) = 1 − IMC
,
k (T)/Ik

(4.14)

where IMCmax
is the maximum value for the adjusted intensity IMC
k
k . We then subtracted the scaled extrapolated bound dye intensity, given by
(T) = cbpk (T) × bSGk (T),
Iscale
k

(4.15)

from every data point to arrive at a new intensity value for Ik ,
scale
I?k (T) = IMC
(T).
k (T) − Ik

(4.16)

In the algorithm, I?k is set equal to IMC
in Equation (4.14) and the algorithm of Equak
tions (4.14) - (4.16) is iterated until the difference between I?k (T) and IMC
is less than
k
1 × 10−8 . Once convergence is reached for each I?k (T) value, where k = kDNA = 1 + 12j
?
for each DNA sequence j, the twelve DNA replicates are averaged to form I[
j (T),
?
?
I[
j (T) = hIk (T)i1+12j .

(4.17)

?
?
[
The I[
j (T) is then normalized on [0, 1]. Figure 4.3d shows the data I1 (T) (for the
A5 C5 T5 sequence). Each 96 well plate was run twice through the QPCR equipment
and similarly processed. Each plate was also prepared in duplicate and this data
?
was similarly processed; the four I[
j (T) values thus amassed where finally averaged to
create a single melting curve for each of the seven DNA hairpins under study.

4.3.3

DNA Hairpin Melting Experimental Optimization

Through our investigations of the vast literature of oligonucleotide melting behavior,
we understand that the experimental melting temperatures are highly dependent
on the experimental conditions. Before we could begin collecting the high density
experimental data that we would need to validate the model, we first needed to find
the optimal experimental conditions for melting single-strand DNA hairpins. We
found that the concentrations of the DNA and the SYBR I dye solution can shift the
measured curve by as much as 18 K over the range of SYBR I concentrations (0.02X
- 10X) and the DNA concentrations (0.02 - 0.2 µM) examined, consistent with other
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optimal
experimental
conditions

Figure 4.4: Plot of the normalized fluorescence intensity as a function of temperature for different
DNA and SYBR Green I dye concentrations with the sequence A10 C5 T10 . The (red)
dashed line in the center plot was chosen as the experimental condition for all subsequent studies: 0.15 µM DNA solution and 2X SYBR Green I dye. This sets the ratio
of dye molecules to stem base pairs at 2X: 4.5 × 1013 stem base pairs.

experimental studies [12, 13, 236, 237]. To determine the experimental conditions that
maximize the amount of useful data, we first sorted the mfold [68] predicted meltingpoint temperatures for a variety of small single-stranded DNA hairpins (ranging from
319.1 to 347.1 K), some of which are listed in Table 4.3. The parameters chosen for the
initial mfold sorting were 1M monovalent sodium ions, which is similar to the 0.5M
sodium and 0.5M potassium monovalent ions primarily comprising the biologically
relevant buffer, buffer A [55]. The DNA hairpin sequence A10 C5 T10 has the median
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mfold predicted TMP of 338.5 K [68]. We then examined this sequence using various
combinations of the DNA and dye concentrations described above. Figure 4.4 shows
nine of the 30 results thus obtained; the optimal set of concentrations for this sequence
was found to be 2X SYBR I and 0.15 µM of A10 C5 T10 DNA solution. We found that
the melting-point temperature Texp
MP = 337 K, under these conditions, is closest to the
old
predicted mfold melting-point temperature Tmf
= 338.5 K [68].
MP
By generating these data with control over the specific experimental conditions and
concentrations, we are better able to interpret the raw data and process it in a manner
that provides a good correspondence with the computational simulations. In addition, after understanding that the specific experimental conditions (such as reagent
concentrations) can shift the melting curve by as much as 18 K over a relatively small
reagent parameter space, we found it vital to collect our own experimental data. Although a literature search can produce melting-point temperature data for a variety
of DNA sequences, a highly reliable, self-consistent data set over the entire temperature range is necessary to arrive at meaningful conclusions concerning the quality of
the simulation data.

4.3.4

DNA Hairpin Melting Simulation Method

At the start of the simulations, the molecule is initialed into one of two conformations illustrated in Figure 4.5: a linear chain (open configuration) or a square U
chain (almost closed configuration). To ensure relaxation from this initial state, the
simulations were carried out for 5 ×106 BD time steps to erase memory of the initial configuration. We then obtained configuration data for approximately 5 ×108
BD time steps with a time step of δt = 0.01, where a single time step corresponds
to approximately a nanosecond. This total simulation times leads to a sufficiently
large number of binding and unbinding events when T ≈ TMP , allowing reliable measurements of the phenomenon. Independent runs with different initial conditions
were performed to ensure robustness with respect to the starting conformation of the
molecules.
The simulations use a non dimensional temperature, but prior to this investigation
we did not have an experimentally validated conversion to a real temperature. To
limit the dimensionless temperature phase space that we needed to explore, we used
a two step procedure. In the first step, we noted that the maximum characteristic
hydrogen bonding potential in the model is approximately 0.123( uHB ) [172]. This

4.3 Validation of Two Bead DNA Model

94

Backbone

Linear Chain - Open Configuration
Stem
Square U Chain Closed Configuration
Loop
Figure 4.5: Example of a two bead model of the single-stranded sequence 50 −A7 C5 T7 −30 . The
chain is comprised of a series of contiguous backbone (orange) beads and a series of
base beads: adenine (blue), cytosine (green) and thymine (yellow); the dark (purple)
bead marks the 50 terminal of the chain. The chain is initialized in either a linear or
square U configuration. The Watson–Crick base pairing stem and noninteracting loop
sections of the hairpin are labeled.

leads to a characteristic energy of  = -6.1 kcal/mol. With a choice of uHB = 2 we find a
temperature conversion of T = 0.1 → 310 K. By first narrowing the temperature space
through these estimates, we were able to make initial sweeps of simulations at non
dimensional temperatures in the range of 0.1 - 0.6 in increments of 0.05. In the second
step, we analyzed these data with the metric described in Section 4.3.5 and then fine
tuned the temperature search near the melting point, and thus the transition region
of the hairpin. Having narrowed the temperature range to within ± 0.1 of the melting
point of the simulated sequence, the model was examined in more detail within this
regime in temperature increments of 0.005. Additional simulations were added if the
high temperature plateau was not sufficiently stable and clearly delineated. Three
independent simulations were completed at every temperature point. The position of
each of the simulated beads was saved every 1000 BD time steps (≈ 1 µs).
The complete parameter space that explicitly describes the model is comprised of 41
variables, some of which are discrete [172–174]. In this study, a small section of the
parameter space was explored by varying the magnitude of the base stacking energy,
S , and the hydrogen bonding energy, HB , while keeping the ratio of these quantities
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fixed; data obtained for values S /HB = 2.5/1, 5/2, and 10/4 are presented here. We
kept the ratio of the stacking and hydrogen bonding energies constant at the values
approximated by experimental studies [12, 13], but allowed the magnitude of these
quantities to change in relation to the other energies of the system. The system is
written in reduced units with a non dimensional temperature of T .

4.3.5

DNA Hairpin Melting Simulation Data Analysis

We considered three different bonding metrics to determine the state of the singlestranded DNA hairpin in the simulation; that is, whether the hairpin was open or
closed. All three metrics rely on the number of complementary interactions between
the bases in the stem section of the nucleotide sequences. Complementary interactions
were defined as follows: if two Watson–Crick complementary bases were found to be
within a distance where the hydrogen bonding potential is effectively nonzero (since
it decays quickly as a function of distance) then the two bases are considered bonded.
This threshold distance is defined as σ = 21/6 .
In metric 1 of Figure 4.6, all possible bonding pairs are calculated every 1000 BD
time steps. There is a problem with this metric, especially for the block polymerlike sequences considered here. Since the model allows for multiple beads to bind
to the same base bead via hydrogen bonding interactions, the number of bonding
incidents described by this metric is often more then the number of bases in the stem
section of the DNA hairpin. This artifact of two and three bead simulation models is
prevalent throughout the literature [63, 160–162, 168–171, 238]. When we analyzed
the instantaneous chain configurations, we found that the beads are often in a closed,
zipper like configuration with the base beads slightly out of alignment [161, 162, 238].
This simulation artifact is due to steric and hydrogen bonding stabilization of this
closed state form. Although the model does allow multiple binding incidents to occur,
the change in free energy in the misaligned zipper configuration is not simply equal
to twice the energy in the aligned system because the distances between the bonded
beads are different.
Due to the shortcomings of metric 1, we designed additional metrics that could characterize the bound state. Metric 2, depicted in Figure 4.6, only considers bases to be
bonded if they are paired “correctly” to lead to complete bonding in the stem. For
example, for a sequence that is n bases long, the distance between the positions of
the i = 1 bead and the j = n bead is calculated (providing that the two bases in
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Figure 4.6: The three metrics used to determine the “closed” state in the simulation data. Metrics
1 and 2 enumerate all stem possible bonding pairs (1) and aligned stem possible bonding pairs (2). Metric 3 only considers the hairpin system to be closed when all of the
possible pairs in the aligned stems are bonded. The A5 G5 T5 simulation data are presented for each of the three metrics with non dimensional temperature and normalized
intensity. A sigmoidal curve is fit to the data for each metric.

4.3 Validation of Two Bead DNA Model

97

question are Watson–Crick complementary) and, if this distance is less than σ, they
are counted as bonded. This calculation continues for the i = 2 and j = n − 1 beads
and so on up the stem of the hairpin. This metric thus eliminates the problem of
double counting in the first metric.
However, this second metric may still not fully capture the experimental system due
to the nature of an intercalating dye. If double-stranded DNA is modeled as a ladder,
then intercalating dyes like SYBR Green I fit between the rungs. Therefore, in order
to bind to the DNA, at least two bases need to be bonded. Other simulation studies
have used metrics that rely on contiguous bonded bases [168, 169]. As a result,
we developed a third metric to capture this feature of the experiments. Metric 3,
as depicted in Figure 4.6, requires that all of the complementary aligned bases be
bonded in order for the hairpin to be deemed closed; this final metric is effectively
bimodal.
We computed the average metric value for each simulation temperature run by computing the time average of the number of bonds found at every saved simulation
frame (1000 BD time steps ≈ 1 µs). Each of the three simulation run replicates were
then averaged together to find a single metric measurement for each non dimensional
temperature. The MC algorithm transformed the data to produce a sigmoidal-shaped
melting curve (with high temperature corresponding to high intensity) and normalized to a [0,1] scale with 0 corresponding to a fully closed state and 1 corresponding
to a fully open hairpin. Normalization of each of the metrics, as in Figure 4.6, to the
same [0,1] scale not only allowed for the three metrics to be compared among one
another, but also with the experimental data.
Figure 4.6 also shows that each bonding metric defines a slightly different sigmoidalshaped melting curve. The effective melting point temperature, TMP , is defined where
the chain has an equal probability of being open or closed. We obtain the melting
temperature curve, TM , by fitting the melting curve data with a sigmoidal distribution
and finding the inflection point.
When we consider the sharpness of their transition regimes, we find that, by construction, metric 2 will form the sharpest melting curve, even though metric 3 is an
“on-off” metric. (Metric 1, due to its multiple base bonding allowances, will have
the broadest transition regime.) Imagine the base case sequence of A5 C5 T5 , which is
comprised of stem length of five base pairs. In the completely closed state, all five
pairs are bonded (to the aligned corresponding base, i.e., A1 to T15 ) and the instan-
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taneous value of both metrics 2 and 3 is 1. If one bond is lost along the chain, the
instantaneous value of metric 2 will be equal to 0.8 while the instantaneous value of
metric 3 will be 0. Assuming, for the sake of argument, that the pair is bonded for
half of the simulation time, the average value of metric 2 will be 0.9 and the average
value of metric 3 will be 0.5. Therefore, with the bimodal metric 3, the transition
regime will similarly become broader near the melting point temperatures.

4.3.6

DNA Hairpin Melting Simulation Optimization

In order to compare the experimental and simulation data, we first needed to determine both the conversion between simulation and experimental temperatures, Tscale ,
and the best ratio of stacking to bonding energy, S /HB . These two mutually dependent simulation parameters determine how well the simulation data matches the
experimental data. We used the A5 C5 T5 sequence to determine the best choices for
these parameters because it is computationally efficient and the synthesis yield is
high.
First, the three different metrics, as defined in Section 4.3.5, provide a spectrum of
descriptions for the closed hairpin state. The simulation data for the test sequence
A5 C5 T5 were processed by metrics 1, 2, and 3 for each of the S /HB values. This
produces a series of curves for the A5 C5 T5 sequence in non dimensional temperature
space, similar to that of Figure 4.6. Recall that we kept the ratio of the stacking
and hydrogen bonding energies constant at the thermodynamic value [12, 13] of 2.5,
but allowed the magnitude of these quantities to change. Due to the large number
of simulation runs at every temperature that are needed to create a hairpin melting
curve, only three values were investigated: S /HB = 2.5/1, 5/2, and 10/4. This
allowed the base specific potentials to vary with respect to the other bead potentials
(such as spring stiffness and bending potentials) in the system.
Next, the simulated melting curves for the different metrics were shifted by some Tscale
= dTexp /dTsim which converts between the non dimensional simulation temperature
and the dimensional experimental temperatures schemes,
dIsim
=
dTsim



dIexp
dTexp



dTexp
dTsim




=

dIexp
dTexp


Tscale .

(4.18)

The Tscale value for each metric melting curve was chosen so that the simulated
melting-point temperature for this metric, TMP , matches to the experimental melting-
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Figure 4.7: Plot of the three metrics with the experimental data overlaid for the A5 C5 T5 base case
sequence. Metric 2 best captures the slope in the transition regime of the experimental
data.
sim
sim
sim
point temperature Texp
MP = TMP (Metric 1) = TMP (Metric 2) = TMP (Metric 3). As an
example, we present in Figure 4.7 the A5 C5 T5 sequence using each of the three metrics
for the S /HB = 5/2.

To quantify the fit of the three melting metrics depicted in Figure 4.7 (with the bonding potential of S /HB = 5/2), we calculated the coefficient of multiple determination
adjusted for the number of parameters in the sigmoidal model, R2a , values. We repeated the above process with the S /HB = 2.5/1 and 10/4 bonding potentials. It
should be noted that for S /HB = 2.5/1, some error in very low temperature data is
expected. In this regime, extremely long simulation equilibration times are needed
due to the low thermal energy of the system. The resulting Tscale and R2a values for
each bonding potential and metric are summarized in Table 4.5. From these data, we
concluded that the S /HB = 5/2 and Metric 2 are the optimal bonding potential and
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Metric 1
Tscale,K = 1390
R2a = 0.401
Tscale,K = 1110
R2a = 0.412
Tscale,K = 1020
R2a = 0.448

Metric 2
Tscale,K = 1460
R2a = 0.678
Tscale,K = 1190
R2a = 0.995
Tscale,K = 1030
R2a = 0.716

100
Metric 3
Tscale,K = 1490
R2a = 0.636
Tscale,K = 1220
R2a = 0.767
Tscale,K = 1040
R2a = 0.597

Table 4.5: Summary of the Tscale and R2a values for each of the S /HB values and metrics examined
in the study. Row 2 is depicted graphically in Figure 4.7 and the center, bold cell
contains the optimal values utilized for the remainder of the investigation.

metric, respectively. This choice produces a Tscale = 1190 K and R2a = 0.995 for the
base case sequence. These parameters and metric definition will be used to evaluate
the model.

4.3.7

Simulation and Experimental Comparisons

With Tscale = 1190 K a simulation temperature of 0.3 corresponds to an experimental
temperature of approximately 340 K. Although the thermodynamic estimate for the
conversion factor in Section 4.3.4 is different, the value of Tscale found with the present
method corresponds to our particular experimental system. Indeed, this experimental
approach allows the model to be adjusted for any biological condition.
Let us now see if the value Tscale = 1190 K leads to similar agreement (using metric
2) for the other sequences. As seen in Figure 4.8, there is qualitative agreement.
Unfortunately, the R2a values reported in Table 4.6 indicate a problem with the model.
With sequences similar to the base case of A5 C5 T5 , such as the A5 C10 T5 sequence, we
see high correspondence between the simulated curves and the experimental data. We
find somewhat reduced matching with sequences containing poly-guanine sequences
such as A5 G5 T5 , through 94% of the simulation data for these sequences lie within
one temperature standard deviation of the median experimental data value. It is
important to note that the “shoulder” regions of the melting curve, which is the initial
transition from fully closed to 10% open and from fully open to 10% closed, show
the greatest degree of mismatch to the experimental data. Finally, as the sequence
stem gets longer, for example in the A7 C5 T7 sequence, the agreement between the
simulation and experimental data is again reduced. If we take the temperature range
of the experimental data, depicted in Figure 4.3(d) by the horizontal bars, we find that
91% of the averaged metric 2 simulation data fall within the measured spread.
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Figure 4.8: Comparison of the metric 2 simulation data and experimental sigmoidal fit curve with
a Tscale = 1190 K factor. Each of the seven investigated sequences is depicted and
sorted into their original classes. The R2a values of the fits are reported in Table 4.6.

Perhaps the low R2a values in Table 4.6 indicate that we chose the wrong base case.
To test this possibility, we determined the optimal Tscale values for each sequence
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Sequence
A5 C5 T5
A5 C10 T5
A7 C5 T7
A7 C10 T7
A5 G5 T5
A5 G10 T5
G5 A10 C5
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R2a
0.995
0.942
0.450
0.540
0.622
0.713
0.514

Table 4.6: Summary of the R2a values for Tscale =1190 K for each of the sequences examined.

Normalized Intensity

independently. However, this does not lead to all sequences having a value R2a > 0.9,
which we would consider to be a good fit. Indeed, simply changing the choice of Tscale
to get the right melting point temperature, which is the usual approach in matching
simulation to experiment, does not impy that the simulation will then mimic the full
behavior of TM . This is exemplified by the data for the A7 C5 T7 sequence in Figure 4.9.
Longer stem lengths are characteristic of this (and the other poor performing class I
molecule A7 C10 T7 ) and may explain the broadening of the transition regime.
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Figure 4.9: Comparison of the metric 2 simulation data and experimental sigmoidal fit curve for
the A7 C5 T7 sequence with Tscale =1150 K which is the conversion required to match
the melting point temperature. The R2a value is 0.707.
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Qualitatively poor fits point toward parameters and features that may need to be
adjusted or added to the two bead DNA model. Although the DNA model includes
potentials describing both hydrogen bonding and nucleotide base stacking, it does not
include the effects of cross stacking interactions between bases [12, 13, 15, 172–174].
Due to the fact that we see diminished R2a values for sequences with longer stems, and
thus more cross stacking interactions, we may need to add this feature to the model.
From additional examination of Figure 4.8, we see that sequences with polyguanines
also have reduced fits. While the two bead model includes pairwise interactions, it
does not contain more complex (i.e., four base coordination) interactions that would
be needed to describe the features of G-quartets [12, 13, 42]. The mismatch in the
simulation and experimental systems with the A5 G5 T5 , G5 A10 C5 , and A5 G10 T5 may
be due to this lacking G-quartet coordination. Further study with incorporation of
both cross stacking and multi base bead interactions could be conducted to determine
if the experimental data can be better captured.

4.4

Conclusions

Due to the constant trade-off between simulation time and length scales, only the
most basic of DNA behaviors (and thus interactions) are included in this two bead
DNA model. After testing this model against experimental data, we found that it
was unable to adequately capture even the most elementary of experimental systems.
Therefore, before more complex structures, such as those described in Chapter 2,
are attempted, the model must be revised. In the following chapter, we build a more
realistic, yet still simplistic, model of DNA with three beads per nucleotide. This new
architecture allows for additional sub features to be realized such as chirality, major
and minor grooves, and backbone angles. Additional features to give a more refined
base identity behavior including more realistically parameterized hydrogen bonding
and stacking, the inclusion of non-Watson–Crick hydrogen bonding, and anisotropic
potentials to eliminate unrealistic bonding. With these additional characteristics we
seek to be able to capture not only the simplistic hairpin melting curves but also a
wide array of other small DNA conformations.

5
Development of a New, Non-Canonical DNA
Model

It can scarcely be denied that the supreme goal of all theory is to make the
irreducible basic elements as simple and as few as possible without having
to surrender the adequate representation of single datum of experience.
Albert Einstein, On the Method of
Theoretical Physics, June 10, 1933 [239]
As we move from the previous two bead DNA model and look to incorporate a new
host of features to better capture the available experimental data, it is important to
remember Einstein’s basic idea that everything should be as simple as it can be, but
not simpler. As was described in Chapter 3, this is the ultimate goal in developing
and utilizing models and their corresponding theories; to find the “irreducible basic
elements” and have them be “as simple and as few as possible” to adequately represent
the system at the length and time scales of interest [239]. In order to be able to
describe both the canonical and non-canonical nucleic acid structures described for
single-, double-, triple-, and quadruple-stranded structures in Sections 2.3, 2.2, 2.4,
and 2.5, respectively, we must incorporate additional features into our previous DNA
model described in Chapter 4.
The nucleic acid structures previously described in Chapters 1 and 2, possess several
levels of complexity, ranging from the sequence of the bases (primary structure), to
the base-pairing (secondary structure), and to its ultimate three-dimensional shape
(tertiary structure). In designing a new DNA model we must be able to capture
key features at each of these gradations. We will return to the idea of these three
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complexity classifications (primary, secondary and tertiary structure) when we design
metrics for evaluating our improved nucleic acid representation. Since the timescales characterizing the structural dynamics (assembly and action) of the nucleic acid
structures of Chapters 1 and 2 exceed the current capabilities of atomistic simulations,
their study requires the usage of a coarse-grained model.
In this chapter we will amend, correct, and improve the previous two bead model of
DNA with the basic features allowing us to capture key structural features described
heretofore. Some of the necessary improvements include: chemical asymmetry of
the backbone (i.e., a 5’-3’ directionality); proper sizing of the sugar, phosphate, and
nitrogenous base groupings; directional canonical and non-canonical base pairing, directional stacking interactions, and more realistic and experimentally derived parameters. These modifications are necessary not only to better capture relatively simple
behavior such as that of single-stranded DNA hairpins but also move to more complicated and diverse formations of triple- and quadruple-stranded structures.

5.1

Three Bead Nucleic Acid Model

For the basic structural unit of the new DNA model, we adopted the model depicted
schematically in Figure 5.1. Instead of the previous depiction of a nucleotide with two
beads, this model utilizes a three bead approach. Whereas the sugar and phosphate
groups were clustered into a single bead before, the backbone bead of Section 4.2, in
our improved model the backbone groups are each allowed their own bead representations. In this structure we represent each nucleotide with a bead for the sugar (S),
phosphate (P), and base (B) group, as illustrated in Figure 3.2. The addition of a
third bead per nucleotide allows the model to have handedness when the DNA is in
helical form since the repeating nucleotide unit is now asymmetrical in nature [160].
The termini of any nucleic acid can now be distinguished into their 3’ and 5’ ends;
the phosphate group (which is only bound to a single sugar group) denotes the 5’
end of each nucleic acid strand.
From a structural standpoint, our model resembles the 3-sites-per-nucleotide (3SPN)
model in only the most literal sense; both the 3SPN model from de Pablo and coworkers [160, 161, 167] and the model we propose here represent each nucleotide as 3 beads.
As will be apparent shortly, the force fields for the two models are quite different. The
most notable difference is our use of non-spherical bonding potentials, which allow
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us to avoid the need for dihedral potentials [160, 161, 164, 167–169] that introduce
an unphysical bias towards the B-form of dsDNA when the DNA is single-stranded
[160]. Rather, we can smoothly move between dsDNA and ssDNA. As a result, it
would be inappropriate to view the new model as an extension of the existing 3SPN
models [160, 161, 167].
The model is written in terms of a dimensionless length σ and energy . The value
of σ is fixed by the sugar-phosphate distance in single-stranded DNA. In Figure
5.1, the backbone is depicted in a plane and the sugar-phosphate distance, σ = 0.3
nm, is shown. The degree of freedom embodied in  is used to map the simulation
temperature to the experimental one, as was conducted in Section 4.3.7 and will be
described further in Section 5.2.2. Each of the potentials depicted in Figure 5.1 and
governing the interactions of the model can be sorted into three categories: nonspecific
interactions occurring between all beads, backbone-backbone interactions, and basebase interactions.

5.1.1

Nonspecific Interactions

In general the spacing between the sugar, phosphate group, and bases, along with
their relative sizes, are enforced by a combination of excluded volume interactions and
modified harmonic springs, defined by Equations 5.1 and 5.2, respectively; the sum of
these potentials creates a relatively deep well that minimizes the fluctuations in these
distances [172]. In the model every bead interacts with the other beads by excluded
volume interactions in order to provide each bead with a physical size. For each
bead i, the interaction with bead j is given by the truncated pairwise Lennard-Jones
potential,
" 
 6 #
12
γ
γ
−
+ ε,
(5.1)
UEV (rij ) = 4
rij
rij
for rij ≤ 2.5γ. The energy UEV = 0, otherwise. To improve on the two bead DNA
model where all of the beads were the same size, the backbone sugar and phosphate
groups are given one size while the base groups are effectively made larger by using
different parameters in Equation 5.1. The backbone beads have size σ and the base
beads have size 1.5σ. The parameter, γ, in Equation 5.1 is calculated with the
arithmetic average of the size of the i and j beads. However, it is important to note
that we do not distinguish between the different sizes of the purine and pyrimidine
bases, shown in Figure 1.1, instead all bases are considered to have the same overall
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Figure 5.1: A schematic representation of a three bead coarse-grained model of DNA. Each nucleotide is represented by three beads, one for the phosphate group (P), one for the
sugar group (S), and one for the base (A, C, G, T). The various interactions are labeled
between the beads, where the hydrogen bonding interactions include Watson–Crick,
Hoogsteen, and wobble type bonds. Directionality of the DNA chain is labeled, with
the phosphate group marked as the 5’-end of the chain. The size spacing between
each nucleotide group is shown to measure 2σ = 0.6 nm and is one of the two free
parameters used to dimensionalize the code. The base beads are 1.5 times the size of
the backbone beads.
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spherical size [160].
All bonded beads also interact through the modified harmonic (FENE) potential

UMH (rij ) = −15

R0
σ

2

"



ln 1 −

rij
R0

2 #
.

(5.2)

For the backbone-backbone springs, the finite extensible length is 1.5σ, while for
the backbone-base springs it is 2.25σ and the parameter R0 , in Equation 5.2, is
calculated with the arithmetic average of the finite extensible length for the i and
j beads. The differently sized springs connecting the (i) sugar-phosphate groups
and the (ii) sugar-base groups, allow for the size of the nucleotide to be tuned to
realistic dimensions. Although there is still no base identity derived size differentials
(such as would distinguish purines from pyrimidines), these parameters give a generic
nucleotide the approximate dimensions of 2σ by 3σ [13, 15]. The combination of
excluded volume and spring forces maintains a relatively constant extension between
bonded bead pairs.

5.1.2

Backbone-Backbone Interactions

The backbone stiffness is enforced with a bending potential,
UBB (φ) = 12(1 + cos φ)2 ,

(5.3)

between all sugar trios along the same backbone. The stiff backbone bending potential
has an equilibrium angle of π, [155, 168, 169] leading to a ssDNA persistence length
(calculated from the decay of the autocorrelation function along the vector between
consecutive sugar beads) of 1.7 nm. We make this calculation using the sugar beads,
rather than including the phosphate beads as well, since the bending energy is defined
between sugar trios. Our persistence length thus corresponds to nearly five nucleotides
when we account for the natural relaxation of single-stranded DNA. This quantity is
in line with experimental values of the flexibility of ssDNA and RNA measured with
a variety of experimental approaches. As was detailed in Section 2.3, the values of the
persistence length of ssDNA range from 0.75 nm to 5.2 nm [73–79], and seems to vary
widely due to a variety of factors including the length of the sequences examined, the
model used to examine the data, and the concentration and type of buffer used in
each experiment. Our measured value of 1.7 nm is well in line with the experimental
studies available.
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Base-Base Interactions

The sequence dependent structure is captured by base specific potentials. There are
three different types of hydrogen bonding interactions, Watson–Crick, Hoogsteen, and
wobble bonds. Our nomenclature does not distinguish between protonated (reversedHoogsteen or wobble pairs) and non-protonated (traditional) Hoogsteen or wobble
bonds; we simply use the term Hoogsteen and/or wobble bonds in all cases.
Taken in isolation, Hoogsteen bonds are rather strong; the interaction energy of a
Hoogsteen A · T bond (5.2 kcal/mol) compares favorably with the equivalent Watson–
Crick bond (5.7 kcal/mol) [12, 13, 240]. The reason why base pairing in doublestranded DNA is dominated by Watson–Crick bonds is the resultant stabilization
of excluded volume interactions. Thermal transitions in dsDNA structure, such as
melting, hybridization, and bubble formation, will also be affected if the sequence
permits Hoogsteen-bonded secondary structure as it transitions to the open state. To
capture the complexity of DNA structural dynamics in a coarse-grained model, it is
essential to move beyond Watson–Crick base pairs.
Stacking interactions in the model occur between bases on the same backbone and enforce a sequence dependence for the interaction in the 5’-3’ direction. Cross-stacking
interactions occur between bases on a nearby strand when there is Watson–Crick hydrogen bonding between one of the bases involved in the cross-stacking. To enforce
the directionality of the hydrogen bonding and stacking/cross-stacking interactions,
we have modified their spherical potential functions with a smoothly varying prefactor, fk (θ) [164, 168, 169, 177]. Since the bonds have directionality, all of the base-base
interactions (including excluded volume) are enforced at all times in the simulation,
rather than alternating between the most relevant ones [160].
The sequence dependent interactions have the generic form

i−1
h
 r
ij
,
Uk (rij , θ) = −δkij fk (θ) exp 20 − 30 + 1
σ

(5.4)

for rij ≤ 10σ. The energy Uk = 0, otherwise. This particular form of the potential
has been used elsewhere [172, 184] to model hydrogen bonding and stacking in DNA.
The parameter δkij describes the strength of a bond of type k between base i and
base j. The function fk (θ) appearing in Equation 5.4 accounts for the directionality
of the hydrogen bonding interactions (Watson–Crick, Hoogsteen, or wobble) and the
stacking interactions similar to the bead-pin model [170, 241]. Figure 5.2 illustrates
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Figure 5.2: The definitions of the angle θ for (a) the hydrogen bonding, (b) stacking, and (c)
cross-stacking interactions between nucleotide i and j. For each nucleotide, the base
bead (1) the sugar bead (2), and the phosphate bead (3) are numbered. The vectors
Bi and Bj (solid red lines) are drawn from the sugar bead to the base bead. The Rij
vector (dashed red line) is drawn between the interacting bases. The top part of (a)
shows the nucleotide positions; the bottom part of (a) shows the definition of the angle
θ. Both stacking and cross-stacking follow the 5’-3’ direction along the backbone. For
stacking interactions (b), the nucleotides i and j are contiguous along the backbone.
In cross-stacking interactions (c), nucleotide i is involved in Watson–Crick hydrogen
bonding and nucleotide j is displaced in the 5’ direction from the other Watson–Crick
x50 T·A 0 
3 y
bonded bead. The particular case illustrated in (c) corresponds to the 30
=
T·T

50

8.8 entry from Table ??.

the definition of the angle θ for hydrogen bonding, stacking, and cross-stacking in
terms of the vectors drawn from the backbone to the base, Bi and Bj , and the vector
drawn between the bases, Rij . In Equation 5.4, rij = |Rij |.
The hydrogen bonding of some base bead i is computed with all other base beads
j 6= i, which allows us to move smoothly between secondary structure in ssDNA
and dsDNA. The value of θ ∈ [0, π] depicted in Figure 5.2 is computed from the
normalized dot product,
Bi · Bj
cos(θ) =
(5.5)
|Bi ||Bj |
and the corresponding modulating function illustrated in Figure 5.1 is


for θ ∈ [0, π/3]
 0
fHB (θ) =
| cos(3θ/2)| for θ ∈ [π/3, 2π/3]


1
for θ ∈ [2π/3, π]

(5.6)
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The full bonding strength is present over an angle of 120◦ , in light of the mirror
symmetry in Figure 5.1, which is an approximation of the spread of the hydrogen
donor and acceptor sites centered on the coarse-grained bead, as seen in Figure 1.5.
The function evolves smoothly between the on/off states, which is important for
some tertiary structure formations, and the particular functional form is convenient
for computation [168, 169]. The off state prevents unphysical bonding through the
backbone without the need for a cutoff length or additional beads [176, 177].
The key differences between stacking/cross-stacking and hydrogen bonding are the
limitations on the value of j and the preferred alignment of base i and base j. For
stacking, the bead j is displaced from bead i in the 3’ direction on the chain. For crossstacking, the i bead is involved in the Watson–Crick bond and the j bead is displaced
in the 5’ direction from the other Watson–Crick bonded bead. The definitions of θ,
illustrated in the Figure 5.2, are computed by
cos(θ) =

Bi · Rij
|Bi ||Rij |

(5.7)

and the corresponding modulating function, sketched in Figure 5.1, is


for θ ∈ [0, π/6]
 0
fS (θ) = fCS (θ) =
| cos(3θ)| for θ ∈ [π/6, π/3]


1
for θ ∈ [π/6, π/2]

(5.8)

with a mirror symmetry for θ ∈ [π/2, π]. The full stacking and cross-stacking interactions are present over an angle of 60◦ centered on a perpendicular vector to the
sugar-base vector, as depicted in Figure 5.1. There is no stacking or cross-stacking interactions over the angle of 60◦ parallel to the sugar-base vector. The function evolves
smoothly between these on/off states in a computationally convenient manner. The
directionality of the stacking and cross-stacking interactions mimic the parallel nature
of the planar base ring formations that were described in Section 1.3.2.

Parameterization of Base-Base Interactions
The former two bead model utilized a general approximation of hydrogen bonding
strength for the included Watson–Crick type bonding. As was explained in Section
1.3.1 and shown in Figure 1.6, a A · T Watson–Crick base pair has two hydrogen bonds
while a G · C Watson–Crick base pair has three. In Section 4.2.3 the parameterization
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for the two bead model uses the number of hydrogen bonds with the strength of a
A · T base pair being two thirds that of a G · C base pair. However, this approach to
hydrogen bonding was naive in two respects: (i) non-canonical hydrogen bonding are
prevalent in nucleic acids, and (ii) hydrogen bonding strength is not additive.
First, the inclusion of Hoogsteen and wobble hydrogen bonds along with the canonical
Watson–Crick hydrogen bonding patterns are necessary to fully capture many nucleic
acid behaviors and structures. As was explained in Chapters 1 and C2, there is
ample evidence that short ssDNA and RNA have the ability to fold into a multitude
of structures that utilize these additional bonding patterns. For example, the A · G
base pair is often found in tRNA, rRNA, ribozymes, and other oligonucleotides [12,
19, 242–251], the A · U bond in the Hoogsteen configuration is found in rRNA [19],
the G · U and G · T wobbles are found in tRNA and other DNA structures [22, 252–
254], and the G · G is found in telomeres, aptamers, DNAzymes, RNAzymes, and
even in chromosomal DNA [13, 255–258]. As can be seen from the list above and
from Chapter 2, many of the structures at the length scale of interest for this model
include non-Watson–Crick hydrogen bonds. Their inclusion is paramount in order
to be able to capture the behavior of nucleic acids at this scale. Secondly, hydrogen
bonding strength depends on the location and the identity of the atoms involved in
each bond. In order to improve the new three bead model, we need a more realistic
set of parameters to describe different base-base hydrogen bonding interactions.
There are a set of general rules we can consider for the relative strength of hydrogen
bonding interactions. From experimental nucleoside association studies [12, 259] it is
roughly known that:
G with C > G  T > A,
C with G  C > T > A, and
A with T > G ∼ C.
However, it should be noted that these rankings can only be considered rough estimates for nitrogenous bases in a nucleic acid polymer because nucleosides are free
molecules and lack a phosphate group in their structure. These additions can alter
their behavior somewhat, though the general trends should be much the same.
Similarly, the previous DNA model utilized a generalized parameter set for the stacking interactions between contiguous nucleotides. However, this technique to stacking
interactions was too simple in two respects: (i) 3’-5’ directionality of bases is important in stacking interactions, and (ii) stacking strengths do not vary in discrete
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values. As was greatly detailed in Section 1.3.2, there are many aspects that affect the
base stacking strength of two nucleotides; but a generalized ranking for the stacking
interactions [15] can be considered to be
purine - purine > pyrimidine - purine > pyrimidine - pyrimidine.
Consequently, we can consider these qualitative guidelines for base pairing and stacking interactions along with more quantitative experimental values and quantum chemical calculations when designing the parameters to describe the base-base specific
interactions.
The parameters δkij for hydrogen bonding and stacking are estimated from a range of
experimental and computational data in the literature [12, 13, 28–30, 118, 240, 243,
247, 260–270]. Since we eventually chose  to match the experimental data for hairpin
melting curves discussed in Section 4.3.2 [174], we only need to determine the relative
strengths of each interaction. We first grouped all of the references by the type of
measurement, often with several publications per group.
All of the groups reporting hydrogen bonding energies included an estimate for the
CG
, along with values for other
energy of a C-G Watson–Crick hydrogen bond, ŨHB
hydrogen bonds and/or stacking. We then rescaled all of the data within a given
CG
CG
group relative to their reported value for ŨHB
. One group reported data for ŨHB
,
CG
GC
ŨS and ŨS [265]. There is still a degree of freedom in this parameterization set
which we used to conduct a series of simulations to adjust relative strengths so that
the average US to UHB ratio is approximately 2.5 as reported in literature [13]. The
rescaled base specific parameters, δkij , appear in Equation 5.4. Note that, although
the hydrogen bonding energies are symmetric with respect to ij, the stacking energies
depend on the 5’-3’ direction. From one set of experimental data [265], the relative
CG
values of δkij between hydrogen bonding and stacking is δSCG = 16.79δHB
. We used the
latter relationship to rescale the stacking data in the other references. In summary,
CG
so long as a group measured either a G-C Watson–Crick hydrogen bond, δHB
, C-G
CG
GC
stacking, δS , or G-C stacking, and δS , we can use one of the latter trio to rescale
the other hydrogen bonding or stacking data to a relative strength.
To merge these rescaled values into a single set of parameters for δkij for stacking
and hydrogen bonding, we used quantum chemical calculations [12] as the guide.
The latter calculations provide a rank-order for the strengths of different base-base
interactions, and we ensured that our final set of parameters preserves this rank order.
There are three possible cases we had to consider to determine the value for a given
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Table 5.1: The base specific hydrogen bonding parameters, δkij for each base pair combination
presented in Section 1.3.

A
C
G
T

A
3.20
3.64
5.36
4.00

C
3.64
6.12
9.56
2.20

G
5.36
9.56
9.16
4.44

T
4.00
2.20
4.44
2.12

Table 5.2: The base specific stacking parameters, δkij for each stacking combination possible. The
5’ -(top) base is listed in the left column and the 3’ -(bottom) base pair is listed along
the top of the table. The table is not diagonally symmetric, the 3’-5’ direction of the
bases affects the relative strength of stacking interaction.

50
50
50
50

↑
↑
↑
↑

A
C
G
T

↑30 A
59.07
115.61
74.58
72.27

↑30 C
↑30 G
↑30 T
72.27 107.91 42.02
90.86 160.49 107.91
106.59 90.86 72.27
74.58 115.61 59.07

δkij : (i) If we had multiple values for a single δkij and they were close, we used the
average. By close, we mean that using the average does not affect the rank order.
(ii) If we had multiple values for a single δkij and they were not close, we picked the
one that preserves rank order. (iii) If no value for δkij preserves the rank order, it was
excluded from the data set. We did not encounter case (iii).
The values of the δkij parameters for Watson–Crick and Hoogsteen hydrogen bonds
[12, 13, 118, 240, 243, 247, 260, 261, 264–266] are listed in Table 5.1. For hydrogen
bonding, we do not allow any bonds between base i and i + 2 on the same strand
to avoid the formation of one member loops. Note that such loops also incur strong
bending and excluded volume penalties, so this restriction may be superfluous. Stacking interactions only occur between contiguous bases on the sequence. For stacking
[12, 13, 28–30, 118, 243, 247, 262–270], the strength, listed in Table 5.2, depends on
the identity of i and j and their order in the 5’-3’ sequence on that strand. Note
that the overall strength of a hydrogen bond interaction is less than half of the overall strength of stacking interactions, as constructed in the δkij parameters [13, 174].
Therefore, even though the non-canonical base pairs have significant hydrogen bonding strengths, they can be considerably destabilized by stacking and cross-stacking
interactions.
In addition to hydrogen bonding and intra-chain stacking interactions Equation 5.4
also includes inter-chain stacking. The inter-chain or cross-stacking interactions were
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not included in the previous model. Cross-stacking, described in Section 1.3.2, occurs
between strands or between noncontiguous bases on the same strand (for example, in
the stem of a ssDNA hairpin). These are weak and poorly understood interactions.
For cross-stacking between strands (or in a hairpin), we need to consider both bases
i and j, as well as their complementary partners. We use a Gō-like potential that
turns on the cross-stacking interaction if base i or j is Watson–Crick hydrogen bonded
to the complementary strand (or hairpin stem). If one complimentary pair of bases
forms a Watson–Crick hydrogen bond, as in Figure ??, then the two cross-stacking
interactions for the dimer are included. The value of the cross-stacking energy is very
low when it turns on.
Estimating the value for the cross-stacking energy is not straightforward. We were
able to identify one report on cross-stacking energies [13], which included a rubric
stating that cross-stacking should be between 10-15% of the stacking energy. We set
x50 C·G 
x 50 C
ij
the δCS
for 30 G·C 300 y to be 15% of the 30 G
dimer and then rescaled the remaining
5
x50 G·C 
ij
cross-stacking δCS
relative to the corresponding value for 30 C·G 300 y. Since we require
5
at least one Watson–Crick interaction in each dimer pair, the possible list of crossstacking interactions [12, 13, 15, 118, 247, 262] in Table 5.3 is much larger than the 16
possible Watson–Crick dimer pairs. If we could not find experimental cross-stacking
data, we set the value to zero. Since the cross-stacking interactions are weak, we do
not expect the absence of data for some potential pairs to be a major concern.

5.2

Validation of Three Bead DNA Model

Returning to the idea that a useful coarse-grained model of DNA would be able to
capture features at each of the levels of molecular complexity, we tested the newly
designed three bead DNA model. It should be able to capture primary structure
behavior such as the relaxed backbone configuration, secondary structure behavior
such as the melting curves for DNA hairpins that can form non-canonical bonds in
the open state, and also tertiary structure properties of double-stranded helices.

5.2.1

Relaxed Single-Stranded DNA Backbone Structure

As can be seen in Figure 5.3, relaxed single-stranded DNA exhibits significant stacking; the bases offset into a single helix conformation in order to maximize the stacking

↑ AA ↓
↑ AC ↓
↑ AG ↓
↑ AT ↓
↑ CA ↓
↑ CC ↓
↑ CG ↓
↑ CT ↓
↑ GA ↓
↑ GC ↓
↑ GG ↓
↑ GT ↓
↑ TA ↓
↑ TC ↓
↑ TG ↓
↑ TT ↓

↑ AA ↓
11.0
12.1
16.5
8.8
-

↑ AC ↓
7.7
12.1
11.0
6.6
-

↑ AG ↓
12.1
17.6
15.4
8.8
-

↑ AT ↓
8.8
11.0
8.8
11.0
6.6
7.7
15.8
7.7
8.8
14.1
8.8
9.7
8.8
8.8

↑ CA ↓
8.8
16.5
16.5
11.0
-

C·G

50

↑ CC ↓
6.6
7.7
12.1
7.7
-

↑ CG ↓
16.5
16.5
15.4
15.9
11.0
12.1
20.2
8.8
15.4
23.9
17.6
14.1
15.4
13.2

↑ CT ↓
6.6
11.0
15.4
8.8
-

↑ GA ↓
12.1
14.3
15.4
8.8
-

↑ GC ↓
12.1
16.5
14.3
14.3
12.1
7.7
24.6
5.5
17.6
20.2
15.4
15.8
11.0
7.7

↑ GG ↓
13.2
15.4
17.6
8.8
-

↑ GT ↓
-

↑ TA ↓
11.0
8.8
12.1
6.4
7.7
6.6
14.3
5.5
12.1
15.9
13.2
11.0
6.6
5.5

↑ TC ↓
5.5
5.5
8.8
7.7
-

↑ TG ↓
-

↑ TT ↓
5.5
7.7
13.2
8.8
-

Table 5.3: The base specific cross-stacking parameters, δkij . Cross-stacking interactions are only considered if one of the dimer base pairs is a
Watson-Crick base pair. The 5’ -(top) base pair is listed in the left column and the 3’ -(bottom) base pair is listed along the top of the
x50 A·T 0 
3 y
table. The table is read so that 30
=15.9.
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Base Stacking
SPS Angle

Figure 5.3: Snapshots from simulations of ssDNA shortly after its initialization as a comb (bottom)
and in the relaxed state (top). An example of the sugar-phosphate-sugar (SPS) angle is
depicted; this puckering shortens the apparently contour length of the relaxed molecule
(top), measured from sugar to sugar, when compared to the completely extended state
(bottom and Figure 5.1. Here the sugar and phosphate groups are shown as the small
(orange) spheres with the bases A (blue), C (green), G (red), and T (yellow) as the
larger beads. The dark (purple) bead on the end of each ssDNA backbone denotes the
5’ -end of the molecule.

interactions and minimize the excluded volume and backbone bending interactions
between consecutive beads. This helical formation due to stacking interactions was
described for ssDNA in Section 1.3.2. Due to the level of coarse graining we cannot
measure the glycosyl angle per se, however, we can measure the angle formed between
contiguous sugar-phosphate-sugar (SPS) beads. The SPS angle is important not only
in relaxed ssDNA structure, but also in dsDNA structures and will be discussed
further in Section 5.2.3. In the absence of consistent base pairing (as in hairpins or
dsDNA), the SPS angle changes dramatically in our model. For example, we obtained
a SPS angle of 97◦ ± 52◦ for the ssDNA sequence 5’ -ATCATGCGATCATCCG-3’
at a temperature of 340 K. The large deviation in the SPS angle, which results from
temporal fluctuations, reflects the flexibility of ssDNA. Our calculated persistence
length of ssDNA is 1.7 nm, as shown in Figure 5.4; as was detailed in Section 2.3,
the values of the persistence length of ssDNA range from 0.75 nm to 5.2 nm [73–79],
and seems to vary widely due to a variety of factors. The flexibility of a single nucleic
acid chain allows our model to transition smoothly from ssDNA to dsDNA thereby
permitting study of hybridization, melting, and other interchain interactions.

5.2 Validation of Three Bead DNA Model

118

1

0

0

5

5’

10

15

θ

20

25

30

3’

Figure 5.4: The persistence length is calculated for single-stranded DNA by finding the correlation of the angle, θ along the backbone of the nucleic acid, as depicted in the lower
schematic. On average a persistence length of approximately 1.7 nm is found.

5.2.2

Melting of a DNA Hairpin

The second critical test for our model is its ability to capture thermally induced
transitions. Some coarse-grained models are parameterized from the bottom up
[157, 164, 182, 183, 202, 203], where the functional form and strength of the potentials
are tuned to match trajectories from all atom simulations. We chose a top down approach [155, 160, 161, 167–170, 172, 175–177, 185, 271] for the reasons expounded by
Ouldridge et al. [177]. After fixing the relative strengths of the base-base interactions
with experimental thermodynamic data, as detailed in Section 5.1.3 [12, 13, 240],
the model has a single free parameter relating the dimensionless temperature to the
experimental temperature. We obtain this conversion factor by matching the model
predictions for a test sequence to an experimentally obtained melting curve as illustrated in Section 4.3.2 [174]. The experimental data used to parameterize the model
[12, 13, 174, 240] were obtained in an aqueous buffer solution. The model thus has
implicit electrostatics, similar to others [160, 167–169, 175–177]. Our model is parameterized to match a single ionic strength [168, 169, 177], in this case 1X Buffer
A [99], which is a model system for in vivo conditions and should be relevant for a
number of in vitro biochemical experiments.
For this purpose, we considered the seven block polymer hairpins depicted in Figure
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4.2. Our analysis followed along the lines of the method described in Section 4.3.5
[174]. To establish the mapping, we first simulated the 5’- A5 C5 T5 -3’ hairpin between
the dimensionless temperatures T = 0.25 and T = 0.50. The system was initialized
as a comb and allowed to relax fully before collecting data. At low temperatures, it
takes quite some time for the hairpin to close but the resulting closed state is stable.
In prior work [174] and in Section 4.3.5, we showed that we obtained the same results
for the fraction of bound bases independent of whether we start in the open state or
the closed state, provided that we wait for the system to equilibrate.
We used the time for the largest hairpin to close at the lowest temperature as a
very conservative estimate for the equilibration time and use this time for all of
the simulations. For a given single-stranded DNA sequence, we first examined the
simulation of the coldest dimensionless temperature, T = 0.25, and waited until the
first closure event. The BD time step for which this happened was designated as
the relaxation time for that sequence. For a simulation of this sequence at a given
temperature, we waited until we reached this equilibration time and then sampled for
9 equilibration times. This allowed us to capture many opening and closing events at
the melting temperature.
There are many possible ways for a hairpin to form Watson–Crick base pairs, but
we have shown in Section 4.3.7 and prior work [174] that the best way to compare
the open/closed state of the system to the experimental data is to time average the
number of “correctly” bonded pairs at a given temperature. By correct, we mean that
the pairing leads to a completely bonded stem. Since the bonds in the present model
are directional, two bases were considered bonded if (i) they possess an allowed angle
for hydrogen bonding (see Figure 5.1) and (ii) their center-to-center distance was less
than 0.3 nm.
The simulations produced data at discrete temperatures, which we fit with a sigmoidal
function. The experiments were conducted in a common and biologically relevant
buffer, Buffer A [99]. We then obtained the conversion between the simulation and
experimental temperature by shifting the simulated melting curve so that the melting
temperature of the simulation, corresponding to the midpoint of the height of the
sigmoidal function, corresponds to the midpoint in the fluorescence intensity of the
experimental data [174]. This analysis led to the conversion factor T(K) = 1150
T. Our one degree of freedom was thus used to fit the melting temperature for the
5’- A5 C5 T5 -3’ hairpin.
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Table 5.4: Comparison of simulation and experimental data for DNA hairpin melting experiments.

Sequence
5’- A5 C5 T5 -3’
5’- A5 C10 T5 -3’
5’- A7 C5 T7 -3’
5’- A7 C10 T7 -3’
5’- A5 G5 T5 -3’
5’- A5 G10 T5 -3’
5’- G5 A10 C5 -3’

Chapter 4
Experiment [174]
Tm (K)
341
337
328
330
329
341
338

Simulations [166, 174]
Chapter 4
Chapter 5
(two bead model) (three bead model)
Tm
R2a
Tm
R2a
341
0.995
341
0.996
338
0.942
338
0.979
343
0.450
327
0.940
343
0.540
329
0.942
340
0.622
331
0.928
336
0.713
338
0.902
350
0.514
339
0.915

For each hairpin in Table 5.4, we determined the simulated melting point and the
coefficient of multiple determination adjusted for the number of parameters in the
sigmoidal model, R2a , between the experimental and simulated melting curves. These
R2a values were obtained from plots similar to Figure 5.5. The plots for the other hairpins, which are essentially the same, are included as Figure 5.6. While it is difficult to
propagate the error in the experimental data, we estimate that it is around ±2K. The
data for the two-bead model [172, 174] are included in Table 5.4 for comparison.
By definition, the simulated melting point for the 5’- A5 C5 T5 -3’ hairpin is identical
to the experimental value. All other simulation data in Table 5.4, Figure 5.5 and the
Figure 5.6 can be considered predictive. Given this parameterization, the simulations
certainly should capture the melting for the slightly larger loop in 5’- A5 C10 T5 -3’ .
Indeed, even the simple two-bead model [172] captures the latter experimental data.
The challenge is to capture the data for all sequences, including the width of the
transition [174, 177] and the shoulder [160]. The very high values of R2a achieved
by the current model indicate that we indeed accomplished this task. Moreover,
the high R2a values suggest that no bias was introduced by the arbitrary choice of
5’- A5 C5 T5 -3’ for the parameterization. To confirm this conjecture, we repeated the
parameterization procedure using each of the other sequences in Table 5.4. Out of
the 42 predicted melting temperatures produced from all possible combinations, the
largest difference between simulation and experiment was 3 K.
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Experimental Data
Two Bead Model ( )
Three Bead Model ( )
Temperature, K

Figure 5.5: Comparison of the thermodynamics of experimental and simulated hairpin open-close
transitions for the sequence 5’- A7 C5 T7 -3’ . The solid (black) line is the experimental
data and the dashed lines are the sigmoidal fits to the simulated data for (i) (blue) the
new three bead model [166] and (ii) (red) the simulation data for the two bead model
[174]. The insets show the number of correctly aligned bonds for (a) the closed state,
(b) the transition, and (c) the open state as a function of the simulation time. The
amount of data in the traces is 11% of the total sampling time.
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Three Bead Model

Three Bead Model

Three Bead Model

Three Bead Model

Three Bead Model

Three Bead Model

Figure 5.6: Comparison of the experimental data and three bead model for the other ssDNA
sequences. The solid (black) line is the experimental data and the dashed (blue) line
is the sigmoidal fit to the simulated data for the new three bead model [166]. Each
inset depicts a row of Table 5.4.
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Table 5.5: List of sequences used to evaluate the dsDNA structure.

Random 25-mer dsDNA Sequences Used
5’- CCGAGTACGTCGGGCGCTTATAGTG-3’
5’- CAGAACACTTTCTACACCCTGACGC-3’
5’- TGCCTGAACGATAAATCCGATGGCT-3’
5’- GGGTTCATCCGCTACCGTGCTCCCT-3’
5’- GTATGCCACGAATACTCTCTGCAGA-3’
5’- TTATCGCTCGAGGTGCTTGGCTGGC-3’
5’- TGTAAGCCACGAATACCGGCCCCGA-3’
5’- GATAAGCGTTTTAGAGTGTCATTTG-3’
5’- TAAGCTTGGGCTGTCTTTTAGGAGG-3’
5’- AAATGAATTCGCTCACGCCCGGTTA-3’

5.2.3

Structure of Double-Stranded DNA

Finally, as the last vital test for the new model’s ability to match or predict experimental data, we look at its tertiary structure formations, particularly dsDNA. Our
goal in simulating this system is not to study the mechanism of hybridization per
se, but rather to establish that our model spontaneously forms a near B-form DNA
structure over a wide range of sequences and temperatures. Watson–Crick bonds
dominate in dsDNA [11–13, 15, 21, 59], so this system also demonstrates that the
non-canonical bonds can be included in the model without disrupting the canonical
conformation. We used ten random dsDNA sequences, listed in Table 5.5, containing
25 base pairs and performed simulations at five different dimensionless temperatures,
corresponding to a temperature range of 290-315 K, based on the conversion factor
we obtained in Section 5.2.2. We purposely chose temperatures in which the dsDNA
does not melt in order to be better able to examine dsDNA structural characteristics
in the canonical state. We presented melting data in Section 5.2.2 which highlighted
the importance of non-Watson–Crick bonds. We initialized the two complementary
ssDNA sequences as an anti-parallel ladder, with the backbones straight and the
complementary bases separated by 1.5 nm.
At the start of the simulation, Watson–Crick bonds quickly formed between nearby,
complementary bases on opposing strands. These bonds led to local twisting of
the chain, with a mixture of right-handed and left-handed structures nucleating
at different locations. The twists propagated along the sequence and the chain
eventually achieved a homogenous chirality. Of 50 independent simulations conducted with the 10 random dsDNA sequences listed in Table 5.5, we found that
right-handed helices are formed in 62% of the structures. This result is reasonable
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since our model has no built-in handedness, torsional constraints that favor B-DNA
[160, 161, 164, 167–169], bottom up parameterization from an all atom B-DNA model
[157, 164, 182, 183, 202, 203], or a method to remove the stacking interactions in lefthanded twist [176]. Indeed, other models of this type lead to equilibrated structures
that are sometimes left-handed [155, 164, 172].
To estimate the equilibration time for the double-stranded DNA simulations, we initialized the sequence, 5’-CCGAGTACGTCGGGCGCTTATAGTG-3’ and simulated
the coldest dimensionless temperature, T = 0.25. We then computed the average
number of bases per turn (calculated from one strand) as a function of time. We
considered the duplex equilibrated when this value became constant and used the
corresponding time as a conservative estimate for the equilibration of all sequences at
all temperatures. We started sampling after two equilibration times and the sampling
continued for 8 equilibration times.
In Figure 5.7, we provide a snapshot of the dsDNA configuration from our simulation
and the structural data obtained for the right-handed helices, along with representative experimental data for A- and B-DNA [11, 13], described in Sections 2.2.2 and
2.2.1, respectively. The results are essentially unchanged if we include the left-handed
helices, since the potentials are symmetric with respect to the handedness.The present
model produces an overall double-stranded structure that is closest to B-DNA. The
simulated structural data, averaged over all sequences and temperatures, agree well
with experimental data. We only included data that can be reasonably resolved by
the model at our degree of coarse-graining. For example, although it is possible to
compute the roll using a multi-bead model for the bases [157], we cannot resolve it
here because each base is only represented by a single sphere. The major and minor
groove spacings were measured between the edges of the excluded volume cutoffs for
the relevant beads, rather than from their centers, to correspond to the measurements
obtained by NMR [13]. These distances are at the limit of what we can resolve at this
level of coarse-graining, so the major and minor groove widths should be considered
estimates.
We also estimated the persistence length of a 50 base pair dsDNA using an extrapolation method [272]. In contrast to our calculation of the persistence length of ssDNA
for this model described in Section 5.2.1, we constructed the backbone vectors at a
length scale corresponding to approximately one turn [160, 161, 177]. Since we have
10.8 bases per turn (see Figure 5.7), we constructed vectors between every 11 nucleotides and computed the initial decay of the autocorrelation function. Depending

Figure 5.7: Structural data for dsDNA. The standard deviation is over all sequences and temperatures. The SPS angle measures the angle formed
between the phosphate and two sugar beads along the backbone of one of the ssDNA strands in the duplex. A depiction of double-helix
DNA is included, the backbone is comprised of the smaller (orange) beads, with the light (orange) beads representing the phosphate
beads and the dark (orange) beads representing the sugar beads. The 5’ -end of the sequences is depicted by the dark (purple) beads.
The four bases A, C, G, T are represented by the blue, green, red, and yellow beads, respectively. The major and minor grooves can be
seen in the regular structure of the double helix.

[13]
[13]
[11]
[13]
[11]
[13]
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on the reference bead, we obtained a persistence length of 47 ± 8 nm (sugar-to-sugar),
48 ± 7 nm (phosphate-to-phosphate), and 46 ± 10 nm (base-to-base). Although the
measurement must be considered a rough estimate it shows that our model is at
least approximately in line with the accepted standard of about 50 nm or 150 bp
[11–13, 59].
Any model that includes stacking produces helicity. A particularly notable feature
of our model is the sugar-phosphate-sugar (SPS) angle, which is close to but not
the same as the sugar pucker (or glycosyl) angle. The 3SPN model [160, 161, 167]
maintains an SPS angle close to the experimental value for B-DNA by imposing a
dihedral angle potential on the backbone [160, 161, 164, 168, 169]. In our model, the
SPS angle arises from the directionality of the stacking interactions without the need
to also apply a dihedral potential. As would be the case with a spherical potential, the
stacking interactions are increased as the bases along one strand move closer together.
However, with our directional bonding, the stacking energy is most favorable when
the vectors drawn from each sugar to its bonded base are parallel. To maximize the
interaction, the backbone flexes and the phosphates are pushed towards the outside
of the chain to form the SPS angle. Note that there is no bending penalty for forming
a SPS angle because the bending energy is defined between the sugar trios. The
result is the formation of a dihedral angle without the need for a dihedral potential.
From a computational standpoint, our method and that employed in the 3SPN model
[160, 161, 167] are roughly equivalent; the cost for computing the dihedral angles
is somewhat less than that for computing the θ-dependent term appearing in the
base-base interactions, but the θ-dependent term provides both the SPS angle and
directional bonding.

From a versatility standpoint, our approach offers some advantages; for studying
single-stranded DNA in the in vivo conditions mimicked by Buffer A [98], our method
appears to have some conveniences compared to the 3SPN model [160, 161, 167].
As noted by Knotts et al., constraining a model a priori to favor B-DNA makes it
difficult to study transitions to other forms. We suspect that our model does not
suffer from the same limitation. It is true that we obtained the various energies
for stacking, cross-stacking, and hydrogen bonding from experiments on B-DNA [12,
13, 21], and therefore this may explain some of the mimicry behaviors of dsDNA
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to this form. In fact, in the double-stranded conformation our model shows high
B-DNA structure, particularly with the SPS angle. In the absence of Watson–Crick
base pairs, the SPS angle changes dramatically in our model; in dsDNA the average
SPS angle is 60.7◦ ± 10.6◦ which is much smaller and more constrained than the
97◦ ± 52◦ that was measured in ssDNA. The tighter and less variant measure of
the SPS angle denotes the additional stiffness of the dsDNA and is in line with
experimental measurements for the angle and the persistence length, yet, we are able
to capture both single- and double-stranded characteristics. However, in contrast to
other models, our technique can transition smoothly from ssDNA to dsDNA thereby
permitting study of hybridization, melting, and other interchain interactions.

5.3

New Features and Continued Limitations of the
Model

The new three bead model has a number of improvements compared to the simple
two bead model [172–174] defined in Section 4.2 and compared to the experimental hairpin melting data collected and analyzed by the methods described in Section
4.3. Explicitly, we now have directionality along the backbone, a major and minor groove, experimentally parameterized bonding energies, anisotropic bonding, and
non-Watson–Crick bonds. We previously speculated that the main reason why the
two bead model [172–174] fails to capture the melting transitions of these blockpolymer sequences is the absence of Hoogsteen bonds [174]. As we can see in Figure
5.8, this certainly appears to be the case for the 5’- A5 C5 T5 -3’ sequence. At low
temperatures, the hairpin is stabilized by Watson–Crick bonds, as expected. When
the hairpin opens in Figure 5.8, both the adenine and cytosine bases form Hoogsteen
bonds, with the cytosines adopting an i-motif, as described in Section 2.5.2 [42, 273].
These Hoogsteen bonds are relatively strong and need to be undone in order to fold
into the closed state. Thus they represent not only a change in the free energy landscape but nontrivial kinetic traps. While directional bonds are certainly important for
modeling long A · T or G · C tracts [161], we suspect that Hoogsteen bonds will also be
important when these simulations are intended to capture experimental data.
Our results thus far have highlighted the advantages of our new model. The structures
can smoothly move between a flexible ssDNA and the more constrained dsDNA while
still capturing most of the features of the double helix. In the single-stranded state,
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Figure 5.8: Detailed trajectory for the number of correct bonds (Metric 2 defined in Section 4.3.5)
in the stem for the sequence 5’- A7 C5 T7 -3’ at a temperature of 327 K, which is near the
melting temperature. The snapshots show two examples of the hairpin configurations
obtained at the times indicated by the (red) stars. The structure on the left, with
three paired stem bases, is stabilized by Hoogsteen bonds. The structure on the right
shows fraying of the hairpin ends. The light (orange) beads along the backbone are
the phosphate groups while the dark (orange) beads are the sugar groups. The 5’ -end
of each ssDNA chain is marked by a dark (purple) bead. The base beads shows are A
(blue), C (green) and T (yellow); G (red) is not included on this hairpin sequence.
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we are also able to model important physical scenarios that require Hoogsteen bonds,
such as G-quartets and I-motifs. However, there are some manifest shortcomings to
the model that we discuss here.
The model does not possess any inherent chirality that enforces right-handed double
helices. In other models, the chirality has been enforced using dihedral potentials
[160], which prevent a smooth transition to single-stranded DNA, or by simply turning off the stacking interactions if the helix is left-handed [176]. Although we observed
a number of left-handed helices, we do not view this as a critical shortcoming of the
model. The initial conditions we used in our simulations for dsDNA are unbiased;
two opposing combs have no initial handedness. The eventual handedness of the helix
is strongly determined by the nucleation of a local region of twist, in particular if this
occurs in a GC-rich region. Indeed, when we used the same random numbers but
changed the sequence, all of the resulting helices had the same handedness (which
happened, by chance, to be right-handed). If our goal was to investigate some property of double-stranded DNA, we simply need to initialize the chain as a right-handed
helix. The energy barrier between handedness is enormous and well beyond the time
scale for any reasonable isothermal simulation.
The parameterization we use here is only valid for a single ionic strength, since we
determined the value of the energy scale  using experimental data for Buffer A.
The model can be modified to account for ionic strengths in the manner proposed
by Knotts et al. [160]. First, a screened Debye-Huckel potential needs to be added
between phosphate beads. Since electrostatic interactions on the backbone stiffen the
DNA [274, 275], we then need to adjust the bending potential to recover a persistence
length appropriate for single-stranded DNA. If the electrostatic potential is weak
compared to the hydrogen bonding, then the value of  is unaffected by the inclusion
of explicit phosphate charges. If not, we can use a multiplicative factor for the  in
Equation 5.4 to set the relative strengths, analogous to the 3SPN model [160].
Perhaps the most critical issue is our use of the same excluded volume interaction,
independent of the base identity. For the problems we studied here, this was not
an issue but the base sizes will play an important role if the model is used to study
mismatches. Our model thus incorrectly accounts for a non-Watson–Crick mismatch
since the hydrogen bonding energies for the Hoogsteen bonds are similar to their
Watson–Crick counterparts. In reality, the mismatch should lead to substantial excluded volume interactions, which in turn disrupt the stacking and thus the local
stability of the duplex. Fortunately, the remedy to this problem is straightforward —
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the homogeneous excluded volume interactions need to be replaced by a more realistic model. In the 3SPN model [160], for example, different bases are represented by
different sized beads and bond angles.
Moving forward, we should also point out an additional issue with our model relative to the 3SPN model [160, 161, 167], namely, the use of anisotropic potentials.
Most molecular dynamics solvers, such as GROMACS [276], only permit spherical
potentials. We do not see an easy route towards using spherical potentials in a
coarse-grained model and still moving smoothly between double-stranded DNA and
single-stranded DNA. Removing the anisotropic potentials requires adding dihedral
potentials, which then bias the shape of ssDNA towards the B-form of dsDNA.

5.4

Conclusions

We have shown here that restricting hydrogen bonding to Watson–Crick base pairs is
insufficient to capture the higher order structure of many sequences of DNA, even for
relatively pedestrian systems such as DNA hairpins. Rather, it is essential to include
both canonical and non-canonical base pairs [11–13, 17, 18, 59]. Hoogsteen bonds
stabilize multi-body secondary structures in single-stranded DNA, such as folded
intra-strand G-quartets [11–13, 42, 59, 277] and i-motifs [12, 13, 42, 273]. They are
also the glue that binds triple-stranded DNA [12, 13]. Although the applications
of such a model to single- and triple-stranded DNA are apparent, the inclusion of
Hoosteen bonds also does not impact simulations of double-stranded DNA. Indeed,
while the conventional wisdom embodied in existing coarse-grained models [155, 157,
158, 160, 161, 163, 164, 167–170, 172, 173, 175–177, 182, 183, 185, 202, 203, 241, 271]
postulates that dsDNA only utilizes Watson–Crick bonds, recent experimental data
[21] showed transient formation of both A · T and G · C Hoogsteen pairs.
We will examine the advanced applications of the newly developed three bead model
in the following chapter, Chapter 6. We focus our efforts on systems that cannot
be simulated using other coarse grained models of DNA, but instead rely on the
added components of the model detailed in this chapter. For example, we will look at
modeling the behavior of a single-stranded structure that relies not only on Hoogsteen
bonding, but also on multi-base interactions to form a set of G-quartets. In addition,
as was described in Section 2.2, we will display several other non-natural forms of
double-stranded DNA. Finally, we will explore the model’s ability to investigate the
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6
Complex Nucleic Acid Secondary and Tertiary
Modeled Structures

I cannot think of a single field in biology or medicine in which we can
claim genuine understanding, and it seems to me the more we learn about
living creatures, especially ourselves, the stranger life becomes. [...] We
have not reached solutions; we have only begun to discover how to ask
questions.
Lewis Thomas, On Science
and Certainty, October 1980 [278]

6.1

Introduction to Complex Nucleic Acid Structures

New and complex features continue to be discovered for nucleic acids. Despite the
passing of more than three decades since Thomas [278] described the strangeness
of life, we continue to be puzzled by the processes fundamental to every living cell.
As our understanding of DNA and RNA has grown, we have found that it is active
in many different, elaborate, and convoluted conformations not just the standard
canonical forms.
The present three bead model has a number of improvements compared to the simple
two-bead model [172] used in our previous comparison with the experimental hairpin melting data [174]. Explicitly, we now have directionality along the backbone,
a major/minor groove, experimentally parameterized bonding energies, anisotropic
bonding, and non-Watson–Crick bonds. As was outlined in Chapter 5, the three
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bead model developed not only can capture the experimental hairpin melting curves
but also characteristic features of near B-form double-stranded DNA. However, it
is how well this new model can capture intricate and complex structures that further tests the model’s utility. In this chapter we will provide such examples: a
single-stranded apatmer, several double-stranded complexes, and two triple-stranded
structures.

6.2

Complex Structures of Single-Stranded Nucleic
Acids

Single-stranded nucleic acids can form a wide array of intricate conformations as they
fold and bind. Beyond the ssDNA hairpins that were used to validate the model,
aptamers, and in particular DNAzymes can be captured with this model. As was
discussed in Section 2.3, many of these structures rely on non-Watson–Crick bonds.
Two such ssDNA structures have been modeled: (i) the thrombin aptamer that relies
on Hoogsteen bonding, and (ii) the 10-23 DNAzyme of which the tertiary structure
cannot be found experimentally.

6.2.1

Thrombin Aptamer

As discussed in Section 2.3.1, aptamers are sequences of ssDNA or RNA that bind selectively to proteins. While the methods for isolating aptamers from a random library
of nucleic acids [39, 279, 280] are relatively well developed, the selection method provides little insight into the reasons for their high affinity and specificity towards particular proteins. However, it is reasonable to assume that the secondary and tertiary
structures of aptamers substantially contribute to their activity. As a result, coarsegrained simulations could play an important role in understanding aptamer activity.
However, since aptamers are short and single-stranded, they are often governed by
non-Watson–Crick interactions and typically do not form the standard double-helix.
These features preclude aptamers from being modeled by other nucleic acid models and make them uniquely suited for the three bead model developed in Chapter
5.
To illustrate the power of such simulations, we looked at the folding pathway of the
DNA aptamer 5’- GGTTGGTGTGGTTGG-3’ , which binds to thrombin, a blood
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Figure 6.1: Folding pathways for the thrombin aptamer, 5’- G2 T2 G2 TGTG2 T2 G2 -3’ . The numbers indicate steps in the most common pathway (1 → 2 → 3 → 4) and a secondary
pathway (1 → 2’ → 3’ → 4). The wire-frame diagram shows a cartoon of the bead
positions at the final snapshot time, the dark (purple) bead denotes the 5’ end of the
DNA molecule.

clotting protein [39, 148]. NMR studies [91] indicated that this aptamer forms two
G-quartets. The thrombin aptamer contains only guanines and thymines, excluding
Watson–Crick bonds as manner of base-base interactions and represents a sufficiently
complex single-stranded nucleic acid structure. As this structure results from Hoogsteen bonds, the thrombin aptamer is an ideal candidate to study with the present
non-canonical model. Cations such as K+ or Na+ may stabilize the G-quartet structure [43]. Although our model does not have explicit ions, the experimental data used
to tune our model [12, 13, 174, 240] includes these ions and may implicitly account
for such electrostatic effects [160, 167–169, 175–177].
To investigate the folding of this aptamer, we initialized the ssDNA as a comb and
performed eight simulation runs. The simulation temperature was 298 K, which
corresponds to experiments and should promote the folded state. Figure 6.1 shows the
evolution of the structure as a function of time. We observed two distinct pathways.
In both pathways, the distal guanines form a single G-quartet. In Figure 6.1, we show
the case where this bonding occurred at the 5’-end (1), but this can also occur at the
3’-end. In the more common pathway (six of eight simulations), the next bonding
step forms a triplex in the interior (2) while leaving the pair of guanines at the other
end of the chain unbonded and able to fluctuate (3). To form the final structure (4),
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the unpaired guanines on the free end need to disrupt the triplex and create a pair of
G-quartets. While this folded state (4) is thermodynamically favorable, the kinetics
for the final step (3 → 4) are slow compared to the preceding steps. In the less
common pathway (two of eight simulations), both distal ends fold in on themselves
to create a pair of G-quartets (2’). The entire molecule then folds about the center
axis (3’) to stack the G-quartets (4). In both pathways, the final state, depicted in
the wire diagram in Figure 6.1, is consistent with NMR data [91].
As shown by the thrombin example, the three bead, non-Watson–Crick model is able
to capture the final, folded, NMR verified structure of a complex aptamer. In addition,
it points towards possible pathways for the folding of the aptamer; this information
may be fundamental to predicting the activity and binding of each molecule. Aptamer
discovery, by definition of the SELEX process, involves the testing of libraries containing 1012 aptamer variants [279]. The combination of SELEX and high-throughput
sequencing has demonstrated that SELEX can produce hundreds or even thousands of
aptamers that satisfy some minimum characteristic, often binding affinity. However,
continued rounds of SELEX often cannot further distinguish between the aptamers
to find the strongest ones. This modeling approach offers a method to circumvent
this problem; information garnered from modeled structural analysis may be able
to further distinguish and sort these aptamers. Future work has been proposed to
develop a tandem experimental and simulation aptamer sorting protocol.

6.2.2

10-23 DNAzyme

Both the two and three bead models can also be used to find the tertiary structure
of the 10-23 DNAzyme and its corresponding substrate complex. Beginning with
its basic secondary structure, these models can predict the 10-23 DNAzyme - RNA
substrate global three-dimensional structure. This complex resists crystallization and
thus cannot be found by experimental endeavors. Further details will be given in
Chapter 7 on the development of this structure.
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Complex Structures of Double-Stranded Nucleic
Acids

Other non-traditional nucleic acid complexes can also be modeled; double-stranded
structures beyond the near B-form dsDNA can be represented in the model. Since
the model has no inherent chirality, and in fact forms left- and right-handed helices
with theoretically equal probability, it can be used to model left-hand twist dsDNA
molecules. In addition, both P- and S-forms of DNA can be captured. Finally,
the model can be used as a rough approximation for dsRNA structures and further
parameter refinement would allow it to better capture RNA characteristics. Here
the three bead model’s geometric characteristics are compared to Z-, P-, and SDNA.

6.3.1

Left-Handed DNA

Although it does not capture the exact properties of Z-form DNA, having the ability
to form left-handed structures gives the model increased utility. Two single strands
of DNA are initialized as an anti-parallel ladder, with the backbones straight and the
complementary bases separated by 1.5 nm. At the start of the simulation, Watson–
Crick bonds quickly form between nearby, complementary bases on opposite strands.
These bonds lead to local twisting of the chain with a mixture of right-handed and
left-handed structures nucleating at different locations. Shown in Figure 6.2, twists
propagate along the sequence of the chain and eventually achieve a homogeneous
chirality. As was discussed in Section 5.2.3, of the limited simulations, 38% of the
sequences twisted into a left-handed configuration. The data presented in Table 6.1
gives the basic geometric characteristics of the left-handed dsDNAs (which is the same
as in Figure 5.7 except the rise per base pair is defined in the opposite direction). The
geometric characteristics of Z-DNA is also included for easy comparison. Although
the model does not closely capture the specific characteristics of Z-DNA (in fact it has
the same A/B-DNA form but with left-handed twist), it does have the possibility to
make stable left-handed helices. The propensity of the three bead model to form both
right- and left-handed helices can be efficiently handled without the need to eliminate
the possibility of such structures all together as is done with a dihedral potential in
other models [160, 161, 164, 168, 169]. This can be done in our model by several
approaches: (i) initializing a configuration with a right-handed twist to nucleate helix
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Left-Handed Helices
Figure 6.2: After two, straight, ssDNA strands are initialized, they quickly diffuse together and
pair via hydrogen bonding. The complex spontaneously nucleates both left- and righthanded helices. In this simulation snapshot, the left-handed helices are propagating
through the chain. The dsDNA is comprised of 58 nucleotides on each strand, with
the sequence 5’- GGACAGGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT
CTCTTTCTCATTATTTGC-3’ and the other chain is the Watson–Crick complement.
The base beads are shown as the same size as the backbone beads to facilitate viewing.

Table 6.1: A summary of geometric descriptors of the three bead simulation model and Z-form
DNA.

Property
Handedness
Major groove (nm)
Minor groove (nm)
Helix diameter (nm)
Rise (nm)
Base pairs per turn
SPS Angle (◦ )

Simulation Model
left-handed
1.0
0.6
2.33
-0.33
10.8
60.7

Z-DNA
left-handed
convex
0.40
1.8
-0.35 to -0.39
12
-

formation; (ii) using the coordinates of a right-handed B-DNA sequence as the initial
structure, or (iii) eliminating any left-handed helical conformations from a data set
after simulation is complete. Despite some detractors, such as wasted simulation
time, by not including a dihedral angle, the three bead model is able to smoothly
move between single-stranded and double-stranded DNA conformations, as discussed
in Section 5.3. In Figure 6.2, a 58 base pair sequence (for one strand, the other the
Watson–Crick complement) was simulated.

6.3.2

P-DNA

Pauling, or P-DNA, discussed in Section 2.2.4, is a two oligonucleotide structure with
its bases extended radially on the outside of the double-strand and the backbone
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P-DNA

Figure 6.3: A simulation of P-DNA exhibits the characteristic phosphate and sugar groups
(backbone beads in orange) in the interior and the nitrogenous bases extending radially outward on the surface of the duplex.
The ends are fixed
in place and a weak pulling force was applied to a near B-form DNA duplex.
The dsDNA is comprised of 58 nucleotides on each strand, with
the sequence 5’- GGACAGGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT
CTCTTTCTCATTATTTGC-3’ and the other chain is the Watson–Crick complement.
The base beads are shown as the same size as the backbone beads to facilitate viewing.

Table 6.2: A summary of geometric descriptors of the three bead simulation model and P-form
DNA.

Property
Handedness
Major groove (nm)
Minor groove (nm)
Helix diameter (nm)
Rise (nm)
Base pairs per turn
SPS Angle (◦ )

Simulation Model
right-handed
0.6 to 1.8
0.55
4-5
172

P-DNA
right-handed
0.69 to 1.6
0.585
2.62
-

molecules on the inside. It is believed to be produced as a result of relatively weak
supercoiling, such as is probably encountered during replication, transcription, and
recombinational repair [11, 13, 14, 59, 60, 62]. This can be mimicked by weakly pulling
(less than 3 pN) on B-form dsDNA in the simulation since writhe and twist are held
constant. Our simulations exhibit similar behavior to P-form DNA and can be seen
in Figure 6.3. One double-strand of sequence 5’- GGACAGGTCTCTCTCTCTCT
CTCTCTCTCTCTCTCTCTCT CTCTTTCTCATTATTTGC-3’ , was simulated, beginning in its near B-form with one end fixed in space and the other end weakly (nondimensional force of 0.1) pulled along its helical axis. Although limited simulations
were conducted, we can take rough estimates for the geometric characteristics which
are given in Table 6.2.
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S-DNA

When the pulling forces are much stronger than in P-DNA formation, stretching of
the molecule forms S-DNA. Extensional experiments on double-stranded B-DNA have
shown that the over stretching transition occurs when the molecule is subjected to
forces more than 65 pN. S-DNA can take two conformations depending on whether
the ends are allowed to freely rotate. If the ends of the molecule are unrestricted,
it will be ”ladder-like" and can be considered an unwound helix. As can be seen
in Figure 6.4, the simulation under similar conditions (unrestricted ends and strong
pulling force that is 100 times the force used to produce P-DNA) produces a S-DNA,
ladder-like conformation. This simulation was conducted at T = 0.25 and the force
was slowly increased (0.1 force units per 1000 simulation steps) to allow time for the
forces on the end to fully propagate the entire duplex. If we continue to increase
the force beyond what is shown in Figure 6.4, the forces cause denaturation of the
two strands. If the duplex is not allowed to freely rotate, forces at this scale cause
breakages along the backbone.

S-DNA

Figure 6.4: A simulation of S-DNA exhibits the characteristic ladder-like configuration when
strong forces are applied to a B-DNA and the ends are allowed to freely rotate. The dsDNA is comprised of 58 nucleotides on each strand, with the sequence
5’- GGACAGGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTTCTCA
TTATTTGC-3’ and the other chain is the Watson–Crick complement. The base
beads are shown as the same size as the backbone beads to facilitate viewing.
Table 6.3: A summary of geometric descriptors of the three bead simulation model and S-form
DNA.

Property
Major groove (nm)
Minor groove (nm)
Helix diameter (nm)
Rise (nm)
Base pairs per turn
SPS Angle (◦ )

Simulation Model
1.6
0.5
180

S-DNA
1.4
0.40
ladder-like
nearly linear
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Although the three bead per nucleotide model does not precisely capture all of the
features of the Z-form, P-form, and S-form double-stranded DNA, it is able to capture
many of the general features of these complex and intricate structures. This model can
also be applied to other forms of DNA and even double-stranded RNA, as described
in Section 2.2. With minor adjustments to the parameters, it may be possible to
better simulate these and other non-canonical forms. However, even without these
refinements the great strength of the three bead model is that it is able to smoothly
move between different single-, double-, and even triple-stranded structures.

6.4

Complex Structures of Triple-Stranded Nucleic
Acids

The generalized double helix can, under certain conditions, accommodate a third
strand in its major groove as described in Section 2.4 [12, 13, 69]. Two of the segments
are parallel with each other while the third is antiparallel to the first two. Triplex
structures have been found to play important roles in gene regulation, DNA repair,
and site specific modification or cleavage [13]. Two types of triplexes can form: (i)
intramolecular structures and (ii) intermolecular structures.

6.4.1

H-DNA

Although the canonical Watson–Crick double helix is the most stable DNA conformation for an arbitrary sequence under usual conditions, some sequences within duplex
DNA are capable of adopting structures quite different than the canonical B-form.
H-DNA, described in Section 2.4.1 and named for the hydrogen ions that stabilize it,
is formed when negative super-helical stress is applied on specific sequences contained
in larger dsDNA [41]. The molecule kinks and folds in the middle while twisting to unpair a section of double helix. A bubble forms and one of the single-stranded sections
wind into the nearby double helix where it binds via Hoogsteen bonds to form a triple
stranded section. Here, we simulated a double strand with a palindromic sequence,
5’- GGACAGGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTTCTC
ATTATTTGC-3’ , the palindrome comprising the (CT)18 repeats. Since the simula-
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Figure 6.5: A simulation of H-DNA starting with a double-stranded, internally palindromic
sequence. The simulation is initialized as two single-stranded DNAs. The simulation is biased by starting each DNA strand in an omega shape facing one
another,
, with the loops at a 90◦ angle to each other. The ends of the
strands are initialized so that they are hydrogen bonded to each other. The
original dsDNA is comprised of 58 nucleotides on each strand, with the sequence
5’- GGACAGGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTTCTCA
TTATTTGC-3’ and the other chain is the Watson–Crick complement. The base
beads are shown as the same size as the backbone beads to facilitate viewing. The
formation pathway, 1 → 4 depicts how the two loops diffuse towards each other (1),
begin to interact (2 and 3) and then finally one of the strands fully entwines in the
other loop helix (4) forming both a triplex and a single-stranded structure within the
regular double-stranded conformation.
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Ω

6.4.2

Ω

tion is intended to be a proof of principle, we began the strand in a kinked confor) separated by 90◦ in order to bias the
mation in the shape of two facing Ωs (
diffusion. As can be see in Figure 6.5, the H-DNA conformation is both single- and
triple-stranded. The pathway found in this proof-of-principle example is as follows:
Step 1, the loops begin to diffuse towards each other and stacking occurs; Step 2,
the loops begin to interact with each other and form helices; Step 3, one of the
strands begin to wrap into the duplex formed by the other loop; Step 4, the third
strand is completely entwined in the other helix loop and a single-strand DNA strand
remains.

Triplex Formation in DNA

Triplex formation plays an important role in the repair of a stalled replication fork
or a break in dsDNA. In the simplest model, the strand invasion problem consists
of a dsDNA and a ssDNA, where the ssDNA possesses the same sequence as one of
the strands in the dsDNA. At the end of the process, the ssDNA is wrapped inside
the major groove of the dsDNA and the complex is stabilized by a combination of
Watson–Crick and Hoogsteen bonds. The in vivo process is more complicated, since
the strand invasion is aided by proteins, such as RecA or Rad51 [13].
Simulating protein free strand invasion provides a particularly stringent test of the
capabilities of our model. First, the major groove needs to be wide enough to accommodate the excluded volume of the invading strand. Second, the directionality of the
bonding interactions needs to be strong enough to prevent unphysical bonding to multiple sites. Indeed, we frequently found that the spherical potentials appearing in the
two bead model described in Chapter 4 [172, 174] led to a collapsed, globular state.
Finally, stabilizing the triple-stranded structure requires Hoogsteen bonds.
To demonstrate that our model has the requisite fidelity to capture strand invasion, we used the single-stranded sequence 5’-ACTCAACCAAGTCATTCTGCGAAT
AGTGTATGCGGCGACC-3’ and a complementary double-strand. The dsDNA was
relaxed into the B-form in the absence of the single-strand. We then initialized the
ssDNA as a comb. If we define a polar coordinate system at the complementary
5’-end of the dsDNA with θ = 90◦ pointing along the backbone of the dsDNA, then
the 3’-end of the ssDNA is located initially at a distance of 1.5 nm and an angle of
150◦ relative to the 5’-end of the dsDNA. All beads on the linear ssDNA strand are
initially in the plane defined by (i) the line connecting the 5’ and 3’ beads of the
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Figure 6.6: Simulation snapshots during the formation of a triple-stranded DNA. The backbone
of the invading strand has the lightest color. For clarity, the base beads are represented as small spheres. The magnified inset depicts the indicated region of the chain,
viewed from behind, where a dsDNA bubble is forming and the third, ssDNA, is being
incorporated into the complex. At the final stage, the triplex is completely formed.

complementary strand of the dsDNA and (ii) the aforementioned line in the polar
coordinate system. This initial condition promotes strand invasion in a reasonable
amount of simulation time while allowing thermal motion to stack the ssDNA prior
to invasion. The simulation was conducted at a temperature of 285 K.
Figure 6.6 shows several snapshots during the course of the simulation after the ssDNA
has begun to disrupt the helical structure of the dsDNA. The ssDNA initially diffused
towards the dsDNA. When the two DNAs came into close contact, the presence of
the ssDNA opened a bubble in the dsDNA. This bubble allowed for rearrangement
of the hydrogen bonding to minimize the energy of the combined Watson–Crick and
Hoogsteen interactions between the bases on the three strands. The inset in Figure
6.6 highlights the bubble and the invading strand. As this region of the triplex
stabilized, the backbone of the invading strand inserted into the major groove and
the bubble propagated along the dsDNA. When the bubble reached the opposite side
of the dsDNA, it closed to produce the final, triple-stranded state.
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Both H-DNA and triplex formation are thought to be protein mediated structures in
vivo. Although our model does not include proteins or their actions, by biasing the
initialization of the simulation we are able to begin to examine the pathways and that
may be important in the formation of these structures. Both of these triplex structures
are little studied by either a simulation or an experimental approach, we hope that
our model with its necessary Hoogsteen base-base interactions, and these simulations
can provide a starting point for the further investigation of these phenomena.

6.5

Conclusions

Nucleic acids in in vivo systems continue to be studied, and as soon as we begin to
think we understand how some genetic process works, we find that there is another
layer beneath, that is more intricate and complex. As an example, transcription has
proven to be a much more complicated process than was once thought. When Crick
[80] first decoded the process by which DNA was translated into amino acids in 1968
it was assumed that we would soon completely understand the ways in which proteins
are made in a cell. However, since then we have learned of the many and redundant
regulatory pathways governed by signaling molecules and containing switches in our
genomes that control how DNA can be translated into proteins. The full understanding in how these processes work in harmony is still a mystery at some levels. As Lewis
Thomas [278] declared in the quotation at the beginning of this chapter, we cannot
yet “claim genuine understanding” for “the more we learn about living creatures ...
the stranger life becomes”. Therefore it is the “strange” parts that we must continue
to explore and study; we present this chapter on unusual and complex structures as a
first step towards examining these features of nucleic acids whose utility and presence
in living environments is still unknown.
The three bead per nucleotide simulation model is one such way of beginning to
investigate these structures due to: (i) the presence of non-canonical hydrogen bonding possibilities, (ii) the ability to capture and smoothly transition between multiple
global forms of DNA, and (iii) the ability to reach long simulation times. We have
highlighted the importance of including Hoogsteen bonds in coarse-grained models of
DNA as they are fundamental in capturing many complex structures. In this study
we explored the role of Hoogsteen bonds in a relatively simple model of DNA. We
expect that it will be straightforward to augment other coarse-grained models with
non-Watson–Crick bonds if one wants to study more detailed interactions, such as the
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role of solvation or ionic strength [160–163, 167, 238]. We expect that coarse-grained
models incorporating Hoogsteen bonds will be useful in a number of scenarios beyond
hybridization of dsDNA or ssDNA hairpins. As the first example in this chapter, we
investigated the folding of an ssDNA aptamer that possesses a G-quartet. There are
numerous other aptamers whose secondary and tertiary structure should be affected
by Hoogsteen bonding and are thus amenable to simulation using our method. In
another set of examples, we showed how the model could capture H-DNA and the
dynamics of strand invasion leading to triplex formation. While the in vivo situation
is much more complicated due to the presence of DNA binding proteins, the model
presented here is the first step towards a sequence-specific, coarse-grained model of
DNA regulation and repair.
In addition, the inclusion of anisotropic base-base potentials allows not only for the
smooth transition between single- and double-stranded structures to be examined but
also other types of dsDNAs such as left-handed, P-form, and S-form dsDNAs. With
minimum parameter refinement we also believe that the model could be tuned to
capture double-stranded RNA characteristics. Finally, although the model presented
here does not include the complex and delicately balanced free energy terms found
in all atom systems, this limitation should be balanced against the model’s ability to
reach long times. The structures described in this chapter involve a relatively large
amount of nucleotides (over a hundred for H-DNA), on multiple strands, undergoing
global rearrangements; by using a coarse-grained Brownian dynamic model we are
able to simulate the number of beads necessary and at sufficiently long time scales to
allow such complex structures to form.
However, it is just this coarseness in the model that limits the in depth understanding that can be gained. In Chapter 7 we are going to take a coarse-grained model
and use it to find the global structure of a DNA and RNA complex that cannot be
experimentally crystallized, the 10-23 DNAzyme. With the global structure we will
implement a process to map the coarse-grained model to an atomistic model and
then use a molecular dynamics approach to further understand the exact mechanism
involved in the RNA substrate cleavage reaction. With such techniques we can match
the strengths of the three bead model presented with other approaches to gain insight
into the intricate and hereto impenetrable world of nucleic acids.

7
Unraveling the Mechanism of the 10-23
DNAzyme

Few scientists acquainted with the chemistry of biological systems at the
molecular level can avoid being inspired. Evolution has produced chemical compounds exquisitely organized to accomplish the most complicated
and delicate of tasks. Many organic chemists viewing crystal structures
of enzyme systems or nucleic acids and knowing the marvels of specificity
of the immune system must dream of designing and synthesizing simpler
organic compounds that imitate working features of these naturally occurring compounds.
Donald J. Cram, The Design of Molecular
Hosts, Guests, and their Complexes,
Nobel Lecture December 8, 1987 [281]
DNA has moved well beyond being simply the reservoir of genomic information. As
has been seen in the previous chapters, DNA’s ability to form complex and multifaceted structures facilitates the molecule’s ability to function in unique and noncanonical ways. The majority of the structures heretofore examined occur naturally
and are “compounds [that are] exquisitely organized to accomplish the most complicate and delicate of tasks” [281]. However, DNA is now being designed to “imitate
[the] working features of these naturally occurring compounds” [281] for the directed
assembly of colloidal crystals [282] and other complex nanoscale objects [283], acting
as a replacement for antibodies [284], and even working as an enzyme (DNAzymes)
[52]. Connecting the structure of these emerging technologies to their function is
rarely straightforward, especially if the DNA has some engineered biological activity.
In particular, crystallization of the active form is not always possible [285, 286] be146
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cause the system is out of equilibrium or in a metastable state. When experimental
methods have failed to fully unravel these complex structures in action, computational approaches have been used to gain fundamental understanding. In particular,
recent advances in coarse grained DNA models [160, 166, 176] have opened up new,
computational avenues for studying DNA-based technologies.

7.1

Introduction to DNAzymes

DNAzymes, also known as deoxyribozymes or DNA enzymes, are single-stranded
DNA molecules with catalytic capabilities. Since the first DNAzyme was discovered
over 15 years ago [52], hundreds of DNA sequences have been isolated that facilitate chemical transformations of biological and non-biological importance [106, 287].
Although deoxyribozymes have been excluded from natural evolution, the ability of
DNAzymes to be specifically designed and created in the laboratory has opened an
entirely new field of biological molecular function.
DNAzymes are generated de novo by in vitro selection. The discovery of DNA’s
catalytic function was made possible due to the development of the in vitro selection
technique [279]. In vitro selection is a simple yet powerful combinatorial approach that
allows simultaneous screening of 1013 to 1016 different DNA, RNA, or modified nucleic
acids with an ability to bind a target of interest [106]. The mechanisms ascribed to
natural selection evolution are also applied to in vitro selection but on a much faster
time scale: variation, selection, and replication. Hundreds of deoxyribozymes have
been found that catalyze more than a dozen different types of chemical reactions,
most of which are involved in nucleic acid modifications such as cleavage and ligation
of DNA and RNA strands [96, 106].
One such deoxyribozyme, named the 10-23 DNAzyme, was found to cleave an all
RNA substrate in a biological cofactor range (i.e., Mg2+ ) [55, 56]; it was named from
its origin as the 23rd clone of the 10th cycle of in vitro selection. The core of the 10-23
DNAzyme is composed of only 15 nucleotides, flanked on each side by a substrate
binding arm of 7 to 10 nucleotides that bind to the RNA target via Watson–Crick
base pairing, as seen in Figure 2.6. This simple structure permits easy alteration
of the substrate specificity to generate precise cleavage agents for almost any RNA
molecule at a purine–pyrimidine junction. The ability of the 10-23 DNAzyme to
cleave at the AU and GU sites allows the AUG start codon of any gene to be used
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as a target. Under optimized reaction conditions, the 10-23 deoxyribozyme with
a catalytic rate constant (kcat ) is greater than 10 min−1 . The catalytic efficiency
kcat /KM is 109 M−1 min−1 , a value that is limited by the rate of RNA–DNA duplex
formation. Under simulated physiological conditions, the 10-23 DNAzyme exhibits
kcat and KM values comparable to those of the natural ribozymes and even protein
endoribonucleases [56]. The chemical stability, high catalytic proficiency, mismatch
discrimination, and the ease of synthesis of DNA have made the 10-23 DNAzyme an
attractive alternative to ribozymes for site-specific cleavage of biological RNA targets
[50].
The primary impetus for basic research into deoxyribozymes is their downstream
practical applications. In particular, uses of RNA-cleaving DNAzymes such as the
10-23 DNAzyme range from in vitro chemical and biochemical experiments to in
vivo applications as therapeutics [288]. The 10-23 DNAzyme, the most commonly
studied deoxyribozyme [287], has found in vitro use as a molecular probe to assess
site-specific RNA modifications (such as pseudouridylation, 2’- O−methylation, and
m5 C formation [289–292]), an integral part of the ‘DzyNA-PCR’ procedure for real
time detection of specific DNA sequences from biologically derived samples [106, 287,
290, 293], a DNA nanomotor [294–297], and a diagnostic test for genetic diseases like
cystic fibrosis [298, 299]. The 10-23 motif has also been used in sensors for pH [300],
fluorescence signaling [300], metal cofactors [96, 301–304], chemical substances, such
as cocaine [92], and in DNA switches [106, 300, 305–308].
The utility of RNA-cleaving deoxyribozymes extends beyond the in vitro applications
described above. In particular, DNA enzymes that cleave RNA maintain their activity
in cellular settings and constitute a viable therapeutic strategy [106, 107, 309] for viral
diseases such as HIV [51, 310–317], hepatitis [318–321], influenza [322], SARS [323],
RSV [324], HPV [325], human rhinovirus [326], and Epstein-Barr [327]. They have
also been used in the treatment of bacterial infections, such as tuberculosis, and
antibiotic resistant strains of common infectious agents like MRSA [328–331]. Nearly
all of the in vivo efforts have utilized the 10-23 structure also known as the type II
motif.
Therapeutic targets for type II motif deoxyribozymes are not limited to viral and
bacterial RNAs. They have come to be used to cleave a variety of cancer related gene
products, with success both in vitro and in cell culture [332]. The list of studied cancers include: breast [327, 333], colon [327], lung [327], prostate [327], pancreas [334],
leukemia [335–339], lymphoma [327], bone [340], neoplastic diseases [341], and general
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tumor function (angiogensis, apoptosis, Egr1 etc.) [109, 117, 333, 342–359]. Finally
they have also been used in the treatment of genetic diseases and cellular repair and regeneration. Both Huntington’s disease and Saethre-Chotzen syndrome [109, 360, 361],
have shown early progress utilizing a 10-23 derivative deoxyribozyme. Other targets
for cellular processes have included the aging process (telomerase reverse transcriptase) [362], allergic asthma [363], wound healing (c-Jun protein) [350, 351, 364], central nervous system regeneration (axon re-growth and lesion repair) [365, 366], pain
management [367], cardiovascular disease [347], and kidney failure [368].
Despite the wide spread applications of the 10-23 DNAzyme very little is known
about its tertiary architecture from the structural biology viewpoint [369]. There
only has been one attempt to crystallize a deoxyribozyme, the 10-23 DNAzyme,
however the structure isolated was not the catalytically active DNA–RNA complex
(instead it was a 2:2 DNA–RNA complex resembling a Holliday junction) [285, 286].
Therefore, neither tertiary nor mechanistic information could be inferred from the
crystal structure study. Although there are biochemical data exploring various facets
of RNA cleavage by the 10-23 DNAzyme [55, 106, 107, 115, 287, 308, 346, 369–
374], a coherent picture of the structural basis for this activity has been elusive by
experimental means.
Another route to gain further information about the tertiary structures and mechanism of complex molecules is through simulation studies. However, because the 10-23
DNAzyme lacks the crystal structure that is commonly used for initial, atomistic scale
studies [375–378], this manner of investigation has been limited. In this chapter we
present a new method for the examination of the 10-23 DNAzyme tertiary structure
and dynamics utilizing a multi-scale simulation approach. Starting with a relatively
simple coarse grained picture [172–174], we develop an atomistically detailed model
for the 10-23 DNAzyme (as an example of a DNA based nanotechnology) using a
multi-scale simulation approach that circumvents the need for a crystal structure
[285, 286] as the initial condition for the simulation. Our approach to studying the
10-23 DNAzyme is generic and it is easily adapted to other DNA nanotechnologies
that lack known crystal structures.
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Figure 7.1: A schematic representation of the 10-23 DNAzyme (35 nucleotides) bound via Watson–
Crick hydrogen bonds to its complementary RNA substrate (21 nucleotides) via two
binding arms (10 nucleotides each). The catalytic cleavage site occurs on the 3’ arm of
the RNA substrate between the unpaired adenine (A11 ) and the adjacent uracil (U10 ).
The catalytic core is highly conserved in mutation studies.

7.2

Multi-Scale Modeling Approach

To determine the structural basis for this DNAzyme’s activity, we started with a two
bead, coarse grained representation of each nucleotide [172–174]. The system consisted of a deoxyribozyme sequence 5’- CGACTCGTCAGGCTAGCTACAACGA
TGCATCTCGA-3’ , where the catalytic core sequence is in bold text, and the binding substrate 3’- GCUGAGCAGUAACGUAGAGCU-5’, where the bold base is the
unpaired adenine and shown in Figure 7.1. The cleavage reaction occurs between the
U and the A on the 3’ arm of the RNA substrate [55, 56]. After relaxing the structure
by Brownian dynamics, we used a series of model refinements and relaxation steps to
produce an atomistically detailed, fully solvated model in an electrolyte containing
generic divalent counter-ions. We then simulated this system for 1.2 µs by molecular
dynamics using the CHARMm27 force field [378]. This multi-scale approach reveals
that the structure of the DNAzyme–RNA complex differs substantially from the simple schematic of Figure 2.6 that is often adopted in the biochemical literature.
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Coarse-Grained Representation

Our starting point is a two bead representation of each nucleotide with one bead embodying the sugar and phosphate groups on the backbone and one bead representing
the base identity, as described and in Chapter 4 and seen in Step 1 of Figure 7.4.
In this model we do not distinguish between DNA and RNA in the model; we treat
uracil and thymine as identical. We performed six independent, 4 second long BD
simulations at 300 K, where one simulation time step is approximately 10 picoseconds
and frame positions were recorded every 1000 BD time steps. The temperature and
time step are approximate values [174].
The initial conditions for the simulations are rotations of the “cartoon” secondary
structure used previously [173] and proposed by Santoro and Joyce [56]. The structure
of the 10-23 DNAzyme and the RNA substrate are aligned so that the recognition
binding arms are aligned to allow immediate Watson–Crick hydrogen bonding between the bases with the unpaired adenine base at the center of the substrate aligned
with the catalytic loop of the deoxyribozyme. Our nomenclature calls this center
substrate base the unpaired A or unpaired base for the remainder of our discussion.
The resulting simulation structure is qualitatively independent of the initialization
chosen.
We present a summary of the results from Kenward and Dorfman [173]. Notably,
the DNAzyme-RNA substrate complex was seen to have a stable bent state over
long simulation time. The binding to the substrate brings the ends of the catalytic
core into close proximity. This reduction in the end-to-end distance is the result
of the recognition arms bending away from the catalytic core which may induce
sufficient tension to unstack the unpaired base. However, due to the level of coarse
graining the detailed nature of the unstacked A was beyond the resolution of the
two bead model and such conclusions could not be drawn. In addition, although it
is understood that salt ions and metallic co-factors are essential to the functioning
of many deoxyribozymes, including the 10-23 DNAzyme, the inclusion of ions in the
study was beyond the model and computational resources then available.
In our subsequent coarse grained study of the 10-23 DNAzyme-RNA substrate, we
examined the initial configuration and the relaxed bent state that it forms. We
systematically investigated the multiple three-dimensional projections of the initial,
two-dimensional, cartoon proposed by Santoro and Joyce [56] to understand any bias
that the initialization configuration may cause. We next implemented a long time
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Figure 7.2: A schematic representation of the 10-23 DNAzyme-RNA substrate complex. The entire
complex is shown in (A) with the global complex angle θ measured from the unpaired
adenine to the midpoint of the hydrogen bond at each terminus. (B) The inset from the
global structure is shown to describe the local complex angle φ. The local complex angle
describes the angle formed from the unpaired A to the midpoint of the hydrogen bonds
that are two bases away (G9 , C-1 and C13 , G17 on the RNA substrate and DNAzyme,
respectively). For clarity, nucleotides not involved in the local angle calculation are
omitted. (C) The unstacking angle α measures the position of the unpaired A base
relative to its stacked neighbor beads. This angle is formed by drawing a plane (dashed
lines) that contains the backbone beads of the unpaired A on the RNA substrate and
the base beads four nucleotides away on each side (C7 and U15 ). The quantity α is the
absolute value of the angle between the plane and a vector, shown with a solid (black)
arrow, drawn from the backbone to the base bead of the unpaired A.
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Figure 7.3: Plot of the global complex angle of the initialization projection depicted in Step 1 of
Figure 7.4. The global complex angle, θ, formed between the unpaired A on the RNA
substrate and the hydrogen bonds between the terminal ends of the recognition arms
and the substrate. The light (blue) line represents the smoothed average of the data.

Brownian dynamics simulation parameterized such that it mimics biologically relevant
solvation and temperature [99, 174]. After sufficient time, we found a stable tertiary
configuration of the complex, as seen in Figure 7.3. The bead positions at 3.5 seconds
serve as the initialization coordinates for the subsequent atomic model development
and is depicted as Step 2 in Figure 7.4.
The interplay of the tension on the unpaired A by the bent substrate configuration,
the stacking interactions, and the overall steric interactions lead to fluctuations that
ultimately produce the configuration snapshot in Figure 7.3. The complex is strongly
bent at the cleavage site; starting with an angle of 180◦ as the initial condition
for the BD simulations [173], we ultimately arrived at an average angle of 143.9◦
± 9.7◦ . In comparison with the previous work of Kenward and Dorfman [173], we
report an averaged end-to-end distance of 5.525 ± 0.506 nm after converting from
the dimensionless simulation units. The compares favorably with their 5.4 ± 0.4 nm
reported and is close to the vale of 6.00 nm obtained during bulk FRET measurements
[346].
We also examined the unpaired A relative to its stacked neighbor beads. In order
to define this angle, illustrated in Figure 7.2 C, we first draw a plane between the
following three points (measured from the center of mass of the atoms in each bead
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grouping): the backbone bead of the unpaired A and the base beads four nucleotides
away on each side (C7 and U15 ). We chose these nucleotides so that any local buckling
at the catalytic site does not affect the measurement of the angle. The quantity α
is the absolute value of the angle between the plane previously formed and a vector
drawn from the backbone to the base bead of the unpaired A. Similar to the conclusions of Kenward and Dorfman [173], we see a partial unstacking of the unpaired A
on the RNA substrate. However, at this degree of coarse graining and model choice
it is not possible to further resolve details concerning the cleavage site. Therefore,
while the coarse grained model is able to provide insight on the tertiary structure, it
alone cannot provide enough detail to understand the complete system structure and
function; we now begin the transition towards a full atomistic model and molecular
dynamics study of the system.

7.2.2

Mapping Between Models

To map the BD coarse grained model, we picked a random configuration near the
end of one simulation. The characteristic length scale of the coarse grained model is
the base-backbone bond length, which we defined as the distance between the center
of mass of the atoms in the DNA backbone (the deoxyribose and phosphate group
for DNA) and the center of mass of the atoms in a guanine base in an atomistically
detailed model. To create the atomistic model, we used the CHARMm27 force field
[378] for the bases. In the first mapping step, we used united bases to represent each
nucleotide. We placed the center of mass of the sugar/phosphate atoms of the united
base at the location of the backbone bead from the coarse grained simulation. We
then rotated the vector between the center of mass of the sugar/phosphate atoms
and the center of mass of the base atoms in the united base model so that this vector
was parallel to the vector between the coarse grained backbone bead and the coarse
grained base bead, Steps 3 to 6 in Figure 7.4. Initially, each of these united bases
was bonded together along the backbone by a harmonic constraining force of 100
kcal/mol between the centers of mass of neighboring sugar/phosphate units. Note
that the united bases are electrically neutral; there are no charges in the model until
after the solvation step.
The united bases already contain a number of structural features that are not captured
by the coarse grained model. For example, although the coarse grained model includes
measures of rise and mean rotation per base pair, it does not include propeller twist,
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roll, or tilt of the base groups. We thus needed to make three sequential steps of
relaxation: (i) the distance between each base and its corresponding location on the
backbone, (ii) the distance between nucleotides along the backbone, and (iii) the
relative orientation of adjacent bases.
To perform these relaxations, we first added a harmonic constraining force of 100
kcal/mol between the center of mass of each base and the corresponding center of mass
of its sugar/phosphate unit. (Note that we already have a harmonic containing force of
100 kcal/mol between the centers of mass between neighboring sugar/phosphate units
on the backbone to mimic the phosphodiester bond.) We then minimized the energy
with a series of small minimizations (1000 steps) with both the steepest descent (SD)
algorithm and the adapted basis Newton–Raphson optimizer (ABNR) algorithm. We
performed standard checks and monitored the RMS gradient and energy change at
each step to ensure that minimization has been reached.
A total of twelve serial minimizations were performed, with every other minimization conducted by the SD or ABNR algorithm. For each subsequent minimization,
the harmonic containing force between each base and its sugar/phosphate unit was
halved. Once we had relaxed the base-backbone distances, we removed the constraining force between the sugar/phosphate units and the bases and then performed the
same minimization scheme while reducing the harmonic constraining force between
the centers of mass of neighboring sugar/phosphate units. At the end of this second
relaxation series, the harmonic constraints along the backbone were replaced with
phosphodiester bonds. In the final set of relaxations, we used an initial harmonic
constraining force of 100 kcal/mol on the relative orientation of neighboring bases in
the 5’ to 3’ direction and followed the same relaxation procedure. At the conclusion
of the relaxation steps these constraints were removed.
The system was solvated, in Steps 7 and 8 of Figure 7.4, using TIP3 water with
explicit counter ions, both of which were modeled using the CHARMm27 force field.
In both the salt and metal ion insertions, if the added ions overlapped any other
molecule (water, DNA, or RNA), the ion was removed and the water molecule was
replaced. Before solvation, we converted from united bases to an all-atom model,
which has the hydrogens. We then solvated this nucleic acid complex by first creating
and relaxing a 6 Å per side cubic box of TIP3 water and then filling the simulation
space (90 Å per side cube) by periodic tiling the smaller relaxed water cube. The
complex was located at center of the box and the water molecules which overlap
the nucleic acids were removed, leaving a system with 22,764 water molecules. The
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Figure 7.4: The tertiary structure of the 10-23 DNAzyme was explored serially with a multiscale approach. Step 1: The projections of the proposed secondary structure were
initialized into the coarse-grained Brownian dynamics simulation and a long time (order
of seconds) simulation was conducted. Step 2: The relaxed and globally stable coarse
grained complex positions were recorded. Step 3: The coarse grained bead positions
were mapped into an atomistic nucleic acid model and represented by hard sphere
atoms. Step 4: The coarse grained positions were rescaled to realistic atomistic lengths.
Step 5: Two nucleic acid strands were created. Step 6: Each nucleic acid was mapped
onto its corresponding coarse grain position. Step 7: Water atoms were added. Step
8: Metal and salt ions were added. Step 9: Full molecular dynamics simulations was
conducted (on the order of microseconds). Between every transformation step the
system was relaxed.
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solvated system was relaxed through a series of twelve small energy minimizations
(1000 steps), alternating between the SD algorithm and the ABNR algorithm. We
performed standard checks and monitored the energy change at each step to ensure
that the minimization has been reached.
After solvation and relaxation, the hydrogens on the backbones of the DNA and
RNA were stripped (except for the terminal ends). To maintain electroneutrality, we
removed 54 random water molecules and replaced them with sodium ions. To create a
150 nM buffer, which is the typical experimental system [55, 56], we then removed an
additional 124 random water molecules and replaced them with 62 sodium ions and 62
chlorine ions. We relaxed the buffered system through a series of twelve small energy
minimizations (1000 steps), alternating between the SD and ABNR algorithms. We
performed standard checks and monitored the energy change at each step to ensure
that minimization has been reached.
Although the divalent metal ions in experiments are typically found in the millimolar
concentrations (physiological concentration is less than 5 mM) [55, 56], the corresponding number of M2+ ions in the simulation box (on the order of less than 5) is
so low that the diffusion time for a given metal ion to interact with the complex is
prohibitively long for the MD study. To make the computation feasible, we added
43 generic divalent metal ions, M2+ , by randomly removing water molecules and replacing them with ions. To keep the system electroneutral, we randomly removed
86 additional water molecules and replaced them with chlorine atoms. Since the
CHARMm27 force fields are not fully established for specific metals such as copper(II) or magnesium, we used a generic divalent metal that has the correct divalent
charge and a radius of approximately the size of divalent gold. After competing the
ion insertion, we used the ABNR algorithm to relax the system until it reached the
default settings.

7.2.3

Atomistic Model

After the final energy minimization, we simulated the dynamics of the system using
the NAMD software package. We used a step size of two femtoseconds, and a tool
simulation time of 1.227 microseconds. In order to determine whether the transformation process has preserved the tertiary structure in the coarser BD simulation, we
examined the local complex angle, φ, defined in Figure 7.2 B. We choose to compare
the local complex angle between the two systems since both systems can fluctuate at

7.3 10-23 DNAzyme - RNA Substrate System Dynamics

158

the time scale simulated, there are many stresses in this area, and the structure at
the cleavage site is important to the overall function of the deoxyribozyme complex.
The local complex angle remains relatively stable at an average value of 140.3◦ ± 0.7◦
as compared to the 141.6◦ ± 2.7◦ for the Brownian and molecular dynamics studies,
respectively. The overall similarity of the local complex angle measure from the BD
and MD studies show that the transformation process has preserved the long time
bent tertiary structure found in the BD simulation.

7.3

10-23 DNAzyme - RNA Substrate System Dynamics

While the BD simulations of the coarse grained model suggest that the unpaired adenine on the RNA substrate may be unstacked [173], Figure 7.5 shows the unstacking
angle of α = 43.2◦ ± 3.7◦ . Figure 7.6 reveals that there are in fact two stable states
for the complex: one state where the unpaired A is stacked and another state where
the unstacking is substantial. The remainder of the bases in the RNA substrate remain stacked with the exception of the ends of the complex, which exhibit the typical
fluctuations caused by fraying.
Unstacking of a base is energetically unfavorable since the π orbitals no longer overlap.
The concomitant increase in free energy of approximately 6.1 kcal/mol at the top of
the barrier in Figure 7.6 is eventually offset by new interactions between the hydrogens
on the unpaired adenine base and reveal sites on the nearby backbone and base atoms.
These hydrogen bonds are facilitated by twisting the planar ring of the adenine, as
illustrated in Figure 7.5 C. Due to steric interactions, the twisting only begins after the
base comes unstacked. The angle, while intuitively straightforward, is quite difficult
to illustrate. For a given base, we first define a plane using the 1-carbon, 3-carbon,
and 5-carbon of the base. (This removes any difference between the definition for a
pyrimidine and a purine base.) We then define a normal vector for this plane pointing
from the 5’ to the 3’ direction along the sequence. The twisting angle, β, is defined
as the angle formed between the normal vectors for adjacent bases in the 5’ to 3’
direction. The value β = 0 corresponds to parallel normal vectors. This unstacked
and twisted state is quite stable, with a free energy approximately 1.8 kcal/mol lower
than the original stacked state in Figure 7.6. The relatively low barrier and small
energy difference between the stacked and unstacked state are in line with a previous
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Figure 7.5: The initial configuration (A) of the 10-23 DNAzyme (red) and RNA substrate (blue)
complex obtained after the mapping procedure. The unpaired A base is shown with a
more detailed (“ball-rod” type) representation while the other RNA residues have only
a simpler (“line type”) depiction; (B) is the zoom of the boxed area of (A) showing
the initial stacking of the unpaired A. The complex is oriented such that the catalytic
loop of the 10-23 DNAzyme (not shown) points out of the page. (C) Snapshot of the
configuration after 1.2 µs simulation. On average, the unpaired A has (i) rotated out
of the plane of the other stacked nucleotides by α = 43.2◦ ± 3.7◦ and (ii) twisted an
average of β = 80.8◦ ± 4.1◦ . These angular averages correspond to the last 50 ns of
the simulation where the DNAzyme is in the unstacked and twisted state (see Figure
7.6).

results for the energetics of base flipping in a double helix [379].
With one exception [380], divalent metals are essential for the activity of RNA cleaving DNAzymes. It is thus reasonable that the DNAzyme, when bound to its RNA
substrate, creates regions of electronegativity that attract these divalent metals near
the cleavage site. Figure 7.7 shows the areas of highest negative charge density for the
structure in Figure 7.5 C. We can readily identify three areas that constitute binding pockets for the divalent ions: (A) is near the A11 and A12 bases of the catalytic
core, (B) is between the G6 on the catalytic core and the cleavage site of the RNA
substrate, and (C) is on the underside of the RNA substrate. The catalytic loop also
kinks inward and towards the cleavage site near the G6 in the catalytic core; this kink
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Figure 7.6: The free energy pathway for the unstacking and twisting of the unpaired adenine on
the RNA substrate. The free energy of the system is the left (blue) axis. The energy
barrier to unstacking is approximately 6.1 kcal/mol and occurs as the unpaired adenine
begins to rotate out of a stacked configuration with the other RNA substrate bases.
As the nitrogenous base begins to twist the fee energy falls to an eventual plateau
corresponding to a 1.8 kcal/mol decrease compared to the stacked state.

may aid in forming the ion trap found between the catalytic loop and the cleavage
site.

7.4

Activity Mechanism

Taken together, our results suggest a plausible model for the activity of the 10-23
DNAzyme. The binding of the DNAzyme to the RNA substrate bends the complex
and begins to unstack the unpaired adenine [173]. In the bent configuration, the
unpaired A unstacks and twists, exposing the cleavage site. The energetics of the
unstacking and twisting are commensurate with thermal energy, so the DNAzyme
complex should alternate between the stacked and unstacked state. These structural
transitions do not require the presence of the divalent metal ions. However, based
on Figure 7.7, it appears that the trapping of the divalent metal in binding pocket C
further stabilizes the bent configuration. The divalent metal in binding pocket B is
drawn close to the cleavage site, along with the G6 nucleotide. Based on the structure
of the complex, we speculate that these entities are responsible for the cleavage of the
bond.
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Figure 7.7: A map of the electrostatic distribution near the 10-23 DNAzyme - RNA substrate
complex. The (blue) cloud areas depict the highest negative charge density. There
are three areas of metal ion trapping. The time averaged diffusion disks, depicting
the areas of highest probability for locating a divalent metal ion during the last 50
ns of simulation, are sketched on the main figure and their heat map diagrams are in
the insets (A, B, and C). The dark (red) squares are the areas of highest probability
and the white squares have the lowest probability. The planes for the histograms
were defined to run parallel to the average backbone vector of the molecule nearest the
highest metal concentration in that section. The histograms are rescaled to make equal
divisions of the sampled space for each ion and are not in absolute distances: in A, B,
and C each pixel represents approximately 0.1 nm, 0.2 nm, and 0.2 nm, respectively.

Our model for the active complex explains a number of experimental observations that
are otherwise puzzling in the absence of any structural data. First, using an intercalator [371] or adding wobble bonds near the cleavage site [370] increases DNAzyme
activity. Both intercalators and wobble bonds destabilize the double-helical structure
of the recognition arms and make it easier to form a kink. As the bent structure is
critical to providing the space for unstacking and twisting the unpaired adenine (Figure 7.5) and creating the electrostatic distribution or attracting the divalent counter
ions (Figure 7.7), it is reasonable that anything that disrupts the double helix without
interfering with the base pairing in the recognition arms would increase the DNAzyme
activity. Second, as the concentration of Mg2+ ions increases, fluorescence resonant
energy transfer (FRET) experiments [346] show that the end-to-end distance of the
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complex decreases but there is no reaction. As the Mg2+ concentration increases
further, the end-to-end distance stabilizes and the reaction rate increases. This twofold action of the divalent metal ion is consistent with the need to (i) trap an ion in
binding pocket C to stabilize the bent structure and then (ii) trap an ion in binding
pocket B to pull the G6 towards the cleavage site. Third, mutation studies indicate
that each of the four guanines in the DNAzyme catalytic core are highly conserved
[115, 308, 372], with G1 and G6 being vital to the metal ion binding and is essential
for DNAzyme activity [374]. Our model explains the critical importance of G6 , since
it is involved in binding pocket B and the nucleotide is pulled towards the catalytic
site by the kink.

7.5

Conclusions

In summary, we used a straightforward simulation approach to obtain a detailed
picture of a DNA nanotechnology, the 10-23 DNAzyme, without the need for a crystal
structure. The 10-23 DNAzyme has been used for hundreds of applications due
to its biological compatibility, catalytic efficiency, physiological reagent conditions,
and simple cleavage site requirements (needing only adjacent purine and pyrimidine
nucleotides) means that not only can it be utilized in vivo, but that there are also
numerous and potential target sites in any given RNA [55, 56, 114, 298]. Our results
provide a clear picture of the activated state and we used the model to rationalize
a number of experimental observations [115, 308, 346, 370–372, 374]. While our
starting point was a rather elementary nucleic acid mode, the difference between the
coarse grained potential and the CHARMm potentials did not lead to any instabilities
during the mapping procedure. This gives us confidence that simple coarse grained
nucleic acid models such as the one we used here [172–174] could provide the initial
configurations needed in molecular dynamic simulations for a wide range of nucleic
acid technologies.

8
Conclusions and Future Considerations of
Research

Science has radically changed the condition of human life on earth. It has
expanded our knowledge and our power but not our capacity to use them
with wisdom.
Senator J. William Fulbright, Old Myths and
New Realities, and Other Commentaries, 1964 [381]
Since the discovery of DNA, researchers have been attempting to decode the detailed
sequences, structures, properties, and abilities of this molecule. Long ago, nucleic
acids expanded their role from just the transmission, expression, and conservation of
genetic information. They are now instrumental throughout many fields in both in
vitro and in vivo applications, as detailed in Chapters 1 to 7. The models developed
here will be useful in the continued understanding and engineering of DNA and RNA
molecules for nanotechnology, genetic engineering, and therapeutic applications. In
this way, as Senator Fulbright described, “science has radically changed the condition
of human life”. However, it is yet to be seen whether we, as a society, can “use [this
knowledge] with wisdom” as we move into the future [381]. As scientific researchers,
it is important to understand that technical details are not the only aspects worth
considering; ethical, legal, and other policy issues are also fundamental.
In this chapter we seek to unravel some of the societal implications of both the current
nucleic acid research and the future implications of continued research. This treatise
begins the investigation of complex nucleic acid structure from sequence data. Future research will continue to unfold these multifaceted structures and connect them
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with their fundamental functions both in our genomes and as engineered tools in a
variety of applications. The combination of more extensive understanding of nucleic
acid structures and the ready availability of whole genome sequence data will further transform “human life on earth” [381] as it ushers in a new age of personalized
medicine. Begun with the completion of the Human Genome Project and advanced
by progress on the $1000 Genome Project, routine whole genome sequencing will revolutionize the entire health and biotechnology fields. However, with such a paradigm
changing technology, an entirely new set of issues that require societal deliberation,
research scrutiny, and regulatory consideration will arise. A brief overview of some
of the considerations concerning these issues are discussed in this chapter.

8.1

Future Research Advancements for Complex Nucleic Acid Systems

As we begin to unravel some of the structural characteristics of complex nucleic acid
systems, we find that the in vitro and in vivo systems are incredibly elaborate. The
intricate balance of interactions between the elements of each nucleotide comprising
DNA and RNA molecules, the components of the solvent, and any external forces is
delicate. Although the model developed in this treatise is coarse, it can provide a first
approximation of the features of complex nucleic acid structures. These elaborate
arrangements are the fundamental keys to deciphering the most essential cellular
processes such as regulation, transcription, and cellular repair. For example, it is
believed that hairpin structures, bulges, P-DNA, Z-DNA, H-DNA, and G-quartets
all function as genetic flags and switches to control how DNA is translated into
proteins. In addition, triple-stranded structures are vital to cellular repair. These
structures, examined in the preceding chapters are by no means an extensive collection
of functional nucleic acid configurations, additional structures may be vital to future
molecule design and ultimate applications. Such nucleic acid configurations that have
only recently been tentatively identified which exhibit genomic importance included
telomeres, TALENs (TAL effectors), and zinc fingers. The characteristics of these
features can similarly be scrutinized and their attributes added to the genetic tools
available for specific applications.
As researchers continue to utilize nucleic acids for novel engineered applications, the
in depth understanding of how sequence, structure, and function interrelate will be
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essential. By understanding the secrets locked in our genomes, future researchers
hopefully can harness this power to treat a variety of diseases, cancers, and other
conditions. As more genomic data becomes available (through research or routine
genome sequencing), additional complex nucleic acid structures will be discovered,
examined, and utilized.

8.2

Whole Genome Sequencing

Complete, or whole, genome sequencing has been perceived, almost from the beginning of our understanding of DNA, as one of the ultimate goals in biological research.
In fact, a 1987 report to the U.S. Department of Energy stated boldly that “the ultimate goal of this initiative is to understand the human genome” and “knowledge of
the human genome is as necessary to the continuing progress of medicine and other
health sciences as knowledge of human anatomy has been for the present state of
medicine” [382]. Understanding of the great depth and power of the information in
the human genome has been attempted through several different and highly successful “projects” over the past three decades. These range from the panoramic view of
our genomes provided by the Human Genome Project, to the portrait of hereditary
subpopulations elucidated by the HapMap Project, to finally the highly focused and
individualized perspective of our DNA from the $1000 Genome Project.

8.2.1

Human Genome Project

The Human Genome Project was an international research effort (sponsored by the
Department of Energy and lead by the National Human Genome Research Institute
(NHGRI)) to determine the entire sequence of nucleotides comprising human DNA
and to identify the genes that encode the genetic information. Specifically, the listed
project goals set forth formally in 1990 included (i) to determine the sequence of the
three billion nucleotides that comprise the genome, (ii) to identify all of the approximate 20,000 to 25,000 genes in human DNA, to map their location in the genome and
discover their function, (iii) to store this information in databases openly available,
(iv) to improve the tools for data analysis, (v) to transfer related technologies to the
private sector, and (vi) to address the ethical, legal, and social issues that arise from
such a project [382].
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In a 13 year long, international effort researchers announced an essentially complete
reference genome in 2003, however analysis of the data (goals ii - iv) will continue
for many years to come. The reference genome consists of the combined samples of
a small number of (somewhat) anonymous donors; this spliced sequence serves as a
scaffold for future work to identify differences among individuals [383]. Investigating
the differences between individual DNA samples fell to a new project, the global
HapMap Project, to help find, understand, and correlate what makes each human
unique [384].

8.2.2

HapMap Project

Although no two humans are genetically identical (even monozygotic (identical) twins
have infrequent genetic differences due to mutations occurring during development),
we do share 99.9% of our genomes with each other. The HapMap Project was designed
to study not the entire genome, as in the Human Genome Project, but instead to
focus on the 0.1% differences between any two people. Slight variations in human
DNA sequences can have a major impact on the characteristics of the individual (in
fact, these are what define each of us to be unique), their propensity for disease
and their response to environmental factors such as infectious microbes, toxins, and
drugs; these differences denote the haplotype of the individual [383]. One of the most
common types of sequence variations is the single nucleotide polymorphism (SNP).
SNPs are sites in a genome where individuals differ in their DNA sequence, often by
a single base. It is currently estimated that the human genome has at least 10 million
SNPs, though due to systematic errors in sequencing techniques, this number may be
an overestimate [71]. These markers are often associated together in blocks of varying
length and complexity that are inherited in tandem and can diverge greatly between
different populations and with different conditions. The HapMap Project aims to
develop a haplotype map of the human genome, which will describe the common
patterns of human genetic variation.
Beginning in 2002, the project selected a sample of 269 individuals and then searched
their genomes for several million well-defined SNPs [383]. By determining the genotype of each individual for the particular SNPs examined, a haplotype map was
constructed. When the data was collected and correlated with respect to ethnic, geographic, and medical information, patterns began to emerge that pointed to particular variants between subpopulations describing disease and population characteristics
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[385]. The HapMap Project fully published its highly correlated data in 2009 [385].
Although the HapMap Project made great progress in our understanding of the origins
of the differences between humans, it sampled a limited (and necessarily foreknown)
collection of SNPs. The great promise will be when we can sequence whole genomes
(not just focus on part of the 0.1% that differentiate each of us) and correlate the
genetic, ethnic, environmental, and medical information of vast populations. With
this goal in mind, the $1000 Genome Project was initiated.

8.2.3

$1000 Genome Project

Completing the draft sequence of the human genome has been a massive achievement
that marks the beginning of the genetics age for society. However, capitalizing on
that investment and realizing the potential of the Human Genome Project requires
better understanding of what genetic variation means for biology and the ability to
sequence a multitude of whole genomes. The HapMap Project began to examine the
genetic differences between subpopulations with the sequencing of a small subset of
known polymorphisms. To continue towards a truly genetics age, we must have the
ability to sequence millions of genomes quickly and cheaply. With this goal in mind
(goal v in the Human Genome Project), the NHGRI sponsored the $1000 Genome
Project to develop technologies able to rapidly sequence a person’s entire genome
for less than $1000. One thousand dollars is the conceptual cost point needed for
routine analysis of individual genomes [383]. Inexpensive, whole genome sequencing
will enable the detection and typing of known, as well as unknown, polymorphisms,
and will also offer feasible, large scale population pattern discovery.
Technological progress has been swift and has dramatically driven down the costs
and increased the throughput to unprecedented levels. The cost of a human genome
sequencing in 2009 was $100,000 per genome, $20,000 in 2011, and $5000 in 2012.
Within the next 12 months it is anticipated that whole genome sequencing will cost
less than $1000 and take a mere 15 minutes [383, 386–388]. This is a considerable advancement from the first 13 year, $2.7 billion sequencing effort of the Human Genome
Project.
Once this goal has been reached, a new sequencing paradigm based on single molecules
will be faster, cheaper, and more sensitive, and will permit routine analysis at the
whole-genome level. Such information can be used in a wide array of applications
including functional/comparative genomics, exploration of microbial diversity for the
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agricultural biology field, pathogen identification, transcriptome characterization (and
in particular characterization of alternative splice variants), genotype-phenotype correlations, human and animal disease association, pharmacogenomics, the development of new molecular diagnostics and drugs, and personalized medicine [383, 386–
388].

8.2.4

The Promise of Personalized Medicine

There is little doubt that the ability to quickly and inexpensively sequence whole
genomes will revolutionize the entire health and biotechnology fields. This is a
paradigm changing technology. Genomic medicine is a powerful way to personalize health care at the individual level by using patients’ genetic information. By
identifying the genetic factors associated with disease it is possible to design more
effective drugs, to prescribe the best treatments for each patient, to identify and monitor individuals at high risk for disease, to provide prognoses for common diseases,
and to avoid adverse drug reactions. Ultimately this will lead to lower costs and more
effective treatments. Whole genome sequencing has already begun to transform clinical care. It is, albeit at a limited scale, currently being used to identify new and/or
rare diseases, diagnose certain cancers, personalize more successful cancer treatments,
and develop new diagnostic tests, medical devices, and patents.
Led by individual tissue allele tests (which look for particular SNPs and other biomarkers) to aid drug therapy decisions, the personalized medicine testing market exceeded
$28 billion in 2011 [389]. These tests are used to determine the appropriate therapeutics for an individual patient. The most dynamic part of the market, and the tests
that have turned personalized medicine from concept to reality, are these tissue allele
tests that determine therapy for cancer. To improve patient survival rates, therapies
in the oncology marketplace are being combined with predictive biomarkers to help
select patients who will respond to specific drugs. Although whole genome sequencing
is not yet routinely used in these applications (except for extremely rare cancers), it
could soon supplant tissue allele tests since one whole genome sequence run would
provide the information contained in any and all tissue allele tests.
The promise of personalized medicine, in particular for understanding mechanisms of
disease, identifying markers or risk of disease, improving diagnosis and definition of
disease, validating human targets, and studying response, including adverse effects,
to drug treatment is profound. The use of whole genome sequencing as a means of
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tailoring healthcare management to an individual’s specific needs could soon be commonplace. This technology, combined with detailed understanding of the structures
and functions of nucleic acids, will soon “radically [change] the condition of human
life,” as Fulbright described in the quotation beginning this chapter [381]. It remains
to be seen if we can “use them with wisdom”; to investigate not only the technical but
societal impacts of whole genome sequencing (goal vi in the Human Genome Project
aims) and personalized medicine, then we must examine the policy implications, the
stakeholders, and the risks of such technological advancement.

8.3

Policy Implications of Whole Genome Sequencing

From time to time a technology comes along that revolutionizes an entire sector.
There is little doubt that the ability to quickly and cheaply sequence whole genomes
is one such technology. However, being able to read entire genomes and unlock their
mysteries will result in an entirely new set of issues that require societal deliberation, research scrutiny, and regulatory consideration. As we stand at the brink of the
age of genetics, we must start looking now at the ethical and legal implications and
regulatory challenges of whole genome sequencing. Specifically, recommendations are
needed to government, health providers, biotechnology companies, and researchers.
Without widespread deliberation, application of this technology may not only be
slowed, but may also cause dramatic issues and harsh complications for government,
industry, researchers, and patients and their families. In the context of rapidly advancing science and an unprepared healthcare environment, many vital questions arise
particularly concerning protection, privacy, perception, practicality, and patentability
of genomic information.

8.3.1

Protection for Genetic Information

The process of implementing whole genome sequencing has begun largely in the major government-funded and non-profit research institutes. This technology has been
supported by leveraging the strong political will that exists to see real human health
benefits from the large investment already made in genetics, and in particular in
the Human Genome Project and its various ramifications. The nearly unanimously
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federal congressional passage (414-1 House, 95-0 Senate) of the Genetic Information
Nondiscrimination Act (GINA) of 2008 (122 Stat. 881) is just the beginning of the
governmental protections needed. GINA ensures that genetic information for particular diseases (found from biomarker analysis, known SNPs, and particular gene tests)
cannot be used by health insurers or employers to deny or differentiate coverage. It
does not prevent discrimination against people when applying for life insurance or
long term care and disability insurance. In addition, as research advances and more
complex information can be gleaned from genetic codes, GINA fails to protect this
information. Further, neither GINA nor the Health Insurance Portability and Accountability Act (HIPAA) of 1996 (110 Stat. 1936), which was originally designed
to address the security and privacy of health data, explicitly protect complex genetic
information. In particular, due to the limitations of our understanding of genetic information at the time of their creation, neither act explicitly protects a patient with
an increased likelihood for a particular complex condition but is written to protect
for particular diagnoses. Explicit extensions of GINA and HIPAA to cover whole
genome information are needed. Several states currently have more comprehensive
safeguards for their citizens, their legislation can serve as a starting point for further
patient protections both at the State and the Federal levels [390–394].

8.3.2

Privacy of Genetic Information

For patients, genomic privacy, particularly when combined with electronic health
records, poses several issues. For example, personal genomic information, once listed
on electronic health records, could be widely available to many healthcare practitioners including many who may not need access to it such as dentists, optometrists, or
emergency room doctors. It is foreseeable that many individuals with sensitive and
stigmatizing information in their health records will be very concerned about creating
a longitudinal, comprehensive record that can be accessed by any healthcare provider;
access controls on who has permission to view certain parts of medical information
will be needed. However, how to determine which specialties have access to particular
medical datum will be difficult.
In addition, there are concerns on how privacy and confidentiality can be ensured
for research purposes. Currently there are three options for handling this: using
de-identified data that removes the genomic information from the patient, allowing
individuals to opt out from having their data used, and inserting an opt-in provision
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into consent forms. All three of these options have their own problems and difficulties, mostly stemming from discomfort on the part of patients and incomplete or
limited data sets for the researchers. Genomic consent is a new concept for patients
and therefore great care must be given when describing the risks and benefits. Whole
genome information, particularly when done routinely for large populations, is incredibly powerful in that it does not suppose a particular condition and then look for it,
but rather because it allows for spontaneous patterns to emerge. Limiting either the
identifying data (which may have unknown research relevance) or allowing patients
to choose which parts of their genomic sequence are included may bias the research
samples dramatically.
Finally, there are other issues concerning non-medical uses of genomic data such as
disclosures required by law, for certain judicial proceedings, for tissue and organ donation purposes, for research purposes, for national security and intelligence activities,
and for workers’ compensation activities. It is important to note that in the United
States people are compelled to release their health records 25 million times per year
for a range of reasons, specifically for life insurance applications and specialized employment applications [383, 386]. It is inevitable that genomic information will be
used in ways beyond research and medical treatment applications.
The real remaining questions are only how broadly, with what purposes, and with
what consequences will genomic information be used. Ultimately, as a research community we must decide how we can continue to support science and research and also
protect individual privacy.

8.3.3

Perception of Genetic Information

As this technology becomes fully available, patients will need to be advised on the
benefits and risks of whole genome sequencing. Many ethical difficulties arise in these
situations. While the benefits have been discussed previously, risks concerning the
revelation of information that the patient would prefer not to know or have known
by others are possible. Late-onset diseases or behavioral tendencies that are difficult
or impossible to prevent can lead to stigmatization or discrimination. Patients may
not even want to know about certain susceptibility conditions for which preventative
actions are possible because of their unwillingness to engage in the behavioral or
lifestyle changes that would then be necessary [395, 396]. In addition, if a patient does
decide to have their genome sequenced to assess their risk of one particular disease,
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the results may also have information about risks for other diseases. It is unclear how
much of this information should be communicated to patients. Should physicians only
give information for which there is clinical utility, or is it unethical to withhold any
information related to patient health? If the patient only wishes to know information
directly related to the reason for his or her genome sequencing, it is unclear what
responsibility the healthcare providers have in sharing gene variants associated with
increased risk for disease. To further complicate matters, the thresholds for the clinical
validity of a gene variant and disease risk is undefined and patients’ risk of disease
based on their genomic profiles will change as research advances.
Next, we inherit our genomes; they are closely tied to our immediate and extended
family. There are many unanswered questions concerning the responsibility of a family
member to inform or shield their family from their genetic information and particular
diseases or risk factors [396]. Sequencing of embryos, fetuses, and infants further
muddles these issues since the previous discussion has assumed that a competent adult
is making their own decisions [395]. The rights, responsibilities, and consequences of
whole genome data inside of the family unit are complicated and unclear at this time.
Continued and focused efforts to protect and educate people about their genetic
information and to develop guidelines to navigate these complex issues are greatly
needed before routine whole genome sequencing and personalized medicine can be
spread widely throughout society.
Translating whole genome information to doctors and patients will be difficult. The
different responsibilities of the primary care physician, genetic counselor, and medical
geneticist need to be examined and perhaps redefined. Currently there are only about
2,000 genetic counselors in the United States (as compared to over 560,000 physicians)
[397]. If genetic counselors are to play a central role as genomic medicine is integrated
into clinical practice, there is a need for more genetic counselors. At the same time,
other health care providers will need to learn more genomics so they can better
inform and treat their patients. The standard practice of care for doctors with regard
to genomic medicine needs to be defined. Finally, if patients are expected to make
important lifestyle decisions based on their complex and individual genomic data, they
will need appropriate support to help them understand their genetic proclivities, the
implications for their families, and to make responsible lifestyle changes.

8.3 Policy Implications of Whole Genome Sequencing
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Practicality of Genetic Information

Genomics is now beginning to trickle out of the academic labs and into the clinical
medical field. With the rise of electronic medical records and the ability to sift enormous quantities of data, biobanks of genomic and traditional medical information
are being created. Researchers have begun to take full advantage of these resources;
however, the vast majority of hospital and other clinics do not have the infrastructure necessary to begin to implement this and other similar genome-based medical
innovations.
Further, health insurance companies are unlikely to cover sequencing in the absence
of proven clinical utility. Initial government payments, in the form of research grants,
incentives for insurance companies, or funding through Medicaid or Medicare, for
genome sequencing to provided coverage are possible remedies until clinical utility
is fully developed. Once improved patient outcome is proven, and the consequential
cost saving measures are fully understood, whole genome sequencing will move from
being a theoretical promise to that of a practical application.

8.3.5

Patentability of Genetic Information

There are also other outstanding legal issues that are currently being debated, one
of particular concern to the biotechnology industry is the ability to patent all or
part of a gene or genome. The United States Patent and Trademark Office has
granted thousands of patents on human genes. In fact, about 20% of human genes
are patented. A gene patent holder has the right to prevent anyone from studying,
testing, or even examining a particular gene. This is a hotly contended issue: on
one side, claims have been made that as a result, scientific research and genetic
testing has been delayed, limited, or even shut down due to concerns about gene
patents; on the other side biotechnology companies make enormous investments into
the discovery, examination of a gene, and development of any related diagnostic tests
or drug treatment regimes.
An example of this raging debate is a 2009 lawsuit, Association for Molecular Pathology, et al., vs. United States Patent and Trademark Office, et al., filed against Myriad
Genetics and the United States Patent and Trademark Office by professional medical
organizations, doctors, and patients. The complaint challenged specific claims on
isolated genes and diagnostic methods in several of Myriad Genetics patents on the
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BRCA1 and BRCA2 genes. BRCA1 and BRCA2 are two gene mutations which can
dramatically increase a woman’s likelihood of developing breast cancer. The plaintiffs
wanted certain claims declared invalid on the grounds that they are not patentable
subject matter, that is that the isolated genes are unpatentable products of nature
and that diagnostic method claims are mere throughput processes that do not yield
any real world transformation. Patentable subject matter, along with novelty, inventive step, transformation, utility, and industrial applicability are the fundamental
requirements of patentability. The initial case was heard in United States District
Court and was ruled, on March 29, 2010, that the patent claims were invalid. Upon
appeal in the Federal Court, the decision was overturned in part and upheld in part.
The July 29, 2011 decision overturned the District Court’s finding that the claims
covering isolated gene sequences are invalid and also overturned the invalidity of some
of the diagnostic claims; the Federal Circuit upheld the finding that the claims for
the diagnostic methods that only compare or analyze sequences (and thus have no
transformative step) are invalid. Further appeals are likely; on October 12, 2011 the
plaintiffs petitioned the Supreme Court to hear the case. In addition, Congress is also
currently examining whether patents on genetic material should be treated differently
from other intellectual property. Fundamentally, this issue is far from decided.
The patentability of genetic information is only going to get more complicated with
the introduction of routine whole genome sequencing. Instead of involving a single
gene at one location on the human genome, whole genome sequence data necessarily
will involve thousands of genes and millions of SNPs across many chromosomes. In
addition, a paradigm of free and open access to sequencing data has been set with the
public release of the preliminary reference sequence data from the Human Genome
Project in 2000. The decision, from the project’s onset, to release sequence data daily
has fueled genomics ever since and has led to other open data sets such as the Cancer
Genome Atlas [398, 399]. This precedent for whole genome sequencing has served
the research community well; how such a system can mesh with the patentability of
genes is currently unknown.

8.4

Conclusions

Translating the technical details of nucleic acid sequences and their complex structures
developed in Chapters 1 to 7 and combining these concepts with whole genome sequence information paves the way to truly understanding our DNA. Humans are now
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at the brink of a new era, the genetic age, in which rapid, inexpensive, and detailed
knowledge of our individual chromosomes will be commonplace. The promise of personalized medicine, in particular for understanding mechanisms of disease, identifying
markers or risk of disease, improving diagnosis and definition of disease, validating
targets for treatments and studying the response (including adverse effects) to drug
treatments, is vast. Continued research in both the complex physical and biochemical interactions of nucleic acids and in the public policies concerning their usage in
society are needed as we move towards the future and realize the possibilities of the
genetic age.
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