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Preface

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are macromolecules composed of single
or double strands of nucleotides, with each nucleotide consisting of a nitrogenous base (a derivative
of purine [adenine and guanine] or pyrimidine [thymine, uracil, and cytosine]) and a sugar (a pen-
tose deoxyribose or ribose, together referred to as a nucleoside) as well as a phosphate group.
Although the first isolation of DNA was reported by Friedrich Miescher in 1869, it was only in 1953
that the molecular structure of the DNA duplex was elucidated by James Watson and Francis Crick.
This landmark discovery uncovered the role of DNA as the chemical bearer and transmitter of
hereditary features, and expedited the development of contemporary molecular biology and biotech-
nology, with its full impact yet to be felt in the years to come.

Because of the structural and functional complexities within prokaryotic and eukaryotic cells,
purification of nucleic acids often forms a vital first step in the study of molecular biology of living
organisms as well as in the evolutionary/phylogenetic analysis of ancient specimens. To this end,
many innovative nucleic acid isolation methods have been designed, which are treated in a variety
of professional journals and books. This book aims to be all encompassing on nucleic acid purifica-
tion strategies for viruses, bacteria, fungi, parasites, insects, mammals, and plants as well as ancient
samples, with an additional emphasis on sample preparation methods for direct molecular
applications.

Each chapter begins with informative coverage of the biological background followed by an
expert review of basic principles and current techniques for isolation of nucleic acids from specific
sample types along with an insightful discussion of future development trends. Besides providing a
comprehensive, reliable reference on nucleic acid purification for anyone with an interest in molecu-
lar biology, this book is a practical guide for clinical, forensic, and research scientists involved in
molecular analysis of biological specimens; a convenient textbook for prospective undergraduate
and graduate students intending to pursue a career in molecular biology, microbiology, and forensic
science; and an indispensable roadmap for upcoming and experienced researchers wishing to acquire
or sharpen their skills in nucleic acid preparation.

The scope and depth of the topics covered in this book would clearly have been impossible
without a concerted team effort. I am fortunate and honored to have a panel of international scien-
tists as contributors with expertise in their respective fields of molecular biology, whose knowledge
and technical insights have enriched this book tremendously. In addition, the professionalism and
dedication of editorial staff at CRC Press have further enhanced presentation. I hope the readers
through the perusal of this book will find it rewarding as it develops an understanding of the theory
and practice of nucleic acid purification from virtually all sample types in a few weeks that may
otherwise take many years.
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1.1  INTRODUCTION

Nucleic acids are wonder molecules, the most important molecules of life. Beginning with the land-
mark discovery by Watson and Crick of the principle of complementary interaction of nucleic acids,
and continuing with the technological breakthrough of the following decades, research of nucleic
acid structures and functions revolutionized all aspects of biology [1]. Elucidation of the mechanism
of gene expression and discovery of enzymes manipulating deoxyribonucleic acid (DNA) laid foun-
dation to contemporary molecular biology and biotechnology. Genome sequencing data provided a
basis for detailed research into metabolism, gene regulation, evolution, and pathology of biological
organisms. Advances in nucleic acid syntheses, elaboration of polymerase chain reaction (PCR),
and molecular selection techniques have resulted in the development of a number of nucleic acid-
based technologies. The enormous specificity of the complementary interactions of ribonucleic acid
(RNA) and DNA fragments and oligonucleotides has provided the possibility of designing new
materials, molecular machines and devices for the detection, isolation and sequencing analysis of
nucleic acids, and manipulation of DNA and RNA and proteins. In this chapter, we present a brief
outline concerning properties of nucleic acids, their roles in biological systems, and growing number
of applications.
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1.2 STRUCTURES

1.2.1  Sizes AND CLASSES

Nucleic acids are polymers consisting of nucleotides. Natural specimens of nucleic acids vary in length
from tens of nucleotides in some RNAs to tens of millions in prokaryotic genomes and hundreds of
millions in eukaryotic chromosomes. The number of nucleotides in complete genomes of plants and
animals approaches to the value of 10 billions [2—6]. Figure 1.1 presents the information about the size
of cellular nucleic acids. Nucleic acids are present in cells in single-stranded or double-stranded
(duplex) state. MicroRNA (miRNA), transfer RNA (tRNA), messenger RNA (mRNA), ribosomal
RNA (rRNA), as well as a number of viral RNA- and DNA-containing genomes are single stranded.
Small interfering RNA (siRNA), the rest of viral genomes, and genomic DNA of prokaryotes and
eukaryotes, including genomes of mitochondria and chloroplasts, are double stranded.

1.2.2 COMPOSITIONS

A nucleotide unit consists of a monosaccharide residue (ribose or 2'-deoxyribose), a nitrogen base
(purine or pyrimidine), and a phosphate residue. One of the nitrogen atoms (N1 in pyrimidines and
NO in purines) forms N-glycosidic bond with anomeric carbon of the sugar residue. Phosphoric acid
forms esters with 3'-hydroxyl group of one nucleotide and with 5'-hydroxyl group of another. This
phosphodiester is generally referred to as internucleotide phosphodiester bond. The third acidic func-
tion remains free and is ionized under normal conditions (pK ~1.2). Thus, each polynucleotide strand
is a polyanion. Two polynucleotide strands can form a continuous helical complex due to comple-
mentarity of nitrogen bases. Strands are oriented in antiparallelly; the bases are located inside the
helix, sugar-phosphate backbone on the outer surface (Figure 1.2) of the helix. Two distinct grooves
are present on the outer surface of the helix due to asymmetry in arrangement of glycosidic bonds
within the Watson—Crick pairs. At first glance, the double-stranded nucleic acid helix represents a
regular structure. The main parameters including helical twist, rise per base pair, and helix pitch are
invariant within the whole helix. Base pairs A-T and G-C have similar shape and dimensions, which
allow them to fill up the inner space of the helix without distorting outer helical contour [7].

1 Animals )

[—JLand plants
1 Fungi
dsDNA
Microbial genomes
Archea
Chloroplast DNA
Mitochondrion DNA ]
dsDNA
Viral ssDNA
genomes dsRNA
ssRNA
rRNA I—
MRNA E— B Molecule size
tRNA = [0 Chromosome size
SiIRNA I Genome size
miRNA |

mﬂmw—‘wmmlrﬂmmm
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FIGURE 1.1  Cellular and viral nucleic acid molecules, chromosomes, and haploid genomes size.



Nucleic Acids: Structures, Functions, and Applications 3

P Nitrogenous
£ base Hydrogen bond
Sugar-phosphate F_-
(o
backbone N | NHz----- i
O P=0
o / A N HN T Internucleotide
phosphodiester
linkage
S A o
\ _
/ 2'- Deoxyrlbose / c N HN G \ N O—P=0

residue
N—< >=N

O -----HN N-Glycosidic
bond

FIGURE 1.2 Chemical structure of dsDNA.

The double helix is formed due to relatively weak noncovalent forces, predominantly short-range
dispersion forces sensitive to temperature [8]. Watson—Crick hydrogen bonds between bases maintain
the alignment of two strands. The major sources of stabilization for the native double helix are verti-
cal stacking interactions between neighboring base pairs. The energy of stacking depends on the type
of nearest neighbor. These differences influence local stability of the helix. They also determine the
structural state of each pair as function of nearest and following neighbors' state.

The main forces destabilizing the nucleic acid duplex are electrostatic repulsions between anionic
phosphate groups. Counterions (e.g., Na*, K*, Mg?*) can significantly screen repulsing groups and
compensate the destabilization. In vivo, these counterions are often represented by proteins as can be
illustrated by the example of eukaryotic chromatin, a complex of DNA with a number of highly basic
proteins—histones. When destabilizing forces take over stabilizing ones, the nucleic acid is dena-
tured, and each strand assumes the conformation of random coil [8]. However, such a deep denatur-
ation is rarely if ever accessible. More often nucleic acids turn into complex disordered structure with
remaining random noncovalent interactions. Other altered structures with incomplete or imperfect
helical structure unrecognizable by specific proteins or enzymes are also considered as denatured.
Noncovalent stabilizing forces can be broken by rising temperature, extreme pH values, low ionic
strength, as well as in the presence of substances competing with nitrogen bases for hydrogen bonding
(e.g., dimethyl sulfoxide, urea, or guanidine). When isolated, nucleic acids are often denatured.

More severe process, called degradation, can also take place. In degraded nucleic acids, covalent
bonds can be cleaved leading to formation of apurinic/apyrimidinic sites or strand breaks. Extreme
pH values are the most dangerous factors when handling nucleic acids. At pH < 5.5, DNA is apurin-
ized; at pH > 8.5, phosphodiester bonds in RNA are hydrolyzed. It should be noted that random
damage of nucleic acids takes place under ambient conditions (although with low frequency). Longer
exposures at higher temperatures can significantly increase the frequency of random breaks thus
leading to significant damage [9].

1.2.3 CONFORMATIONS

Native double helix can adopt various conformations (forms). Most crystallographic forms can be
divided into three families: A, B, and Z. Generally, nucleic acid structures are described in terms
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FIGURE 1.3 Helical structure of B and Z DNAs.

of torsion angles. They can also be described in terms of particular conformations of nucleosides
and position of helix elements relative to the helix axis. For example, B-form of DNA can be
described as follows: right-handed helix, single turn contains 10 base pairs, and planes corres-
ponding to the base pairs are perpendicular to the helix axis (tilt value—O0°). All nucleosides are in
anti-conformation, sugar puckering—C2'-endo. (Figure 1.3, Table 1.1) [7,10].

Z-form is a left-handed helix. This conformation can be adopted only by DNAs with specific
sequences [e.g., (GC),]. Depending on the conditions (salt concentration, methylation, supertension
degree), DNA with PuPy repeats sequences can assume in B- or Z-form. B-form is more typical for
double-stranded DNA (dsDNA) under normal conditions. However, DNA duplexes can also adopt
A- and Z-form under specific salt and pH conditions. For RNA duplexes A-family structures are typical,
RNA duplexes cannot assume B-form because of steric hindrance caused by 2'-hydroxyl group.

TABLE 1.1

Typical Parameters Associated with Three DNA Families
Parameters A-DNA B-DNA Z-DNA
Helix sense Right handed Right handed Left handed
Base pairs per turn 11 10 12

Helical twist 33¢ 36° 10°, =50°
Rise per base pair 29A 34A 37A

Helix pitch 32A 34A 35A
Propeller twist 15.4°£6.2° 11.7°£4.8° 4.4°+2.8°
Glycosidic conformation anti- anti- anti-, sin-
Tilt 13° 0° -7°

Roll 6.0°+£4.7° —1°+5.5° 3.4°+2.1°

Sugar puckering C3'-endo C2'-endo C3'-endo, C2'-endo
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For the most part of double-stranded molecules, DNA and RNA are found in genomes. They
can be circular (closed) or linear (open-ended). Genomic nucleic acids are very long, within the
cell or viral capsid these molecules are compacted. Prokaryotic genomes are compacted due to
supercoiling and formation of complexes with proteins. A key topological property of DNA is its
linking number (Lk), which is equal to the number of times a strand of DNA winds around the
helix axis when the axis is constrained to lie in a plane. The linking number can be changed, for
example, by specific enzyme—topoisomerase. Provided that strand ends are fixed (by proteins in
linear molecules or by themselves in circular molecules), the arising tension should be compen-
sated by formation of Z-form regions, cruciforms, open loops and by supercoiling. The number
of supercoils, formed by the helix axis, also referred to as writhe (Wr) depends also on the twist
(Tw), which is the measure of helical winding of the DNA strand around each other. Actually,
twist and writhe are related as follows: Lk = Tw + Wr. Supercoiled DNA is more compact than a
relaxed DNA molecule of the same length [11].

Eukaryotic genomes are generally present as a chromatin—nucleoprotein of complex architecture.
Packaging of nucleic acids into chromatin allows to achieve the highest level of compaction. Summary
contour length of DNA from human metaphase chromosomes amounts to 2m, whereas the sum of
linear dimensions in compacted state does not exceed 200 um. Moreover, these chromosomes are
packed up into nucleus with a diameter of 0.5 wm [11].

When discussing nucleic acids structure, attention should also be paid to motifs consisting of
more than two strands. Nucleic acid helices formed by three strands are called triplexes. Stable triplex
structures can be formed on polypurine tracts, because only purine bases have additional donors and
acceptors for hydrogen bonding. The third strand can contain both purines and pyrimidines. Triplets
are formed by addition of the third base to canonical Watson—Crick pair. Only triplets with two
hydrogen bonds between the purine and the third base are stable. Cytidine forms a triplet with G-C
pair only when protonated, thus giving rise to pH-dependent triplexes, which are formed at pH < 6.0.
All other triplets are pH-independent. The third strand can be fully pyrimidine, fully purine, or mixed.
Depending on the composition of the third strand, it can bind to the polypurine tract in parallel or
antiparallel orientation. Stability of the triplex is also determined by its composition. Only Py-Pu/Py
triplets are isomorphous. Alteration of nonisomorphous triplets leads to distortion of backbone and
significantly decreases the stability of the triplex [12].

Structures containing four strands are referred to as quadruplexes. Four guanines can form a
quartet, where each base is bound by two hydrogen bonds with two other guanines. Piles of three or
four quartets are stable enough to compete with complementary duplexes. Additional stabilization
arises when potassium ion is bound between two quartets. Both triplexes and quadruplexes can be
inter- or intramolecular. dSDNA molecules with specific sequences undergo transition from duplex
to triplex or from duplex to quadruplex depending on the environment or structure tensions [13].

Single-stranded molecules possess complex secondary and tertiary structures, which allows
them to implement various functions. Most cellular RNAs are present in single-stranded state.

Secondary structures of nucleic acids are formed as a result of complementations between various
regions of one strand. These complementations turn a single-stranded molecule into folded structure,
consisting of a number of stems (helical structures) and other nonhelical structures, including bulges,
inner loops, hairpin loops, and multibranched loops or junctions (Figure 1.4). Pseudoknots also can
be considered as a secondary structure element. Inner loops are formed when unpaired bases are
located on both sides of the helix. Depending on the number of bases on each side of the loop, inner
loops can be symmetrical or asymmetrical. Bulges are structures, where only one side of the helix
contains unpaired bases. Hairpin loop is located at the end of the helix, when the sugar-phosphate
backbone folds back on itself, forming an open loop [14].

The tertiary structure of single-stranded nucleic acids is also formed due to noncovalent forces:
hydrogen bonds and stacking interactions. It is also necessary to mention the role of environment
(e.g., proteins, water molecules, counterions). The efficiency of stacking is determined by the type of
bases and geometry of interaction. Hydrogen bonds can be divided into three groups: base—base,
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FIGURE 1.4 Typical RNA structure motifs.

base—backbone, and backbone—backbone. Within helical regions only base-base bonds are found.
Within nonregular regions, the backbone conformation allows various functional groups to be closed
to each other. As a consequence, all three types of hydrogen bonds are realized. Another variant of
backbone—backbone interaction is closing of two phosphate groups so that a site of strong binding for
metal ions is formed. An important role in formation of the RNA spatial structure is played by a
number of rare or minor nucleosides incorporated into their sequence (e.g., dihydrouridine, pseudo-
uridine, and inosine). These minor nucleosides provide the tertiary RNA structure with additional
diversity [15]. Probably, the most impressive example of minor nucleosides incorporation represents
tRNAs serving as an adaptor at the translation (Figure 1.5).
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FIGURE 1.5 Secondary and tertiary structures of Escherichia coli #***RNA, minor nucleosides.
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Tertiary structure of single-stranded nucleic acids is extremely important for all their interactions.
It is a precise recognition of tertiary structure of tRNA that determines its aminoacylation. The accu-
racy of this process presets the level of correctness at translation. The precision of the tertiary structure
is also very important in the case of rRNAs. rRNAs serve as a skeleton arranging ribosomal proteins
and also catalyze transpeptidation. The structures of rRNAs are very conservative, indicating the
importance of the RNA tertiary structure for proper functioning [16].

1.3 FUNCTIONS

1.3.1  GENETIC STORAGE AND TRANSMISSION

With the exception of some viruses, DNA constitutes the molecule of heredity in all living organisms.
DNA keeps the information of organisms in the form of its nucleotide sequence, using a four-letter
nucleotide language. In prokaryotes, genome consists of one chromosome that is attached to the inner
cell membrane. In addition to this major genetic structure, prokaryotic cells contain plasmids that are
small (1-200kb), autonomously replicating extrachromosomal carriers of genetic information. Plas-
mids can be composed of DNA or RNA, they can be double stranded or single stranded, linear or
circular. They can be transmitted from one cell to other cells and play important roles in distribution
of genetic programs among bacterial cells. In eukaryotes, majority of DNA is in the nucleus in the
form of nucleoprotein complex and is referred to as nuclear genomic DNA. Plant and animal cells
also contain DNA outside the nucleus, in organelles like mitochondria, and chloroplasts that have
their own genomes. Viruses exhibit a variety of genetic strategies. Genomes of viruses can be
composed of RNA or DNA, viral genomes can be linear or circular, single or double stranded; RNA
genomes can be segmented nonsegmented.

DNA provides storing genetic information and transmission of the information between genera-
tions of a species. This molecule is replicated before the cell division provides offspring with the same
genetic information. The possibility of duplication is provided by the double-stranded nature of DNA,
one strand serving as template for the making of its copy. The genetic information stored in DNA is
not directly usable for making proteins. It must be extracted by transcription, by converting genetic
information stored in the form of base pairs in DNA into the sequence of bases in mRNA [17]. Some
transcripts function as such (e.g., tRNA, rRNAs, and snRNAs) or as mRNAs that after processing are
used as programs for synthesis of proteins. In prokaryotes, modifications or processing of the primary
transcripts are not required and they can be used directly as mRNAs. In eukaryotes, mRNAs are usually
synthesized as precursors, containing coding sequences, exons, and sequences that are not represented
in the mature mRNA, introns (intervening sequences). The number of introns and their size vary con-
siderably between genes. Processing of mRNA precursors in the nucleus by RNA splicing removes
introns and joins exons to yield the mature mRNA that is transported to cytoplasm. Sequence of mRNAs
is identical to the sequence of the sense, or positive strand of the DNA template. The complementary
strand of DNA is called antisense, or negative strand.

During translation, the sequence of bases in the mRNA is converted (translated) into the sequence
of amino acids in the protein product according to the rules of genetic code [18]. Reading of the
genetic message (translation) occurs on molecular machines known as ribosomes. A number of RNA
molecules (tRNA, rRNAs, small nuclear RNAs) are the key participants of the translation process.
tRNAs function as adaptors by mediating the incorporation of amino acids into proteins according to
the sequence of trinucleotide codons in mRNA. How rRNAs are important for the cell can be seen
from the amount in which they are synthesized. Prokaryotic ribosomes can constitute up to one fourth
of the mass of an entire cell. rRNAs constitute two thirds of the mass of each ribosome.

1.3.2  GEeNETIC REGULATION

For a long time, it was believed that genetic information always flowed from DNA to RNA to protein,
according to the so-called central dogma of molecular biology, and RNA was considered as the
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genetic intermediary between DNA and protein. However, later it was found that in retroviruses, the
viral RNA genome is copied to produce DNA in the course of reverse transcription. Then it was dis-
covered that mobile elements of genome called retrotransposons move from one site of the genome
to other site via synthesis of DNA copies of the RNA transcribed from the element. Discovery of cata-
Iytic RNAs and RNAs folded into complex structures endowed with ability of binding to specific
proteins and small molecules demonstrated that besides their role in information transport, RNA
molecules can participate in the cellular metabolism as proteins. Further studies led to recognition of
RNA as a unique class of molecules because it serves several fundamentally distinct functions. The
double capacity of the RNA molecule, both to carry information and to be catalytically active, is
the foundation for its many functions in the cell.

RNA molecules called ribozymes can catalyze specific chemical reactions within cells, and
represent one of the key classes of molecules in the biochemistry of life [19-21]. RNA-cleaving
ribozymes are essential for replication of viral RNA molecules. Catalytic RNA motifs containing
introns catalyze the splicing steps that remove introns from mRNAs in the nucleus of eukaryotic
cells. Peptidyl transferase activity of ribosomes appears to be provided by the compactly folded
domain of 23S rRNA, that is, the RNA is a natural ribozyme catalyzing chemical reaction joining
amino acids to form a new protein [22].

Some cellular RNAs are bound to specific proteins, forming complexes that are endowed with
catalytic activity. Telomerase enzyme responsible for maintenance of telomeres, the structures that
cap the ends of eukaryotic chromosomes, is a ribonucleoprotein comprising a reverse transcriptase
protein and a telomeric RNA containing 11-base template CUAACCCUAAC. The RNA template
binds to the 3'-end of the chromosomal DNA and directs synthesis of the proper telomeric DNA
consisting of repeats of the sequence TTAGGG [23].

RNA is considered to have been critical for the evolution of life because it appears to be the
most self-sufficient substance of the living matter, capable of serving as genetic material and
capable of performing almost all functions of contemporary proteins. It is believed that at the very
first steps of evolution, before the genetic code had evolved, when neither DNA nor proteins
existed, there was the ancient RNA world. In this world, there were just ensembles of replicating
RNA molecules that could catalyze their own formation and replication from simple precursors
[24,25]. The RNA world in some form has been preserved as relics and evolved as molecules in
the contemporary cells (Figure 1.6) [26,27]. One example of the RNAs that seem to be remnants

tRNA
Topoisomerase 16S rRNA, 23S rRNA
RNA Ribosome
Transcription l Translation

DNA > mRNA > Protein

T T !

Pri Degradation:
I;Iiln;\er Processing: siRNA, miRNA
s sno RNAs,
RNAs, snRNAs, .
Regulation: & RN S s[? If * Export:
65 RNA ase P, self- SRP 4.5S RNA,
’ splicing introns Regulation: 7S RNA
7S KRNA,
asRNAs, Oxy S,
SRA RNA,
) DsrA sRNA,
Xist RNA, .
Air RNA miRNAs

FIGURE 1.6 Contemporary RNA world.



Nucleic Acids: Structures, Functions, and Applications 9

of the RNA world are plant pathogens like viroids [28]. Viroids are composed of small (246-401)
nucleotide single-stranded circular RNAs that do not encode proteins and are able to replicate
autonomously in susceptible hosts. Some viroids behave as catalytic RNAs and they can elicit
RNA silencing, which mediates their pathogenic attack.

Contemporary cells contain a great variety of functional RNAs [26]. rRNAs, mRNAs, and
tRNAs are directly involved in synthesis of proteins. Different RNAs are involved in processes of
DNA replication, mRNA processing, regulation of translation, transport of proteins, cell differentia-
tion, embryogenesis, etc. [29]. Each year, more and more new species of RNAs are being discov-
ered. Analysis of genomes of higher eukaryotic organisms resulted in finding that only a small part
of DNA (about 1.2%) is coding for proteins. However, it is evident that most of the genomes
are transcribed to yield complex patterns of transcripts encoding a great number of short and long
noncoding RNAs (ncRNAs).

In the last years, various families of ncRNAs have been identified in most eukaryotic genomes
[30]. ncRNAs control a remarkable range of biological processes. They are involved in regulation of
translation, transposon jumping, development of muscles and brain, oncogenesis, resistance to viral
infections, and chromosome architecture.

Antisense RNAs, which are polynucleotides with base sequences complementary to mRNAs,
have been found in both prokaryotes and eukaryotes [31]. They bind to complementary mRNAs and
repress their translation. A considerable proportion of the mammalian transcriptome comprises small
regulatory RNAs, these are siRNAs and miRNAs. The discovery of siRNAs, which silence gene
expression at the posttranscriptional level and at the transcriptional level in a sequence-specific way,
has revolutionized the biological sciences. siRNAs are 21-28 nucleotide long RNA duplexes [32].
One strand of the siRNA is incorporated in multiprotein complex (RNA-induced silencing complex)
guiding it to target enzymatic degradation of RNA with perfect or near-perfect complementarity,
resulting in cleavage of the RNA. siRNAs are formed through cleavage of double-stranded RNAs
(dsRNA). siRNAs can be derived from viruses (exogenous siRNAs) or derived from double-stranded
cellular RNA transcripts with hairpin structures (endogenous siRNAs). In some systems, siRNAs can
function as primers for an RNA-dependent RNA polymerase that synthesizes additional siRNAs,
which result in great enhancement of the effect. Suppression of expression of a target gene by dSRNA
is known as RNA interference (RNAi). RNAI is considered to be an ancient and ubiquitous mecha-
nism for sequence-specific posttranscriptional gene silencing among species from various kingdoms
that protects cells against viruses and regulates gene expression.

MicroRNAs are expressed as highly structured hairpin transcripts [33]. Enzymatic processing of
these transcripts in the nucleus and further in cytoplasm yields short stem loop miRNA that can bind to
complementary sequences in mRNAs and modulate their translation. miRNAs can be processed by the
same enzymatic machinery used for generation of siRNA from long dsRNA, to yield siRNAs trigger-
ing degradation of the complementary RNAs. It is estimated that there are about 500 different miRNA
genes in humans, and each miRNA can affect expression of hundreds of different genes. miRNAs
regulate different processes ranging from apoptosis and immune response to cell differentiation and
cell metabolism. They have important roles in the pathogenesis of several human diseases, including
metabolic disorders and cancer.

Some small RNAs were shown to induce methylation in sequence-homologous DNA and
chromatin modification converting it to the heterochromatin form that is not transcribed [34]. In some
lower eukaryotes, small RNAs direct DNA rearrangements [35]. Small nucleolar RNAs (snoRNAs)
are almost all derived from introns. Members of this family are involved in processing of mRNAs,
epigenetic imprinting, posttranscriptional cleavage, and modification of rRNA precursor [30]. Little
is known about the functions of large ncRNAs. The few long ncRNAs that have been characterized
to date exhibit a diverse range of functions and are expressed in specific cell types [36].

Many of the rapidly growing number of genome sequences analyzed today encode for active
RNAs, which still have to be discovered. Apparently, the protein network functions in concert with
highly organized regulatory RNA network of the cell.
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1.4 APPLICATIONS

Nucleic acids are one of the most interesting and important objects for studying. They also provide
one of the most prospective functional materials for use in many fields of science and technology.
The area of nucleic acids application is extremely wide and continues to grow (Figure 1.7).

1.4.1 RaAw MATERIALS FOR MOLECULAR MANIPULATIONS

First of all, natural nucleic acids provide a source of nucleosides and nucleotides. These building
blocks serve as a raw material for synthesizing countless analogs and derivatives of nucleic acids for
bioorganic and medicinal chemistry.

The information about the nucleic acid sequences from various species is a subject of investiga-
tion in such specialties as bioinformatics and computational biology. Development of biophysics for
over 50 years in many respects was determined by growing interest to spatial organization of nucleic
acids and their supramolecular complexes. This interest also stimulates development of methods for
computer modeling of biomolecules and instrumental basis for structural investigations.

Impressive progress in molecular and cell biology propelled development of a wide spectrum of
methods for manipulation with nucleic acids and thus facilitated formation of biotechnology, genetic
engineering, and nucleic-acid-based therapy.

The possibility to chemically synthesize DNA, extract specific DNA sequences from genomes
and produce DNA in bacteria provided DNA material for construction of novel genes and genetically
modified organisms. These DNA molecules can be manipulated with the help of restriction endonu-
cleases and ligases to produce recombinant DNA molecules. The DNA of interest can be inserted
into cloning vectors, plasmid, or virus, and amplified in appropriate host cell. The isolated DNA
constructs can be directly used for the purposes of genetic therapy and genetic immunization. Recom-
binant DNA molecules are used for production of genetically modified prokaryotic or eukaryotic
cells. These genetically modified organisms are the backbones of the contemporary bioprocessing
industry and represent a source of important therapeutics and new materials. Recent successes in
chemical synthesis of large DNA molecules opened up possibilities for designing completely artificial
genomes of the future artificial organisms for biotechnology application [37].

1.4.2 BioLoGICAL MARKERS

One of the most important applications for nucleic acids from any source is a role of biological
marker [38,39]. First of all, nucleic acids carry genetic information that allows to discover
characteristic features distinguishing one genome from another [40,41]. On the other hand, nucleic
acids participate in expression of genetic information, thus making possible to analyze the level of
single gene expression or profiling expression of a number of genes in response to internal or

external factors [42].
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FIGURE 1.7 Areas of nucleic acids application.
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Bioanalytical techniques designed for these purposes have become an integral part of such
research fields as paleobiology, archaeology, forensics, molecular diagnostics, epidemiology,
and pharmacology [43]. They also offer a prospect of personalized medicine [44]. The availability
of human genome sequence and sequences of genomes of various infectious agents presents
researchers with a new important tool for discovering genetically based diseases and for develop-
ment of new therapeutic approaches. Analysis of nucleic acids isolated from biological samples
opens a possibility to identify pathogens and disease-associated mutations. DNA typing is used
for the purpose of distinguishing between individuals of the same species. DNA released from
cancer cells can be isolated from blood and analyzed to detect the presence of specific tumor
markers—mutated genes and epigenetic markers, aberrant methylation patterns within specific
genes. Every parameter listed can serve as a marker: the length of a complete nucleic acid
sequence or its specific fragment, the number of restriction sites and their arrangement, unique
sequence, the presence of point mutations (microdeletions and microinsertions as well), single
nucleotide polymorphism within the known sequences, and specific modification of nucleotide
residues. In other words, bioanalytical applications of DNA reveal markers characteristic of a
biological object due to unique structure of its nucleic acids.

Since nucleic acids have become molecules that can be synthesized and manipulated easily and
reliably, they have found a variety of applications in different molecular devices and techniques.
Synthetic fragments of nucleic acids are widely used as molecular tools in every field of life sciences.
Development of efficient synthetic techniques allowed to reproduce nucleic acid fragments of desir-
able length and sequence in easy and cheap computer-controlled process of chemical synthesis [45].
Phosphoramidite approach gives perfect results when synthesizing both DNA and RNA fragments up
to 100nt. The availability of oligonucleotides stimulated the development of algorithms for high-
precision forecasting of duplex structure and stability [46,47]. This makes possible designing nucleic
acids with predictable properties for a number of experimental applications. They make up a basis for
therapeutics, capable of directed intervention into intracellular genetic programs, which results in
expression of pathogens.

1.4.3 NANOTECHNOLOGY

Predictability of intra- and intermolecular folding in nucleic acids reveals new aspects for their
application in nanotechnology [48]. DNA as well as RNA is considered as a promising building
material for various nanostructures and nanodevices [49]. Since spatial structure of nucleic acids
depends strongly on their nucleotide sequence, various two- and three-dimensional nano- and even
microstructures (consisting of nanoblocks) can be designed due to preset complementarity of certain
sequence regions. Experimentation with RNA nanostructures resulted in development of RNA units
capable of assembling to form two-dimensional arrays of oriented filaments [5S0]. Great number of
artificial DNA-based nanostructures of different geometry can be created either using only synthetic
nucleic acid fragments or with participation of longer nucleic acid molecules with known sequence,
which act as a framework. High-molecular assemblies of various shapes have been obtained, thus
giving rise to DNA origami as a part of nucleic-acid-based nanoarchitectonics [51]. Nanoboxes con-
taining various molecules (e.g., proteins) in the internal space can also be created from DNA [52].
Nanoconstructions based on nucleic acids can implement various functions. They can be used for
targeted delivery of biologically active compounds into certain tissue, cell, or specific compartment.
Attempts are made to create nucleic acid-based biosensors, catalysts, and machines of computational
and mechanical nature. Oligonucleotides and large DNA programmed into high-order structures can
be used to encode mathematical computation [53].

Nucleic acids are exceptionally well suited for the design of recognition elements. Synthetic
oligonucleotides are unique molecules for the design of molecular sensors, capable of detecting
molecular targets with virtually any chemical structure. To be used as nanosensor, oligonucleotide
can be modified in several ways, depending on the type of signal that has to be generated. Formation
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of specific intermolecular complex consisting of two or more components, specific chemical,
or enzymatic reaction (formation or breakage of chemical bond) or just rearrangements of nanosensor
spatial structure can result in a sensor’s signal.

1.4.4 DiacNosTIC AND THERAPEUTIC TARGETS

DNA and RNA fragments and oligonucleotides have found a variety of applications in molecular
biology. Materials with covalently attached single- and double-stranded oligonucleotides provide
an efficient and simple means for isolation of nucleic acids containing specific nucleotide sequences
and enzymes capable of recognizing and binding to the immobilized oligonucleotide structure. They
are used as primers in the course of nucleic acid sequencing and in multiplication of RNA and DNA
using nucleic acid sequence-based amplification or PCR methodology and for targeted mutagenesis
[54,55].

PCR is a powerful technique that is used for amplification of DNA sequences [55]. PCR makes
use of two primers that sequence-specifically bind to opposite strands of dSDNA, which are elongated
by thermostable DNA polymerase in opposite directions such that the elongated products form two
complementary strands. Thermal dissociation of the DNA and repeated synthesis under the conditions
of excess of the primers results in exponential growth of the number of the duplexes of desired struc-
ture in the system. PCR is an enzymatic process that is carried out in discrete cycles of amplification,
each cycle doubling the amount of DNA. PCR is used in a number of applications concerned with
detection of trace amounts of specific nucleic acids, for preparation of highly specific DNA probes
for different molecular hybridization techniques, and for amplification of DNA fragments bearing
required genetic information for needs of biotechnology. Before the PCR was invented, genes of
interest were isolated by laborious and costly procedures from complementary DNA (cDNA) and
genomic libraries. PCR opened up a possibility to rapidly amplify and isolate the needed genes
without cloning and other time-consuming operations.

Real-time PCR is one of the most suitable approaches to quantify the amount of specific DNA or
RNA with the detection limit of only a few copies of the molecule. There are a number of strategies for
performing the readable and comprehensive PCR. The strategy based on the use of Tagman probes
seems to be the most powerful [56]. Numerous probes of different designs have also been successfully
developed as molecular diagnostics tools (e.g., molecular beacons, Scorpion, and MagiProbe) [57-59].
PCR also allows to find the differences in genomic organization of related biological species. The use
of arbitrary or rationally designed partially randomized primers makes possible to identify unknown
differences in the primary sequences of compared samples [60]. It is the invention of PCR that made
possible the development of the molecular selection technique for production of novel ribozymes
and aptamers.

Even relatively short single-stranded nucleic acid molecules (15-60nt) are capable of forming
manifold spatial structures due to complex intramolecular interactions. These structures are charac-
terized by a set of well-ordered functional groups or by the presence of internal cavities of a certain
topology, which can be complementary to the structure of target molecule as described by key—lock
model. Structural diversity of tertiary structures allows to identify specific ligands to various chemi-
cal or biological targets. The pool of oligonucleotides of certain length (e.g., 25nt) containing all
possible sequences can be a source of tightly binding traps or inhibitors for a wide spectra of targets
starting from molecules with low molecular weight up to biopolymers including proteins, polysac-
charides, and even nucleic acids. Such molecules are referred to as aptamers. The stability of the
complex formed by aptamer with the target depends on the number of specific contacts between
the two molecules.

Aptamers are obtained by a procedure called in vitro selection or molecular selection [61,62].
This technique also referred to as SELEX (selective evolution of ligands by exponential enrich-
ment) allows to select aptamers consisting of DNA, RNA, and modified nucleic acids. This iterative
PCR-based Darwinian-type process provides a possibility to select from large libraries of RNA or
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DNA sequence-specific oligonucleotides, which are folded into unique structures and display
specific properties. One of the important applications of SELEX is generation of unique oligo-
nucleotide structures capable of specific binding to different proteins and other molecules,
aptamers. Aptamers are similar to antibodies in terms of specificity and possess affinity in the
low nanomolar range. Compared with antibodies, aptamers have some advantages: besides being
nonimmunogenic, they are much smaller, cheaper, and more rapid to synthesize and introduce
chemical modification. Aptamers find applications as ligands for design of aptasensors in ana-
Iytical systems [63]. Using aptamers as sensor elements is a successfully developing area of
research. Aptamers also can be modified to produce different signals such as fluorescent and
electrochemical signals. Aptamers can be designed not only on the basis of natural oligonucle-
otides, but also spiegelmers are biostable aptamers built of L-nucleotides, the mirror images of
natural nucleotides [64]. Unnatural configuration of sugar-phosphate backbone makes this type
of oligonucleotides highly resistant to abundant nucleases that results in possibility to be bioactive
even at nanomolar concentration.

Oligonucleotides are used as specific tags for labeling micro- and nanoparticles. Oligonucle-
otides or DNA fragments tagged with various labels (radiolabeled groups, fluorescent groups, hap-
tens recognized by specific antibodies, or even complete proteins) have found applications as
diagnostic probes and for isolation and identification of functionally significant RNA- and DNA-
based elements [65]. Fluorescently labeled oligonucleotides are used for localization of specific
nucleic acids within cells and tissues [66].

Synthetic oligonucleotides and analogs as well as enzymatically prepared DNA fragments
are widely used as capture probes in a variety of techniques based on heterogeneous hybridiza-
tion [67]. The main analytical tool in this case is the biochip or nucleic acid microarray. Biochip
is the planar solid support carrier bearing in the preset places of surface various specific capture
probes. Glass slides, silicon wafer, and polymeric membranes (e.g., nylon filters) can serve as a
carrier. There are a number of strategies for producing biochips. Some of them are based on
immobilization of preliminary synthesized and purified oligonucleotides or DNA fragments
onto solid support with or without chemical activation. This strategy is convenient for prepara-
tion of custom biochip with low- or medium-density probe array with the number of capturers
varying from tens to few thousands. High-density arrays are available due to development of
methods allowing to synthesize the probes in parallel mode directly on the surface of support
[68]. Application of photolithographic technique drastically enhanced the available number of
spots per microarray up to hundreds of thousands and even millions [69]. Such devices are dif-
ficult to customize, but a wide range of accurately designed high-density arrays for standard
applications are commercially available.

The main advantage of both types of biochips consists of the possibility to carry out the multi-
plex parallel analysis of a sample in terms of presence of specific markers from defined set and their
relative amount [70]. Another important problem, that is much more easily solvable with biochips,
is determination of unknown characteristics of both nucleic acid—nucleic acid hybridization and
affinity binding of various ligands with nucleic acids [71,72]. Nowadays biochips have become
powerful tools for a number of research fields.

Therapeutic group of nucleic acids is represented by immunostimulating CpG oligonucle-
otides, aptamers, antisense and antigene oligonucleotides, ribozymes, dsRNAs, and functional
DNA constructs.

Some poly- and oligonucleotides can serve as antiviral therapeutics by mimicking nucleic
acids of viral and bacterial pathogens that are recognized by specific cellular Toll-like receptors
and trigger activation of innate immune defense [73]. dSRNAs are known inducers of interferon
synthesis in mammalian cells. Formation of dsRNA during viral infection is recognized by the cell
as a signal for viral genes activity and triggers a cascade of defensive reactions leading to produc-
tion of type I interferons. It was shown that double-stranded polyribonucleotide poly(rI):poly(rC)
is an efficient interferon inducer; however, toxicity of this complex prevented its use in therapy.
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Less toxic mismatched complex poly(rI):poly(rC12U) displayed high activity and reduced toxicity
and is considered as an antiviral therapeutics [74].

1.4.5 RecuLators oF HosT IMMUNE RESPONSE AND GENE EXPRESSION

In contrast to bacterial genomes, vertebrate genomes contain less CpG sequences and they are usually
more heavily methylated. Bacterial and viral DNAs with unmethylated CpG motifs interact with Toll-
like receptor 9 and trigger reactions that lead to production of type I interferon and stimulation of
B-cells and dendritic cells. Short oligodeoxynucleotides harboring CpG motif and some other motifs
were shown to produce the same effects as bacterial DNA and they already find applications as adju-
vants and nonspecific immune modulators [75].

Oligonucleotides targeted to specific nucleic acids represent a highly promising class of potential
therapeutic agents that could be designed to affect a variety of host and infectious disease targets. Atten-
tion to oligonucleotides as potential gene-targeted therapeutics was attracted by the seminal works of
Grineva on the synthesis of reactive conjugates of oligonucleotides for targeting nucleic acids and by
experiments of Zamecnik on inhibition of viral proliferation by oligonucleotides [76,77].

Oligonucleotides can be used to control gene expression according to several mechanisms [78,79].
The antisense strategy makes use of oligonucleotides binding to mRNA, pre-mRNA, and viral RNAs.
Binding of oligonucleotides can arrest mRNA translation, pre-mRNA processing, and expression of
viral RNAs. The hybridization of antisense molecules to mRNA can result in inhibition of translation
by physically interfering with essential proteins binding to the target RNAs. Oligonucleotides can
cause translation arrest by binding to the 5'-end of mRNAs and inhibiting binding of proteins required
to cap the mRINA and translation initiation factors. Binding of deoxyoligonucleotides and some ana-
logs to RNA induces degradation of the target RNA by endogenous enzyme ribonuclease H that cleaves
the RNA strand in DNA-RNA hybrids. Antisense oligonucleotides are well suited to suppress the
expression of specific genes giving rise to knockdown phenotypes of the cells. This provides an impor-
tant technology for studying biological functions of unknown genes and can also have an impact on the
treatment of diseases caused by aberrant gene expression. Antisense therapy against different viruses
and cancer cells is currently being attempted by targeting oligonucleotide analogs against viral nucleic
acids and oncogenes.

The interest and activity in the oligonucleotide therapeutics have grown amazingly rapidly
during the past years and have directed much attention to synthesis of oligonucleotide analogs [79].
Development of such analogs was motivated to find the reagents that exhibit increased biostability
and supersede the hybridization properties of parent oligonucleotides in terms of stability and
specificity. Oligonucleotides were conjugated to different ligands in order to improve their cellular
uptake and target to specific cells. Oligonucleotide conjugates equipped with different reactive
groups were synthesized to produce the targeted agents capable of cleaving or chemically damaging
specific viral nucleic acids and oncogenes [78,79].

Ribozymes, catalytically active oligoribonucleotides, can be considered as an improved version
of antisense oligonucleotides capable of cleaving target RNA molecules [32]. Synthetically designed
ribozymes can act as molecular scissors destroying unwanted RNA of specific sequence such as
viral RNA or mutant RNA associated with a disease. Targeted ribozymes have been used scientifi-
cally and therapeutically to cleave viral RNAs and mRNAs associated with disease.

Oligonucleotides capable of triple helix formation with homopurine—-homopyrimidine stretches
in dsDNA can be used as gene-targeted molecules and represent another class of potential oligo-
nucleotide-based therapeutics targeted to specific DNA sequences [80]. Oligonucleotides that bind
to specific sequences of dsSDNA by forming triple helices are called antigene oligonucleotides or
triplex forming oligonucleotides (TFOs). A number of oligonucleotide analogs and conjugates
demonstrating enhanced stability of triple-stranded complexes with DNA have been developed.
TFOs were shown to affect transcription of the target genes and to induce targeted mutations,
although with low frequency [81].
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Strong binding oligonucleotide analogs displaying high affinity to complementary DNA can
locally unwind the double helix and invade into the DNA structure [82]. Examples of such analogs
are polyamide nucleic acids (PNA) and locked nucleic acids (LNA). In the PNA, the entire ribose
phosphate backbone is replaced by an electroneutral polyamide backbone with the side groups,
pyrimidine and purine bases. In the LNA, nucleotides contain a methylene bridge that connects the
2-oxygen of the ribose with the 4-carbon. This bridge results in a reduced conformational flexibility
of the ribose, which yields a remarkable increase in hybridization affinity of LNA. It was shown that
PNA and LNA oligonucleotides targeted to transcription start sites within promoters DNA can
inhibit expression of specific genes [83,84].

Efficient technologies for aptamers production provided a possibility to develop protein-targeted
and small molecules-targeted nucleic acid-based therapeutics. Aptamers can bind target proteins
with very high affinity and interfere with their functions [85]. RNA and DNA aptamers have been
isolated against several viral proteins and were demonstrated to interfere with the functions of the
proteins in vitro. Aptamer inhibitors of specific proteins can function as therapeutics modulating
physiological processes in the organism, for example, aptamer inhibitors of von Willebrandt factor
can inhibit process of arterial thrombosis [86].

Currently, siRNAs represent the most promising class of potential oligonucleotide drugs capable
to efficiently knockdown a specific gene in somatic cells and inhibit virus replication [32,87].
siRNAs can be synthesized chemically or can be induced endogenously by intracellular expression
of small hairpin RNAs (shRNAs) and miRNA precursors from plasmid or viral vectors delivered to
the cells. Introduction of siRNAs to mammalian cells leads to sequence-specific destruction of
endogenous RNA molecules complementary to siRNA. Any disease-causing gene and any cell type
can potentially be targeted. Harnessing oligonucleotide analogs and siRNA holds great promise
for therapy. The most important obstacle in this field is the problem of efficient delivery of oligo-
nucleotides into cells.

DNA constructs containing functional genes can serve as informational therapeutics in gene
therapy. The concept of gene therapy is to introduce into target cell a piece of genetic material that
will cure the disease. Molecular studies have revealed a genetic basis for many human diseases
caused by single gene mutations and multiple mutations in different genes. The diseases can be
treated only by gene therapy, by correcting the genetic defects in the cells by the addition or replace-
ment of the mutant gene with its normal type [88].

One approach to gene therapy is the expression of a recombinant gene in a patient. This gene can
be delivered to the cells of a patient directly or it can be delivered into cells in vitro, followed by
transfer of the modified cells to the patient. DNA construct can be a plasmid with inserted gene of
interest. In this case, the construct is delivered into cells in the form of a complex with synthetic
carriers. More efficient, although associated with some side effects, are the constructs based on
viruses that can enter the cells spontaneously. Viral vectors are derived from viruses with either RNA
or DNA genomes and are presented as both nonintegrating and integrating vectors, capable of insert-
ing their genes into the genome of the target cells. Retroviral and adenoviral vectors serve as the
most convenient vectors for transfection for the purpose of gene targeting. In the vectors, the inter-
esting protein-encoding gene is inserted under the control of appropriate eukaryotic promoter that
brings about the expression of the gene in the cell.

Transfer of normal genes can provide organism with required functional product, but it does
not permit correction of the original defect, and proper regulation of the introduced gene is a problem.
The ideal approach to gene therapy could be correction of the mutation in the defective gene.
In theory, transfer of nucleic acid into cells can be aimed at correction of individual mutations. The
correction can be achieved by homologous recombination with oligonucleotides that can interact
with homologous sequence due to their flanking homologous sequences and replace the defective
sequence by new correct sequence, contained in the center of the oligonucleotide [89]. Develop-
ment of methods for genetic therapy met a number of problems such as the problem of efficient
delivery of DNA into cells and problem of biological safety.



16 Handbook of Nucleic Acid Purification

Genetic immunization appeared to be an effective and practical procedure based on therapeutic gene
expression [90]. Nucleic acid vaccines are based on the finding that injection into skeletal muscle of
mRNA or a plasmid DNA encoding a gene leads to significant expression of heterologous genes within
the muscle cells. This elicits immune responses against the expressed protein. An advantage of genetic
immunization is the persistence in vivo of antigen-producing cells that could provide continuous immu-
nization for extended time intervals. It provides a possibility to express an exogenous antigen in the
authentic tissue environment, to present antigen in a native conformation and can induce both humoral
and cellular immune responses that is not achievable with inoculated protein immunogens. Because
preparation and isolation of expression plasmids for DNA vaccination are simple and inexpensive, genetic
immunization can be a rapid and cheap approach compared with the preparation of protein vaccines.

One more example of using nucleic acids as informational drugs is the development of cell
vaccines, genetically modified dendritic cells. Dendritic cells are the most potent antigen-presenting
cells for the initiation of antigen-specific immune response. Transfection of dendritic cells with
mRNA for specific antigene, for example, tumor antigene or corresponding DNA construct or virus
vector, results in loading of the cells with the antigene. The modified dendritic cells in the organism
of patients initiate cytotoxic attack of the immune cells on the tumor [91].

1.5 CONCLUSION

The last years demonstrated that nucleic acid research remains one of the hot spots of the contem-
porary science and technology. Genome studies and sequencing continue to grow at an amazing rate.
siRNAs are at the forefront of biomedical research, new areas where RNA has been found to play
important roles indicate that the rapid expansion of this exciting field will last on.

Significant efforts are already being deployed toward the development of efficient platforms
and instrument systems for high-throughput analysis of various biological objects. Nucleic acid
technology is exponentially growing in the area of biosensors, bio- and nanotechnology, and thera-
peutics. The future use of these specific nucleic acid-based techniques will facilitate control of
bioprocesses and thus result in high productivity of all aspects of bioprocessing. Automation and
design of lab-on-a-chip analytical devices capable of performing rapid PCR amplification,
electrophoresis, DNA sequencing, and real-time data capture will provide the researchers with
powerful tools for nucleic acid analysis virtually in all areas of application.

Innovations in microarray design are anticipated to enhance our ability to find out distinguish-
ing features of individual genomes that is crucial for the development of personalized medicine.
Oligonucleotides and siRNA designed to affect specific genetic programs represent a revolutionary
advance in pharmacotherapy. Successes in this field are raising hopes in bringing nucleic acid
therapeutics from the bench to the bedside.
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