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Abstract of Dissertation

Structure-Modulated Electrostatic Interactions between Nucleic Acid Helices

Electrostatic interactions are significant for biomolecules given the prevalence of

electric charges in all major families of biomolecules (e.g., DNA/RNA, proteins, and

lipids). Precise and predictable knowledge of biomolecular electrostatics has thus

been a longstanding goal in biophysics. While the physical laws of electrostatics

are well-established, biomolecular electrostatics presents formidable challenges due to

the sheer size of the multi-component system in a salty aqueous environment. As a

result, our understanding of biomolecular electrostatics is far from complete, despite

extensive efforts in the past decades. My dissertation research focuses on the model

system of nucleic acids helices and aims to elucidate the role of molecular structure,

largely ignored up to now, in electrostatic interactions.

Specifically, we probe how structures of nucleic acids and peptides affect the elec-

trostatic interactions between nucleic acid helices by osmotic stress method and x-ray

diffraction (XRD). Different DNA/RNA sequences and surface modifications are used

to produce the various helical structures of nucleic acids, osmotic stress is used to

vary the forces between nucleic acid helices (DNA-DNA or RNA-RNA), and XRD is

used to measure the inter-helical spacings. Consequently, our measurement yields the

quantitative relationship between DNA-DNA force and DNA-DNA spacing.

Our first-of-its-kind measurement discovers and quantifies structure-dependent

behaviors in force-spacing relations of DNA-DNA and RNA-RNA interactions that

appear to be strongly correlated with the incurred structural changes. Furthermore,

DNA-DNA forces modulated by the peptides, selected from histone tails with dif-

ferent charges and sequences are measured. The force curves are found to depend

on both the total charge and sequence of the peptides, revealing specific (peptide-

sequence modulated) and non-specific (charge modulated) interactions with DNA.
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More broadly, our observations bear biological implications concerning chromatin

conformation and epigenetic regulations, and possible future directions include stud-

ies of additional biological nucleic acids and peptides sequences, molecular dynamics

simulations (MD), and bioinformatic analyses.
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Chapter 1: Introduction and Background

1.1 Overview of Molecular Biophysics of Nucleic acids

Nucleic acids, namely deoxyribonucleic acids (DNA) and ribonucleic acids (RNA),

are foundational for all living systems, as reflected from the central dogma of molec-

ular biology dictating the informational flow from DNA to RNA to protein. The

biological information of nucleic acids is stored in its linear sequence of nucleotides

(e.g., G, C, A, and T for DNA and G, C, A, and U for RNA). Biophysical stud-

ies of nucleic acids aim to elucidate their biological functions at quantitative and

mechanistic levels by applying physical ideas and methodologies. In the realm of

molecular biophysics pertinent to this dissertation, an overarching paradigm is the

sequence-structure-function relationship of biomolecules, and the key physical idea is

that these relationships are driven by a full set of molecular interactions including

covalent bonding, electrostatic, hydrophilic, hydrophobic, and entropy forces. Con-

sequently, molecular biophysics seeks to measure and codify biomolecular structures

and interactions so as to decipher the link between biological sequence and function.

For example, DNA carries genetic information and provides instructions for RNA and

protein synthesis through the process of transcription and translation. Biophysicists

made a monumental contribution by determining the iconic double-helical structure

of DNA without which it would not have been possible to decode how this blueprint

of life works at the molecular level. Our knowledge of the physical genome has grown

dramatically since the early days, and the National Institutes of Health recently ini-

tiated the 4D nucleosome project [1] to map the three-dimensional structures of the

genome in different cellular stages and types.

More broadly, nucleic acids biophysics has become a burgeoning field, taking ad-

vantage of tremendous advances in biology, such as the human genome project and

the ENCODE project. These biophysical studies employ a wide range of experimen-
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tal and theoretical approaches and encompass vast scales in time (e.g., microsecond

vs. developmental), number (e.g., single vs. ensemble), and length (e.g., molecular

vs. genomic). This dissertation takes an experimental approach to characterize the

thermodynamics of nucleic acids structure and interactions, particularly on the forces

between nucleic acids helices within sub-nanometer surface separations.

How genetic information is controlled and what role the compacted forms of DNA

and RNA play are unanswered questions of biology [2], while being fundamentally

important. The traditional view of nucleic acids being passive gene carriers has

given way to a fast-growing list of structural, catalytic and regulatory roles, and our

scientific interest in nucleic acids has greatly expanded. We have long learned that the

universal task of genome packaging employs diverse strategies to overcome the like-

charge repulsion between nucleic acids. Moreover, DNA itself can have functional roles

such that its packaging and structure may drive an important biological regulation.

On the other hand, RNA (with nitrogenous bases guanine, cytosine, adenine, and

Uracil denoted by letters G, C, A, and U respectively) gets its sequence information

stored in DNA via transcription. Note that RNA serves as the primary carrier of

genetic information for most viruses which though are considered non-living. Unlike

DNA predominantly in double-stranded form, RNA is usually found in single-stranded

form and performs a much wider range of biological functions. There is also a dearth

of knowledge about how DNA and RNA compact and interact with itself and with the

different components in the cell. Below we briefly review our biophysical knowledge

of DNA and RNA helices in biology and the state of biophysical understanding of

DNA and RNA in different cellular stages and types.

1.1.1 DNA in Eukaryotic Cells

In a eukaryotic cell, DNA is tightly packaged inside the nucleus. For example, 2

meters long DNA is packaged inside a nucleus having 10 µm diameter in a human
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cell. Along with the tight packaging, DNA should also be easily available to provide

genetic information. Inside a nucleus, such long strands of DNA are compacted in

the form of chromosomes. One of the most astounding things is that DNA folds in

a very tight way in a chromosome but is available to many enzymes in the cell that

helps it to replicate and transcribe so that it produces proteins [3].

Figure 1: Levels of DNA compaction into a chromosome [3].

Figure 1 shows different levels of DNA compaction into a chromosome. In the

first level of compaction, 147 base pairs (bps) of negatively charged DNA wraps 1.67

times around eight positively charged histone core proteins, with two copies of the
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four histones H2A, H2B, H3, and H4, forming a nucleosome core particle (NCP).

NCPs are linked by a linker DNA with a variable length in the range of 10 to 90

bps [4]. The beads on a string form of chromatin as labeled in Figure 2(A) shows

the first level of DNA compaction with two NCPs. Each NCP structure is further

stabilized by linker histone H1 or H5 which binds to the DNA entry and exit sites, as

shown in the Figure 2(B). In the second level of compaction, NCPs compact together

into the form of 30 nm chromatin fiber. The linker histones H1 or H5 also play a

crucial role in the stability of 30 nm fiber. In the third level of compaction, myriad

of proteins package chromatin fibers into 300 nm chromatin loop, which is a section

of chromosome in an extended form. And, in the fourth level of compaction, these

chromatin loops further compact into a 700 nm condensed chromatin loop, which is

a specific part of a chromosome.

Figure 2: Nucleosome core particle (NCP). (A) Two nucleosomes with important
components identified [5]. (B) A nucleosome with linker histone H1 or H5.

1.1.2 Chromatin Structure in Eukaryotic Cells

Except knowing the levels of compaction of DNA into the chromosome, we lack the

knowledge of the exact structure of most of the levels. Our knowledge of structure is

now limited to the nucleosome, which was determined with atomic resolution more

4



than a decade ago [6]. Figure 3 shows the detailed crystal structure of a nucleosome

core particle. Moreover, how nucleosomes pack together is still unknown. It is worth

emphasizing that this uncertainty in knowing the structures remains despite knowing

the atomic structures of a mononucleosome [7], dinucleosome [8], and tetranucleo-

some [9, 10] by using x-ray crystallography and cryogenic electron microscopy (cryo-

EM). The limitations in these findings are these methods use conditions very different

than the cellular condition, and it is unclear what effect such artificial environment

causes.

Figure 3: Cryatal structure of nucleosome core particle with pertinent components
identified [7]. DNA is represented by brown and turquoise ribbon traces. Histone
proteins H2A, H2B, H3, and H4 are represented in yellow, red, blue, and green color,
respectively.

In vivo, how nucleosomes pack together is critical as it affects the interactions

with many molecules. At the poly nucleosome level, the folding of 30 nm chromatin

fiber, as shown in figure 1, is very important as its arrangements mediate ”commu-

nications” between different gene fragments, such as ”enhancers” and ”insulators”.
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At the whole chromosome level, genes that do the similar group of functions tend

to cluster together. Even more, the surrounding environment also appears to have

influence, e.g., each chromosome is observed to be localized at a certain region of the

nucleus and such localization is supported by tethering to the nucleus envelope at

various chromosome sites.

Meanwhile, recent years have seen growing interests in probing mesoscale confor-

mations of chromatin. At the oligo-nucleosome (i.e., 30 nm fiber) level, there exist

many models such as a one-start solenoid, two-start supercoil, two-start zigzag, and

two-start twisted structures [2, 11]. There is also an opposite report that 30 nm fiber

doesn’t exist [12]. With all these, while there is growing research conducted in this

field, we lack quantitative understanding in the fundamental level, i.e., nanometer-

scale chromatin structures across the whole genomic scale.

1.1.3 Factors Affecting Chromatin Structure in Eukaryotic Cells

There are many factors which affect the structure of eukaryotic chromatin. Some

of the important factors are macromolecular solutes acting as molecular crowders,

cellular ions, removal of charged regions of histone tails, removal of charged regions of

linker histones, variations of the genetic sequence, and modifications of the histones

known as epigenetic modifications.

In vivo, 30% of the nucleus volume is covered by macromolecular solutes [13].

These solutes, which act as molecular crowders, are preferentially excluded from the

vicinity of the chromatin and exert an effective force also known as depletion induced

force. This force certainly affects the structure of chromatin. However, a clear effect

of this force in the structure of chromatin is still a subject of intensive research.

Cellular ions also affect the chromatin structure. As a nucleosome is highly neg-

atively charged, carrying a net charge of −150e with −294e from DNA and +144e

from histone proteins, electrostatics plays an important role in the inter-nucleosomal

6



interactions. A very strong dependence of folding of nucleosome arrays with ions and

ion concentrations has been observed [14, 15, 16]. The effect of cationic valances on

the nucleosome array structure has also been studied [17, 18, 19], and the important

findings are monovalent cations screen the DNA charge causing the switch of interac-

tions from repulsive to attractive, whereas divalent cations act beyond screening and

nucleosomal attraction, and even cause condensation of nucleosome arrays [20].

The amino acids charge distribution in the histone tails also contributes to the

electrostatic interactions of the nucleosome. In a nucleosome, each histone contains

two regions, the ”histone fold” and the ”histone tails”. Histone fold occupies approxi

mately 70% and histone tail occupies approximately 30% of the histone mass, and

they contribute nearly +90e and +44e charges respectively. The building blocks of

histone fold are histones H2A, H2B, H3, and H4. Histone fold first forms histone

dimers (H2A-H2B, and H3-H4), which then form histone octamer by two H2A-H2B

dimers and two H3-H4 dimers. Histone tails contribute to the binding of DNA around

the histone octamer, linker DNA [21] and the neighboring nucleosomes [6, 7].

The amino acids charge distribution of linker histone H1 (or H5 mainly present in

avian species) play a key role in stabilizing nucleosome and higher-order chromatin

structure. H1 and H5 both have central globular regions with flexible N- and C- termi-

nal tails and bind to the NCP at the DNA entry and exit sites. The amount of linker

histone H1 (or H5) present is nearly half of each histone. They have active epigenetic

marks and play a crucial role in chromatin organization and gene regulation.

The other important factor affecting the structure of chromatin is sequence varia-

tion of both the nucleosomal and linker DNA. The specific sequence of DNA has a spe-

cific structure, which presumably influences its binding with the nucleosomal proteins.

Moreover, the bending of specific sequence of DNA affects the positioning and sliding

of the nucleosome as well as DNA accessibility and linker DNA lengths [4, 22, 23] .

The linker DNA, which may have different lengths and can twist (∼3600 per 10 bp),
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strongly controls the structure of chromatin.

The other factor affecting the chromatin structure is modifications of the histone

tails. Histone tails are open to modifications, known as epigenetic modifications.

Modification to the histone tails controls the structure in such a way that it organizes

the gene in two regions, euchromatin and heterochromatin regions, which controls

the accessibility of DNA for transcription. Euchromatin regions are easily accessible

and heterochromatin regions are less accessible for transcription. At least nine differ-

ent types of histone modifications are known, and most understood are acetylation,

methylation, phosphorylation, and ubiquitylation.

Among these various factors affecting the structure of chromatin, my research

seeks to investigate the effects of several key governing factors such as histone tails

and its modifications, linker DNA sequence, and linker proteins H1 and H5. Fur-

thermore, understanding the effects of these key governing factors on the structure of

chromatin requires the understanding of the physical forces between different part-

ners of interaction (DNA-DNA, DNA-nucleosome, and nucleosome-nucleosome) in

chromatin. The reason behind this is forces of interactions are the actual keys for

the stabilization of a structure. So, my research further seeks to quantify the forces

between DNAs, DNAs and histone tails, and DNAs and linker histone tails.

1.1.4 Bacterial Chromosome- a Model System for Prokaryotic Chromo-
some

Bacteria have a circular chromosome where DNA is contained. Figure 4 shows the

cartoon image of a bacteria where the circular chromosome is inside an irregularly
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Figure 4: Bacterial cell with important components identified.

shaped structure known as the nucleoid. The nucleoid volume is composed of ∼60%

double-stranded DNA, ∼30% messenger RNA, and ∼10% transcription factor pro-

teins. The bacteria also contain small plasmids (circular DNA) outside the nucleoid,

which guard host bacteria by protecting it from antibiotics, unusual substance, and

other kinds of bacteria. Bacteria can receive plasmids from other bacteria or sur-

rounding environment and can also lose it through the process of cell division. The

transcription factor proteins remaining inside the nucleoid are also known as DNA

binding proteins or nucleoid-associated proteins (NAPs), and are very distinct than

the histones of eukaryotic nuclei. NAPs partially neutralize the DNA charge and use

looping mechanisms to fold it inside the nucleoid.

How the genome is structured and segregated inside the nucleoid has been a

perplex for a long time. The length of the genome inside bacterial chromosome

varies, but it is at least a few million base pairs. In comparison to nucleoid size

(∼mm range), the length of the genome is very large. So, to fit inside such a small

nucleoid and to remain segregated, genome folding should be well ordered that favors

DNA-protein transactions and operating segregation.
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Figure 5: Escherichia coli (E. coli) nucleoid visualized by transmission electron mi-
croscope (TEM) [24].

Current approaches in live cell imaging and genome-scale investigations have pro-

vided important information for these problems. Figure 5 shows the TEM image of

an E. coli nucleoid, where DNA folds as convoluted loops emerging from a dense core.

The DNA in such a form is suggested to be organized by NAPs and RNA [25, 26, 27].

However, the principle behind such a dense folding, its arrangement, and its dynamics

in the bacterial cell is still debatable. We argue that such a dense folding of DNA

should be influenced by the interaction between different partners, such as DNA-

DNA, DNA-proteins, and DNA-RNA. The quantitative measurements of DNA-DNA

interactions in Chapter 2, and DNA-oligo-peptides in Chapter 4 of this dissertation

could be very helpful to understand the DNA folding, arrangement, and dynamics in

the bacterial nucleoid.
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1.1.5 Viral Genomes

A virus has either an RNA genome or a DNA genome and is known as an RNA virus

or a DNA virus, respectively. The greater number of viruses have RNA genomes.

Most of the plant viruses are RNA virus (have single-stranded RNA as a genome)

and most of the bacteriophages are DNA virus (have double-stranded DNA as a

genome). Bacteriophages are ubiquitous viruses in the environment, which replicate

in the cytoplasm of a bacterium or archaea. As shown in the Figure 6, a bacteriophage

has an icosahedron head where the genome is located.

Figure 6: The structure of a typical bacteriophage with pertinent components iden-
tified [28].

An example of a DNA virus having a double-stranded DNA genome is Epsilon15

bacteriophage. Figure 7 shows the cryo-EM image of the Epsilon15 bacteriophage

head with all important constituents identified. The DNA in Epsilon15 is ∼40 kb

long, which is ∼14 micro-meter in its extended form. To fit such a long DNA into the

capsid of ∼700 Å dimension, it needs to have tight compaction. At the same time,

such compaction should also be suitable for DNA release in infecting bacteria. The

structure of Epsilon15 genome, at least up to three layers (shown in figure 7(C)), has
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been resolved adequately. The DNA in such layers have ∼25 Å separation and are

packaged concentrically around the vertical axis [27]. However, genome organization

in most bacteriophages (e.g., bacteriophage Lambda) and the role of their tightly

packaged genome in infecting bacterial is elusive despite extensive studies. Our studies

of DNA-DNA interactions in Chapter 2 of this dissertation could be very helpful to

unravel such elusive nature of genome organization in bacteriophages.

Figure 7: Structure of Epsilon15 bacteriophage head [29]. (A) Surface view (B) 3-D
density map (C) Tilted view of packaged dsDNA. The light blue to dark blue color
gradient used in (B) and (C) indicates the packaging order of dsDNA from the outer
layer to the inner layer and ending at the central terminus.

1.1.6 Genome in Sperm

Sperm cells are male gametes which carry 23 chromosomes inside a nucleus in the

oval-shaped head. As shown in Figure 8, sperm cell consists of a distinctive head,

a small mid-piece (body), and a long tail. During spermatogenesis, which takes

∼74 days to complete, a meiosis cell division reduces chromosomes to half and its

shape and size changes as the sperm develops to its mature stage. In mature sperm

cell, histone proteins are replaced by 32 amino-acid long arginine-rich protamines (21

arginines and 11 neutral amino acids with sequence PR4S3RPVR5PRVSR6G2R4) to
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densely pack DNA inside the nucleus. Unlike DNA packaged by histones, the density

of DNA packaged by protamines is similar to the density of DNA packaged by small

multivalent cations such Mn2+, Co(NH3)6
3+, spermine, spermidine, and arginine-rich

oligopeptides [30, 31]. Such a dense packaging of DNA is crucial for protecting DNA

from the damage [32]. The physical understanding of DNA packaging by protamine,

including the role of its neutral and charged amino-acids, is still debatable. The force-

distance measurements between dsDNA and oligo-peptides, derived from histone tails

and nucleosome binding proteins (H1 and H5), in Chapter 4 of this dissertation could

be very helpful for understanding the nature of DNA packaging by protamine in a

sperm nucleus.

Figure 8: A sperm cell with important parts identified [33].

1.2 Outline of the Dissertation

The goal of our research is to gain a physical understanding of the structure modulated

nucleic acids interactions using well-known techniques such as osmotic stress method

and x-ray diffraction (XRD). Our research focuses explicitly on double-stranded nu-

cleic acids (dsDNA and dsRNA) because most of the molecular genomes are in double-

helical form. The osmotic stress method and XRD are chosen because these methods
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are well suited to probe structural effects in nucleic acids interactions due to their

length scales.

The introduction in Chapter 1 motivates the research. Chapter 2 contains the

fundamental studies of DNA-DNA forces for sequence-specific DNAs. The sequence

variation gives rise to structural differences, and we probe the effects of structural

differences in DNA-DNA interactions. We present a series of quantitative measure-

ments of DNA-DNA forces with different DNA sequences and with modification such

as bromination. Chapter 3 contains the quantitative measurements of RNA-RNA

forces for sequence-specific dsRNAs. The dsRNA is treated as the surface modified

dsDNA because RNA chemically differs from DNA in the extra hydroxyl (-OH) group

at its ribose backbone. We probe the effect of such modification in their interactions.

Chapter 4, the main component of this dissertation, contains the DNA-histone tails

interactions, where we present quantitative measurements of DNA-DNA forces modu-

lated by oligo-peptides selected from the tails of histone proteins and histone binding

proteins. Most of the possible oligo-peptides with 9 amino acid and +4 to +7 charges

are chosen from the tails of histone proteins and histone binding proteins and are

used to modulate the DNA-DNA interactions. Our goal is to probe the effect of the

total charge and actual sequence of oligo-peptides in the DNA-DNA interactions. The

biological implication of our study lies in the chromatin conformation and epigenetic

regulations.

Portions of Chapters 2, 3, and 4 in this dissertation are in preparation for publi-

cation. The summary and outlook in Chapter 5 conclude this dissertation.
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Chapter 2: Structure-Guided DNA-DNA Interactions

2.1 Introduction

The interaction between and within macromolecules is the driving force to all cellu-

lar processes at the molecular level. Quantitative understanding of interacting forces

and the molecular elements modulating them is integral to comprehend biomolecular

structure and function. The kinds of molecular forces of interest here are non-covalent

in nature, and some examples include electrostatic interactions, hydrogen bonding,

hydration, and entropy forces. Molecular biology techniques have recently become so

advanced that researchers are able to manipulate and measure interaction forces at

the single molecular level as well as in the ensemble of structures. Single molecular

techniques, such as atomic force microscopy (AFM), optical and magnetic tweez-

ers, glass microneedles, and biomembrane force probes, allow us to understand the

biomolecular mechanics under applied external pulling forces. On the other hand,

ensemble studies, where biomolecules are compacted into higher densities by merely

concentrating it or adding crowding macromolecules (e.g., osmolytes), allow us to

probe the thermodynamic interactions of biomolecular solutions or condensates.

Our research mainly focuses on ensemble studies of biomolecules. One of the most

significant forces in biology is the electrostatic force, which is vital for all classes of

biomolecules (nucleic acids, proteins, carbohydrates, and lipids) because their charged

or polar groups are liable to strong electrostatic interactions [34, 35, 36]. Nucleic

acids are model systems for quantitative measurements of electrostatic interactions.

First, nucleic acids are one of the most highly charged macromolecules, e.g., double-

stranded DNA (dsDNA) with 2 nm diameter has a linear charge density of -6 e/nm

and surface charge density of -1 e/nm2. Second, the charges of nucleic acids have

the same sign (negative) and are regularly spaced. Third, the interactions of nucleic

acids with water, ions, and themselves are mostly electrostatic. Moreover, helically
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structured nucleic acids have negligible conformation change under a wide range of

conditions, and they have large persistence length to diameter ratios (e.g., 50 vs. 2

nm for dsDNA).

Nucleic acids are also representative of charged biomolecules which interact elec-

trostatically with itself and with many other charged biomolecules. Among the part-

ners that interact with nucleic acids primarily via electrostatic, proteins are perhaps

the most important and they help to organize the nucleic acids and regulate its func-

tions. Examples of nucleic acids interaction with proteins include packaging of eu-

karyotic DNA into nucleosome [37], packaging of viral DNA by molecular motors [38],

and gene regulation by DNA-binding transcription factors [39]. Many other globular

proteins and saccharides also carry polar/charged groups and exhibit electrostatic

interactions with nucleic acids. Therefore, physical understanding of electrostatic

contribution to nucleic acids structure and dynamics is a crucial step to elucidate the

molecular mechanism of their diverse biological functions.

2.2 Cation Modulated Nucleic Acids Interactions

Cations are abundant and ubiquitous in physiological conditions. Possessing opposite

charges to nucleic acids, cations strongly modulate electrostatic interactions of nucleic

acids with itself and its partners. Without cations, interactions between nucleic acids

are dominated by electrostatic repulsion between their exposed, negatively charged

phosphate backbones. Both ion valence and structure of cations are proven to be

important.

While all cations can screen electrostatic repulsion, multivalent cations (i.e., va-

lence ≥ 3) can mediate attraction between DNA or RNA duplexes at sub-mM concen-

trations [40]. The multivalent cation mediated attraction (MCMA) necessarily arises

from strong electrostatic correlations between charged surfaces and ions, though the

exact physical mechanisms of MCMA remain under debate.

16



Figure 9: Cartoon illustration of the hydration layer in DNA-DNA interaction [41].

Nucleic acids are completely soluble in water in low salts. Figure 9 shows the car-

toon illustration of hydration between DNA helices. The hydration of nucleic acids at

larger distances (surface-to-surface separation ≥ 1 nm) is dominated by electrostatics

because of the highly charged nature of nucleic acids. Below 1 nm surface-to-surface

separation, the overlapping of hydration shells of nucleic acid helices increases the di-

electrics giving the hydration forces. In addition to that, the fluctuations in dielectrics

induce the van der Waals interactions, which, however, are very weak and neglected.

When nucleic acids are very close with surface-to-surface separation ≤ 0.4 nm, the

hydration shells disrupt and nucleic acids may have conformation change [41].

Figure 10: Cartoon illustration of the hexagonal ordering of nucleic acids.

The DNA helices are highly insoluble even in dilute multivalent cation solutions,

known as DNA condensation [31, 42, 43]. Examples include the condensation of ds-

DNA by counterions such as Cobalt3+ Hexammine (Co3+Hex) and polyamines and the
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condensation of triple-stranded DNA (tsDNA) by Mg2+, Ca2+, and Ba2+ [44]. Con-

densed DNAs are liquid crystalline arrays with local hexagonal ordering, as shown in

Figure 10. Such ordering is evident from optical and electron microscopy and x-ray

scattering [45, 46, 47]. Adding monovalent ions (and divalent ions for the dsDNA

case) can delay or even completely suppress DNA condensation [42], suggesting an

electrostatic root of the multivalent-cation-induced DNA-DNA attraction. The mean

field theories predict repulsion between like-charged DNA under all ionic conditions

and thus fail to explain DNA condensation [31], or the so-called ”like-charged attrac-

tion”. We have yet to agree on the physical origin of the attractive force, despite

intense efforts in recent decades [31, 35].

2.3 The Role of Versatile DNA Helical Structures

In comparison with the vast experimental and theoretical research on ions, the role

of DNA structure in DNA-DNA interactions is much less studied. The surface struc-

ture of DNA directly determines the positioning of water and charged ions, thereby

actively participating in hydration and electrostatic interactions. Different surface

structures of DNA may arise due to different reasons. First, due to applying extreme

ionic/solvent conditions to the DNA, which may change the conformation of DNA.

Second, due to applying modifications to the DNA. Third, due to choosing non-

random DNA sequences. Figure 11 shows several different helical structures of DNA.

Random sequence DNA has a canonical structure known as the B-form, whereas

non-random sequences may have different helical parameters than random.
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Figure 11: Different families of DNA [48]. The top and bottom images are the side
view and the top view looking down the helix axis, respectively.

Parameter A-DNA B-DNA Z-DNA
Helix sense Right Right Left

Base pairs per turn 11 10.5 12
Axial rise (nm) 0.23 0.332 0.38

Helix pitch (nm) 2.82 3.32 4.56
Major groove Narrow/very deep Wide/deep Flat
Minor groove Wide/shallow Narrow/deep Narrow/deep

Helix diameter (nm) 2.3 2.0 1.8

Table 1: Different helical parameters for A-, B-, and Z-DNA [49].

There are three major families of DNA structures: B-DNA, which is favored by

mixed sequence nucleotides; A-DNA, which is preferred under dehydrating conditions

of any sequence and specific stretches of purines, even with hydrating conditions

(e.g., GAGGGA); and Z-DNA, which is favored by alternating purine-pyrimidine

sequences (e.g., CGCGCG). The structural parameters of different families of DNA

helices are given in Table 1. B-DNA is the most common right-handed helix. Due to

slight variations in structural parameters corresponding to dinucleotide pairings, the
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structure of B-DNA with different sequences may vary slightly. A-DNA is also right-

handed, but, unlike B-DNA, it is somewhat squeezed with a narrow major and wide

minor grooves. A-DNA has off-center stacking of bases, which makes it less stable and

rigid than B-DNA. At least four purines (or pyrimidines) in a row are sufficient for

creating a local A-DNA conformation, but specific purine stretches are more likely to

make A-DNA than others. Z-DNA, on the other hand, is left-handed and is slightly

stretched with flat major and narrow minor grooves. The phosphate backbone of

Z-DNA is zigzag (hence its name) and its nucleotide bases are flipped upside down.

The triple-stranded DNA (tsDNA) is also a right-handed DNA, which forms by the

third strand binding to a B-DNA duplex by Hoogsteen base pairing [50]. The tsDNA

has higher charge density and a different groove geometry than the duplex DNA.

Sequence-dependent double-helical structures significantly influence interactions

with cations and solvent. Many non-random-sequence dsDNA structures, within the

context of electrostatic interactions with ions, have been observed to show different

preferential cation-binding sites, primarily due to the accessibility of the minor and

major grooves [51]. One example is the A-DNA, such as AA-TT or AT-TA duplexes,

of 4 bps or longer, appear to localize divalent cations (e.g., Mg2+) in the narrow

minor grooves [52]. Likewise, the hydration patterns also depend on the sequence,

notably the ”spine of water” in the minor grooves of B-DNA [53], e.g., previous sound

velocity measurements reported anomalous behaviors of AA-TT oligomer compared

with other sequences [54]. Thus, non-random dsDNA sequences, though not all of

them, may have different physical properties, e.g., structures and electrostatic inter-

actions. Furthermore, they may possess special biological functions such as AT-TA

in nucleosome positioning[55] and Z-DNA in telomere maintenance and stability[56].

Most of the DNA in a living cell is in A-or B-DNA conformations, with few

stretches capable of forming the Z-DNA conformation. Each DNA conformation has

significant roles in biology. DNA-RNA hybrids, dsRNA, and triplex DNA are usually

20



in A-DNA conformation. During transcription, a transition from B- to A-DNA is

favored because DNA-RNA hybrids are more stable in A-DNA conformation. A-DNA

also has significant roles in cellular processes that don’t involve RNA. For example,

the protein-induced change in conformation of B- to A-DNA during bacterial cell

sporulation. Short stretches of purine in A-DNA conformation are frequently found

in genomes. For example, nearly half the DNA in eukaryotes and a fourth of genome

in bacteria is in A-DNA conformation. Since the structure of B-DNA mainly depends

on the sequence of nucleotides, some conformations (e.g., ATAT), which can be easily

opened, can be found in the initiation sites of transcription. Other sites, which are

rigid, can serve as protein binding sites or place of specific complex formation. Z-

DNA conformations are mostly found in complex eukaryotes. For example, proteins,

which are responsible for mRNA editing, are activated upon binding with Z-DNA of

a gene.

Sequence-dependent superhelical structures of nucleic acids (triple- and quadruple-

stranded DNAs) can also form and give rise to unique behaviors and provide novel

insights into physics and biology. An example of the biological role that tsDNA plays

is the family of trinucleotide-repeats related diseases such as Friedreich ataxia [57]. An

important point here to note is that DNA having different structures/conformations

exist inside cells, but we lack the fundamental knowledge of how DNA duplexes

interact with itself, cations, and solvents. Such knowledge would be very significant

to understand the structure-function relationship of DNA helices inside the cells.

2.4 Sequence/Structure-Dependent Nucleic Acids Interactions

Cells develop diverse strategies to control DNA conformation and dynamics, such as

histones and chromatin architectural proteins in eukaryotes and nucleoid-associated

proteins in bacteria. These protein-centered mechanisms further enable the protein-

DNA cross-linking required for the various chromosome conformation capture meth-
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ods to map conformation at the genomic scale.

On the other hand, a new paradigm is emerging that nucleic acids actively partic-

ipate in and even direct their own regulation. Such capabilities stem from sequence

and environment-dependent nucleic acids properties such as mechanical, topological,

or electrostatic characteristics. For example, sequence-dependent bending rigidity

may regulate looping and nucleosome binding probabilities[58]. Shape analyses of

DNA topology led to the revelation that many transcription factor families recognize

minor groove geometry as a vital factor to specificity [59]. The sequence/modification-

dependent DNA-DNA interaction has also been proposed to regulate global chromatin

conformation and dynamics [60].

Recent biophysical studies have started shedding light on the sequence dependence

of DNA-DNA interactions. DNA triplex (i.e., triple-stranded) can be condensed by

divalent cations such as Mg2+, which has been attributed to the larger charge density

of triplex [44]. The importance of grooves was first evident from the resistance of RNA

duplex to condensation as a result of the deeper RNA major grooves internalizing

bound ions [61, 62, 63]. The recent reports of DNA-sequence/modification dependent

DNA-DNA attraction in multivalent cations further showed the importance of groove

biochemistry in regulating DNA-DNA interactions [60, 64].

A recent study [64] investigated that nucleic acid duplexes attract each other in

the presence of spermine (a unique multivalent cation) and the extent of DNA-DNA

attraction depends on the nucleic acid sequence and epigenetic modifications. The

study reported that AT-rich DNA molecules attract each other more strongly than

GC-rich DNA molecules. The methyl group of thymine is suggested to block sper-

mine to the major groove of DNA helix, relocating it to the interhelical regions of

DNA duplexes. Such interhelical localization of spermine bridges the DNA duplexes,

providing the attractive interaction. It is also reported that GC-rich DNA duplexes

attract each other as strongly as AT-rich DNA duplexes when cytosines are methy-
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lated [64]. Similar to thymines in AT-rich DNA, methylated cytosines block spermine

to the major groove of DNA and relocate it to the interhelical spacing providing at-

traction between helices. These observations suggest that interaction (attraction)

between nucleic acid helices might have an active role in chromosome organization

and gene regulation.

Inspired by such observations, we are interested in how nucleic acids-ion interac-

tions depend on DNA sequence and modifications. Well-defined point-like divalent

ion Mg2+ is chosen to facilitate physical modeling. Our study seeks to separate the

molecular factors of interest (DNA sequence and cation type) and quantify their effects

on pertinent molecular interactions. While it can be argued that neither sequence

of DNA nor cations (Mg2+) regulate chromatin structure-function in isolation, our

studies are designed to probe the most essential interactions they participate in and

to enable quantitative measurements that would not be possible in a sophisticated

chromatin setting.

2.5 Materials

Table 2 shows the list of DNA constructs used, which shows our representation of the

constructs with their actual sequence and the biochemical information.
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Our representation Sequence of DNA Biochemical information
GNOM (genomic DNA) random-sequence B-DNA

AA-TT (AA)150-(TT)150
B∗-DNA (A-tracts)

Slightly narrow major and wide minor grooves
AT-TA (AT)150-(TA)150 B-DNA

GG-CC (GG)150-(CC)150
Shorter than B-DNA

Possibly adopts A-DNA conformation
GC-CG (GC)150-(CG)150 B-DNA

brominated GC-CG Br-(GC)150-(CG)150 Z-DNA
ds-purine (Pu)21-(Py)21 B-DNA

AA-TT#TT (AA)150-(TT)150-(TT)150

Major groove of (AA)150-(TT)150 is occupied by (TT)150
Helical parameters deviate from B-DNA

Phosphate groups face out and evenly spaced
Base triads per turn is 12 (vs. 10.5 for B-DNA)

40% high charge density than B-DNA
Diameter is ∼22.5 Å (vs. ∼20 Å for B-DNA)

Table 2: List of DNA constructs used and their biochemical information. For the sequence of DNA, the letters inside the
parenthesis represent the nucleotide sequence, and subscript represents the number of repeating nucleotide bases. For example,
(AA)150-(TT)150 represents 300 bps of adenine (A) in one strand and 300 bps of thymine (T) in another strand. Brominated
DNA sequence is shown as Br-”sequence”. The purine (A and G) and pyrimidine (T and C) are represented as Pu and Py.
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The AA-TT, GG-CC, and GC-CG DNA duplexes were prepared by annealing

equimolar mixtures of single-stranded polynucleotides poly(A) and poly(T), poly(G)

and poly(C), and poly(GC) and poly(CG), respectively, in 1×TE buffer (10 mM Tris

1 mM EDTA at pH 7.5). These single-stranded deoxynucleotides, having nominal

average lengths of ∼300 bases, were purchased from GE Healthcare Life Sciences

in the form of lyophilized sodium salts and were dissolved in 1×TE buffer. The

1×TE buffer gives relatively low melting temperature (Tm) for nucleic acids and

helps to avoid prolonged agitation for annealing at high temperature. To ensure

mixing at an equimolar ratio, we carried out annealing at a series of mixing ratios

and confirmed maximum hypochromicity at 1:1 molar ratio. A simple annealing

protocol of 5 minutes heating at 85 °C followed by room temperature cooling led to

substantial polydispersity for AA-TT (Figure 12 lane #4) and GG-CC (Figure 12 lane

#5). Annealing GG-CC using a protocol of 46 °C (5 °C below melting temperature)

agitation for 4-hours followed by slowly cooling to room temperature also led to

substantial polydispersity for GG-CC (Figure 12 lane #6).

The AT-TA duplex, having a length of 300 bps, was purchased from GE Healthcare

Life Sciences in the duplex form. It was in lyophilized sodium salt form and was

dissolved in 1×TE buffer. Without annealing, it showed polydispersity (Figure 12

lane #1). Like the case for AA-TT duplex, further annealing this duplex using a

simple protocol of 5 minutes heating at 85 °C followed by room temperature cooling

also led to substantial polydispersity (Figure 12 lane #2).
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Figure 12: Agarose (1 %) gel image of duplex constructs under running buffer of
1×TAE (40 mM Tris 20 mM Acetic Acid 1 mM EDTA at pH 7.5). Lane #1: AT-TA
unannealed, lane #2: AT-TA annealed using protocol of 5 minutes heating at 85
°C followed by room-temperature cooling, lane #3: AA-TT unannealed, lane #4:
AA-TT annealed using protocol of 5 minutes heating at 85 °C followed by room
temperature cooling, lane #5: GG-CC annealed using protocol of 5 minutes heating
at 85 °C followed by room temperature cooling, lane #6: GG-CC annealed using
protocol of 4 hours heating at 46 °C followed by slowing cooling to room temperature
inside the heater.

For AT-TA, AA-TT, GC-CG, and GG-CC annealing, the protocol of 94 °C heating

for 1 hour followed by 12 hours agitation at 56 °C (5 °C below melting temperature)

was used. The annealed AT-TA showed monodispersity (Figure 13 lane #3). The

annealed AA-TT has a trailing band (Figure 13 lane #5) and the annealed GC-CG

has a substantial smearing (Figure 13 lane #7). The origin of an additional band

to AA-TT and smearing for GC-CG are not clear. For AA-TT, the distinct bands

indicate rather well-defined populations and no further efforts were made to verify the

identity of an additional band. For GC-CG, we hope that it might be the optimum

quality expected from the commercial source and we did not try to verify the identity

of smearing.
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Similar to GC-CG, the annealed GG-CC showed reasonable polydispersity (no

improvement compared to the previous attempt for annealing), as shown in Figure 13

lane #9. It is very likely due to polydisperse lengths of individual poly(G) and

poly(C). As in the case of GC-CG, we hope that it might be the optimum quality

expected from the commercial source. So, no further efforts were made to very the

identity of such smearing. Note that each DNA annealing (AT-TA, AA-TT, GC-CG,

and GG-CC) was performed at ∼500 µg/ml concentration.

The AA-TT#TT triplex was prepared by annealing poly(A) and poly(T) ho-

mopolymers in 1:2 ratio in 5 mM MgCl2 1× TE buffer. The annealing protocol of

1 hour heating at 94 ◦C followed by overnight incubation at 58 °C (a few degrees

below melting temperature) was used. As stated in the literature [44], annealing

concentration of AA-TT#TT was 30 µg/ml. The AA-TT#TT triplex showed two

trailing bands, as shown in Figure 13 lane #11. The similar observation was found in

the previous study [44]. So, we did not try to verify the identity of these additional

bands.

The ds-purine duplex, having a length of 21 bps, was purchased from GE Health-

care Life Sciences in duplex form. It was in lyophilized sodium salt form and was

dissolved in 1×TE. It was monodisperse, evident from its well-defined band shown in

Figure 13 lane #10.
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Figure 13: Agarose (1 %) gel image of duplex constructs under running buffer of 1
× TAE. Lane #1: 100 bps ladder, lane #2: AT-TA unannealed, lane #3: AT-TA
annealed using a protocol of 1 hour heating at 94 °C followed by 12 hours (overnight)
agitation at 56 °C, lane #4: AA-TT unannealed, lane #5: AA-TT annealed using a
protocol of 1 hour heating at 94 °C followed by 12 hours agitation at 56 °C, lane #6:
GC-CG unannealed, lane #7: GC-CG annealed using a protocol of 1 hour heating
at 94 °C followed by 12 hours agitation at 56 °C, lane #8: GG-CC unannealed, lane
#9: GG-CC annealed using a protocol of 1 hour heating at 94 °C followed by 12
hours agitation at 56 °C, lane #10: dspurine, lane #11: AA-TT#TT triplex, and
lane #12: 10 bps ladder. The dspurine has 21 bps and all other DNA constructs have
∼300 bps.

Brominated GC-CG was prepared by mixing GC-CG in 20 mM sodium citrate

(pH 7.2), 1 mM EDTA, and 4 M NaCl with saturated bromine in distilled water. The

bromine-saturated was added to the GC-CG solution (3 mM in nucleotide) in different

bromine/nucleotide ratios. The reaction was allowed to proceed at room temperature

for 10 minutes with occasional mixing by inversion of tube. Excess bromine was

subsequently removed by bubbling air through the reaction mixture (kept in an ice-
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water bath) for 10 minutes. The solution was then extensively dialyzed against 10

mM phosphate (pH 7), 150 mM NaCl, and 1 mM EDTA.

Genomic DNA from Salmon Testes is used as the model random sequence DNA

(GNOM duplex) and was purchased from Sigma in fibrous form. The fiber was first

dissolved in 1×TE buffer and then dialyzed against an excess amount of 1 M NaCl

solution to remove potential contaminants. It was then re-dissolved in 1×TE buffer

after phenol-chloroform extraction and ethanol precipitation. Salt chemicals (Tris,

EDTA, and MgCl2) were purchased from Sigma and used as received.

2.6 Methods

2.6.1 Centrifugal Precipitation Assay

The centrifugal precipitation assay provides a facile method for characterizing DNA

condensation. Briefly, DNA solutions in 1×TE buffer were separated into 9 µl aliquots

at ∼50 µg/ml concentration, and each aliquot was spiked with 1 µl of concentrated

MgCl2. The aliquots were incubated at room temperature for 15 minutes with oc-

casional mixing/vortexing and then centrifuged at 14,000 rpm for 10 minutes. 2 µl

supernatant was taken out from each aliquot and absorption spectrum was recorded

from 220 to 360 nm using a GE NanoVue plus spectrophotometer. The fraction of the

soluble sample in the supernatant was then calculated by normalizing the absorption

value at 260 nm wavelength by the absorption value at the same wavelength of the

sample containing no magnesium. Each absorption curve was fitted by a Gaussian

distribution and mean square error was calculated by normalizing the difference be-

tween experimental data and fitted Gaussian curve by the square root of the number

of points fitted. The error bar for the fraction of soluble sample in the supernatant

was then calculated by error propagation.
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2.6.2 Osmotic Stress and X-ray Diffraction (XRD)

There are various experimental biology probes for studying biomolecular structures,

such as x-ray crystallography, small-angle scattering (SAS), nuclear magnetic res-

onance (NMR), cryogenic electron microscopy (cryo-EM), and optical microscopy

(OM). Each experimental probe is sensitive within specific size range of biological

structure. X-ray Crystallography, SAS, NMR, EM, and OM probe length scales be-

tween 1 Å to 0.1 µm, 1 nm to 1 µm, 1 Å to 0.01 µm, 1 nm to 10 µm, and 1 µm to

1 mm respectively. In addition to the size range, each experimental probe measures

biological structures in specific sample environment.

X-ray crystallography requires samples in crystallized form, which might not be

possible for all biological samples and might require extensive time for sample prepa-

ration. Also, such a process provides constraint to the sample, which might influence

sample integrity. Similar to crystallography, cryo-EM also requires artificial environ-

ment such that the sample needs to prepared in amorphous ice by rapidly freezing

it using liquid ethane. Cryo-EM gives the density map, which is usually noisy and

requires extensive averaging. NMR has an upper size limit of 50-70 kDa and mea-

sures time average image of an ensemble of structures. The main advantage of NMR

over crystallography and cryo-EM is that it is suitable to probe the dynamics of the

sample because it does not require a sample in an artificial environment. OM, on the

other hand, is only ideal for biological probes comparable to the cell size.

Similar to NMR, SAS measures ensemble of biological samples and sample en-

vironment could be adjusted. The advantage of SAS over NMR is that it doesn’t

have an upper size limit of 50-70 kDa. The data from SAS is a time average of all

spatial conformations of an ensemble of structures. We use SAS, specifically x-ray

diffraction (XRD), in combination with the osmotic stress method (OSM) to measure

the force-distance relationship between DNA helices.

For the DNA-DNA force-spacing measurements, DNA pellets are first prepared
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from stock solutions by multivalent-cation-induced condensation or polymer-and-salt-

induced precipitation [65]. These DNA pellets are made up of locally ordered hexago-

nal arrays of DNA helices (discussed above). Such pellets are then equilibrated in salt

solutions containing neutral osmolytes (polyethylene-glycol of 8 kDa, PEG8000) as

shown in Figure 14(A). Smaller ions and water molecules are free to move in between,

but osmolytes being large molecules are excluded from the ordered arrays. Modeled

effectively as crowding spheres, these excluded osmolytes exert a pushing force (pres-

sure) on the ordered arrays as illustrated in Figure 14(B), where two straight lines

represent DNA arrays, black balls represent osmolytes, and two arrows represent the

direction of pressure. The pushing force provided by the osmolytes reduces the spac-

ing between DNA arrays until the force between DNAs provides the balance. Pellets

are made up of many DNA helices, so the magnitude of the force is calculated by the

average osmotic pressure (Π) on all DNA helices.

Figure 14: Osmolytes around DNA arrays. (A) Ordered nucleic acid arrays sur-
rounded by osmolytes. (B) Cartoon illustration of OSM: Two black straight lines,
black balls, and the arrows represent dsDNA helices, osmolytes, and the direction of
pressure provided by osmolytes, respectively.

The distance between DNA helices is measured using XRD with 0.1 Å resolution.

Figure 15 shows the schematics of XRD, in which incident x-ray beam interacts with

the electron density of the sample (DNA helices), gets scattered at an angle (2θ), and
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then gets registered on the 2D area detector. The scattered intensities recorded on

the image plate detector produce a 2D isotropic image (inset of Figure 16(A)), which

is a reciprocal space time average image. The 1D data, as shown in Figure16(A),

containing the scattering intensity, I(Q), as a function of momentum transfer, Q, is

produced by binning each pixel of the 2D image with respect to the scattering angle

2θ. The momentum transfer, Q, is defined by the experimental setup (Figure 15)

by using Q = 4πsin(θ)/λ, where λ is a wavelength of x-ray (1.54 mathrmÅ). The

diffraction peak analysis further gives the structural information in such a way that

peak analysis examines I(Q) using Bragg’s equation, 2dBraggsinθ = nλ, which relates

molecular repeat distance to momentum transfer as Drepeat = 2π/Q. The Q value of

the first sharp peak (represented by [100] plane in Figure 16(A)) gives the distance

between DNA helices in the hexagonal lattice by using: di =
(

2√
3

)
dBragg, where di is

interaxial spacing. With the increase in PEG concentration representing the increase

in osmotic pressure, the diffraction peak shifts to a larger Q, as shown in Figure 16(B).

Such osmotic pressure change in combination with inter-helix distance, measured by

XRD, gives the force-distance curve, as shown in Figure 16(C).

Figure 15: Schematic of x-ray diffraction (XRD). The area detector records the in-
tensity of the scattered beam, I(Q), which is plotted against momentum transfer, Q,
defined by experimental set up according to Q = 4πsin(θ)/λ, where 2θ is scattering
angle and λ is x-ray wavelength.
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Figure 16: XRD image, peaks, osmotic pressure change, and force-distance curves.
(A) Example of 2D XRD image (inset) and the diffraction peaks representing the
intensity, I(Q), as a function of momentum transfer, Q. (B) Osmotic pressure increase
with respect to osmolyte concentration. (C) An example of the force-distance curve
measured by a combination of OSM and XRD.

Our in-house x-ray scattering instrument is used to carry out XRD measurements.

The x-ray beam, with 1.54 Å wavelength (λ), is generated by a Genix3D integrated

micro-focused anode (Cu) source operated at 30 kV and 0.30 mA. The x-ray beam is

collimated by two scatter-less slits to a size of 8 × 8 mm at the sample. A mar345

2D image plate detector registers scatted intensities at around 20 cm distance from

the sample. Silver behenate (AgBeh), containing an ordered chain of fatty acids, is

used to calibrate the distance between the sample and the detector.

2.6.3 Molecular Dynamics (MD) Simulation

To characterize the role of Mg2+ on DNA-DNA interactions, our collaborator in the

New York University at Abu Dhabi performed molecular dynamics (MD) simulation

for 20 bps AA-TT and AT-TA constructs in a periodic cell, where two DNA molecules

were constrained to remain at a constant inter-axial distance. The MD simulation set

up is shown Figure 17. The DNA molecules were submerged in 20 mM Mg2+ and are

free to rotate about their axes. The simulations were performed using GROMACS

5.0.4 software [66], with modified parameters in the AMBER99bsco force field [67].

TIP3P water model [68] with the box size of 11.8×11.8×6.8 nm3 was used. The
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DNA molecules with 20 mM Mg2+ were first energy minimized by equilibrating in

a canonical ensemble for 150 ns at 300 K. Snapshots were selected from an equi-

librated simulation in which the inter-axial distance between the DNA duplexes in

the xy plane spanned from 23 to 40 Å with 1 Å interval. Umbrella sampling simu-

lations allowed computing the potential of mean force (PMF) between DNA helices

as a function of inter-DNA spacing, which provided a direct comparison to osmotic

pressure measurements. Each of the snapshots was used as a starting structure for

umbrella sampling simulation in the isothermal-isobaric (NPT) ensemble in which the

inter-axial distance between the DNA helices was constrained in the xy plane. The

weighted histogram analysis method was used to calculate the potential of mean force

as a function of the inter-axial distance between the DNA helices in xy plane. Two-

phase thermodynamic model [69] was used to calculate the entropy of hexa-hydrated

Mg2+ ion and water.

Figure 17: MD simulation set-up.
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2.7 Results

2.7.1 Measurements of Divalent Ion-Induced Condensation of DNA Helices

It has been found that cations with valence ≥ 3 condense DNA at micromolar con-

centrations [31]. The point-like divalent cations (Mg2+, Ca2+, Sr2+, and Ba2+) are

known to effectively screen electrostatic interactions but have not been observed to

condense double helices. However, as shown in Figure 18, the AA-TT sequence starts

precipitating at ∼18 mM Mg2+, while the AT-TA construct with 100% AT content

exhibits the same behavior as the GNOM random sequence with no condensation at

all Mg2+ concentrations up to 2 M. At an initial concentration of ∼50 µg/mL (∼0.25

µM AA-TT duplex), DNA condensation is virtually complete within a narrow window

of 2 mM Mg2+, leaving no detectable amount of AA-TT in the supernatant. This

indicates that Mg2+-induced condensation is not limited to certain populations of

the AA-TT construct, in light of slight polydispersity despite our best effort. Mg2+-

induced condensation is also reversible, i.e., adding 1×TE buffer to the condensate

re-dissolves it and adding Mg2+ condenses it again. Figure 19 shows the reversibility

of AA-TT duplex, where some of the condensed duplexes at 40 mM Mg2+ re-dissolve

with the addition of 1×TE at 20 mM Mg2+ and condense back again with the addition

of Mg2+ at 40 mM Mg2+. Furthermore, the AA-TT condensate gives a pronounced

x-ray diffraction (XRD) peak evidencing a high degree of structural order, and its

DNA-DNA spacing ∼28.8 Å is very close to that from the liquid crystalline DNA

phases condensed by Cobalt3+hexamine (27.8 Å) or spermine4+ (28.4 Å). AA-TT

condensation shows to result from Mg2+-mediated attraction between AA-TT dou-

ble helices and likely shares the same physical origin as multivalent cation mediated

DNA-DNA attraction.
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Figure 18: The fraction of unprecipitated DNA helices (AA-TT, AT-TA, AT#T
triplex, and genomic DNA) calculated from UV absorption as a function of [Mg2+] in
solution.
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Figure 19: The fraction of unprecipitated AA-TT helix calculated from UV absorption
as a function of [Mg2+] in solution.

With the increase in Mg2+ concentration above 750 mM, AA-TT starts to re-
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dissolve into the solution (Figure 18). There are two possibilities that might give

such a result. First, changes in the structure of duplex (e.g., duplex-to-triplex or even

duplex-to-tetra-aggregate conversion). Second, the effect of high ion concentration

(e.g., overcharging or ion pairing). It is also reported that Mg2+ and Ni2+ can favor

the triplex or tetra-aggregate formation of AA-TT even at room temperature [70].

However, the UV Circular Dichroism (CD) experiment performed for AA-TT at 0

mM, 30 mM, and 1500 mM Mg2+ shows no significant change in the structure of AA-

TT duplex with Mg2+. So, such a result should be due to the effect of high cation

concentration; however, the mechanism of which is still debatable.
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Figure 20: The fraction of unprecipitated poly(A) and poly(T) single-stranded DNA
calculated from UV absorption as a function of [Mg2+] in solution.

The homopolymeric single-stranded poly(A) and poly(T) start precipitating at

∼100 mM and ∼500 mM Mg2+, respectively (Figure 20). Both Poly(A) and poly(T)

have a wide condensation window of ∼400 mM and ∼1500 mM Mg2+, respectively.

These observations support the fact that there is no duplex-to-triplex conversion of

AA-TT with Mg2+. It is because the duplex-to-triplex conversion of AA-TT frees
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half of the poly(A) strands into the solution, which would not allow a complete

precipitation of AA-TT solution at ∼20 mM and the re-dissolution at ∼750 mM

Mg2+.

Next, we examined the condensation of GG-CC, GC-CG, and ds-purine duplexes

with Mg2+. The GC-CG sequence starts precipitating at ∼250 mM and re-dissolving

at 1 M Mg2+, while GG-CC construct exhibits partial precipitation at ∼750 mM

Mg2+ (Figure 21). The ds-purine shows no precipitation similar to GNOM random

sequence at all Mg2+ concentration up to 2 M. The GC-CG condensation is virtually

complete with a wide window of 250 mM Mg2+, leaving no detectable amount of

DNA in the supernatant. In spite of polydispersity despite our best effort, GC-CG

precipitates with Mg2+. The GC-CG duplex re-dissolves above 1 M Mg2+, which

again is likely due to the effect of high Mg2+ concentration; however, the actual

mechanism is unclear.
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Figure 21: The fraction of unprecipitated DNA helices (GC-CG, GG-CC, and ds-
purine) calculated from UV absorption as a function of [Mg2+] in solution.

Mg2+-induced condensation of AA-TT and GC-CG duplexes presents a new and
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unexpected observation, as previous related studies, either reported Mg2+-induced

condensation of DNA triplexes (as our AT#T in Figure 18) or observed stronger

attraction between A-T rich duplexes in multivalent spermine4+ or hex-lysine6+ [44,

64]. The AA-TT and GC-CG duplexes are observed to be condensed by divalent

cations such as Mg2+ with only non-specific DNA binding, noting the dissimilarity

with transitional metal cations (e.g., Mn2+ or Cu2+) which condense duplexes due to

specific groove binding [71]. AA-TT and GC-CG condensation by Mg2+ thus appears

to originate from sequence/structure-dependent DNA-ion electrostatic interactions.

We further examine how the cation characteristics modulate electrostatic interac-

tions with AA-TT and GC-CG duplexes, particularly from the aspect of macroscopic

AA-TT and GC-CG condensation. The critical Mg2+ concentration ∼18 mM for

AA-TT and ∼250 mM for GC-CG condensation are significantly higher than the

sub-mM concentrations required for tri- or tetra-valent cations to condense DNA

duplexes. These are in line with the root of electrostatic coupling for condensation

favoring higher cation valence and larger DNA charge densities.

Consistent with the critical role of cation valence, monovalent Na+ cannot con-

dense AA-TT and AA-TT#TT (triplex) both at all concentrations up to 2 M (Fig-

ure 22) and adding Na+ to condensed AA-TT in 20 mM Mg2+ dissolves the pellet

as expected from ion competition weakening attraction. Point-like divalent cations

Ca2+, Ba2+, and Sr2+ are also able to condense AA-TT at similar ion concentrations

(all between 15-20 mM) as shown in Figure 23, indicating that AA- TT condensation

is not contingent on peculiar properties of Mg2+ and is incurred via non-specific ion-

DNA electrostatic interaction. Similar with Mg2+, AA-TT duplex starts re-dissolving

into the solution at ∼750 mM Ca2+, Ba2+, and Sr2+. However, the chain-like divalent

putrescine (i.e., NH2(CH)4NH2) leads to no AA-TT condensation at all concentra-

tions up to 1.5 M, emphasizing the role of cation charge density and/or size in the

strength of ion-DNA interactions.
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Figure 22: The fraction of unprecipitated AA-TT duplex and AA-TT#TT triplex
calculated from UV absorption as a function of [Na+] in solution.
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Figure 23: The fraction of unprecipitated AA-TT calculated from UV absorption as a
function of divalent cations (Mg2+, Ca2+, Sr2+, Ba2+, and Putrescine2+) concentration
in solution.
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2.7.2 Force-Distance Measurements of DNA Helices

To probe the nature of Mg2+-mediated interactions between duplexes, we measured

the inter-helix force as a function of inter-axial spacing with the osmotic stress method

(OSM) and x-ray diffraction (XRD). The OSM measures inter-molecular force via an

osmotic pressure equilibrium between the condensed DNA array and the surround-

ing phase of excluded osmolytes pushing on the array in the form of entropy-driven

depletion force. Intuitively the force/pressure is equivalent to mechanical force re-

quired to press on the array through a semi-permeable membrane, and integrating

the pressure-volume relation yields the free energy change or work done on the array.

Figure 24 shows quantitative difference in force-distance relation between GNOM

and AA-TT#TT tsDNA in 20 mM Mg2+. The spontaneous condensation of tsDNA

in Mg2+ salts (≥ 1.5 mM) leads to a finite DNA spacing of ∼30 Å at zero pressure,

whereas the GNOM spacing approaches infinity. Taking into account of the ∼2.5 Å

difference in the radii of tsDNA and GNOM DNA, the tsDNA showed strong hy-

dration forces at high pressure (surface-to-surface separation less than 1 nm) and

electrostatic attraction at low pressure. Such observations for tsDNA can be ratio-

nalized by more cation binding possibility due to an extra third strand leading to

high charge density. The tsDNA has slightly narrow minor and divided major groove

(due to the third strand binding on major groove). It is possible that point-like Mg2+

stays on one of the narrow grooves and bridges the polar regions of the residing groove

to the phosphate group of the neighboring tsDNA. Such localization and coordina-

tion behaviors of Mg2+, if possible, would further explain our results for tsDNA. In

fact, the ”zipper” mechanism for dsDNA [72] explains such charge localization and

coordination to explain the DNA-DNA attraction.
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Figure 24: Force-spacing relations of genomic DNA and AA-TT#TT tsDNA in 20mM
Mg2+.

Figure 25 shows a comparison of the force-distance relationship between GNOM

and dinucleotides-repeating sequences, AT-TA, GC-CG, brominated GC-CG in 20

mM Mg2+. The observations are mixed and can be rationalized based on their struc-

tures. The AT-TA, GC-CG, and GNOM all have B-DNA conformation [73] and

show similar force-distance relationship. However, dehydration occurs for GC-CG

at high osmotic pressure, which triggers the helix-to-helix transition to Z-DNA con-

formation [74]. So, the smaller spacing for GC-CG at higher pressure is attributed

to the smaller diameter (1.8 nm) of Z-DNA conformation. The force-distance rela-

tions for these duplexes are characteristics of repulsive forces, as extrapolations of

these force curves to larger spacings give decreasing but non-zero forces. One inter-

esting result is that brominated GC-CG which exists in Z-DNA conformation under

low salts [75] shows very different force-distance relationship. However, under higher

pressure, DNA-DNA spacing for brominated GC-CG approaches close to that for

GC-CG, compatible with a B-to Z-transition of GC-CG. Since both forms have the
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same charges, the effect of surface structure shows to be very significant.
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Figure 25: Force-spacing relations of genomic dsDNA and dinucleotide-repeating se-
quences AT-TA, GC-CG, and brominated GC-CG in 20 mM Mg2+.

Figure 26 shows a comparison of the force-distance relationship between GNOM

and mononucleotide-repeating sequences, AA-TT and GG-CC in 20 mM Mg2+. The

AA-TT has B∗-DNA conformation (A-tracks) with slightly narrow major and wide

minor grooves than random sequence DNA [55]. The patterns of charges and polar

groups in the grooves of AA-TT and GG-CC change substantially due to having dif-

ferent sequences. Therefore, AA-TT and GG-CC exhibit notably different behaviors.

AA-TT and GG-CC show free energy minimum (zero force) at ∼28.8 Å and ∼33 Å

spacing, respectively. Both AA-TT and GG-CC show stronger hydration forces at

closer spacings and electrostatic attraction at larger spacings. As 20 mM Mg2+ pre-

cipitates AA-TT, it is possible that Mg2+ resides inside expanded grooves of AA-TT

and coordinate with phosphate groups, one from the residing DNA and another from

the nearby DNA. Such mechanism would fall in the realm of the ”zipper” model of

DNA helices producing attraction.
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Figure 26: Force-spacing measurements of genomic dsDNA and mononucleotide-
repeating sequences AA-TT and GG-CC in 20 mM Mg2+.

Interestingly, a cross-over at ∼27 Å is observed for AT-TA, GC-CG, AA-TT, and

GNOM with a similar magnitude of repulsion. However, AA-TT and GG-CC show

stronger repulsion than AT-TA, GC-CG, and GNOM at spacings <27 Å, reflecting the

unusual properties of the AA-TT and GG-CC duplexes. Quantitatively, force-spacing

curves for AA-TT, AT-TA, GG-CC, GC-CG, and GNOM display trends consistent

with previous force measurements between DNA duplexes with non-condensing ions

(for AT-TA and GNOM) or condensing ions (for AT-TA). One fundamental insight

from the earlier studies is the often dominant contribution of water-restructuring to

inter-helix forces, particularly over the last nanometer surface separations. It was

also shown that the forces could be satisfactorily described with a convenient form

of double-exponential hydration forces (a short-range repulsion and a medium-range

repulsion or attraction).
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2.7.3 Force Analysis

The interpretation of DNA force-spacing measurements involves considerations of

both ion and hydration mediated interactions. At shorter distances (i.e., high pres-

sure), hydration forces become significant due to water structuring around the DNA

helices. At large distances (i.e., low pressure), electrostatic forces become significant

due to their long-range nature and fast decay of hydration forces. The pioneering

work by Rau and Parsegian [76] shows that osmotic pressure, Π, versus inter-axial

spacing, d, curves could be fitted as a sum of repulsion and attraction (if required)

terms by using:

Π = Πr + Πa = fr.e
− d
λ + fa.e

− d
2λ

or

log(Π) = log(fr)−
d

2.303λ + log
(

1 + fa
fr
e
d

2λ

)

where λ of 2.4 Å is the decay length [77]. The fitting parameters here are the pre-

factors for repulsion (fr) and attraction (fa). Since Π(deq) = 0 for the cations which

precipitate DNA, the equilibrium spacing, deq, is related to the pre-factors fr and fa,

such that:

log(Π) = log(fr)−
d

2.303λ + log
(
1− e(d−deq)/2λ

)
The solid lines in Figure 27 are the two-exponential fits with λ = 2.4 Å. The force

curves for GNOM, AT-TA, AA-TT, GC-CG, and GG-CC are well fitted, with a decay

length in the range of 2.4±0.5 Å. The 20 mM Mg2+ does not precipitate GNOM,

AT-TA, and GC-CG. So, these duplexes show long-range repulsive components. The

data for GNOM and AT-TA at high osmotic pressure superimpose. However, GC-

CG shows a decrease in hydration force, probably as an artifact of the B- to Z-DNA

transition, at high osmotic pressures.

The 20 mM Mg2+ spontaneously precipitates both AA-TT and AA-TT#TT. So
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both of these constructs show long-range attractive components. The fits show deq

of ∼28.8 Å and ∼30 Å for AA-TT and AA-TT#TT, respectively. Note that the

fit for AA-TT#TT at high osmotic pressure has significant error. Also, the fit for

brominated GC-CG (not shown) showed a substantial error. Letting decay length free

would fit these curves better, but it is kept constant for all DNA helices as stipulated

by the hydration force formalism.
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Figure 27: Two exponential fits for force-distance curves of different DNA helices.
The error plots in terms of ∆logΠ/logΠ for each fit are shown at the bottom of each
plot. (A) The original force-distance curves for genomic dsDNA (blue squares), AT-
TA (green circles), AA-TT (red triangles), and AA-TT#TT (black diamonds). The
lines shown in the corresponding color are the two exponential fits for each curve. (B)
The original force-distance curves for genomic dsDNA, GC-CG, and GG-CC duplexes.
The lines shown in the corresponding color are the two exponential fits for each curve.
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2.7.4 Temperature Dependence of Inter-axial Spacing of DNA Constructs

Condensed DNA helices remain highly hydrated, i.e., DNA helices are surrounded

by a thin water layer. We further examined the temperature dependence of inter-

helix spacing to shed light on the water thermodynamics. For this, the pellets of

AA-TT (duplex) and AA-TT#TT (triplex) at 50 mM Mg2+, and GNOM at 2 mM

Co3+Hex and 150 mM Mn2+ were prepared without osmolyte (no PEG-8K). Osmolyte

was not used for making pellets here because we aimed to check the temperature

dependence, not the osmotic force dependence, of inter-helix spacing. 50 mM Mg2+,

2 mM Co3+Hex, and 150 mM Mn2+ are sufficient to condense these DNA helices to

make the pellets. The pellets were equilibrated at different temperatures, ranging

from 5 to 50 ◦C. XRD measurements were performed in our in-house x-ray scattering

instrument connected with a temperature controller. The x-ray exposure time for

each pellet was 60 minutes.

Figure 28 shows that spacing for all the constructs decreases with increase in

temperature. The decrease in spacing indicates an entropy-favorable condensation

process. With the increase in temperature, the number of ions within the helix stay

constant to ensure macroscopic charge neutrality, whereas water gains entropy by

escaping into the surrounding bulk space. Such a net release of water from the DNA

surface, upon heating, supports the entropy-driven ”dehydration” process. It should

also be noted that increasing temperature also lowers water dielectric constant, which

could enhance the electrostatic coupling and draw helices closer.

The spacing between GNOM with Co3+ is smaller at all temperatures because

Cobalt hexamine has high valence (3+ vs. 2+), which can bring DNA helices much

closer compared to divalent cations. With the same [Mg2+], the spacing between AA-

TT duplexes is smaller than that between AA-TT#TT triplexes at all temperatures

because AA-TT has a smaller diameter compared to AA-TT#TT. For both AA-TT

and AA-TT#TT, spacing decreases with an increase in temperature at a similar
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magnitude as Co3+Hex condensed GNOM duplex. The rate of decrease of spacing

between GNOM duplexes with 150 mM Mn2+ is much higher. It might be due to the

specific groove binding nature of Mn2+, which could further support the net water

release upon increase in temperature and draw helices closer.

Figure 28: Temperature dependence of inter-axial spacing for AA-TT duplex (blue),
AA-TT#TT triplex (green), GNOM duplex (red), and GNOM duplex (black) in 50
mM Mg2+, 50 mM Mg2+, 2 mM Co2+Hex, and 150 mM Mn2+, respectively.

2.7.5 Molecular Dynamic (MD) Simulation Results

The weighted histogram analysis after MD simulations at different inter-DNA spac-

ings, from 23 to 36 Å, allowed to calculate the interaction free energy (∆G) as a

function of inter-DNA spacing (Figure 29). For both the AA-TT and AT-TA con-

structs, the free energy minimum, (∆G)min, was not observed in agreement with the

previous study with divalent ions [78]. However, ∆G for AA-TT is found to be smaller

than for AT-TA. Such an observation implies that the DNA sequence has a significant

role in DNA-DNA interaction.
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Figure 29: Interaction free energy as a function of inter-DNA spacing for AA-TT
(blue) and AT-TA (red).

The osmotic pressure vs. inter-axial distance relations obtained for AA-TT and

AT-TA duplexes using MD simulations are in excellent agreement with the experi-

mental results (Figure 30). MD simulations performed for these two duplexes provide

a comprehensive analysis of the molecular mechanism of the Mg2+-mediated sequence-

dependent attraction. Figure 31 shows that when DNA duplexes have an inter-axial

distance of ∼23 Å, the Mg2+ ions accumulate more at the interface of AA-TT com-

pared to the interface of AT-TA. The ion concentration analysis at different surfaces

(inside and outside the grooves) revealed that more Mg2+ ions are bound inside the

grooves of AA-TT in comparison to the grooves of AT-TA (Figure 32A). The minor

groove binding of Mg2+ is essentially the same for both constructs; however, major

groove binding of Mg2+ is higher for AA-TT compared to AT-TA (Figures 32B and

32C). Furthermore, it is found that Mg2+ ions bind to phosphate groups of AA-TT

and AT-TA in equal amount (Figure 33A). The radial distribution function analysis

revealed that Mg2+ ions bind with N6 and N7 atoms of adenine in AA-TT at a greater

extent than in AT-TA duplex (Figures 33B and 33C). Due to the sequence variation,
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the patterns of N6 and N7 nitrogen atoms in these constructs are distributed differ-

ently. The AA-TT has a continuous, whereas AT-TA has a discontinuous, distribution

of N6 and N7 nitrogen atoms (Figure 33D). Such a continuous distribution of N6 and

N7 atoms of AA-TT duplex favors the binding of Mg2+ to its major groove compared

to the major groove of AT-TA duplex. The Mg2+ ions bound to the N6 and N7 atoms

of the major groove can be aligned with the phosphate groups of another DNA duplex,

in line with the ”zipper” mechanism of AA-TT double-helical attraction (Figure 34).

Figure 30: Comparison of pressure-distance measurements for AA-TT and AT-TA
duplexes performed using molecular dynamics (MD) simulation and osmotic stress
method (OSM). Pressure-distance measurements for AA-TT are in blue and for AT-
TA are in red color. The dotted (with points) and solid lines represent experimental
and MD results, respectively.
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Figure 31: The average distribution of Mg2+ around two DNA helices with an inter-
axial distance of 23.24 Å. (A) AA-TT and (B) AT-TA. The top are 1D images and
bottom are 2D images along the cylindrical axis of symmetry.

Figure 32: The average distribution of Mg2+ ions at the different parts of DNA helices.
(A) Comparison of ion distribution inside and outside the grooves. (B) Comparison
of ion distribution in the major groove of AA-TT and AT-TA. (C) Comparison of ion
distribution in the minor groove of AA-TT and AT-TA.
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Figure 33: (A-C) The average distribution of Mg2+ ions at the phosphate groups,
N6, and N7 atoms of AA-TT and AT-TA duplexes. (D) The geometry of AA-TT
and AT-TA duplexes. (E) Illustration of AT base-pairing with important components
identified.

Figure 34: Cartoon illustration of a zipper mechanism of DNA-DNA attraction.
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2.8 Conclusions

The studies in this chapter show that sequence-dependent DNA structures provide a

model system for probing the role of charged surface structure in electrostatic interac-

tions in salty and aqueous environments. It is revealed that DNA-DNA interactions

are strongly affected by some (not all) DNA sequences. The triple-stranded DNA (ts-

DNA) is the first helix found to be condensed by divalent alkaline cation (e.g., Mg2+).

The inter-triplex attraction has been attributed to increased cation binding to triplex

phosphate backbones, which are closely spaced than in duplexes. Subsequently, the

duplex of repeating base pairs AA-TT is condensed by divalent cations (i.e., Mg2+,

Ca2+, Sr2+, and Ba2+) but not by chain-like divalent ligands such as putrescine.

The AA-TT, AA-TT#TT, and GC-CG condense, but other sequences used do

not condense with Mg2+. The Mg2+-mediated interactions are attractive for AA-

TT duplex and AA-TT#TT triplex, and such interactions become strongest at high

[Mg2+]. The AA-TT, AA-TT#TT, and GG-CC show the strongest hydration forces

at close spacings. Other dsDNA duplexes tested do not show different hydration forces

and Mg2+-mediated attraction, even at high [Mg2+]. The sequence-dependent DNA

structures and cation binding modes corresponding to each structure can rationalize

the characteristic behaviors shown by different DNA sequences. The MD simulation,

performed using particular sequences (AA-TT and AT-TA), further supports our

results from the osmotic stress method. The future work should aim to explore the

phase diagram of such specific multivalent cation mediated interactions between DNA

helices and their biological implications.

From a broader view, our observations suggest that the structure of DNA plays a

crucial role in DNA-DNA interactions. The differences in oligo-nucleotide sequences

give rise to differences in the structure of DNA. The significant structural features are

the arrangement of phosphate groups and the grooves (minor and major) of DNA.

The phosphate groups, which carry negative charges, play a vital role in electrostatic
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interaction and hydration forces. The high density of phosphate groups favors the

electrostatic attraction between DNA helices. For example, tsDNA has high charge

density due to an extra strand and produces a stronger attraction when modulated

by cations. The closer spacing of phosphate groups also seems to favor the DNA-

DNA attraction. For example, AA-TT duplex has slightly narrow major grooves,

which brings phosphate groups closer and supports the inter-duplex attraction. The

grooves’ width/depth controls the localization of the charges and water molecules

and plays a significant role in the inter-duplex interactions. Depending on the groove

width/depth, the arrangement of phosphate groups and polar regions in the DNA

changes, which cause significant differences in the inter-duplex interactions. For ex-

ample, the polar regions (N6 and N7) in the major groove of AA-TT has a regular

arrangement, which favors higher cations (Mg2+) localization into the major groove

and contributes actively to the inter-duplex attraction.
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Chapter 3: Sequence Dependent RNA-RNA Interactions Mediated by
Divalent Cations

3.1 Introduction

The study of interactions between like-charged polymeric molecules has gained

substantial attention in the biophysical, biological, and biotechnological communities

nowadays. The dsDNA helices, with a high density of negative charges, attract each

other and spontaneously condense when mediated by multivalent cations. Despite

the lack of a universally accepted theory for such multivalent cation mediated at-

traction (MCMA) between like-charged molecules, extensive efforts have been made

towards physical understanding of its mechanism. As mean-field theories always pre-

dict repulsion between like charges, the attraction necessarily originates from spatial

correlations between the charged macromolecules and multivalent cations. Some of

the competing theoretical models include ion-bridging, hydration forces, and electro-

static zipper, as discussed in detail in Chapter 2. The central focus of Chapter 2 was

on the sequence-dependent interactions between dsDNA helices mediated by divalent

alkaline metal ions (Mg2+, Ca2+, Sr2+, and Ba2+), highlighted by the exciting obser-

vations of condensation and attraction between AA-TT duplexes. Here we extend our

study to double-stranded RNA (dsRNA), motivated by the major theme of this thesis

to explore the often-neglected roles of the structures of macromolecular surfaces and

interacting cations/ligands in electrostatic interactions.

RNA is transcribed from DNA in the single-stranded form biologically; however,

its folding results in significant fractions of dsRNA segments, e.g., dsRNA accounts

for ∼50% of the hammerhead ribozyme structure [79, 80] and over 30% of the HIV

genome [81, 82]. Chemically, RNA differs from DNA in its extra hydroxyl (-OH)

group at the C2’ position of the ribose backbone. While the structure of dsRNA is

still a double helix resembling dsDNA, the seemingly trivial surface modification gives
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dsRNA a different helical geometry, i.e., A-form conformation. The A-form dsRNA is

shorter and fatter, with a deep and narrow major groove and wide and shallow minor

groove. The diameter and linear charge density of dsRNA are larger than that of

dsDNA (2.3 nm vs. 2 nm and -2e per 0.28 nm vs. -2e per 0.34 nm, respectively). Due

to such differences in the surface structure, dsRNA has been reported to show different

cation localization, electrostatic interactions, and hydration patterns in comparison

to dsDNA.

The dsRNA has more compacted phosphate backbones than dsDNA, which is

perhaps better reflected by its higher surface charge density than that of dsDNA

(0.99 e/nm2 vs. 0.94 e/nm2). Multivalent cations (i.e., valence ≥ 3), which condense

dsDNA in sub-mM concentrations, are known to bind more strongly to dsRNA in

comparison to dsDNA [83]. If condensation is solely due to charge compensation,

dsRNA helices should condense more readily in comparison to dsDNA helices. How-

ever, the opposite is observed. It is found that random-sequence dsRNA helices resist

to condense when mediated by spermine+4 [61] and Co3+Hex [62]. All-atom molec-

ular dynamics simulation shows that spermine binds deep into the major groove of

dsRNA, without facilitating counterion-induced condensation or attraction [61]. The

observations show that the type of counterion (linear or point-like) is also critically

important [61, 62]. The random-sequence dsRNA shows more resistance to conden-

sation in spermine4+ (linear poly-amines) than in Co3+Hex (point-like). Moreover,

these studies [61, 62] reported that the same multivalent cations (spermine and Co-

Hex) can condense dsRNA with non-random sequences, such as AA-UU (a duplex of

repeating A-U base pairs).

However, quantitative measurements of ion-modulated dsRNA-dsRNA interac-

tions are conspicuously lacking, except for the qualitative assessments of the con-

densation propensity of dsRNA in multivalent cations. Given the importance of

dsRNA helices and the physiochemical differences with dsDNA in helical parameters

57



and groove geometries, quantitative knowledge of dsRNA interactions would provide

unique insights as to the role of the structure of charged surfaces, and we have set

out to systematically measure their condensation and force-spacing curves in divalent

alkaline metal ions (e.g., Mg2+). We further compare these observations with the

observations for the corresponding (similar sequence) dsDNA in the same salt. Mg2+

has been known not to condense dsRNA and is chosen because of its high efficiency

in screening long-range electrostatic repulsion and its point-like nature to reduce the

complexity in interpreting ion-DNA interactions. The divalent alkaline cation, Mg2+,

also bears important biological significance because of its biological abundance (e.g.,

10 mM Mg2+ in physiological conditions) and its important role in nucleic acid inter-

actions.

3.2 Materials

The 25 base pairs (bps) long dsDNA, with 17 bps of repeating A-T base pairs (AA-

TT), was prepared by annealing equimolar mixture of single-stranded polynucleotides

5’-GCC GAA AAA AAA AAA AAA AAA GCC G-3’ and 5’-CGG CTT TTT TTT

TTT TTT TTT CGG C-3’ in 1×TE buffer. These single-stranded deoxynucleotides,

purchased from the Integrated DNA Technologies in lyophilized sodium salt, were

dissolved in 1×TE buffer and annealed using a protocol 20 minutes heating at 94
◦C followed by 4 hours agitation at 39 ◦C (5 °C below melting temperature). The

annealed sample is a pure duplex, evident from its monodispersity in the gel (Figure 35

lane #2).

The 25 bps long random-sequence dsDNA was prepared by annealing equimolar

mixture of single-stranded polynucleotides 5’-GCA TCT GGG CTA TAA AAG GGC

GTC G-3’ and 5’-CGA CGC CCT TTT ATA GCC CAG ATG C-3’ in 1×TE buffer.

These single-stranded deoxynucleotides, purchased from Integrated DNA Technolo-

gies in lyophilized sodium salt, were annealed using a protocol of 20 minutes heating
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at 94 ◦C followed by room temperature cooling. The gel image (Figure 35 lane #3)

shows that annealed sample is a pure duplex, evident from its monodispersity in the

gel.

The 25 bps long AA-UU dsRNA with sequence 5’-AAA AAA AAA AAA AAA

AAA AAA AAA A-3’ and random-sequence dsRNA with sequence 5’-GCA UCU

GGG CUA UAA AAG GGC GUC G-3’ were purchased from Sigma in lyophilized

sodium salt and were dissolved in 1×TE buffer. RNA duplexes are prone to hydrolysis

even at 4 ◦C. Therefore; these lyophilized samples were dissolved in 1×TE buffer

by rocking in an icebox for 20 minutes. The random-sequence dsRNA shows to be

monodisperse in the gel (Figure 35 lane #6), which suggests that the sample is in pure

duplex form. Since the as-received AA-UU shows a noticeable level of polydispersity

in the gel (Figure 35 lane #5), we annealed it using the protocol of 12 hours agitation

at 35 ◦C (5 ◦C below melting temperature). The polydispersity of AA-UU duplex,

however, did not change much after annealing, as shown in Figure 35 lane #4. As

the manufacturer protects the synthesis method as proprietary, we speculate this

is probably due to the dispersities in the original single-strands and consider this

annealed AA-UU to have sufficient sample quality for the experiments.

The 48 bps long dsDNA with sequence 5’-GCC GAA AAA AAA AAA AAA AAA

AAA AAA AAA AAA AAA AAA AAA AAG CCG-3’ was purchased from Integrated

DNA Technologies in lyophilized sodium salt and was dissolved in 1×TE buffer. It

gives a single-well-defined band in the gel (Figure 35 lane #7), which suggests that

the sample is in pure duplex form.
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Figure 35: Agarose (1 %) gel image of nucleic acid duplexes under running buffer of
1×TAE. Lane #1: 100 bps ladder, lane #2: 25 bps dsDNA, with 17 bps of AA-TT,
annealed using a protocol of 20 minutes heating at 94 ◦C and 4 hours agitation at 39
◦C (5 ◦C below melting temperature), lane #3: 25 bps random-sequence dsDNA, lane
#4: 25 bps AA-UU duplex annealed using a protocol of 12 hours agitation at 35 ◦C
(5 ◦C below melting temperature), lane #5: 25 bps AA-UU duplex before annealing
in our lab, lane #6: 25 bps random-sequence dsRNA, lane #7: 48 bps dsDNA, with
40 bps of AA-TT, before annealing in our lab, and lane #8: 10 bps ladder.

3.3 Methods

3.3.1 Centrifugal Precipitation Assay

The centrifugal precipitation method used for RNA and DNA duplexes at room tem-

perature here was the same as for DNA duplexes in Chapter 2. For precipitation at 4
◦C, the same process was separately repeated for AA-UU by incubating and centrifug-

ing aliquots (RNA and salt solutions) at 4 ◦C. The error bars were also calculated

using the same method as in Chapter 2.

3.3.2 Osmotic Stress Method (OSM) and X-ray Diffraction (XRD)

The method for force-distance measurement using OSM and XRD has been previously

described in Chapter 2. In brief, the liquid crystalline pellets having the hexagonal

60



ordering of nucleic acid helices were made using PEG-8K in 20 mM MgCl2 and 1×TE.

These pellets were equilibrated at room temperature for 4 days with one buffer re-

placement in between. The main reason for the short equilibrium time (compared to

14 days for dsDNA in Chapter 2) here is to minimize RNA degradation over time. The

short equilibration time for DNA pellets here provides the same experimental condi-

tion for the purpose of comparison. Both the equilibration and XRD measurements

were carried out at room temperature. Given the dearth of force studies of dsDNA,

it would be much desirable to measure dsRNA forces under wide ranges of solution

conditions. However, it is cost-inhibitive to carry out such studies with chemically

synthesized dsRNA due to the low yield of synthesis and large sample consumption

for XRD.

3.4 RESULTS

3.4.1 Measurements of Magnesium-Induced Condensation of Nucleic Acid

Helices

Our precipitation assay measures the Mg2+-induced condensation by first separating

condensed and soluble phases of dsRNA/dsDNA via centrifugation and then deter-

mining the concentration of the soluble phase in the supernatant via UV absorption

of nucleic acids at 260 nm. Figure 36 shows a marked difference in condensation

between the random-sequence dsRNA and AA-UU, with a slight difference in con-

densation propensity for AA-UU between 4 °C and room temperature. The AA-UU

begins to condense at 0.4 mM Mg2+, whereas random-sequence dsRNA resists to

condense at all Mg2+ concentrations up to 2 M. The random-sequence dsDNA and

dsDNA with 17 bps of AA-TT show similar condensation behaviors as the random-

sequence dsRNA. The AA-UU completely condenses when [Mg2+] is ∼80 mM at room

temperature and ∼200 mM at 4 °C.

As with Mg2+, both random-sequence dsRNA and AA-UU show similar observa-
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tions with spermine, i.e., no condensation for the random-sequence RNA but conden-

sation for AA-UU [61]. However, AA-UU condenses rapidly with complete precipita-

tion below 1 mM spermine. Such rapid precipitation of AA-UU with spermine could

be driven by a higher charge of spermine (4+) relative to Magnesium (2+). The

Mg2+-induced condensation of random-sequence dsRNA is also similar to CoHex-

induced [62] condensation, as it resists to condense with CoHex (3+) too.
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Figure 36: The fraction of unprecipitated (or soluble/free) 25 bps long nucleic acid
helices (random-sequence dsRNA, dsDNA, dsDNA with repeated 17 bps of AA-TT,
and AA-UU) calculated from UV absorption as a function of Mg2+ concentration in
solution.

The dsRNA buries multivalent cations into its deep and narrow major groove [62].

Such internally bound ions have less opportunity to bridge the neighboring dsRNAs

or to favor the electrostatic zipper formation to create correlations between adjacent

helices. This could also be the reason that Mg2+ can not precipitate random-sequence

dsRNA.

The AA-UU shows condensation with Mg2+. However, the physical origin of at-

traction is unclear. The first possibility could be that two AA-UU duplexes convert
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back and forth to AA-UU#UU triplex and an AA strand or even tetra-aggregates,

as suggested by previous studies [84, 85, 70]. If such conversions exist, the triplex

or tetra-aggregates of AA-UU are very likely condensed by Mg2+ due to their high

charge density, as in the case of triplex DNA condensation by Mg2+. The differ-

ences in condensation behavior of AA-UU at different temperatures (at 4 ◦C and

room temperature) also suggest that there might be a change in the structure of

AA-UU accompanying the condensation. In the absence of a structure change, the

condensation is an entropy-driven process, and lowering the temperature is expected

to disfavor condensation. Our observation supports the entropy-driven condensation

process. Further experiments such as measuring the inter-axial spacing as a func-

tion of temperature will further shed light on this possibility. The second possibility

would be that Mg2+ ions bind in the major grooves of AA-UU and coordinate with

the phosphate groups of neighboring AA-UU, resulting in attraction. Such ions-

phosphate groups coordination supports the zipper model, as discussed in Chapter

2.

In contrary to the long (∼300 bps) AA-TT duplex in Chapter 2, the dsDNA with

17s bp of AA-TT shows no condensation up to 2 M [Mg2+]. While this was somewhat

surprising, it does not rule out the possibility of Mg2+-mediated attraction between

AA-TT. We argue that this is due to the weak attraction induced by Mg2+. Even

for the long AA-TT duplex of ∼300 bps, a relatively high Mg2+ concentration of ∼20

mM is required for condensation, which is particularly high given the sub-mM ion

concentrations required for multivalent cation induced condensation of dsDNA. Given

the logarithmic relation between chemical potential and concentration, reducing the

length of DNA by a factor of ∼20 would raise the critical concentration of Mg2+

by a similar factor, giving about 400 mM Mg2+. There also exists another source

of competition from the 8 bps of G-C at the ends of the construct, which would

push the critical/threshold concentration close to the redissolvation concentration
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∼750 mM. Therefore, the absence of condensation here is attributed to the length

effect/dependence of condensation.

3.4.2 Force-Distance Measurements for Nucleic Acid Helices

Figure 37 shows quantitative differences in the force-distance relation between random-

sequence dsRNA, AA-UU, dsDNA, and dsDNA with 17 bps of AA-TT in 20 mM

Mg2+ and at room temperature. The condensation of AA-UU in Mg2+ (≥ 0.4mM)

leads to a finite RNA spacing of ∼32.8 Å at zero pressure, whereas random-sequence

dsRNA spacing approaches infinity. Due to having different sequences, the patterns

of charges and polar groups in AA-UU grooves change substantially compared to that

of random-sequence dsRNA. At close spacings, the AA-UU shows stronger hydration

repulsive forces compared to random-sequence dsRNA. As 20 mM Mg2+ precipitates

a fraction of AA-UU, one possibility is that Mg2+ resides inside the major groove

of AA-UU and coordinates with the phosphate group of the neighboring RNA, pro-

ducing attraction. Another possibility is that AA-UU changes structure to triplex

or tetra-aggregates (as explained above). Both of these possibilities support the ob-

served higher hydration forces at closer spacings and attraction at higher spacings for

AA-UU.

In comparison to random-sequence dsDNA, AA-TT (17 bps) shows attraction at

larger spacings and higher hydration forces at smaller spacings. The AA-TT binds

more Mg2+ ions in its major grooves and these bound ions spatially correlate with

phosphate groups of neighboring DNA giving attraction. The higher hydration force

for AA-TT is attributed to the open groove structure of this sequence in comparison

to the random-sequence dsDNA. There is no high spacings data for AA-TT above

∼28.8 Å. The AA-TT is not condensed by 20 mM Mg2+, and concentrations of

PEG-8K ≤ 10% are not sufficient to make pellets.

The force curves for dsRNA are shifted towards the higher inter-axial spacings in
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comparison to the force curves for dsDNA. It is attributed to the difference in the

radii of dsRNA and dsDNA (i.e., ∼1.5 Å).
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Figure 37: Force-spacing relations of dsRNA, AA-UU, dsDNA, and AA-TT in 20 mM
Mg2+.

3.4.3 Force Analysis

The force curves are fitted using the double-exponential equation to analyze the ion

and hydration mediated interactions, as discussed in Chapter 2. The solid lines in

Figure 38 are the fitted curves. The force curves are all well fitted, with a decay

length in the range of 2.4±0.01 Å. Since Mg2+ does not condense random-sequence

dsRNA and dsDNA, they show long-range repulsive components. As 20 mM Mg2+

condenses a fraction of AA-UU, it shows a long-range attractive component with

deq = 32.8 Å. Even though 20 mM Mg2+ does not condense AA-TT (17 bps), still

shows a long-range attractive component due to cation groove binding and spatial

correlation between bound cations and phosphate groups of neighboring DNA. The

deq of AA-TT found from curve fitting here is ∼28.8 Å, which is the same as deq

found for longer (∼300 bp) AA-TT in Chapter 2. The larger equilibrium spacing for
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AA-UU compared to AA-TT is attributed to the larger radius of dsRNA compared

to dsDNA (∼11.5 vs. ∼10 Å). These results show that force curves for dsDNA and

dsRNA follow the hydration force formulism well.
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Figure 38: The double-exponential fits for force-distance curves of random-sequence
dsRNA, AA-UU, dsDNA, and AA-TT helices. The difference between fitted and
measured values for each curve is shown at the bottom of the plot.

3.5 Conclusions

In this work, we measured the Mg2+-induced precipitation and force-distance curves

of dsRNA and compared the results with the dsDNA of an equivalent sequence.

Random-sequence dsRNA, which mimics the physiological dsRNA, is not condensed

by Mg2+. The main reason for random-sequence dsRNA showing resistance to con-

densation should be its deep and narrow major grooves internalizing bound ions rather

than exposing them. The AA-UU, which has very little chance to be present in the

physiological conditions, precipitates even when a small amount of Mg2+ is available.

The observed precipitation of AA-UU is likely due to the change of its structure

to a triplex or even tetra-aggregates. The shift of force-distance curves of dsRNA
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in comparison to the dsDNA signifies the importance of a larger radius of dsRNA

compared to dsDNA. The future work should aim to check the possible structure

change of AA-UU and to perform MD simulations to explore the molecular origin of

interactions.
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Chapter 4: Histone Tail-DNA Interactions: Charge Regulations and
Sequence Specificity

4.1 Introduction

Our previous studies focus on nucleic acids (DNA and RNA) interactions mediated

by divalent alkaline metal ions (Mg2+, Ca2+, Ba2+, and Sr2+). The longstanding

observation is that divalent alkaline metal ions mediate attraction between triple-

stranded nucleic acids (e.g., AA-TT#TT) but not between double-stranded nucleic

acids. Our studies show that divalent alkali metal ions can also mediate attraction

between specific constructs of double-stranded nucleic acids (e.g., AA-TT), and the

interactions are highly dependent on the geometry of the nucleic acids originating

from the sequence variations or surface modifications. The physical forces of such

interactions are mainly electrostatic (salt bridges) and entropic effects (ion exchange

and water releases).

Nucleic acids have many interacting partners in a cellular environment, such as

protamines in sperm, nucleosomes in eukaryotes, nucleoid-associated proteins in a

bacterium, etc. Among many interacting partners, proteins are the most signifi-

cant because proteins are able to control the structure and functions of the nucleic

acids (e.g., RNA transcription, DNA repair mechanisms, etc.). Unlike point-charged

cations (e.g., Mg2+), proteins interact with nucleic acids in a sophisticated way due

to the complex distribution of charges and polar regions in protein molecules. In an

effort to study the interactions between nucleosomal proteins and nucleic acids, we

probe the interactions between oligo-peptides, selected from the tails of histones and

nucleosome binding proteins, and DNA through quantitative measurements of DNA-

DNA forces modulated by the oligo-peptides. The reason we choose oligo-peptides

is that they provide us the opportunity to study DNA interactions with more com-

plex linear-charged ligands (e.g., oligo-peptides) abundant in biology in comparison
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to relatively simple point-charged ions (our previous studies).

The interactions between the entire tails of histones and DNA would be difficult

to compare and rationalize because of their uneven charge densities and lengths.

To probe both non-specific (driven by electrostatics) and specific (driven by peptide

sequence) effects in oligo-peptide and DNA interactions, we use oligo-peptides having

the same number of amino acids (n = 9) with different charges (3–7) and amino

acid sequences. Oligo-peptides having different charges help to understand the role

of electrostatics, and the same charge with different amino acid sequences help to

understand the specific (tail-sequence dependent) interactions. The reason to choose

9 amino acid sequences is that it gives a considerable number of options (neither less

nor more) while selecting oligo-peptides.

There are very limited previous studies on oligo-peptides and DNA interactions.

Among the existing studies, the most common is the study of protamine-DNA in-

teractions. Protamine, a 32 amino acid peptide with 21 arginines and 11 neutral

amino acids, condenses DNA into a very compact state during spermatogenesis [86].

During such condensation, the negative charges on the phosphate groups of DNA

molecules are neutralized by the positive charges on the amino acid residues of the

protamines. DNA condensed by protamines shows similar characteristics to DNA

condensed by multivalent cations [87]. However, a clear molecular-level picture of

how protamines bind with DNA and inactivate the gene during spermatogenesis is

still a matter of extensive research. Few other existing studies include the DNA con-

densation by unnatural arginine and lysine peptides [88] and arginine peptides with

engineered spacing between charged residues [32]. These studies suggest that arginine

peptides interact with DNA more strongly than lysine peptides, and inserting neu-

tral and negatively charged amino acid residues to the peptides decreases peptides’

ability to condense DNA molecules. As such, there is a very limited understanding

of oligo-peptide-DNA interactions, and our studies aim to discover better knowledge
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along this line.

The most favorable physical force in the interaction between oligo-peptide and

DNA is the electrostatic force, which originates from the opposite charges of oligo-

peptide and DNA phosphate groups. Besides electrostatic interactions, the dipolar

interactions (H-bonds), entropic effects, and dispersion forces (base stacking) occur in

such interactions. The extent of each force depends on the nature of the interactions.

For example, some oligo-peptides might bind to the grooves of the DNA, recognizing

and interacting with the specific sequence through the electrostatic interactions (salt

bridging) and hydrogen bonding. The transcription factor proteins, which are signif-

icant for gene expression, follow the similar interaction patterns. So, the importance

of our studies may lie in the transcription factor proteins. Since the oligo-peptides

are directly derived from the proteins associated with the nucleosome in eukaryotes

(histone and nucleosome bind proteins), the significance of our studies also lies on the

chromatin conformation and epigenetic regulations.

Our studies seek to separate the molecular factors of interest and quantify their

effects on pertinent molecular interactions. While it can be argued that neither

histone tails nor nucleosome binding proteins tails regulate chromatin structure in

isolation, our studies are designed to probe the most significant interactions they

participate in and to enable quantitative measurements that would not be possible

in complex chromatin settings.

4.2 Overview of Amino Acids and Histone Tails

Proteins are made up of a combination of amino acids. Figure 39 shows the chemical

structures of 20 common amino acids, of which 11 are polar and 9 are non-polar.

Among the 11 polar amino acids, aspartic acid (D), glutamic acid (E), lysine (K),

arginine (R), and histidine (H) have side chains that are charged, and serine (S),

threonine (T), cysteine (C), tyrosine (Y), asparagine (N), and glutamine (Q) have
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side chains that are uncharged (polar uncharged -NH2 or -OH groups). Two of the

five charged amino acids, D and E, are negatively charged, and the remaining three,

H, K, and R, are positively charged. At neutral pH (i.e., 7), the side chains of K and

R accept an H+ and carry a single positive charge, but the side chain of histidine

has a relatively low affinity to accept an H+ and carry a partial positive charge

(∼0.2) [89]. The side chains of D and E lose an H+ at neutral pH and carry a single

negative charge. Other 9 non-polar amino acids are glycine (G), alanine (A), valine

(V), leucine (L), isoleucine (I), methionine (M), phenylalanine (F), tryptophan (W),

and proline (P).

The oligo-peptides we use are made up of a combination of these amino acids.

More specifically, our oligo-peptides are selected from the tails of histone proteins,

which are strings of amino acid residues, as shown in Figure 40. In Figure 40, the

amino acid sequences with the histone proteins’ names (H3, H4, H2A, and H2B) at

the top are the histone core proteins, and the amino acid sequences in italic with the

histone folds names at the bottom are the tails of histone proteins. Histone tails are

poly-cationic, unstructured domains protruding from the nucleosome core and they

are known to interact with nucleosomal DNA, linker DNA, as well as the nucleosome

core. As such, histone tails are essential for DNA assembly in the nucleosome, as well

as for gene regulation through post-translational modifications.
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Figure 39: The chemical structures of 20 common amino acids [90].
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Figure 40: Nucleosome core histone protein sequences [7]. The amino acid sequences
with the histone proteins’ name (i.e., H3, H4, H2A, and H2B) at the top are histone
fold regions. The amino acid sequences in italic, with the histone folds names at the
bottom, are the histone tails.

4.3 Materials

Oligo-peptides were selected from the tails of nucleosome core histone proteins (H2A,

H2B, H3, and H4) [7] and nucleosome binding proteins or linker histones (H1 and

H5) [91, 92]. We mostly selected oligo-peptides from N-terminal tails of histone

proteins because these tails are much longer with high charge densities. However,

oligo-peptides from both the terminals of nucleosome binding proteins are chosen

because these tails have comparable lengths and charge densities. To probe the ef-

fect of post-translational modifications (PTMs), specific sites (amino acid residue)

of 3 oligo-peptides selected from the histone tails were mutated by using mutational

mimics of modifications (methionine (M) for methylation and glutamine (Q) for acety-

lation [93]). The modifications were performed by merely replacing specific residue
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(PTM site) by another residue (mutational mimic). The particular sites chosen were

K36 of NH3 for methylation (NH3 here denotes the N-terminal tail of H3 histone

protein), K9 of NH2A for acetylation, and K20 of NH4 for methylation. These modi-

fication sites are common epigenetic marks, which play crucial roles in transcription,

DNA replication, recombination, and DNA repair [94]. We specifically focused on the

changes in the interaction between oligo-peptides and DNA brought by these muta-

tions. Tables 2, 3, and 4 list the source, amino acid sequences, charged amino acid

residues, and total charges of oligo-peptides selected from the tails of histone proteins,

histone proteins with mutational modifications, and nucleosome binding proteins, re-

spectively. The HPLC purified oligo-peptides (purity ≥ 98%) in lyophilized TFA

(Trifluoroacetic acid) salts were purchased from GenScript USA Inc. These oligo-

peptides were dissolved in filtered di-H2O and titrated to pH 7–7.5 by 1 M Tris pH

11.5. The concentration of each oligo-peptide solution was adjusted to 1 mg/ml.
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Source Sequence Charged residues Charge
CH2A (K118-K126) KKTESSKSK 4K, 1E 3

NH4 (R17-N25) RHRKVLRDN 3R, 1K, 1H, 1D 3.2
NH2B (K17-K25) KTQKKDGKK 5K, 1D 4
NH2B (T18-R26) TQKKDGKKR 1R, 4K, 1D 4
NH2B (K12-K20) KKAVTKTQK 4K 4
NH2B (K9-K17) KGSKKAVTK 4K 4
NH2B (P7-V15) PKKGSKKAV 4K 4
NH3 (R2-S10) RTKQTARKS 2R, 2K 4

NH2A (K5-K13) KQGGKTRAK 1R, 3K 4
NH2A (G7-K15) GGKTRAKAK 1R, 3K 4
NH2A (T10-S18) TRAKAKTRS 2R, 2K 4
NH2A (R3-R11) RGKQGGKTR 2R, 2K 4
NH2A (A12-R20) AKAKTRSSR 2R, 2K 4
NH3 (V35-P43) VKKPHRYRP 2R, 2K, 1H 4.2

NH2B (Q19-R27) QKKDGKKRR 2R, 4K, 1D 5
NH2A (K9-R17) KTRAKAKTR 2R, 3K 5
NH4 (K12-K20) KGGAKRHRK 2R, 3K, 1H 5.2

NH2B (K20-K28) KKDGKKRRK 2R, 5K, 1D 6
NH2B (G23-K31) GKKRRKTRK 3R, 4K 7

Protamine PR4S3RPVR5PRVSR6G2R4 21R 21

Table 3: The source, sequence, charged residues, and the total charge of different
oligo-peptides selected from the tails of histone proteins H2A, H2B, H3, and H4. The
sequence, charged residues, and total charge of protamine are also provided. The
C and N before the source name (e.g., CH2A and NH2A) represent the C- and N-
terminal tails, respectively. The letters with numbers in the parentheses represent
the amino acid residues with their locations in the tails. For example, (K118-K126)
represents the oligo-peptide selected from the 118th position of the lysine to the 126th

position of lysine. The sequence, charged residues, and charge represent the sequence
of the amino acids, number of specific charged residues separated by a comma, and
the total positive charge (in terms of +e) of oligo-peptides, respectively.

Protamine (PR4S3RPVR5PRVSR6G2R4) having 32 amino acid residues, with 21

arginines (R) and 11 neutral amino acids, was used to compare its interaction with

DNA to the interactions of oligo-peptides with DNA. The protamine chloride from

salmon sperm (product number: P3880) in lyophilized form was purchased from

Sigma-Aldrich and dissolved in filtered di-H2o. The concentration of protamine chlo-

ride was adjusted to 1 mg/ml and used without further purification.
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Source Modification Sequence Charged residues Charge
NH3 (V35-P43) K36 → M VMKPHRYRP 2R, 1K, 1H 3.2
NH2A (K9-R17) K9 → Q QTRAKAKTR 2R, 2K 4
NH4 (K12-K20) K20 → M KGGAKRHRM 2R, 2K, 1H 4.2

Table 4: The source, sequence, charged residues, and the total charge of different
modified oligo-peptides selected from the tails of histone proteins H2A, H3, and H4.
The C and N before the source name represent the C- and N-terminal tails, respec-
tively. The letters with numbers in the parentheses represent the residues with their
locations in the tails. For example, (V35-P43) represents the oligo-peptide selected
from the 35th position of valine to the 43th position of proline. The modification of
specific residue in the oligo-peptide is represented by to sign (i.e., →). For example,
K36 → M represents lysine at 36th position of the oligo-peptide selected from the
specific tail (i.e., NH3 here) was mutated with methionine. The sequence, charged
residues, and charge represent the modified sequence of the amino acids, number of
specific charged residues separated by a comma, and the total positive charge (in
terms of +e) of oligo-peptides, respectively.

Source Sequence Charged residues Charge
NH1 (K17-K25) KPLAGKKAK 4K 4

CH1 (K140-K148) KKATGASKK 4K 4
CH1 (K147-K155) KKSVKTPKK 5K 5
CH1 (P207-K215) PKKAAPKKK 5K 5

NH5 (A12-S20) AKPKRVKAS 1R, 3K 4
NH5 (R16-A24) RVKASRRSA 3R, 1K 4
NH5 (K13-R21) KPKRVKASR 2R, 3K 5

CH5 (V172-K180) VKRSKPRAK 2R, 3K 5

Table 5: The source, sequence, charged residues, and the total charge of oligo-peptides
selected from the nucleosome binding proteins (H1 and H5). The C and N before
the source name represent the C- and N-terminal tails, respectively. The letters
with numbers in the parentheses represent the residues with their locations in the
tails. For example, (K17-K25) represents the oligo-peptide selected from the 17th

position of lysine to the 25th position of lysine. The sequence, charged residues, and
charge represent the sequence of the amino acids, number of specific charged residues
separated by a comma, and the total positive charge (in terms of +e) of oligo-peptides,
respectively.

All the experiments were performed with genomic DNA (∼10 kbp) from Salmon

Testes, which was purchased from Sigma in fibrous form. The genomic DNA was

dissolved in 1×TE pH 7.5 buffer and dialyzed overnight at 4 oC against 1 M NaCl

to replace contaminants with sodium ions. DNA was then re-dissolved in 1×TE pH
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7.5 buffer after phenol-chloroform extraction and ethanol precipitation. The concen-

tration of DNA was measured by UV absorbance (Absorbance at 260 nm = 1, where

CDNA = 1 mg/ml). The Tris, EDTA, and PEG (MW of 8000) were purchased from

Sigma and used as received.

4.4 Methods

4.4.1 Centrifugal Precipitation Assay

The detailed method of centrifugal precipitation experiment was described in Chapter

2. The precipitation experiments were performed for samples (DNA and oligo-peptide

mixture) in 2 mM Tris buffer conditions at room temperature. Such a low concen-

tration of Tris would minimize the ion competition between Tris and linearly charged

oligo-peptides while interacting with DNA. The DNA solution in 0.5 mM Tris, pre-

pared by diluting concentrated DNA in 1×TE by di-H2o, was separated into 10 µl

aliquots and spiked with 0 to 5 µl of the oligo-peptide (1 mg/ml), maintaining 2 mM

final Tris concentration. The solutions were incubated at room temperature for 15

minutes with occasional mixing/vortexing and then centrifuged at 14000 rpm for 10

minutes. 2 µl of supernatant was taken out from each aliquot, and the fraction of sol-

uble DNA was measured by UV absorbance at 260 nm. The error bars for absorption

measurements were calculated by using mean square error and error propagation, as

described in Chapter 2.

4.4.2 Critical Concentration

The critical concentration of each DNA condensing oligo-peptide was measured from

the centrifugal precipitation experiments. The mass ratio of oligo-peptide and DNA

was first determined and then converted to charge ratio. The total charge for DNA

was calculated using a relation, 1 µg DNA = 1.71×1015 negative charges [95]. The

total charge of oligo-peptide was calculated using an equation, NMNA, where N is the
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number of charge per oligo-peptide, M is the number moles, and NA is Avogadro’s

number (6.022×1023 mole−1). For DNA condensing oligo-peptides (charge ≥ 4), the

critical concentrations were observed to decrease with an increase in total charge per

oligo-peptide.

4.4.3 Osmotic Stress Method (OSM) and X-ray Diffraction (XRD)

The x-ray samples (pellets) were prepared in two steps. First, samples were made

in a constant oligo-peptide and PEG (30%) concentration. In this step, the oligo-

peptide/DNA charge ratio used was 2 for oligo-peptides that do not precipitate DNA

and 1.2× the critical concentrations for oligo-peptides that precipitate DNA. Second,

the pellets were transferred to bathing PEG/oligo-peptide solutions containing ∼100

µM of oligo-peptides and variable PEG concentrations (0–50%, with an increment of

5%). The samples in bathing solutions were allowed to equilibrate for 1 week with

occasional vortexing and centrifugation at room temperature. Under such experi-

mental conditions, the spacings between DNA helices did not depend on both the

equilibration time or the concentration of oligo-peptides. The x-ray measurements

were performed at room temperature, as described in Chapter 2.

4.5 RESULTS

4.5.1 Measurements of Oligo-peptide-Induced Condensation of DNA

The precipitation experiment measures the concentration of free DNA in the cen-

trifuged oligo-peptide/DNA mixture via UV absorption at 260 nm. For all the precip-

itation experiments, the same range of oligo-peptide/DNA mass ratios is used; how-

ever, the amount of oligo-peptides and DNA used is slightly different for different ex-

periments. Figure 41 shows the differences in condensation of genomic DNA (GNOM)

mediated by oligo-peptides with 3–7 charges and protamine with 21 charges. Similar

amounts of oligo-peptides and DNA are used here. The oligo-peptide CH2A K118-
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K126 with 3 charges does not condense DNA, but all other oligo-peptides with ≥

4 charges condense DNA. It suggests that 9 residue oligo-peptides should have at

least 4 charges to precipitate DNA. Also, the critical concentration of oligo-peptides

decreases with an increase in the total charge of oligo-peptide.

The oligo-peptides with charges ≥ 6 including protamine precipitate DNA gradu-

ally rather than all-or-none (Figure 41), i.e., the onset of precipitation occurs as soon

as any amount of oligo-peptide is added instead of a narrow window of precipitation

starting from a threshold oligo-nucleotide concentration. Such observations are in-

teresting because it represents a different regime of oligo-peptide-DNA interaction,

as compared with multivalent cations which give all-or-none condensation. It seems

that very little high charged oligo-peptides or protamines are sufficient for condensing

DNA. It can be quite interesting biologically. One issue with the usual multivalent

cations (such as cobalt hexamine, spermine, etc.) is that a significant amount of

them is needed for condensing DNA (at least 90% DNA charge neutralization [31]).

So it is not convincing that these multivalent cations work physiologically to induce

DNA-DNA attraction. But these oligo-peptides do look different as they do not need

a significant charge neutralization for condensing DNA.
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Figure 41: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide concentration in solution. The oligo-peptides have 3–7
charges, and protamine has 21 charges.

All our precipitation experiments are performed for oligo-peptides and DNA mix-

tures with the same buffer of 2 mM Tris pH 7–7.5. Figure 42 shows the fraction of

free DNA for 2 oligo-peptides and DNA solutions at different Tris concentrations.

While the oligo-peptide is kept at the critical concentrations, the Tris concentration

shows to significantly affect the DNA condensation. The oligo-peptides condense

DNA when Tris concentration is low (2–6 mM). Above 6 mM Tris concentrations,

DNA redissolves into the solution. The reason for it is Tris, being monovalent cation,

competes with linearly charged oligo-peptide while interacting with DNA. To abolish

such ion competition, we use a low concentration of Tris (2 mM) in our experiments.
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Figure 42: The fraction of unprecipitated DNA calculated from UV absorption as
a function of the Tris concentrations in solution. The concentration of each oligo-
peptide used is the same at its critical concentration.

Figure 43 shows the differences in condensation of DNA mediated by oligo-peptides

with 3–4 charges. The oligo-peptides CH2A K118-K126 and NH4 R17-N25 with 3

and 3.2 charges, respectively, do not condense DNA. These are attributed to incom-

plete neutralization of DNA charge by these low charged oligo-peptides. For the

precipitation experiment with NH4 R17-N25, less amount (nearly half) of both the

oligo-peptide and DNA are used. Due to this reason, the data for this oligo-peptide is

up to ∼75 µM only. Surprisingly, some oligo-peptides with 4 charges condense DNA,

and the others do not. Even having the same charge, the striking differences in DNA

condensation propensities are due to the sequence and location of charged amino acid

residues in the oligo-peptides. We argue that charges closer or even together and at

the ends of oligo-peptides mediate DNA condensation more effectively. The oligo-

peptide NH1 K17-K25 has lysine at both ends, and two other lysines together are

very close to the end lysine at the right. Due to having charged amino acid residue
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close and at both ends, it condenses DNA more readily than other oligo-peptides of

the same charge. All other condensing oligo-peptides (NH2B P7-V15, NH2B K17-

K25, and CH1 K140-K147) have a combination of two charges (lysines) together, and

their condensation propensity depends on how far these two-charge-combinations are.
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Figure 43: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide concentration in solution. These oligo-peptides have 3–4
charges, which are mostly contributed by lysine (K).

Figure 44 shows the differences in precipitation of DNA mediated by oligo-peptides

with 4 charges. The charges of these oligo-peptides are contributed by the lysine (K)

and arginine (R) residues. Less amount of DNA and oligo-peptide is used for the case

of NH2B T18-R26, so the DNA precipitation seems to occur at a low concentration for

this oligo-peptide. All oligo-peptides with 4 charges here precipitate DNA; however,

the critical concentration of DNA precipitation is different for different oligo-peptide.

We argue that such variation in critical concentration arises from the location and

source (either K or R) of charges. As suggested in the previous study [96], arginine
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is stronger for mediating DNA-DNA attraction than lysine. The difference has been

attributed to the delocalized positive charge of arginine at the distal end of the guani-

dinium group compared with the localized charge of lysine [96]. Such a delocalized

positive charge of arginine may have better freedom to interact with the negative

charge of the DNA phosphate group than the localized charge of lysine. It could be

the reason that most of the oligo-peptides with 2 or 3 arginines have lower critical

concentration than oligo-peptides with 1 arginine. Also, most of the oligo-peptides

with at least 1 arginine (Figure 44) have less critical concentration than oligo-peptides

without arginine (Figure 43).

Arginines being closer or even together is better for mediating DNA-DNA attrac-

tion. For example, oligo-peptide NH5 R16-A24 has 3 arginines, with 2 together and

1 at the end, which is suitable for mediating DNA-DNA attraction. Also, the regular

arrangement of individual charged residues and charged residues at the ends is favor-

able for mediating DNA-DNA attraction. For example, oligo-peptide NH2A R3-R11

having 1 arginine at each end and NH2A A12-R20 having a regular arrangement of

the charged amino acid residues (K-K-R-R in order) have lower critical concentration

than others with no such arrangements.
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Figure 44: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide concentration in solution. These peptides have 4 charges,
mostly contributed by the combination of lysine (K) and arginine (R) residues.

Figure 45 shows the differences in precipitation of DNA mediated by oligo-peptides

having ≥ 5 charges. The charges of these oligo-peptides are contributed by the lysine

(K), arginine (R), histidine (H), and aspartic acid (D). All of these oligo-peptides

condense DNA, and the critical concentration of most of these oligo-peptides is less

than the critical concentration of less charged oligo-peptides (charge ≤ 4). Oligo-

peptides with the same charge have different critical concentrations depending on

the type and arrangement of charged amino acid residues. For example, CH1 P207-

K215 has a lower critical concentration than CH1 K147-K155 because the former

has three lysines together, but the later has two lysines together. One remarkable

observation (as explained above) is that high-charged oligo-peptides (charge ≥ 6),

including protamine, precipitate DNA gradually rather than all-or-none.
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Figure 45: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide concentration in solution. These oligo-peptides have 5
or more charges, mostly contributed by the combination of lysine (K) and arginine
(R) residues.

Figure 46 shows the differences in precipitation of DNA mediated by oligo-peptides

with mutational modifications. The critical concentrations of modified oligo-peptides

are larger than those of unmodified oligo-peptides. Such an increase in the critical

concentration is expected because the number of charges decreases with the modifica-

tions. Surprisingly, even having 3.2 charges, the oligo-peptide NH3 M35-P43 K36→M

condenses DNA. The reason for it should be that this oligo-peptide has two arginines

and all four charged residues relatively closer.
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Figure 46: The fraction of unprecipitated DNA calculated from UV absorption as
a function of the oligo-peptide concentration in solution. Few oligo-peptides are
mutated to mimic epigenetic modifications. Unmodified oligo-peptides are shown
here for comparison purposes.

Physics of DNA condensation starts with charge neutralization, despite the reason

is that there are additional requirements for condensation. In our experiments, the

DNA helices precipitate when the positive charges of oligo-peptides neutralize their

negative charges. As such, we next analyze our precipitation experiments in terms

of the oligo-peptide/DNA charge ratio. Figure 47 shows the differences in precipita-

tion of DNA mediated by two oligo-peptides (NH2B K17-K25 and NH2B T18-R26)

at different Tris concentrations. These oligo-peptides do not condense DNA at 14

mM but condense at 2 mM Tris. As explained above, Tris competes with linearly

charged oligo-peptide while interacting with DNA. So, a high concentration of Tris

hinders the DNA condensation. Both oligo-peptides have 4 charges, but the pres-

ence of one arginine and the combination of three charges together at the right end

makes NH2B T18-R26 better (critical concentration = oligo-peptide/DNA charge

ratio of ∼1.5) for condensing DNA than NH2B K17-K25 (critical concentration =
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oligo-peptide/DNA charge ratio of ∼2.3).
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Figure 47: The fraction of unprecipitated DNA calculated from UV absorption as
a function of the oligo-peptide/DNA charge ratio. Oligo-peptides condense DNA at
low (2 mM) but do not condense at high (14 mM) concentration of Tris.

Figure 48 shows the differences in precipitation of DNA mediated by oligo-peptides

with 3–4 charges, which are mostly contributed by lysine (K). Oligo-peptides with 3

and 3.2 charges do not condense DNA at all oligo-peptide/DNA charge ratios until

3. A few oligo-peptides with 4 charges condense DNA, and a few do not. DNA

condensing oligo-peptides have different critical charge ratios depending on their se-

quence (location/combination of charged amino acid residues). For oligo-peptides

with 4 charges, the observation suggests that at least 3 charges should be together

to condense DNA in the same way as multivalent cations (i.e., at the charge ratio

of ∼1). For example, oligo-peptide NH1 K17-K25 with one lysine at one end and 3

other lysines close together at other end condenses DNA at charge ratio ∼1. Other

oligo-peptides (NH2B P7-V15, NH2B K17-K25, and CH1 K140-K147) have 2 lysines

together and condense DNA at higher charge ratio (> 1.7).
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Figure 48: The fraction of unprecipitated DNA calculated from UV absorption as
a function of the oligo-peptide/DNA charge ratio. These oligo-peptides have 3–4
charges, which are mostly contributed by lysine (K).

Figure 49 shows the differences in precipitation of DNA mediated by oligo-peptides

with 4 charges, mostly contributed by the combination of lysine (K) and arginine (R)

amino acid residues. Most of these oligo-peptides start to condense DNA at the

charge ratios ∼1 and completely condense at the charge ratios ∼1.5. The oligo-

peptides NH3 R2-S10 and NH5 A12-S20 completely condense DNA at charge ratio

∼1.8 and > 2.5, respectively. Even having the same 4 charges, the differences in

the critical concentrations of oligo-peptides depend on the type of charged residues

(either R or K) and the sequence of amino acid residues (location of charged amino

acids). The higher number of arginine, charged amino acids close or even together,

regular arrangement of charged amino acids, and the presence of charged amino acids

at the ends of oligo-peptides are found better for condensing DNA.
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Figure 49: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide/DNA charge ratio. These oligo-peptides have 4 charges,
which are contributed by the combination of lysine (K) and arginine (R) residues.

Figure 50 shows the differences in precipitation of DNA mediated by oligo-peptides

with ≥5 charges, which are contributed by the combination of lysine (K), arginine

(K), histidine (H), and aspartic acid (D). All of these oligo-peptides start to condense

DNA at charge ratios ≤ 1. Depending on the sequence and type of charged residues,

the oligo-peptides have different critical charge ratios. The higher charged oligo-

peptides (charge ≥ 6) are better for condensing DNA, as evident from the instant

DNA condensation even at a small charge ratio of ∼ 0.25. As discussed earlier,

such results imply that high-charged oligo-peptides are crucial for DNA condensation

physiologically as the strong electrostatic coupling overwhelms entropic and leads to

stoichiometric complexation.
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Figure 50: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide/DNA charge ratio. These oligo-peptides have 5 or more
charges, mostly contributed by the combination of lysine (K) and arginine (R) amino
acid residues.

Figure 51 shows the differences in precipitation of DNA mediated by modified

oligo-peptides with charges 3.2, 4, and 4.2, which are contributed by the combination

of lysine (K), arginine (R), and histidine (H) residues. The modified oligo-peptides

start to condense DNA at charge ratios < 1 and completely condense at a charge ratio

∼1.25. The modified and unmodified oligo-peptides with the same charge combina-

tion (same number of K, R, and H) condense DNA in the same way. For example,

the oligo-peptides NH2A K9-R17 K9→Q (modified) and NH2A A12-R20 (unmodi-

fied) with the same combination of lysine and arginine residues (i.e., 2R and 2K)

completely condense DNA at similar charge ratio of ∼1.25. It suggests that the mod-

ification to the oligo-peptide mutes the charge, as expected, and no peculiar effects

are observed as far as DNA charge neutralization and interaction are concerned.
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Figure 51: The fraction of unprecipitated DNA calculated from UV absorption as a
function of the oligo-peptide/DNA charge ratio. A few oligo-peptides are mutated to
mimic epigenetic modifications. Oligo-peptides without mutational modifications are
used for comparison purposes.

4.5.2 Force-Distance Measurements of DNA Helices Mediated by Oligo-

peptides

To probe the interaction between oligo-peptides and DNA, we quantitatively measure

the DNA-DNA forces modulated by the oligo-peptides. Specifically, ordered DNA

arrays are charge neutralized by oligo-peptides derived from histone and nucleosome

binding protein tails, and osmotic stress is used to vary the DNA-DNA forces and

x-ray diffraction is used to determine the DNA-DNA spacing.

Figure 52 shows the inter-DNA force/pressure versus inter-axial spacing curves

with different oligo-peptides (3–7 charges) and protamine (21 charges). For each case,

the oligo-peptide concentration in the PEG solution is sufficient enough to neutralize

the DNA charge. The force-distance curves with different oligo-peptides, having

different total charges, are significantly different. The oligo-peptide CH2A K118-
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K126 with 3 charges does not condense DNA and gives rise to an infinite equilibrium

spacing when extrapolated to zero DNA-DNA force. All other oligo-peptides with

total charges ≥ 4 condense DNA and give rise to finite equilibrium spacings. At

closer spacings (high PEG concentrations), the hydration force increases with the

decrease in the total charge of oligo-peptide. It is attributed to the energetic cost

of removing the hydration shell. High charged oligo-peptide removes the hydration

shell easily with the strong attraction between DNA helices. At large spacings (low

PEG concentrations), the equilibrium spacing decreases with the increase of charge of

oligo-peptide. It is because higher-charged oligo-peptides lead to stronger attraction

between DNA helices. The observations suggest that total charge of the oligo-peptide

has the most substantial influence in the DNA-DNA interaction.
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Figure 52: Force-distance curves of DNAs modulated by oligo-peptides selected from
histone tails with 3–7 charges and protamine with 21 charges.

Figure 53 shows the osmotic pressure versus DNA inter-axial spacing curves for

oligo-peptides having 3, 3.2, and 4 charges. Lysine residues mostly contribute to the

92



charges of these oligo-peptides. The oligo-peptide CH2A K118-K126, with 3 charges,

leads to both strongest hydration and electrostatic repulsion. The 3.2 charged oligo-

peptide, NH4 R17-N25, gives strong hydration force at close spacing and repulsion

at large spacing. Such results are attributed to the insufficient DNA charge neu-

tralization by these lower-charged oligo-peptides. Interestingly, the observation for

NH4 R17-N25, with 3.2 charges, is similar to the observations for a few 4 charged

oligo-peptides (NH2B K9-K17, NH2B K12-K20, and NH2B P7-V15). There could

be two reasons for that. First, the oligo-peptide, NH4 R17-N25, has 3 arginines (a

high number of arginine) and four charges together at the left end, because of which

it might behave as 4 charged oligo-peptides. Second, histidine (H), which is supposed

to contribute 0.2 charges at pH∼7.5, might provide 1 charge. Future experiments

with histidine-containing-oligo-peptides will confirm which possibility is more likely.

Out of the 6 oligo-peptides with 4 charges, only 4 (NH2B P7-V15, NH2B K17-

K25, CH1 K140-K147, and NH1 K17-K25) condense DNA at oligo-peptide/DNA

charge ratios in the range ∼1.2–3. Except for NH2B P7-V15, all other DNA con-

densing oligo-peptides lead to a weak attraction at large spacings, and the order of

attraction matches with the order of critical concentrations of these oligo-peptides.

Even having the same 4 charges, a few oligo-peptides show weak attraction and the

others show repulsion at large spacings. Such observations are attributed to the

sequence (location of charged residues) of these oligo-peptides. For example, the

oligo-peptide, NH1 K15-K25, having lysine at both ends and two other lysines to-

gether being very close to the end lysine at the right end, produces relatively weak

long-range attraction than the others with the same charges. These results further

emphasize that oligo-peptides should have at least 4 charges to mediate considerable

attraction between DNA helices.
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Figure 53: Force-distance curves of DNAs modulated by oligo-peptides with 3, 3.2,
and 4 charges. The charges of these oligo-peptides are mostly contributed by the
lysine (K) residues.

Figure 54 shows the log osmotic pressure versus DNA inter-axial spacing curves for

oligo-peptides with 4 charges. The charges of these oligo-peptides are contributed by

the combination of lysine and arginine residues. Except for NH5 A12-S20, all other

oligo-peptides condense DNA at a charge ratio of ∼1.2 and lead to relatively stronger

hydration and mixed electrostatic attraction. The oligo-peptide NH5 A12-S20, which

condense DNA at a charge ratio of ∼2.5, leads to strong hydration force and very

weak electrostatic attraction. Except for the oligo-peptide NH2B T18-R26, all other

oligo-peptides give rise to similar hydration forces, as the force curves converge at

lower spacings. More importantly, the same charged oligo-peptides show different

attractive behavior at higher spacings. Such observations imply that the sequence

(location of charged residues) of the oligo-peptides has significance for the interaction

with DNA.
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Figure 54: Force-distance curves of DNAs modulated by oligo-peptides with 4 charges,
which are mostly contributed by the combination of lysine (K) and arginine (R) amino
acid residues.

Figure 55 shows osmotic force curves for DNA arrays mediated by oligo-peptides

with 4.2, 5, 5.2, 6, and 7 charges, and protamine with 21 charges. All of these

oligo-peptides condense DNA and lead to finite equilibrium spacings. The oligo-

peptides with 5 charges show high hydration forces at close spacings and mixed elec-

trostatic attraction at large spacings. Even having the same 5 charges, oligo-peptides

with lysines only (CH1 K147-K155 and CH1 P207-K215) give rise to weaker electro-

static attraction than oligo-peptides with 2 arginines (NH5 K13-R21, CH5 V172-

K180, NH2B Q19-R27, and NH2A K9-R17). It supports our previous argument

that arginines are better than lysines for mediating attraction between DNA he-

lices. The oligo-peptides with 2 arginines and 5 total charges lead to slight differ-

ences in long-range electrostatic attraction. It is attributed to the sequence (location
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of charged amino acid residues) of these oligo-peptides. The higher-charged oligo-

peptides (NH2B K20-K28 with 6, NH2B G23-K31 with 7, and protamine with 21

charges) lead to strongest electrostatic attraction and weakest hydration forces. The

higher the charge, the stronger is the long-range attraction, and the weaker is the hy-

dration forces. The equilibrium spacing for protamine mediated DNA helices (∼29.8

Å) is significantly smaller than that of oligo-peptides mediated DNA helices. It is

because protamine has a much higher charge (i.e., 21) than oligo-peptides (i.e., 3–

7). The short-range repulsion for oligo-peptide NH2B G23-K31 with 7 charges is

lower than for protamine. It should be the effect of the high charge density of this

oligo-peptide (∼0.778) in comparison to the protamine (∼0.656). Interestingly, the

oligo-peptides NH3 V35-P43 with 4.2 and NH4 K12-K20 with 5.2 charges lead to sim-

ilar electrostatic and hydration forces as 5 and 6 charged oligo-peptides, respectively.

Such observations support that histidine contributes nearly 1 charge at pH 7.5.
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Figure 55: Force-distance curves of DNAs modulated by oligo-peptides with charge
4.2, 5, 5.2, 6, and 7, and protamine with 21 charges. The charges of these oligo-
peptides are contributed by lysine (K), arginine (R), histidine (H), and aspartic acid
(D) amino acid residues.

Figure 56 shows osmotic force curves for DNA arrays mediated by modified oligo-

peptides with 3.2, 4, and 4.2, and unmodified oligo-peptides with 4, 4.2, and 5 charges.

The modified oligo-peptides NH2A K9-R17 K9→Q and NH3 M35-P43 K36→M lead

to weaker electrostatic attraction and stronger hydration repulsion than the same

oligo-peptides without modifications. It suggests that modification to the oligo-

peptide mutes the charge and weakens the attraction. The oligo-peptides NH2A A12-

R20 (unmodified) and NH2A K9-R17 K9→Q (modified) have the same numbers of

arginine and lysine residues but show different hydration forces and long-range electro-

static attractions. Such results are attributed to the arrangement of charged residues

in the oligo-peptides. The regular arrangement of arginine and lysine residues (i.e.,

K-K-R-R) in the oligo-peptide NH2A A12-R20 leads to strong attraction and weak
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hydration forces compared to oligo-peptide NH2A K9-R17 K9→Q with irregular argi-

nine residues (i.e., R-K-K-R). Interestingly, the modified oligo-peptides NH3 V35-

P43 K36→M with 3.2 and NH4 K12-K20 K20→M with 4.2 charges show the similar

electrostatic attraction and hydration repulsion forces as oligo-peptides with 4 and 5

charges, respectively. It supports our previous argument that histidine contributes 1

charge at pH 7.5.
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Figure 56: Force-distance curves of DNAs modulated by the modified oligo-peptides
with 3.2, 4, and 4.2 charges, and unmodified oligo-peptides with 4, 4.2, and 5 charges.

4.5.3 Force Analysis

As an effort to analyze the electrostatics and hydration mediated interactions, the

osmotic stress force curves for DNA helices modulated by the oligo-peptides are fit-

ted using the double-exponential equation. The detailed procedure for fitting force

curves using a double-exponential equation is discussed in Chapter 2. Unlike our

previous cases for divalent cations modulated DNA and RNA force curves, oligo-

peptides modulated DNA force curves are fitted with a decay length of λ = 3 Å.
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Fittings of oligo-peptides modulated DNA force curves using a decay length of 2.4

Å (used before) give us substantial errors. The reason is unknown, but the stud-

ies [88, 32] also show that double-exponential fittings of DNA force curves modulated

by oligo-peptides with a decay length of 2.4 Å have substantial errors. The solid lines

in Figures 57, 58, 59, and 60 are the fitted curves. The force curves are well-fitted,

with the decay length in the range 3±0.015 Å.

Figure 57 shows the double-exponential fits of DNA force curves, where oligo-

peptdies with 3, 3.2, and 4 charges are used. Oligo-peptides NH1 K17-K25, CH1 K140-

K147, and NH2B K17-K25 precipitate DNA and give long-range attractive compo-

nents. The oligo-peptide NH2B P7-V15 precipitates DNA but gives a long-range

repulsive component. We are not sure about this result; however, a point to note is

that it precipitates DNA at a high oligo-peptide/DNA charge ratio (≥ 1.7). All other

oligo-peptides do not condense DNA and give rise to long-range repulsive components.

30 35 40 45 50

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

inter-axial spacing (Å)

lo
g

1
0

(Π
) 

(P
a)

 

 
CH2A−KKTESSKSK

NH4−RHRKVLRDN

NH2B−KGSKKAVTK

NH2B−KKAVTKTQK

NH2B−PKKGSKKAV

NH2B−KTQKKDGKK

CH1−KKATGASKK

NH1−KPLAGKKAK

Figure 57: Two-exponential fits for force-distance curves of DNAs modulated by
oligo-peptides with total charge 3, 3.2, and 4. The charges of these oligo-peptides are
mostly contributed by the lysine residues.
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Figure 58 shows the two-exponential fits of DNA force curves, where the oligo-

peptides with 4 charges are used. The combination of lysine and arginine residues con-

tribute to the charges of these oligo-peptides. All of these oligo-peptides precipitate

DNA. Except for NH5 A12-S20, all other oligo-peptides give substantial long-range

attractive components. It shows a sign of very weak attraction in the medium-range;

however, two-exponential fitting does not account for that. One possible reason for

having no clear long-range attraction for NH5 A12-S20 could be that it condenses

DNA only at a very high charge ratio (∼ 2.5). All other oligo-peptides have the

same charge but give rise to different equilibrium spacing (deq). As mentioned above,

it is the effect of type of charged residues (either R or K) and the sequence of the

oligo-peptides.
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Figure 58: Two-exponential fits for force-distance curves of DNAs modulated by oligo-
peptides with total charge 4. The charges of these oligo-peptides are contributed by
the combination of lysine and arginine residues.

Figure 59 shows the two-exponential fits of DNA force curves, where the oligo-

peptides with ≥ 5 charges are used. All of these oligo-peptides precipitate DNA and
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give rise to finite equilibrium spacings. Oligo-peptides with 5 charges have equilibrium

spacings in the range of ∼35–40.2 Å. Even having the same charged oligo-peptides,

such differences in equilibrium spacings are attributed to the types (either K or R)

and sequence of charged amino acid residues. The higher charged oligo-peptides with

6 and 7, and protamine with 21 charges lead to lower equilibrium spacings. the higher

the charge, the lower is the equilibrium spacing for them. The equilibrium spacing

produced by protamine is the lowest (deq = 29.8 Å), which is similar as in the previous

study [32].
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Figure 59: Two-exponential fits for force-distance curves of DNAs modulated by
oligo-peptides with 4.2, 5, 5.2, 6, and 7, and protamine with 21 charges.

Figure 60 shows the double-exponential fits of DNA force curves, where the mod-

ified oligo-peptides with 3.2, 4, and 4.2 charges are used. All of these modified oligo-

peptides condense DNA and give rise to finite equilibrium spacings. Surprisingly, NH3

K36→M VMKPHRYRP with 3.2 charges has less equilibrium spacing than NH2A

K9→Q QTRAKAKTR with 4 charges. It could be due to two reasons. First, the
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histidine present in the oligo-peptide NH3 K36→M VMKPHRYRP contributes a sin-

gle charge and makes the total charge the same as in the oligo-peptide NH2A K9→Q

QTRAKAKTR. Second, the closer-spaced charged residues in the oligo-peptide NH3

K36→M VMKPHRYRP makes it better for modulating attraction between DNA

helices than relatively distant charged residues in the oligo-peptide NH2A K9→Q

QTRAKAKTR. The oligo-peptide NH4 K20→M KGGAKRHRM with 4.2 charges

behaves as the 5 charged oligo-peptides producing lower equilibrium spacing and hy-

dration forces. It is attributed to the presence of histidine, which likely contributes 1

charge.

28 30 32 34 36 38

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

inter-axial spacing (Å)
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Figure 60: Two-exponential fits for force-distance curves of DNAs modulated by
modified oligo-peptides with 3.2, 4, and 4.2 charges.

4.6 Conclusions

Table 6 gives the information about the source, sequence, number of positively charged

residues (R, K, and H), number of charged residues at the ends of the oligo-peptides,

and mid-range attraction or repulsion and the rank of attraction and repulsion be-
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tween DNA helices modulated by these oligo-peptides.
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Source Sequence Rank of Mid-range Number of charges Charge Total

Rep Att Rep/Att R K R+K H at ends density charge

CH2A (K118-K126) KKTESSKSK 1 31 1 0 4 4 0 2 0.333 3

NH4 (R17-N25) RHRKVLRDN 2 28 1 3 1 4 1 1 0.356 3.2

NH2B (K17-K25) KTQKKDGKK 3 25 1 0 5 5 0 2 0.444 4

NH2B (T18-R26) TQKKDGKKR 4 17 -1 1 4 5 0 1 0.444 4

NH2B (K12-K20) KKAVTKTQK 5 29 1 0 4 4 0 2 0.444 4

NH1 (K17-K25) KPLAGKKAK 6 20 -1 0 4 4 0 2 0.444 4

NH2B (K9-K17) KGSKKAVTK 7 30 1 0 4 4 0 2 0.444 4

NH2B (P7-V15) PKKGSKKAV 8 27 1 0 4 4 0 0 0.444 4

NH5 (A12-S20) AKPKRVKAS 9 26 1 1 3 4 0 0 0.444 4

CH1 (K140-K148) KKATGASKK 10 24 1 0 4 4 0 2 0.444 4

NH3 K36→M VMKPHRYRP 11 11 -1 2 1 3 1 0 0.356 3.2

NH2A K9→Q QTRAKAKTR 12 16 -1 2 2 4 0 1 0.444 4

NH3 (R2-S10) RTKQTARKS 13 23 -1 2 2 4 0 1 0.444 4

CH1 (K147-K155) KKSVKTPKK 14 19 -1 0 5 5 0 2 0.556 5

CH1 (P207-K215) PKKAAPKKK 15 14 -1 0 5 5 0 1 0.556 5

continued . . .
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. . . continued

Source Sequence Rank of Mid-range Number of charges Charge Total

Rep Att Rep/Att R K R+K H at ends density charge

NH2A (K5-K13) KQGGKTRAK 16 18 -1 1 3 4 0 2 0.444 4

NH2A (G7-K15) GGKTRAKAK 17 22 -1 1 3 4 0 1 0.444 4

NH2A (T10-S18) TRAKAKTRS 18 21 -1 2 2 4 0 0 0.444 4

NH2B (Q19-R27) QKKDGKKRR 19 8 -1 2 4 6 0 1 0.556 5

NH2A (R3-R11) RGKQGGKTR 20 15 -1 2 2 4 0 2 0.444 4

NH3 (V35-P43) VKKPHRYRP 21 5 -1 2 2 4 1 0 0.467 4.2

NH2A (A12-R20) AKAKTRSSR 22 12 -1 2 2 4 0 1 0.444 4

NH5 (R16-A24) RVKASRRSA 23 13 -1 3 1 4 0 1 0.444 4

NH5 (K13-21) KPKRVKASR 24 9 -1 2 3 5 0 2 0.556 5

NH4 K20→M KGGAKRHRM 25 7 -1 2 2 4 1 1 0.467 4.2

CH5 (V172-K180) VKRSKPRAK 26 10 -1 2 3 5 0 1 0.556 5

NH2A (K9-R17) KTRAKAKTR 27 6 -1 2 3 5 0 2 0.556 5

NH2B (K20-K28) KKDGKKRRK 28 4 -1 2 5 7 0 2 0.667 6

NH4 (K12-K20) KGGAKRHRK 29 3 -1 2 3 5 1 2 0.578 5.2

continued . . .

105



. . . continued

Source Sequence Rank of Mid-range Number of charges Charge Total

Rep Att Rep/Att R K R+K H at ends density charge

Protamine PR4S3RPVR5PRVSR6G2R4 30 1 -1 21 0 21 0 1 0.656 21

NH2B (G23-K31) GKKRRKTRK 31 2 -1 3 4 7 0 1 0.778 7

Table 6: Summary table with the source, sequence, number of positively charged residues, number of charged residues at the
ends of the oligo-peptides, and mid-range attraction or repulsion and the rank of attraction and repulsion between DNA helices
modulated by the oligo-peptides. The abbreviations Rep. and Att. represent repulsion and attraction.
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The total charge of the oligo-peptide has the most substantial influence on DNA-

DNA interaction. Generally, higher-charged oligo-peptides lead to stronger attraction

and weaker repulsion. It is attributed to the tight binding of oligo-peptides with the

phosphate backbone of DNA.

The oligo-peptides CH2A (K188-K126) KKTESSKSK with 3 charges and NH4

(R17-N25) RHRKVLRDN with 3.2 charges lead to the strongest hydration repulsion

and electrostatic repulsion. These oligo-peptides are unable to neutralize the DNA

charge and give rise to inter-DNA repulsion at all distances. The oligo-peptides with

4 and 4.2 charges produced relatively stronger hydration and mixed electrostatic

attraction. Even when having the same total charge, oligo-peptides show different

attractive force behaviors at large distances. It suggests that the sequence of oligo-

peptide has significance for the interaction with DNA. The charges close or even

together, at the ends, and regular arrangement of charged amino acid residues are

better for mediating attraction between DNA helices. For example, even having the

same charge (i.e., 4) with the same number of arginine and lysine residues (i.e., 2R

and 2K), the oligo-peptide NH2A (T10-S18) TRAKAKTRS gives weaker attraction

compared to NH2A (A12-R20) AKAKTRSSR. The differences between these two

oligo-peptides are the former has an irregular arrangement of charged residues (i.e., R-

K-K-R) with no charged residue at the ends, and the later has a regular arrangement

of charged residues (i.e., K-K-R-R) with one charged residue at the end. The similar

effect can be seen between oligo-peptides NH3 (R2-S10) RTKQTARKS and NH2A

(R3-R11) RGKQGGKTR, and NH2A (G7-K15) GGKTRAKAK and NH2A (K5-K13)

KQGGKTRAK.

Even with the same total charge, most of the oligo-peptides with lysines only lead

to weaker electrostatic attraction than oligo-peptides with both lysines and arginines.

Unlike lysine, arginine has a delocalized positive charge at the distal end of the

guanidinium group. Such delocalized charge of arginine seems to have better freedom
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to interact with the DNA than the localized charge of lysine.

Histidine with pK ∼ 6 is supposed to add 0.2 charges to the oligo-peptide at pH

∼7, but results suggest that one additional histidine in an oligo-peptide adds 1 charge.

For example, oligo-peptides NH4 (R17-N27) RHRKVLRDN with 3.2, NH3 (V35-P43)

VKKPHRYRP with 4.2, and NH4 (K12-K20) KGGAKRHRK with 5.2 charges lead

to the similar results as oligo-peptides having 4, 5, and 6 charges, respectively. The

unexpected charge state of histidine may be caused by the high negative electrostatic

potentials in the interstitial space within DNA arrays, as the interstitial space attracts

H+ ions and has a lower pH than the bulk pH of 7.5. The oligo-peptides with ≥ 5

charges result in weakest repulsion and strongest attraction. These are attributed to

effective DNA charge neutralization by high-charged oligo-peptides.

In the scope of our study, the modified and unmodified oligo-peptides with the

same charges similarly interact with DNA. Each modified oligo-peptide behaves as

less charged than the unmodified oligo-peptide. For the same charged modified and

unmodified oligo-peptides, the differences in interaction with DNA observed are at-

tributed to the differences in their sequences.

The oligo-peptides selected from the tails of nucleosome binding proteins (or his-

tone binding proteins) show similar behavior as the oligo-peptides selected from the

tails of histone core proteins. The differences in interaction with DNA observed for

the same charged oligo-peptides chosen from these two sources (i.e., tails of histone

core proteins and nucleosome binding proteins) are also attributed to the differences

in their charged residues and their sequences.

In summary, our study of oligo-peptides-DNA complexes shows that the total

charge and the actual sequence of oligo-peptides are very significant for the interaction

with DNA. Higher-charged oligo-peptides easily co-assemble with DNA signifying

importance of electrostatics between oppositely charged molecules, while reducing

the total charge or varying the charged patterns would abolish such actions.
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Chapter 5: Summary and Outlook

5.1 Summary

One defining characteristics of physics is its reductionistic approach to describe the

laws of nature. In accord, physicists strive to formulate the most straightforward

models with minimal details to rationalize observed behaviors or make predictions.

The same can be said for physical studies of nucleic acids electrostatics. For the

multi-component system of DNA, ions, and water, early theories treat DNA as a

uniformly charged cylinder, ions as continuous charge densities, and water as a di-

electric medium. Such mean-field models not only provide a conceptual foundation

for understanding the electrostatics of DNA in salt solutions but achieve quantita-

tive agreements with experimental measurements when the ion valence is low (e.g.,

mono- or di-valent ions). However, particularly as experimental studies of DNA elec-

trostatics explore uncharted areas, mean-field theories begin to break down. Two

marked examples are the condensation of DNA induced by multivalent cations and

the dominance of hydration forces at the last nanometer of surface-surface spacing.

Clearly, the physics underlying these “strong coupling” regimes, driven by electro-

statics and/or hydration, cannot be explained by mean-field models, and additional

details of the DNA-ion-water system must be considered.

How to go beyond the mean-field considerations has become the center of in-

tense debate. The structure of DNA is far from being a uniformly charged cylinder,

especially at the molecular level. The charges are concentrated on the phosphate

groups of the helical backbone, and between the backbones are the minor and ma-

jor grooves, portraying a rugged surface with uneven charge distributions. Ions are

undeniably individual molecules with discrete charges, and some ions may exhibit

specific binding with charged surfaces. Last but not least, the dielectric medium of

water is also molecular in nature and may even display dielectric breakdown in strong
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electric fields. It is because of the existence of many possibilities for going beyond

mean-field that gives rise to numerous competing theories. The research strategy of

our experimental group has been to devise pertinent measurements to put theories to

quantitative tests and, more importantly, to uncover the true physics of nucleic acids

electrostatics in the “strong coupling” regime.

My dissertation research is motivated by both physics and biology of nucleic acids.

Physical measurements of nucleic acid electrostatics have been primarily limited to

readily available systems of random-sequence DNA/RNA and simple counterions. In

contrast, theoretical models often rely on certain unverified assumptions that may

only be applied to specific systems. Much detailed and quantitative knowledge of

DNA-counterion-water interactions is gravely needed. In this context, my research

explores the roles of nucleic acids and counterion structures by taking advantage

of the sequence/modification-dependent structures of DNA/RNA helices and oligo-

peptides. Specifically, by varying DNA sequences or modification states, we can tune

the density of phosphate backbones, the geometries of minor and major grooves, and

the pattern of partial charges in the grooves. By varying oligo-peptide sequences, we

can alter their total charge, charge pattern, and biochemical compositions of charged

and uncharged residues. These vast degrees of freedom make our system of choice ide-

ally suitable to advance the physical understandings of nucleic acid electrostatics. On

the other hand, while the biological role of nucleic acids, particularly dsDNA, is being

the carrier of genetic information, this explicit representation nonetheless has a three-

dimensional shape, which further changes with its biological sequence. The main nat-

ural question of the dissertation is, rather than being acted upon by proteins, what

functional roles are encoded in the sequence-dependent structures of nucleic acids?.

For example, ∼98% of the human genome does not code a protein, and the non-coding

sequences contain a rich collection of short repeats of unique sequences whose biolog-

ical roles are yet unclear. Biophysical characterization of sequence-dependent nucleic
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acids behaviors promises to provide useful insight. The physiological functions of

unstructured oligo-peptides have been under study for decades, spanning from signal

transmitters to membrane-penetrating oligo-peptides to amyloidal precursors. Our

study of DNA-interacting oligo-peptides is further motivated by the abundance of

flexible domains/tails in DNA-interacting proteins such as histones and transcription

factors. These unstructured oligo-peptides are expected to interact with DNA via

electrostatic coupling actively. They may not only modulate specific protein-DNA

interactions but drive the collective behaviors such as phase separation.

Experimental techniques employed in this dissertation can be classified into two

broad categories. The first is molecular biology in nature, and its goal is to prepare

and improve the quality of the DNA-counterion-water systems. We used commer-

cial sources to obtain long genomic DNA (i.e., random sequence), short synthetic

DNA/RNA (i.e., specific sequence), and short synthetic oligo-peptides, where the

main effort is to purify the as-received systems further and ascertain their qualities.

For DNA of intermediate length (e.g., a few hundred to a few thousand base pairs),

commercial sources are cost-prohibitive, and we have expended substantial efforts to

prepare them in our lab, employing techniques such as plasmid DNA propagation

and polymerase chain reaction. The other category of experimental methods is bio-

physical. The centrifugal precipitation assay (or preferential sedimentation assay) is

a qualitative method to assess the occurrence of macromolecular condensation. The

osmotic stress method, combined with x-ray diffraction quantitatively measures the

force-distance relation between nucleic acids helices. The majority of data analysis is

done with home-written Matlab or Python scripts.

The central finding of my Ph.D. research can perhaps be best summarized as the

critical role of atomic-scale structures even in the long-range electrostatic interactions

of nucleic acids. More concretely, studies of homopolymeric DNA in Chapter 2 re-

veal that a mere rearrangement of the polar groups in the major grooves can lead
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to qualitatively different condensation behaviors. Probes of synthetic dsRNA and

dsDNA in Chapter 3 provide the first measurement of dsRNA forces and show the

striking differences induced by a single modification to the backbone. Chapter 4, the

main component of this dissertation, investigates how chain-shaped oligo-peptides

explore the molecular surfaces of random-sequence DNA, primarily driven by elec-

trostatic and steric interactions. The importance of electrostatics is evident as the

total number of oligo-peptide charges is the single most influential factor in oligo-

peptide-mediated DNA-DNA interactions. However, both the biochemical identities

of the charged oligo-peptides and their positions in the sequence strongly modulate

DNA-DNA interactions. The oligo-peptide-DNA interactions appear to be driven by

atomic-scale short-range interaction that cannot be fully understood without detailed

accounts of their respective atomic structures.

While physics seeks simplicity, biology celebrates diversity and specificity. In light

of the decades’ research and accumulated literature over nucleic acids biophysics, our

research somehow suggests that physics of biomolecules cannot be reduced to one or a

few simple laws and the specific biological features (e.g., sequence, modification, and

structure) have ramifications in the physical behaviors of biomolecules, in addition to

their innate physiological roles. Altogether, my research further advances our under-

standing of nucleic acids electrostatics, provides quantitative physical measurements

valuable for future theoretical developments, and opens up new avenues for exploring

the yet-to-be-discovered physics and biology of nucleic acids.

5.2 Outlook and Future Work

This dissertation research is among the very few studies concerning the roles of nu-

cleic acids helical structures and ligand biochemistry in nucleic acids interactions and

assemblies. It is thus a very nascent subject, and much is left to be done. Herein the

following three directions are identified to be the most relevant and briefly described
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below.

The first is to fully explore the range of helical structures afforded by nucleic

acids, as well as the structural space of oligo-peptides, so as to attain a comprehen-

sive understanding of structure-guided interactions of nucleic acids helices. While

sequence ultimately determines the structure, the structural space of nucleic acid

helices is much smaller than the sequence space. It not only makes it possible to

examine most, if not all, helical structures observed in biology but makes the helical

structure more relevant to nucleic acid biophysics than the sequence. For example,

our studies of the homopolymeric AA-TT duplex would suggest that similar behavior

is likely observed in any duplex with one stand of purines and the other stand of

pyrimidines. However, this generalization need to be experimentally established. As

for oligo-peptides, our study has focused on oligo-peptide sequences derived from his-

tone tails. We have yet to study the effects of post-translational modifications, other

unstructured peptide sequences from transcription factors, and proteins involved in

phase separations of RNA. It should also be noted that the oligo-peptide sequence

is so vast and can quickly become unmanageable for experimental approaches. The

use of simulations or bioinformatics discussed below would be both important and

indispensable.

The second is to carry out molecular dynamics (MD) simulations to uncover

complete details of the DNA-ion-water systems. Experimental interrogations of any

biomolecular system are inevitably narrowly defined and only provide a minimal num-

ber of measured quantities. Moreover, these quantities are usually thermodynamic

averages or manifestations of an ensemble of molecules. These make it challenging to

gain indisputable physical insights. Many of these shortcomings can be addressed by

MD simulations, which provide exhaustive details on the spatial, kinetic, and ener-

getic properties of all constituents. However, MD simulations suffer from imperfect

force fields and the enormous computing resources required for all-atom simulations
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of large molecular systems. Synergistic approaches of both experiment and simulation

are much desirable as it is usually easier for experiments to quickly survey an ample

parameter space, and simulations can be rectified (to some extent) by experimental

data.

The third direction is to combine physical knowledge of nucleic acids interac-

tions with bioinformatics. Bioinformatics can contribute to our research in a number

of ways. Analyses of genomic sequences can examine the occurrence of specific se-

quences in our study and shed light on their biological implications. Bioinformatics

study of genomic sequences is further able to identify candidate sequences for bio-

physical studies, especially given the abundance of repeating short sequences with

unclear functions. In addition to genomic databases, existing databases of molecu-

lar interactions and structures will be tremendously valuable for searching for direct

evidence of structure-guided interactions of nucleic acids helices. Particularly for

databases of protein-DNA/RNA interactions, while unstructured domains are often

absent from determined structures, their sequences are known, and bioinformatic ap-

proaches promise to be very powerful to identify unique peptide sequences exhibiting

specific interactions with DNA/RNA. Such knowledge will guide not only experimen-

tal explorations but also bring crucial biological relevance to physical studies.
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Lyubartsev, and Lars Nordenskiöld. Electrostatic origin of salt-induced nucleo-

some array compaction. Biophysical Journal, 99(6):1896–1905, September 2010.

[15] Nikolay Korolev, Yongqian Zhao, Abdollah Allahverdi, Khee Dong Eom,
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