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Preface

Nucleic acids, the most common of which are DNA and RNA, have a wide variety of func‐
tions in the main system of life, expression, maintenance, and so on. In the postgenomic era,
when the primary structure of our genome has been fully determined, though not yet fully
understood, a significant challenge for investigation is to determine not only the role of sev‐
eral small molecules of nucleic acids with promising functions but also the modification and
employment of novel nucleoside analogues developed for biological research and medical
applications. Nucleic acids are commonly used as laboratory tools for modulating gene ex‐
pression and have the potential to be widely used in the fields of medicine and therapeutics.
They can recognize and exhibit a much stronger affinity with their corresponding counter‐
parts, such as DNA or RNA, to form a thermodynamically stable variable molecular struc‐
ture and thus can be used in gene therapy to silence genes.

This volume contains a series of chapters that highlight the development and status of the
various aspects of the nucleic acids related to DNA chemistry and biology and the molecu‐
lar application of these small DNA molecules and related synthetic analogues within biolog‐
ical systems.

This book, Nucleic Acids, is organized into 11 chapters containing methods in DNA extrac‐
tion, molecular diagnosis, gene-silencing therapeutics, and bacterial gene regulation by
RNA thermometer. The first chapter is a review presentation describing physical properties
of DNA to propose a new model for allowing different DNA nucleation strategies. The sec‐
ond chapter describes the fundamental principles of different methods for nucleic acid sam‐
ple preparation and extraction, such as column-based methods using silica membranes and
traditional ones without a column purification procedure; a comparative analysis of the use
of these methods in DNA and RNA extraction from various biological and clinical samples;
and the application of nucleic acids in molecular diagnosis. The third chapter describes the
factors affecting the formalin-fixed and paraffin-embedded tissue nucleic acid extraction
process, compares the available protocols, and describes the modifications of some proto‐
cols. The fourth chapter provides a summary of the application of the molecular methods
for the detection of two important foodborne viruses. The fifth chapter is a an overview of
the contribution of the nucleic acid discovery to the diagnosis and molecular epidemiology
of pathogenic microorganisms and its relevance for veterinary and human health, principal‐
ly after the introduction of polymerase chain reaction (PCR) and post-PCR techniques em‐
ployed in infectious diseases. The sixth chapter of this book provides a description of the use
of nucleic acids in molecular diagnostics, focusing on the impact of molecular testing for the
management of infectious diseases, emphasizing personalized healthcare and medical needs
in the developing market for molecular testing. The seventh chapter provides a review of
nucleic acid aptamers for viral detection and inhibition, focusing on the most successful an‐



tiviral aptamers reported and including a description of some of the novel methods devel‐
oped for their use as diagnostic and therapeutic tools. The eighth chapter highlights the
current advantages and flexibilities of the DNA G-quadruplex and its potentiality in con‐
ventional diagnostic platforms that use protein enzymes. The ninth chapter includes advan‐
ces in medical aspects related to gene-silencing therapeutics, focusing mainly on DNAzymes
and siRNA and their integral role in future antigene therapies. Finally, the two last chapters
summarize the current state of knowledge on bacterial RNA thermometers, including sever‐
al aspects and techniques applied to identifying different families of RNA thermometers
and a review on the thermodynamics of the denaturation transition of DNA duplex oligom‐
ers in the context of nearest neighbor models.

It is our sincere hope that this book on some widely used methods for studying the several
types of nucleic acids and their related molecules will inspire future translational studies
focusing on targeting nucleic acid regulatory mechanisms as a strategy in several therapies
in a variety of illness and diseases.

This book will serve as a textbook for the research community, academia, and the industry
and provides up-to-date state-of-the-art information presented by recognized international
experts in the field of the molecular biology. They have contributed to the publication of this
book of high importance to researchers, scientists, engineers, and graduate students who
make use of these different investigations to understand the hazardous implications in the
use of nucleic acids. The provision of the publishing Web platform by the publisher InTech
is gratefully acknowledged.

Prof. Dr. Marcelo Larramendy
Principal Researcher CONICET

School of Natural Sciences and Museum
National University of La Plata

La Plata, Argentina

Dr. Sonia Soloneski
School of Natural Sciences and Museum

National University of La Plata
Argentina
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Chapter 1

Nucleic Acid Isolation and Downstream Applications

Ivo Nikolaev Sirakov

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61833

Abstract

Nucleic acids are not only a source of life but also a means of observing, understanding,
and regulating it. Nucleic acids, DNA and RNA, and their characteristics are discussed in
other chapters of the book. This chapter describes the fundamental principles of different
methods for nucleic acid sample preparation / nucleic acid extraction, such as column-
based methods using silica membranes and traditional ones without a column purifica‐
tion procedure (commercially available or homemade). Other topics discussed here
include comparative analysis of the use of these methods in DNA and RNA extraction
from a variety of biological and clinical samples, as well as the relationship between the
type of sample, the method used and the quality and amount of extracted DNA or RNA.
Finally, the chapter outlines the application of nucleic acids in the diagnosis of various
diseases, in scientific research, and bird sex determination by downstream applications
such as restriction enzyme analysis, polymerase chain reactions (PCR, reverse transcrip‐
tion-PCR, real-time PCR), and different sequencing methods (Sanger, cycling sequencing,
and next-generation sequencing).

Keywords: DNA extraction, RNA extraction, PCR methods, next-generation sequencing

1. Introduction

1.1. Nucleic acid isolation and downstream applications

The specific properties of nucleic acids have been widely employed in the development of
different molecular methods and mathematical models for their analysis. These methods are
applied to identify microorganisms and genetic predispositions, to detect different mutations
and determine their role in antibiotic resistance, to study phylogenetic relationships, and so
on. What all these methods share in common is their starting point: obtaining a purified nucleic
acid sample.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Nucleic acid extraction methods

Since nucleic acid extraction is a starting point in a vast array of downstream applications, the
high quality of nucleic acids in the starting samples is a key factor for the success of the
subsequent steps of analysis. Thus, nucleic acid extraction could be defined as a series of steps
to obtain nucleic acid samples/materials of particular purity that are free of impurities and are
suitable for different downstream application steps. The purpose of nucleic acid extraction
methods is to disintegrate the cell envelope and achieve maximum elimination of lipids and
proteins to obtain pure DNA and/or RNA. This is principally based on heat adsorption on
silica membranes/beads, anion exchange chromatography, sedimentation/precipitation, and
use of magnetic particles. These methods yield initial nucleic acid samples of different purity
and concentration depending on the original sample (bacteria, viruses, tissues).

The choice of method – in view of optimal time/quality balance – depends on the aim of the
study, the type of analysis, the type of nucleic acid, and the cost. It is important to provide
appropriate conditions for nucleic acid extraction in order to avoid nucleic acid degradation
due to oxidation by reactive oxygen species generated during respiration in vivo or, extrac‐
ellularly, by mechanisms involving metal ions [1–4]. Nucleic acid degradation can result from
hydrolysis of the 3′-5′ phosphodiester bonds catalyzed by metal complexes as well as from
the spontaneous breakage of these bonds due to transesterification via a nucleophilic attack at
the phosphorus atom by an adjacent 2′-hydroxyl group [1].

What accounts for the differences between the methods for extraction of DNA and RNA is
their different stability. RNA includes ribosomal RNA (rRNA) 80%, mitochondrial RNA
(mtRNA), messenger RNA (polyadenylated – poly A+ in eukaryotic cells) (mRNA) 1–5%,
transfer RNA (tRNA), and microRNA molecules (miRNA). There may be different amounts
of mRNA in cells: from large quantities to just five copies per cell. In fact, mRNA is the RNA
of choice in reverse transcription and cDNA synthesis. RNA molecules are susceptible to
degradation by ozone in the air; ozone is highly reactive regardless of whether the RNA sample
is liquid or solid [5]. Another factor that plays a role in RNA degradation is water, as it makes
the transfer of protons possible and serves as a source of hydronium or hydroxyl ions. That is
why dehydration has a protective effect against RNA degradation [6]. Nucleic acids, and
especially RNA molecules, are also sensitive to nucleases. Therefore, in RNA extraction
procedures, it is essential to ensure an RNase-free fraction and a means to quickly cool down
the sample. This illustrates the importance of providing all necessary work facilities: use of
BSL-1 or 2 laminar flow cabinets (depending on the type of biological material) is recom‐
mended for nucleic acid extraction; ultraviolet (UV) germicidal irradiation of both the premises
and the laminar flow cabinets should be done, with irradiation of the premises done the night
before (irradiation immediately before work may lead to degradation due to residual UV light).
The same principle applies to UV germicidal irradiation of plastic labware, e.g., microtubes,
pipette tips, etc. (if not commercially sterile, DNase- and RNase-free). Another important detail
is that talc-free gloves should be used because talc may inhibit some downstream analyses
such as PCR, reverse transcription, and real-time-PCR.

Nucleic Acids - From Basic Aspects to Laboratory Tools2
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The quality of the extracted nucleic acids also depends on the quality of the starting sample.
In fact, all manufacturers of nucleic acid isolation kits recommend that fresh starting material
be used. If this is not possible – as is often the case with diagnostic samples – they can be stored
for 24–48 h at 4°C, or for longer periods of time at –80°C or in liquid nitrogen, preferably using
protective buffers, especially for samples intended for RNA analysis. There are paper matrices
especially developed for storage and transport of blood samples at room temperature – dried
blood spot sampling. In this train of thought, it has to be kept in mind that heparin, which is
used as an anticoagulant, may inhibit some PCR reactions [7] and should, therefore, be avoided
or removed. In the case of clotted blood samples, the coagulum can be treated as an organ
sample. The spleen and the liver are transcriptionally active organs and they have a very high
RNA content. Because of that, if the samples are intended for DNA analysis, they have to be
treated with RNase prior to column purification. When the aim is RNA analysis, it is particu‐
larly important to protect the RNA against degradation, else the low-frequency transcripts
could be lost and would not be detected in the downstream steps of analysis. Moreover, in
microarray analysis, degraded RNA molecules may fail to successfully bind to the comple‐
mentary site due to loss of the complementary sequence. That is why, in RNA extraction, frozen
samples should be mechanically processed (homogenized) prior to thawing, and fresh tissue
samples should be ground in liquid nitrogen or by other means of cooling. This is not as
essential in DNA extraction, since DNA molecules are relatively more robust, but is recom‐
mended.

Another key step is cell lysis, which – if incomplete – would result in reduced yield and column
blocking and, in turn, in lower purity. There are different ways to aid the process of cell lysis:
in the case of cell cultures or bacterial cultures, depending on the aim of analysis, they can be
washed in PBS (phosphate buffered saline) or physiological saline and resuspended in
ddH2O and/or subjected to several freeze/thaw cycles. In the case of mucous samples (nasal
discharges, sputum, intestinal loops), it is good to first decrease the viscosity of the material
(using a mucolytic –“mucus-dissolving” agent, e.g., acetylcysteine). The mechanical process‐
ing of samples from insects, plants, feces, organs requires 50–200 mg of sample in most kits.
Gram-positive bacteria are treated with lysozyme; yeasts, with zymolyase or lyticase; and
paraffin-embedded tissues are treated with xylene to remove the paraffin. Other approaches
that can be applied to disrupt cell envelopes include: osmotic shock, which is suitable for Gram-
negative bacteria, cell cultures and erythrocytes; chaotropic salts, for all types of samples with
the exception of some Gram-negative bacteria, owing to the greater thickness of their pepti‐
doglycan layer; enzymatic degradation (lysozyme, proteinase K), which is often combined
with osmotic shock or freeze/thaw cycles (for DNA extraction from hair, feathers etc.); and
detergents, for tissue cultures. Should a sample remain not fully lysed, one way to overcome
the problem is to centrifuge the mixture and use the supernatant prior to column loading or
alcohol supplementation, in case the protocol includes such a step.

Sometimes the samples may be “old”, i.e., stored for a long time at –20°C. In such samples, the
chemical bonds in the DNA molecules may have become weaker. Then, in the vortexing steps
in the column-based and solution-based methods, the DNA becomes, more often than not,

Nucleic Acid Isolation and Downstream Applications
http://dx.doi.org/10.5772/61833
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degraded, resulting in smeared DNA bands (Figure 1). To avoid this, such samples should be
kept frozen during the process of mechanical homogenization, and instead of vortexed, should
be gently homogenized by slowly turning the microtubes upside down and back several times
to adequately mix the reagents and, to a large extent, preserve the intactness of the DNA
molecules.
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Figure 1. DNA from blood samples. Smeared DNA bands (A), DNA with double-strand breaks (B) and normal intact
DNA bands (C). First Report and Final Report of a research grant awarded to Dr. Ivo Sirakov, 2007–2008 – Medicine
and Biotechnology – Aids and infectious diseases, Transmissible Spongiform Encephalopathies, funded by the World
Federation of Scientists, Geneva, Switzerland.

The methods for preparation of nucleic acid samples can be grouped into thermal extraction,
solution-based methods (homemade and commercial kits), column-based methods, and ones
that use magnetic particles.

Thermal extraction is a quick and low-cost method that does not require special reagents. It
can be used to extract DNA from pure bacterial cultures. There are different variations of the
method [8, 9], but they generally include the following procedure: cultures grown 18–24 h are
used; dilutions are prepared in Ultra-pure 18.2 MΩ DNase/RNase-free water (when using
culture broth, 1:40, or when using agar cultures, 0.5 McF in 1 mL); the samples are heated at
100°C for 5–15 min and then centrifuged; the supernatant is taken and stored at –20°С.

Despite its advantages, this method has some limitations: it cannot eliminate low molecular
weight peptides and gives a low 260/280 nm ratio (purity), i.e., about 0.600. This limits the use
of the extracted DNA only to conventional PCR.

Thermal extraction is part of the official VTEC E. coli diagnostic procedure, which is based on
detection of eae gene fragments up to 384 bp in length (15). This method, however, appears
inapplicable to amplification of larger fragments, especially the E. coli 16s RNA gene, which is
1,465 bp in size [10].

The next group of methods, the solution-based ones, in principle, includes the following basic
steps: lysis, RNase treatment (if applicable), protein precipitation (two fractions are formed),
separation of the fraction that contains the nucleic acids; their precipitation, washing, drying,
and regeneration.

One of the earliest and most common solution-based methods is phenol–chloroform extrac‐
tion. It also has various modifications. Volkin and Carter [11] first developed a method for
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degraded, resulting in smeared DNA bands (Figure 1). To avoid this, such samples should be
kept frozen during the process of mechanical homogenization, and instead of vortexed, should
be gently homogenized by slowly turning the microtubes upside down and back several times
to adequately mix the reagents and, to a large extent, preserve the intactness of the DNA
molecules.
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Figure 1. DNA from blood samples. Smeared DNA bands (A), DNA with double-strand breaks (B) and normal intact
DNA bands (C). First Report and Final Report of a research grant awarded to Dr. Ivo Sirakov, 2007–2008 – Medicine
and Biotechnology – Aids and infectious diseases, Transmissible Spongiform Encephalopathies, funded by the World
Federation of Scientists, Geneva, Switzerland.

The methods for preparation of nucleic acid samples can be grouped into thermal extraction,
solution-based methods (homemade and commercial kits), column-based methods, and ones
that use magnetic particles.

Thermal extraction is a quick and low-cost method that does not require special reagents. It
can be used to extract DNA from pure bacterial cultures. There are different variations of the
method [8, 9], but they generally include the following procedure: cultures grown 18–24 h are
used; dilutions are prepared in Ultra-pure 18.2 MΩ DNase/RNase-free water (when using
culture broth, 1:40, or when using agar cultures, 0.5 McF in 1 mL); the samples are heated at
100°C for 5–15 min and then centrifuged; the supernatant is taken and stored at –20°С.

Despite its advantages, this method has some limitations: it cannot eliminate low molecular
weight peptides and gives a low 260/280 nm ratio (purity), i.e., about 0.600. This limits the use
of the extracted DNA only to conventional PCR.

Thermal extraction is part of the official VTEC E. coli diagnostic procedure, which is based on
detection of eae gene fragments up to 384 bp in length (15). This method, however, appears
inapplicable to amplification of larger fragments, especially the E. coli 16s RNA gene, which is
1,465 bp in size [10].

The next group of methods, the solution-based ones, in principle, includes the following basic
steps: lysis, RNase treatment (if applicable), protein precipitation (two fractions are formed),
separation of the fraction that contains the nucleic acids; their precipitation, washing, drying,
and regeneration.

One of the earliest and most common solution-based methods is phenol–chloroform extrac‐
tion. It also has various modifications. Volkin and Carter [11] first developed a method for
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RNA extraction with 2 M guanidinе hydrochloride, chlorophorm, and alcohol, in which
guanidine acts as a deproteination agent and protects the RNA molecules by denaturing the
proteins and RNases [12]. After a series of different steps, there is an extraction step using
guanidinium thiocyanate–phenol–chloroform [13]. The phenol–chloroform combination (in a
1:1 ratio) gives better protein denaturation (by forming two fractions following centrifugation:
a bottom organic phase and an upper aqueous phase) and reduces the amount of poly(A)+
mRNA in the organic phase as well as of insoluble RNA–protein complexes in an intermediate
phase [14]. What is more, chloroform prevents the retention of water in the aqueous phase
(water can degrade RNA molecules; see above), which results in higher yield [15]. To avoid
foam formation, isoamyl alcohol can be added (chlorophorm–isoamyl alcohol, 24:1). It is the
acidic properties of phenol that actually determine the partitioning of DNA and RNA in a
separate phase: at neutral and slightly alkaline pH (i.e., pH 7–8), DNA and RNA remain in the
aqueous phase, since the phosphate diesters are negatively charged. At lower pH (optimal pH
4.8), DNA partitions in the bottom phase, whereas RNA remains in the aqueous phase. This
is due to the fact that the phosphate groups in DNA are more prone to neutralization compared
to those in RNA [16, 17]. This method is commonly used for DNA extraction from liquid
samples, although it also gives good results with tissue cultures, cell cultures etc., provided
that they are first homogenized and disintegrated using a lysis buffer (commercial kit or
homemade, for example – 10 mM Tris, 1 mM EDTA (ethylenediaminetetraacetic acid) and 0.1
M NaCl) + 20–50 µL of 10–20 mg/mL proteinase K and 1–18 h of incubation at 50–60°С.

There are some specifics in RNA extraction procedures: to protect RNA molecules against
RNase attack, chaotropic salts are added to extraction buffers. High-purity RNA can be
obtained by guanidine treatment followed by gradient ultracentrifugation in CsCl [12], cesium
trifluoroacetate, or LiCl. A disadvantage is the need to use an ultracentrifuge and the fact that
the method is time-consuming (it takes about 16 h).

In the case of notoriously difficult samples, Birnboim [18] recommend the use of a combination
of SDS (sodium dodecyl sulfate) and urea to more effectively inhibit leukocyte RNases.

During extraction, beta-mercaptoethanol can be added to denaturate RNases by reducing
disulfide bonds and to aid the release of RNA from RNA–protein complexes.

For RNA extraction, phenol and guanidinium isothiocyanate mixtures (Trizol reagent) are
available under different commercial brand names and chlorophorm is then added in the
extraction process to separate the phases [19].

As a whole, solution-based methods, and especially their homemade versions, have the
disadvantage that they use toxic reagents and, therefore, a fume hood is a must; moreover,
precision in phase separation is difficult to achieve; the extracted nucleic acid samples are of
lower purity (especially in homemade methods) compared to those obtained by column-based
methods; the obtained samples have limited use – mainly for conventional PCR. Commercial
kits and protocols, albeit validated for downstream applications, do not solve the problem of
reagent toxicity and subjective factors related to the person who performs the procedure.
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The main advantage of these methods is that they allow for a proportionally larger initial
material to be used.

Column-based methods generally use the fact that DNA and RNA molecules are negatively
charged to capture them by silica membrane and ion exchange chromatography. These
methods include lysis in one or two steps (in silica membranes – chaotropes and proteolytic
lysis, and in anion exchange – detergent and enzymatic digestion); then, loading the liquid
sample onto a column and centrifugation for the purpose of nucleic acid binding in a high-salt
environment; treatment of the column with lysis buffer and/or directly with wash buffer
(containing alcohol and high salt); free centrifugation to eliminate the remaining buffer
(ethanol*); elution with ultra-pure RNase/DNase-free H2O (≈pH 8.0) or low-ionic-strength
buffer in the case of silica membrane and higher-salt buffer (not suitable for most downstream
applications) in the case of anion exchange; incubation of room temperature for 1–3 min and
centrifugation. It is possible to repeat the washing and elution steps to achieve further
purification (if the column is treated with DNase or RNase after the first elution) or to elute a
higher amount of nucleic acids. The standard procedure takes about 20 min per sample or 35–
40 min in the case of DNase or RNase treatment. It may be possible to use more starting sample
than recommended but it should be kept in mind that this could overload the purification
column, resulting in lower yield and/or higher percentage of impurities.* Ethanol remaining
in the end-product may lead to the escape of the nucleic acid from the wells during gel
electrophoresis and may block restriction analysis, PCR, and other enzyme reactions.

To directly extract mRNA, without an initial procedure of total RNA extraction, oligo(dT)
affinity chromatography is used. In this method, oligo(dT) is bound to cellulose or paramag‐
netic particles. The essence of the method lies in binding of mRNA poly(A+) tails to the
oligo(dT) fragments attached to the matrix in high-salt conditions. Then, high-salt wash buffer
is applied, followed by low-salt wash buffer, and elution under low ionic strength. This
method, however, is only limited to eukaryotic cells, since their mRNA is polyadenylated.
Another drawback is that the samples may be selectively enriched in mRNAs with shorter
poly(A) tracts. What should be avoided is using a maximum amount of sample and overload‐
ing, as indicated by higher viscosity and a mucus-like look of the medium.

Another approach to nucleic acid extraction is based on magnetic particles, i.e., the so-called
charge-based method: at pH ≤ 6.5, the surface of magnetic particle is positively charged and
binds nucleic acids. Depending on the purpose, the unwanted nucleic acid can be eliminated
by DNase or RNase treatment. Then, the nucleic acid molecules remaining bound to the
particles are released by changing the pH: at pH ≥ 8.5, the surface is neutral and the nucleic
acid molecules are released.

In the case of DNA extraction, the comparative analysis of all these methods shows that the
quantity/quality of extracted DNA is inversely proportional to the extraction time.

It is commonly accepted to assess the purity of extracted nucleic acid samples based on the
ratio of nucleic acids to proteins (impurities). This ratio is determined by measuring the
absorbance of the samples at 260 and 280 nm and calculating the 260/280 nm ratio (the
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absorbance at 260 nm reflects the mean absorbance of purines and pyrimidines [20, 21]. In the
case of DNA samples, it is recommended to make a background correction at 320 nm, which
accounts for turbidity. The sample purity reflects the degree to which different contaminants
have been eliminated in the nucleic acid extraction procedure. There are different possible
sources of contamination. These include the reagents – salts and residual buffer (especially the
alcohol-containing wash buffer), as well as different compounds present in the starting
material – polysaccharides, phenolic compounds, and DNA or RNA and proteins – nucleases.
Elimination of these contaminants is an intrinsic part of the procedures in all the nucleic acid
extraction methods. Moreover, there may be included additional purification steps: ultracen‐
trifugation to eliminate high molecular weight polysaccharides; use of beta-mercaptoethanol,
dithiothreitol, sulfite, etc.; RNase or DNase can be added and care should be taken to protect
the samples from exogenous RNases or DNases of different nature (the samples themselves,
human skin, or the laboratory environment), by following the principles of Good Laboratory
Practice. It is also recommended to use DEPC, which inactivates RNases in solutions, with the
exception of solutions that contain primary amines, such as Hepes buffer and Tris, as they
reduce its effect. It is noteworthy that autoclaving will not destroy RNase activity. In plant
samples, contamination is often due to polysaccharides and polyphenols, which are eliminated
by using polyvinylpyrrolidone. DNA and RNA are also considered contaminants: in DNA
analysis, RNA acts as a contaminant and vice versa. Hence, DNase or RNase is used to
eliminate contaminating DNA or RNA, respectively. This is so, first of all, because both DNA
and RNA contribute to the total nucleic acid content, which – if too high – may block down‐
stream PCR. On the other hand, in gene expression analysis, the methods are sensitive to DNA
contamination. For example, reverse transcription (RT) and microarray methods require high
RNA purity, since small DNA fragments may anneal to the primers, giving a false positive
result, whereas other contaminants (phenol, ethanol, and salts in RT) may react with enzymes,
blocking the reaction or increasing the background signal. Conversely, methods such as
Northern blotting are not as sensitive to contamination. Thus, sample purity may vary in a
certain range – from 0.600 to over 3.0 (mostly for RNA) – depending on the aim of analysis,
the extraction method used, the starting material, and the operator. Samples are considered to
be of good quality if their 260/280 nm ratio is over 1.7, which is satisfactory for most down‐
stream applications.

However, it is not only the quality of the extracted nucleic acids that is considered important
but also their quantity. Depending on the downstream application, if the concentration of
nucleic acid in a sample is low, this may, at least in part, be compensated for by using a greater
volume of sample in the reaction mixture (the sample purity should be considered as well).
For example, if there is insufficient concentration of nucleic acid, non-specific products may
be amplified in PCR; or some expected fragments may appear missing in restriction enzyme
analysis; or short read lengths may be generated in sequencing. Nucleic acid concentration
that is too high may also have adverse effects: amplification of non-specific fragments in PCR
or lack of product due to reaction blocking; retention of nucleic acid in gel wells during
electrophoresis; incomplete digestion in restriction enzyme analysis (which may be compen‐
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sated for by adding a proportionally higher amount of enzyme and/or extending the incuba‐
tion time); or high background in sequencing procedures.

To concentrate, purify DNA and reduce the salt content in DNA samples, precipitation is used
(sample: 99% molecular grade ethanol (or isopropanol) 1:1 + 2 to 5% 3.5–7 М ammonium
acetate) with 30–60 min incubation at –20°С, centrifugation at 4°C at maximum speed, washing
in maximum volume of 70% ice-cold ethanol (–20°С), centrifugation, drying for 3–7 min and
resuspending in a desired volume of ultra-pure water, ¼ ТЕ buffer or 1× ТЕ buffer, depending
on the downstream application and the expected duration of storage.

Another way to determine the quality and quantity of extracted nucleic acids, apart from
spectrophotometric analysis, is by gel electrophoresis (GE), which is informative of fragmen‐
tation and presence of impurities. Although, in some cases, GE may be sufficient when the
researcher is experienced, it is still recommended to use both methods together.

The type of storage and its duration are crucial for the downstream applications. In the case
of DNA samples, both the temperature storage and the buffer composition are important
factors. Storage at –20°С in 1× PCR buffer for 100 days gives very good results [22]. There are
reports that DNA stability can be enhanced by adding 50% glycerol, which limits the formation
of ice crystals [23]. Overall, storage at –20°С in commercially available elution buffers (EB)
gives stable DNA for use even after a year of storage (EDTA as a component of EB protects
DNA against degradation), provided that repeated freezing and thawing are avoided. RNA
samples are stored at –80°С in stabilizing buffers that contain EDTA; even storage microcap‐
sules have been developed [1].

3. Nucleic acid and Restriction Enzyme Analysis (REA)

Restriction analysis is an easy-to-perform, inexpensive, and relatively fast method for the study
of point mutations and identification of methylated regions in DNA. It can also be used for
restriction profiling of micro- and macroorganisms and can serve as a basis for phylogenetic
analysis.

In the case of fragmented nucleic acids, e.g., viruses with a segmented genome (Rotavirus),
direct fingerprinting is applied, in which individual nucleic acid segments – due to different
mobility in an electric field – are distributed at a different distance in an agarose or polyacry‐
lamide gel [24].

Direct electrophoresis, however, does not work in the case of non-segmented nucleic acids.
That is why restriction enzymes (restrictases) are used. Restriction enzymes cut the nucleic
acid molecule at a specific nucleotide sequence that they recognize. The method is both
applicable to total homogeneous (from a single species) DNA and to PCR amplification
products. The requirements for the quality of the nucleic acid sample are laid out above (see
nucleic acid extraction methods). Additionally, it is recommended to purify the PCR amplifi‐
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cation product in a gel (most kits recommend 2% gel, although 1.5% gels give better purifica‐
tion) or directly by a column, before restriction. Thus, if there is not enough DNA product in
the reaction mixture, more DNA template sample can be added instead of water. It is essential
to keep the enzyme/buffer/reaction volume ratio specified in the instructions provided by the
enzyme manufacturer.

4. Nucleic acid detection

Detection of nucleic acids and/or traces of them is widely applied in various areas (e.g.,
biodiversity assessment, marker-assisted selection, molecular diagnostics of infectious
diseases, and genetic disorders, etc.), as well as in a range of other fields of industrial and social
importance, e.g., food and pharmaceutical industry, healthcare, forensics, etc., only to name a
few. For the purpose of nucleic acid detection, there have been developed a number of methods
based on hybridization (such as in situ hybridization, molecular beacon) and polymerase chain
reactions (PCR, reverse transcription-PCR, real-time PCR).

Nucleic acid hybridization is based on the ability of two complementary nucleic acid strands,
at specific conditions, to form a stable double helix. This is mediated by purine–pyrimidine
base pairing through hydrogen bonds as first described by Watson and Crick [25]. When
hybridization is employed for experimental purposes, a synthetic nucleic acid fragment, the
so-called probe, is prepared such that it is labeled (tagged) with a molecule that is easy to detect
(the so-called reporter). Reporter molecules were initially radioisotopes, until, in 1981, Langer
et al. [26] introduced non-isotopic labeling methods using avidin–biotin binding (covalently
bound to the C-5 position of the pyrimidine ring), fluorescent or chemiluminescent dyes. There
are now commercial ready-to-use probes for specific diagnostic purposes.

What marked a real turning point in molecular biology was the development of polymerase
chain reaction (PCR) by Saiki et al. [27], which basically includes direct in vitro synthesis and
multiplication (amplification) of a specific target DNA sequence enclosed between two
synthetic oligonucleotides.

Various modifications and versions of PCR have been developed since. This part of the chapter
discusses the basic principles underlying conventional PCR, real-time PCR, and reverse-
transcription PCR. The mechanisms of different PCRs are illustrated in Figure 2 (Since the
structure of nucleic acids is described in greater detail in other chapters, it is only roughly
sketched here to show the underlying principles of the reactions).

In order to design an efficient and cost-effective PCR procedure, it is essential to properly
choose the reaction components and their precise concentrations: Taq DNA polymerase,
buffers, deoxynucleoside triphosphates (dNTPs), MgCl2, DNA template, and oligonucleotide
primers [28, 29]. It is the primers [30] and Taq DNA polymerase [31] that are considered the
most important factors that determine the sensitivity and effectiveness of the protocol. Another
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key factor is the manufacturer, accounting for different formulations, assay conditions,
and/or unit definitions [32].

A standard PCR mixture should include the following main components:

Template DNA – its quality requirements are described in the “Nucleic acid extraction
methods” part; Primers – specific or random complementary oligonucleotides of a different
length: a forward primer for the 3′–5′ DNA strand and a reverse primer for the 5′–3′ strand.
The primers are particularly important for the reaction sensitivity [30]. That is why, if you are
planning to use primers reported by other authors, it is essential to first check their sequences
for complementarity and completeness. (It is more often than not that erroneous primer
sequences may be published, even in some prestigious journals.) Another point to consider
when designing the primer sequences is the GC content, which should be about 50%; the two
primers should also have similar melting temperature (Tm) and should not be complementary
to one another but only to the target sequence, which should be conservative. In some cases,
there may be differences in the sequences targeted by the primers due to mutations (in the
genomes of viruses and bacteria). It is then recommended to consider all possible combinations
of primer sequences, using the nucleotide coding system for mixed bases, e.g., K (G or T), Y
(C or T), etc. Such differences in the sequences targeted by the primers are used for detection
of single-nucleotide polymorphisms (SNP) by real-time PCR (see below). The primer
stability depends on the degree of complementarity and the type of bonds at both ends: for
example, the 3′ end should be unstable (to aid the polymerase activity), and the 5′ end should
be stable [33], i.e., should contain G or C in the last three bases at the 5′ end. That is why, in
some cases, a single-base mismatch in the 3′ end of the primer may not be a problem.

Random primers (RP) – These are short, synthetic, single-stranded DNA segments that are 6
(hexamers) to 10 (decamers) nucleotides in length. They consist of every possible combination
of bases. In other words, in the case of hexamer primers, there must be 46 = 4,096 different
combinations. Because of that, RP can anneal to any section of the nucleic acid template. The
RP approach was described in the late 20th century and is both applicable to analysis of RNA
[34, 35] and DNA [36]. The technique based on RP later evolved into RAPD–PCR (random
amplified polymorphic DNA), which is a powerful typing method for bacterial species and is
also commonly used in construction of genetic maps and fingerprinting libraries and identi‐
fication of molecular markers [37–39]. (For details see the cited references.)

Taq polymerase is a DNA polymerase from the bacterium Thermus aquaticus. It has served as a
basis for development of different polymerase enzymes: long range, which allows for incor‐
poration of nucleotides up to 5–10 kb; high fidelity, which includes proofreading exonuclease
activity capable of repairing mismatches introduced during strand elongation. The choice of
polymerase depends on the method and downstream applications: multiplex PCR, colony
PCR, low-copy PCR assay, for difficult (GC-rich) templates, cloning, library preparation,
genotyping, etc.

Buffer system (Tris-HCl, (NH4)2SO4, K/NaCl, MgSO4) including deoxynucleoside triphosphates
(dNTPs – dATPs, dGTPs dCTP, and dTTPs), MgCl2 and 18.2 MΩ DNase/RNase-free H2O – It
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serves as the PCR medium. MgCl2, and particularly Mg++, plays a role in the elongation step
as a polymerase cofactor. Additionally, Mg++, along with other cations present in the mixture,
reacts with the negatively charged dNTPs (four oxygen atoms surrounding the phosphorus
atom (Fig 2) and DNA [40–41]. High salt concentration will lead to non-complementary
annealing of DNA strands or to an increase in the DNA denaturation temperature. The buffer
also plays a role in maintaining a stable pH in the reaction mixture. PCR products are identified
by gel electrophoresis in 1× TBE or 1×TAE buffer and 1.5–3.0% agarose gel. To visualize the
results, ethidium bromide is added to the gel (at a concentration of 1 µg/mL). Ethidium
bromide binds DNA non-specifically, which allows the DNA fragments to be visualized by
UV illumination. Other dyes that non-specifically bind to DNA, e.g., SYBR Green and others,
can also be used.
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Figure 2. Polymerase chains reactions (PCRs). Components of reactions: 1 – Primers forward and reverse; 2 – deoxynu‐
cleoside triphosphates - dATPs, dGTPs dCTP, and dTTPs; 3 – Taq polymerase; 4 – probe labeled with reporter (R) and
quencher (Q) molecules; 5 – SYBR Green dye; (A) Conventional PCR includes the following steps: an elongation cycle
at 95°С for 1–5 min to activate the polymerase →  DNA or cDNA denatures (melts) at 95°С →  complementary se‐
quences with specific melting temperature anneal to each other at 40–65°С for 30–120 s →  nucleotides are incorporat‐
ed in the growing strand and the target sequence is amplified at 72°С for up to 60 s. After 35 cycles, a single dsDNA
copy is amplified into 236 copies; (B) TaqMan real-time PCR (real-time PCR Taq has 5′–3′ exonuclease activity) 3(b)
underlying principle of TaqMan real-time PCR. The reaction mixture includes the same main components as conven‐
tional PCR plus a synthetic oligonucleotide (probe) that is labeled with a reporter and a quencher and is complementa‐
ry to an internal region in the 3′–5′ strand of the sequence of interest (4). The reaction can also include two steps per
cycle – denaturation at 95°С and annealing/elongation at 60°С [8, 45]; and (C) Underlying principle of SYBR Green
real-time PCR. SYBR Green dye (5) non-specifically binds to dsDNA. During denaturation, the dye is released; it then
binds again to the PCR fragment during the elongation step. SYBR Green emits fluorescence when bound to dsDNA.
Thus, the more fragments are amplified, the stronger the fluorescence intensity will be. The signal is graphically re‐
corded the same way as in the TaqMan reaction.
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Particular attention should be paid to some ambiguities that may arise from the usage of similar
acronyms to denote different PCR techniques: the acronym RT is only used to denote reverse
transcription; real-time PCR is not abbreviated, and quantitative real-time PCR is commonly
denoted as real-time qPCR, whereas real-rime reverse-transcription PCR is typically denoted
as real-time RT-PCR, and in quantitative analysis, as real-time RT–qPCR.

Fragment amplification in real-time PCR is based on the same principle as conventional PCR
and includes the same basic steps. The difference lies in the method of detection, which needs
specially designed equipment. Real-time PCR is based on detection of the fluorescence emitted
by a reporter molecule in real time, which is associated with another synthetic oligonucleotide
(probe) that is complementary to an internal sequence of the target gene and is labeled with a
reporter (R) and a quencher (Q) molecule. The signal emitted by the R molecule is detected
after the probe becomes detached from the complementary strand and the R molecule is
released by hydrolysis (Figure 2B) – TaqMan version [42]. A signal is emitted and detected in
the so-called LightCycler version – by increase and detection of fluorescence resonance energy
transfer, via hybridization of R and Q side by side [43–44]. These detection approaches laid
the foundations for development of the so-called quantitative real-time PCR (qPCR), which is
widely used in infectious disease diagnostics (e.g., human hepatitis viruses), SNP genotyping
and allelic discrimination, somatic mutation analysis, copy number detection/variation
analysis, chromatin IP quantification, DNA methylation detection, RNA analyses – gene and
miRNA expression studies. In this case, the signal is monitored in the course of amplification
(i.e., during the early and exponential accumulation of the PCR product) to detect the first
significant peak in the amount of PCR product, which is proportional to the initial quantity of
target template.

Real-time PCR results are visualized as curves on a graph that reflects the accumulation of
signal (Figure 3). The result is obtained based on a pre-prepared standard curve and an
internal, positive and negative control that need to be run; i.e., gel electrophoresis is not needed,
but may be used as an exception, in case of equipment malfunction, to detect the products.

SYBR Green real-time PCR – This fluorescent dye was first used for detection of nucleic acids
in agarose gels [46] and was later introduced in real-time PCR amplifications [44, 46, 47]. The
method is based on the fact that the dye only binds to double-stranded DNA, which is
accompanied with an increase in fluorescence. Thus, the signal intensity correlates with the
amount of amplified DNA fragment and, respectively, with the initial sample input amounts
(Figure 2C). In 2004, Hubert et al. [48] described the SYBR Green molecule as [2-[N-(3-
dimethylaminopropyl)-N-propylamino]-4-[2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-
methylidene]-1-phenyl-quinolinium]. SYBR Green-based analysis can be used in amplification
of any dsDNA and does not require a probe, which makes it less costly. However, the SYBR
Green dye may yield false positive signals, as it intercalates into any dsDNA, including non-
specific dsDNA sequences.

In general, real-time PCR is more sensitive than conventional PCR and needs the target
sequences to be shorter than those used in conventional PCR, maximum 300–400 bp in length;
results are obtained in real time and it is not necessary to use gel electrophoresis. The cost of
a single reaction (excluding the controls) is much higher than that of conventional PCR. For
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example, in conventional PCR, the minimum reaction cost is 0.70 euro, and in TaqMan real-
time PCR, about 3 euros (including tips, tubes, and gloves).

Reverse-transcription (RT) PCR is specific in that it includes an additional reverse transcription
reaction generating cDNA. This cDNA is then used in conventional or real-time PCR, either
in one step (the reaction directly proceeds from reverse transcription to subsequent amplifi‐
cation steps in the same tube) or in two steps (the RT reaction is run separately and a new
reaction mixture is prepared for conventional or real-time PCR).

Figure 3. TaqMan real-time PCR data for detection of Shiga toxin genes in DNA extracted from E. coli culture broth
[45]. 1–6 – amplification curves of internal controls; 7 – lines indicating non-amplification of negative controls and two
samples.
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These methods are also applied for multiplex reactions, i.e., amplification of different target
sequences in one and the same reaction. What is important for the primer pairs used in the
reaction is for them not to be complementary to each other so that they do not form dimers.
Another key point is for the primer pairs to have similar annealing temperature (Conventional
PCR can tolerate 1°C difference in the annealing temperature of each primer.).

Other methods that are also based on amplification of a target nucleic acid sequence are ligase
chain reaction (LCR), nucleic acid sequence-based amplification (NASBA), and strand
displacement amplification (SDA).

Figure 4. Ligase chain reaction (LCR).
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Ligase chain reaction (LCR) was first described by Barany [49]. It combines a ligase reaction
with amplification and is particularly suitable for differentiation of single-base substitutions
(Figure 4). LCR is based on the following principle: DNA is denatured at 94–95°C and four
primers are annealed to the complementary strands at ~65°C, i.e., ca. 5°C below their Tm. The
thermostable ligase, then, proceeds to ligate only those primers that share perfect comple‐
mentarity to the target sequence and hybridize immediately next to each other. Thus, if two
primers bear a single base-pair mismatch at the junction, they will not ligate effectively enough
and, in turn, there will be no product amplification. To avoid ligation of the 3' ends, the
discriminating primers contain a 2-bp non-complementary AA tail at their 5' ends [49, 50].

The nucleic acid sequence-based amplification (NASBA) method is based on isothermal
amplification used for RNA detection. Briefly, its principle and reaction mixture are as follows:
Primer 1, which is complementary to the 3′ end of the target RNA (+) strand and includes a T7
promoter sequence, anneals to it. Next, reverse transcription yields a cDNA (–) strand. Then,
the hybrid RNA–cDNA strand is separated via destruction of the RNA strand by RNase H. In
the next step, primer 2 anneals to the 3′ end of the DNA (–) strand and reverse transcription
yields dsDNA that contains a T7 promoter. Then, T7 RNA polymerase generates RNA (–)
copies, primer 2 anneals to the 3′ end of the RNA (–) strand, RT yields copyDNA (+) and primer
1 anneals to copyDNA (+), followed by RT and dsDNA synthesis, which can serve as a template
for RNA (+) or RNA (–) synthesis to close the cycle [51].

Strand displacement amplification (SDA) combines the principles of isothermal DNA ampli‐
fication with those of restriction enzyme digestion [52]. The reaction contains the following
components: four primers, DNA polymerase, REase HincII, dGTP, dCTP, dTTP, dATPαS, and
takes about 2 h. Basically, in SDA, the primer has two parts: the 5′ end includes a specific HincII
enzyme cleavage site (-G-T-T-G-A-C-) and the 3′ end is complementary to the target DNA
sequence. DNA polymerase generates a complementary strand and a thiophosphate modifi‐
cation is incorporated – deoxyadenosine 5′-[α-thio]triphosphate (dATP[αS]), in the specific
HincII enzyme cleavage site (-C-As-As-C-T-G-). Then, HincII cleaves the strand at its specific
site (-G-T-T ↓  G-A-C-), but not at the complementary sequence (-C-As-As-C-T-G-). The free 3′-
OH group serves as a starting point for strand elongation by DNA polymerase. Thus, the
specific HincII cleavage site is regenerated, which closes the cycle.

There are various modifications and versions of these methods, even some commercial kits;
however, it is not possible for all of them to be discussed here.

5. Nucleic acid identification by sequencing methods

Sequencing is the basic method to determine the nucleotide sequence of DNA and RNA
molecules. There are different sequencing methods and variations, as the methodology evolves
based on successful adaptation and application of the properties of nucleic acids.

Sanger method – in 1974, Sanger et al. [53] reported a sequencing method now known as the
Sanger method. It is similar with fragment analysis in that the reaction includes a DNA
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template, radioactive labeled dNTPs and dideoxynucleotides (ddNTPs – without 3′-hydroxyl
group, which is essential in phosphodiester bond formation – ddA, ddG, ddC, and ddT), T7
DNA polymerase (with ability to incorporate 2′,3′-dideoxynucleotides), a primer (forward or
reverse) and reaction buffer. The annealing, labeling, and termination steps are performed on
different thermoblocks, and the polymerase reaction at 37°C. The polymerase enzyme can
incorporate either dNTPs or ddNTPs (depending on their relative concentration) at each
elongation step. Elongation will proceed if dNTPs are added and will stop if a ddNTP is added
at the 3′ end of the strand. The resulting fragments are of different size (length) and, in gel
electrophoresis, will migrate toward the positive electrode at a rate of migration inversely
proportional to their molecular weight. The method can differentiate fragments that are only
1 bp different in length.

This served as the basis for development of another approach, in which fluorescent dyes are
used instead of radioactive isotopes – cycle sequencing or capillary sequencing (the term
“capillary” stems from the fact that electrophoresis is performed in a special matrix in capillary
tubes, and fluorescence is detected by means of a laser beam). The reaction components are
the same as those in the Sanger method, but are mixed in such a way as to allow thermal cycling:
denaturation, annealing, elongation, and generation of a balanced population of short and long
fragments, using the same principle as the Sanger method (Figure 5A). Specialized software
is used to process the detected fluorescence of each fragment and to plot the result as an
electropherogram (Figure 5B) in ABI, FASTA, and PAUP file format.

A limitation of the method is the size of the fragments that can be sequenced: maximum 800–
1000 nucleotides per run.
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Figure 5.Generation of fragments by incorporation ofdNTPs and ddNTPs (labeled) in the 

Sanger method and cycling sequencing (A). Sample electropherogram (portion) of the beta-
lactamase OXA-48 gene ofKlebsiella pneumoniae strain OXA48BG, NCBI, GenBank accession 
number KJ959619.1 [54] (B).  

 
The sequences obtained using forward and reverse primersare analyzed by programs 

available either as freeware [55, 56] or as commercial software. What is important to remember 
is to always check the sequencing results in the file generated by the software against the 
electropherogram: there may often be discrepancies between the nucleotide sequence in the file 
and that in the electropherogram. In such cases, the electropherogram should be considered more 
reliable but the background effect should also be accounted for. 

In the alignment ofsequences (first, between the F andRprimers of a sample and, second, 
between different samples), it is important for them to be equal in length. The next step is 
sequence analysis – phylogenetic analysis, genetic distance analysis, etc. For example, in 
phylogenetic analysis, it is particularly important to choose the mathematical model that is most 
appropriate for each particular case.Instead, there are software programs especially designed to 
determine the most appropriate model depending on the sequence length, the number of 
sequences, potential substitutions, etc.For example,jModelTest[57] analyzes andselects among 
89 different models.  

 
New-Generation Sequencing(NGS) platforms

The way is now open for nucleic acid research using NGStechnologies. This part of the 
chapter will focus on three NGS platforms: Illumina, Nanopore, and Ion Torrent.  

 
IlluminaSequencing by Synthesis  
 
The Illumina technology is based on the principle described above, i.e., incorporation of 

fluorescently labeled dNTPs by DNA polymerase using a DNA or a cDNA template in a 
sequence of cycles. The identification of incorporated nucleotides is based on fluorophore 
excitation.The whole process includes the following steps:  

- Nucleic acid preparationis one of the critical steps (it may vary depending 
on the operator and the consumables/method used). It is important for the target DNA 
(total DNA, PCR products, cDNA) to be of the highest possible purity. 

- Sequencing library preparation (another critical step) is done by random 
fragmentation of the target DNA, followed by 5 and 3 ligation of fragments by 
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available either as freeware [55, 56] or as commercial software. What is important to remember
is to always check the sequencing results in the file generated by the software against the
electropherogram: there may often be discrepancies between the nucleotide sequence in the
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Figure 5. Generation of fragments by incorporation of dNTPs and ddNTPs (labeled) in the Sanger method and cycling
sequencing (A). Sample electropherogram (portion) of the beta-lactamase OXA-48 gene of Klebsiella pneumoniae strain
OXA48BG, NCBI, GenBank accession number KJ959619.1 [54] (B).

The sequences obtained using forward and reverse primers are analyzed by programs
available either as freeware [55, 56] or as commercial software. What is important to remember
is to always check the sequencing results in the file generated by the software against the
electropherogram: there may often be discrepancies between the nucleotide sequence in the
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file and that in the electropherogram. In such cases, the electropherogram should be considered
more reliable but the background effect should also be accounted for.

In the alignment of sequences (first, between the F and R primers of a sample and, second,
between different samples), it is important for them to be equal in length. The next step is
sequence analysis – phylogenetic analysis, genetic distance analysis, etc. For example, in
phylogenetic analysis, it is particularly important to choose the mathematical model that is
most appropriate for each particular case. Instead, there are software programs especially
designed to determine the most appropriate model depending on the sequence length, the
number of sequences, potential substitutions, etc. For example, jModelTest [57] analyzes and
selects among 89 different models.

5.1. Next-Generation Sequencing (NGS) platforms

The way is now open for nucleic acid research using NGS technologies. This part of the chapter
will focus on three NGS platforms: Illumina, Nanopore, and Ion Torrent.

5.2. Illumina sequencing by synthesis

The Illumina technology is based on the principle described above, i.e., incorporation of
fluorescently labeled dNTPs by DNA polymerase using a DNA or a cDNA template in a
sequence of cycles. The identification of incorporated nucleotides is based on fluorophore
excitation. The whole process includes the following steps:

• Nucleic acid preparation is one of the critical steps (it may vary depending on the operator
and the consumables/method used). It is important for the target DNA (total DNA, PCR
products, cDNA) to be of the highest possible purity.

• Sequencing library preparation (another critical step) is done by random fragmentation of
the target DNA, followed by 5′ and 3′ ligation of fragments by adapters. Thus, each strand
in the DNA double helix is adapter-ligated. Fragmentation and ligation may be performed
in a single step, which, according to (9), markedly increases the effectiveness. The adapter-
ligated fragments are then amplified by PCR and purified in a gel.

• Cluster generation takes place on the surface of a flow cell. The flow cell is, in fact, a glass
slide with channels on whose surface two types of oligonucleotides are attached. These
oligonucleotides are complementary to one of the ends of the library fragments (the adapter)
and are identical with the other end. This ensures cluster generation is done by hybridization
of the adapter-ligated amplified fragments from the library with synthetic oligonucleotides
on the surface of the flow cell that are complementary to the adapters. Each single-stranded
fragment binds with the complementary end, while its other end remains free, perpendic‐
ular to the surface of the flow cell (The free end is identical with the oligonucleotide in the
flow cell to provide synthesis of a complementary sequence in the new strand.). Then
complementary strand synthesis can begin, displacing the original strand when the
synthesis is completed. The fragments thus bound act as templates for the so-called bridge
amplification of discrete clonal clusters. In bridge amplification, the free end of a new single-
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stranded DNA fragment anneals (by hybridization) to a complementary oligonucleotide on
the flow-cell surface (resulting in an ∩-shaped bridge-like structure); then, a DNA polymer‐
ase enzyme synthesizes a complementary DNA strand by incorporation of unlabeled
nucleotides. The resulting double-stranded DNA template is denatured, which releases the
two single-stranded DNA fragments both from one another as well as from the flow-cell
surface at one end: if the initial ssDNA fragment had its 5′ end free, then it is restored and
the new copy remains bound at its 3′ end (which is complementary to the free 5′ end). Thus,
the templates generated by bridge amplification form clusters of single-stranded fragments
bound at one end and the number of DNA templates grows. (Then, the reverse templates
are removed and only the forward strands remain – clones identical to the original tem‐
plates)

• Sequencing – The samples are ready for the sequencing step when the clusters are complete.
A proprietary reversible terminator-based method is used: a sequencing primer is annealed
(it is complementary to the part of the adapter that is adjacent to the DNA fragment of
interest), followed by cycles of incorporation of terminator-bound dNTPs. In each cycle,
there is a mixture of the four different dNTPs and they naturally compete for incorporation
based on complementarity. As a result, only one complementary dNTP per cycle is incor‐
porated in the growing strand. In each cycle, a labeled terminator-bound dNTP is incorpo‐
rated in each chain in each cluster and is detected based on emission wavelength and
intensity. The signal emitted by each nucleotide incorporated in each strand at the end of a
cycle is recorded in real time in each cluster. The cycle is repeated n times to obtain an n-
base long sequence. When the new strand is synthesized and its sequence is recorded, it is
removed. This approach of base-by-base sequencing achieves very high precision, as errors
are eliminated even in repetitive sequence regions and homopolymers.

• Data processing and analysis – The fluorescence emissions from different clusters are
digitally processed in parallel and are visualized as nucleotide sequences for each individual
cluster. Following sequence alignment, the data are compared against referent sequences to
perform phylogenetic analysis, single-nucleotide polymorphism analysis, distance deter‐
mination, and a range of other analyses.

This technique allows multiplex analysis to be carried out by creating distinct libraries based
on the so-called index sequences (short nucleotide sequences specific for each library that can
be used like a barcode), which are attached during library preparation step. Different libraries
are first individually prepared and are then combined together and loaded in one and the same
flow cell lane. The labeled libraries are sequenced simultaneously, in a single run of the
equipment, and at the end of the process, the sequences are exported in a single file. Next, a
demultiplexing algorithm is used to separate the sequences in different files based on their
barcode. This is followed by alignment with referent sequences of interest.

The platform is compatible with different library preparation methods depending on the
purpose of the sequencing analysis (whole genome sequencing, target sequencing, mRNA
sequencing, 16s RNA gene sequencing, etc.). This is possible because the sequencing steps that
come after the library preparation step are fundamental and do not depend on the library
preparation method. There are ready-to-use, standardized library preparation kits designed
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for different sequencing purposes and more and more new approaches and modifications are
being developed [58].

5.3. Nanopore technology

Nanopore technology is an innovative NGS platform that also includes sequence library
preparation. The library preparation step requires maximal purity of the target nucleic acid
(DNA, PCR products, cDNA). This is achieved by magnetic particle purification (It is proba‐
bly possible to use other methods as well, e.g., column silica-based ones, if the manufacturers
are reliable and guarantee high purification of the nucleic acid samples). The target nucleic acid
samples are ligated between the 5′ end of one of the strands and the 3′ end of the other strand
of the double-stranded DNA (in the shape of a hairpin). Bayley sequencing technology is used.
In this method, the DNA molecule is basically passed through a system consisting of a processive
exonuclease enzyme bound to a protein nanopore (Figure 6A). The enzyme unzips the DNA
double helix and pushes/cleaves one of the strands through the aperture of the protein nanopore
in a base-by-base manner (The aperture is only a few nanometers in diameter.). This contin‐
ues until the hairpin loop at the end of the first strand is reached and then the enzyme simply
proceeds on to push the ligated reverse strand through the nanopore as well. The system is
designed so that a constant ion current flows through the aperture of the free protein nano‐
pore. This current is specifically disrupted when each base enters the aperture. These specific
disruptions in the ion current are recorded by an electronic device and are interpreted to identify
each base. The disruption that each of the four bases causes in the ion current is different due
to differences in their chemical structure and chemical characteristics. Recordings from multiple
channels in parallel allows high-throughput sequencing of DNA.

Protein nanopores are inserted into an electrically resistant polymer membrane so that a
membrane potential can be created driving the ion current through the pore aperture. This ion
current is disrupted in a specific way when a nucleotide passes through the aperture of the
protein nanopore, which causes a change in the membrane potential.

An array of microscaffolds holds the membrane in which the nanopores are embedded, giving
stability to the structure during operation. Each microscaffold on the sensor array chip contains
an individual electrode, allowing for multiple nanopore experiments to be performed in parallel.
Each nanopore channel is controlled and measured by an individual channel on a correspond‐
ing, bespoke application specific integrated circuit (ASIC) (Figure 6B) [59].

Another NGS platform is the Ion Torrent sequencing technology. In this method, following
library preparation, the sequencing step is actually performed in wells that contain the DNA
template, an underlying sensor, and electronics. It works as follows: when a new nucleotide is
incorporated in the growing DNA strand, a proton (H+) is released, which causes a change in
the pH in the well. This leads to changes in the surface potential of a metal-oxide sensing layer
and to changes in the potential of the source terminal of the underlying field-effect transistor.
This is the signal that a complementary nucleotide has been incorporated at the end of the
growing DNA strand. To determine the DNA sequence, the equipment needs to be able to
differentiate between the four bases. This is done by flushing each well with one type of
nucleotide at a time. If the base is complementary, the nucleotide will be incorporated and a
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change in the pH will be recorded; and if the base is not complementary, there will be no pH
change [60].

NGS technologies are a new trend and yet more approaches and applications in nucleic acid
analysis are being developed.
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Abstract

Formalin-fixed paraffin-embedded (FFPE) tissues are an important sample source for ret‐
rospective studies. Despite its ability to preserve proteins and cell morphology, formalin
hinders molecular biology tests since it fragments and chemically modifies nucleic acids,
especially RNA. Although several studies describe techniques that allow extracting nu‐
cleic acids from FFPE tissues, so far there is no consensus in the literature about the best
protocol to be used in this type of material. Thus, the current chapter aims to describe the
factors affecting the FFPE tissue nucleic acid extracting process, compare the available
protocols and to describe the modifications developed by our group in some protocols.
Such modifications enable nucleic acids obtainment in satisfactory quantity and quality
for molecular biology studies.

Keywords: DNA, RNA, FFPE, extraction

1. Introduction

Formalin-fixed paraffin-embedded (FFPE) tissues are of great importance to retrospective
studies. Their main advantage lies on the possibility of correlating genetic and molecular bi‐
ology analyses with data from patients’ medical records and clinical outcomes [1].

Formalin fixation is the most widely used method for tissue fragment preservation. It is a
low-cost and easy-to-handle method, which preserves good morphological cell quality. The
method is compatible with the antibodies used in the immunohistochemistry technique [2].
However, although formalin fixation and routine histological processing techniques pre‐
serve tissue cellular morphology and protein integrity, they also impair the obtainment of
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nucleic acids with the same quality, especially RNA, since they degrade and chemically
modify such acids [3, 4].

Formalin replacement by other tissue fixatives such as Bouin, Carnoy, alcohol or HOPE (glu‐
tamic acid buffer Hepes-mediated organic solvent effect protection) may be an alternative to
reverse the problem [4, 5]. However, since formalin is the fixative of choice in most patholo‐
gy departments, several research groups have sought to reverse the chemical changes
caused by this fixative type.

Although several papers describe techniques that allow FFPE tissue nucleic acid extracting
process [6–8, 3, 1, 4], so far there is no consensus in the literature about the best protocol to
be used in this type of material.

The studies based on such approach not often detail the used methodology. Besides, not all
the published techniques were reproduced by our group. It took us approximately 8 months
to standardize the DNA and RNA extraction process in our FFPE tissues research.

The current chapter aims to describe the factors affecting the process of nucleic acid extrac‐
tion from FFPE tissue, compare the available protocols and to describe the modifications de‐
veloped by our group in some protocols that enable nucleic acids obtainment in satisfactory
quantity and quality for molecular biology studies.

2. Factors affecting nucleic acids extraction from FFPE tissues

Difficulties in obtaining quality nucleic acids, especially RNA, cause degradation and chemi‐
cal modification, despite the fixation in formalin and the routine histological processing
techniques used to preserve cellular morphology and tissues’ protein integrity [3–4].

Nucleic acids extraction from FFPE tissue shows some critical issues that may affect the
quality of the obtained DNA or RNA as well as these samples’ subsequent amplification
process. Such critical matters include tissue fixing and clamping as well as the post-fixing
stage (tissue cutting preparations, deparaffinization and hydration processes, in addition to
other stages of the extraction process itself, such as digestion and purification), which will
be described below [9].

Pre-fixation is defined as the period between tissue collection and the beginning of the set‐
ting process. The material starts degrading shortly after its collection, right when the tissue
is exposed to hypoxia and to the DNases and RNases found in the environment. The first
biochemical modifications emerge after 10 min of anoxia. Thus, it is very important to re‐
duce the pre-clamping time to seconds [4, 9].

The fixing conditions (time, temperature and fixative type) and, in some cases, the descaling
processes alter material preservation and directly influence the quantity and quality of the
obtained nucleic acid. Fixations kept in formalin solution for more than a week destroy the
nucleic acids and lead to the cross-linking of all tissue components. It results in highly frag‐
mented nucleic acids, which are more resistant to the extraction process [2, 3, 9].
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Chemical studies have shown that formaldehyde breaks hydrogen bonds in double-strand‐
ed DNA adenine- and thymine-rich regions. It creates new chemical interactions in protein
folding, thus resulting in bonds between DNA proteins and DNA fragmentation [10].

RNA messenger (mRNA) obtained from FFPE tissues is often not intact. It is usually degrad‐
ed to less than 300 base pairs [1]. However, Hamatani et al. (2006) [11] found that 80% of the
RNA samples presenting 60 base pairs may be sufficiently amplified by polymerase chain
reactions (PCR). All post-fixation stages, such as the paraffin blocks attainment sections, are
also essential to the obtainment of high-quality nucleic acids.

Contamination is one of the critical issues affecting the quality of the samples. Thus, it is
necessary to decontaminate the workstation as well as to use DNases- and RNases-free
tools. These DNases and RNases result from paraffin block cuts used to extract the nucleic
acid of interest [2].

Although some authors state that deparaffinization is not a required step [2], most protocols
suggest that the material must be deparaffinized before the extraction process in order to ob‐
tain nucleic acids in a more efficient way. Most protocols use solvent (usually xylene) to re‐
move the paraffin cuts, and this procedure is followed by ethanol-based rehydration.

No matter the used protocol, digestion is the first step in the nucleic acid extraction process,
and it aims to lyse membranes in order to release the cellular components. This step may be
accomplished by several methods, such as elevated temperatures, enzymatic digestion, me‐
chanical disruption or even by using other detergents or according to cell type solutions. In
general, enzymatic digestion with proteinase K is used in most protocols; however, the con‐
centrations and the incubation times are highly variable [9].

Nucleic acids purification is the next stage. Literature reports protocols using organic sol‐
vents (such as phenol-chloroform) [12–14], salt (salting out) [15] and other substances (Che‐
lex-100) [16] as well as protocols using commercial kits available in the market [9].

Li et al. (2008) [1] observed that RNA extraction protocols based on proteinase K digestion
followed by DNase, column purification and elution treatments led to good results in FFPE
samples. These authors have shown that proteinase K is essential to degrade covalently
linked proteins in order to release RNA from the cell array and to inactivate RNAses, which
tend to be stable.

Ribeiro-Silva and Garcia (2008) [4] have shown that proteinase K is used to degrade proteins
bound to nucleic acids and that the incubation between 60°C and 70°C removes the methyl‐
ol groups added by formalin. RNA isolation by denaturing agents prevents the RNases ac‐
tion. In addition, deoxyribonuclease (DNase) incubation is required to remove the
deoxyribonucleic acid (DNA) sample. Finally, purification by precipitation with alcohol po‐
rous column removes any residue and contaminants.

All tested protocols will be detailed in the sections below, as well as the changes suggested
to determine the protocols that would be viable to the obtainment of nucleic acids present‐
ing adequate quality for molecular biology studies.
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3. Preparing FFPE tissue sections for nucleic acids extraction

All samples included in the studies conducted by our team result from biopsies performed
in diffuse large B cell lymphoma patients, from lymph node samples or from reaction amyg‐
dala samples stored in the Pathology Department of Hospital das Clínicas, Medical School
of University of São Paulo. All the herein used samples were formalin-fixed and paraffin-
embedded (FFPE) according to the standard methods described in the literature.

Four 20-µm thick cuts were performed in each sample using routine histological techniques.
The sections were placed into 1.5 mL RNase- and DNase-free microtubes, and they were
subsequently subjected to RNA and DNA extraction processes.

The first protocol used to prepare the cuts in the nucleic acid extraction process (suggested
for the majority of commercial kits and protocols) consisted of deparaffinizing the sections
with xylene and of rehydrating them with ethanol. In order to do so, 1 mL xylene PA was
added to each sample (Synth® Diadema, SP, Brazil), and it was followed by homogenization
using Vortex Genie 2T (Scientific Industries, Inc., Bohemia, NY, USA) and by incubation at
50°C, for 5 min, in digital thermomixer (Eppendorf AG, Hamburg, Germany). After incuba‐
tion, the samples were centrifuged at maximum speed for 5 min in the R-5418 microfuge
(Eppendorf AG, Hamburg, Germany). The xylene was discarded and the cell button was
washed two times with absolute ethanol (Merck KGaA, Darmstadt, Germany). The superna‐
tant was discarded after each wash. After the cell button was completely dried, the extrac‐
tion process started, as it is described in the following sections.

Moreover, even after some RNA extraction methods that allowed finding some viable op‐
tions were compared, it was observed that not all the extracted samples showed successful
amplification in PCR reactions [17].

None of the previous studies available in the literature described the possible factors that
could influence the amplification success. Therefore, the current study made the option of
investigating some of the potential interferences in the nucleic acid obtainment process,
namely: tissue fragment size, blocks’ storage time, used fixative type, different cDNA syn‐
thesis primers and different primer sequences, among others [18].

After the aforementioned study, the tissue preparation protocol for RNA extraction process
was modified by including a washing step. It consisted of using 1 ml phosphate buffer sal‐
ine (PBS) with 5 min incubation at room temperature, followed by full speed centrifugation
for 5 min in the R-5418 microfuge (Eppendorf AG, Hamburg, Germany). This procedure is
done to remove possible fixative residues that could work as PCR inhibitors [18]. Next, the
same process was used in the DNA extraction performed by our team.

Such protocol change was done under the assumption that the amplification failure in PCR
reactions could be caused by the presence of contaminants such as fixative waste working as
PCR inhibitors.

The results show that the PBS washing step inclusion in the samples’ extraction preparation
process led to some statistically significant advantages such as the obtainment of better
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RNA concentration results (p = 0.00025), even when the same initial amount of tissue was
used. In addition, the washing step allowed obtaining better sample purity levels (p =
0.0000001), increasing the samples amplification success (p = 0.018) both in the standard and
in the real-time PCR reactions [18].

Two possible factors may have influenced the improved amplification efficiency of these
samples. The first is based on the fact that formalin is water-soluble, thus the PBS washing
step may have led to tissue-fixation residues’ solubilization and removal, and it could possi‐
bly work as PCR inhibitors. Furthermore, previous studies suggested that pH values be‐
tween 6.5 and 9.0 are optimal for amplification [11, 9]. Then, the PBS solution may have
possibly altered pH levels, thus increasing the quality of the obtained RNA and the amplifi‐
cation success.

Despite the influence of the PBS-based washing step addition on the samples’ successful am‐
plification, we observed the fixative interference in this process too. Formalin-fixed samples
showed more successful PCR amplification reactions than those fixed in formaldehyde or in
Bouin's solution, even after further PBS washing (p = 0.000018) [18].

Another fact observed by our team refers to the paraffin-embedded tissue fragment size. All
fragments size equals to or greater than 1.0 cm had the most successful samples’ amplifica‐
tion (p = 0.034) [18]. This may be possibly due to the fact that smaller tissues may increase
the fixative absorption and, consequently, cause greater nucleic acids degradation and
chemical modification in the full extent of the tissue.

No impact was found on the amplification success when the other variables suggested in
our study were tested (tissue type, block age, different primers used in the cDNA synthesis
or the endogenous genes used in the PCR reaction), regardless of the use (or not) of the PBS
washing step [18].

This protocol change was kept in the preparation of samples subjected to DNA extraction,
due to the statistically significant impact caused by the PBS washing step inclusion on either
the obtainment of better RNA concentrations or purity relations.

It is possible to conclude that this sample preparation is an essential step to obtain better
quality nucleic acids for molecular biology studies.

4. RNA extraction from FFPE tissues

Three different RNA extraction protocols were tested, as described below:

Protocol 1: Commercial kit RECOVERALL Total Nucleic Acid Isolation Optimized for
FFPE Samples (Ambion, Inc., Austin, Texas, USA) [17–18]

Two hundred (200µ l) of digestion buffer and 5 µL protease were used for tissue lysis in
each sample. It was followed by incubation for 15 min at 50°C and for 15 min at 80°C. Next,
RNA isolation was held by the addition of 790 µL buffer containing absolute ethanol and by
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the subsequent passage through the separation column. After washing the column with two
wash buffers, realized treatment with DNAse and further washing with two buffers, accord‐
ing to the manufacturer's instructions. The eluted RNA was obtained by using 60 µL of the
kit elution buffer at RT. After incubation for 5 min at room temperature, the samples were
centrifuged at maximum speed and the obtained RNA was stored at –80°C until its use.

Protocol 2: Paradise®Whole Transcript RT Reagent kit System (Arcturus Bioscience, Inc.,
Mountain View, California, USA) [17]

Incubation with buffer containing proteinase K was held for 20 h, at 37°C, after the samples’
preparation process, to digest the proteins. The RNA isolation was performed by two suc‐
cessive washes using buffer containing the ethanol kit. Then, the samples were purified by
passing them through the column kit according to the manufacturer's instructions. Subse‐
quently, samples were incubated with buffer containing DNase at 37°C for 15 min and at
4°C for 1 min. DNase inactivation was performed by incubating the samples at 70°C for 10
min and at 4°C for 1 min. The RNA samples were stored at –80°C until they were used.

Protocol 3: Trizol extraction method (Invitrogen, UK) [17]

The RNA extraction by Trizol method was performed as recommended by Körbler et al.
(2003) [8] and Antica et al. (2010) [19]. The tissue was digested by incubating the samples in
buffer containing 10 mM NaCl, 500 mM Tris pH 7.6, 20 mM ethylenediaminetetraacetic acid
(EDTA), 1% sodium dodecyl sulfate (SDS) and 500 µg/mL proteinase K. First, the sample
was incubated at 55°C, for 3 h; then, it was incubated at 45°C overnight with proteinase K
inactivation by elevating the temperature to 100°C for 7 min in the next day. Finally, all sam‐
ples were subjected to RNA extraction process according to the classic Trizol method previ‐
ously described by Chomczynski and Sacchi (1988) [20]. The obtained RNA was stored at –
80°C until it was used.

4.1. Evaluating RNA concentration and quality

NanoDrop equipment (NanoDrop Technologies, Inc. Wilmington, DE) was used to evaluate
the concentration and purity of RNA samples extracted according to the three protocols de‐
scribed above. RNA amounts above 50 ng/µl with purity between 1.7 and 1.9 were consid‐
ered to be suitable.

4.2. Results and comments on the herein described RNA extraction protocols

The purity levels and degrees obtained by the three protocols were satisfactory (over 50
ng/µL and purity concentrations between 1.8 and 1.9). However, only samples obtained ac‐
cording to protocols 1 (Ambion) and 2 (Arcturus Bioscience) showed appropriate amplifica‐
tion in real-time PCR reactions [17].

Despite the RNA produced with appropriate concentrations and purity degrees, the samples
obtained by the Trizol method showed no amplification in real-time PCR reactions. It cor‐
roborates the results found by Witchell et al. (2008) [5], but it did not confirm the data ob‐
tained by Körbler et al. (2003) [8] and Antica et al. (2010) [20].
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The purity levels and degrees obtained by the three protocols were satisfactory (over 50
ng/µL and purity concentrations between 1.8 and 1.9). However, only samples obtained ac‐
cording to protocols 1 (Ambion) and 2 (Arcturus Bioscience) showed appropriate amplifica‐
tion in real-time PCR reactions [17].

Despite the RNA produced with appropriate concentrations and purity degrees, the samples
obtained by the Trizol method showed no amplification in real-time PCR reactions. It cor‐
roborates the results found by Witchell et al. (2008) [5], but it did not confirm the data ob‐
tained by Körbler et al. (2003) [8] and Antica et al. (2010) [20].
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After these results were published, it was decided to check the impact of the residuals and
potential contaminants. Thus, the purification step using alcohol in a porous column of the
QIAamp®Viral RNA Mini Kit for commercial extraction (Qiagen) was adopted. In brief, af‐
ter isopropyl alcohol was added to the samples, DNA was filtered using the purification col‐
umn, according to the manufacturer's recommendations. It was done by transferring the
samples to the Kit's purification columns, which were centrifuged at 8,000 g for 1 min. Sub‐
sequently, the column products were moved to other tubes. Next, 500µ L buffer AW1 was
added to column and it was once again centrifuged at 8,000 g for 1 min. After the filtrate
was discarded and the column transferred from the column to another tube, 500 µL Buffer
AW2 was added to the solution and a new centrifugation was performed at 14,000 g for 3
min. Then, the column was shifted into a sterile 1.5 mL tube and 60µ L elution buffer was
added to it. After the reaction was incubated for 5 min at RT, the tubes were centrifuged at
8,000 g for 1 min and the obtained RNA was stored at –80°C.

A significant improvement was found in the quality of the samples as well as in their ade‐
quate amplification in real-time PCR reactions. Thus, RNA extraction from FFPE samples of
the three tested protocols became feasible. However, protocol 1 (Ambion commercial Kit)
was used as the standard method in current research by taking into account the protocol’s
practicality and cost.

5. DNA extraction from FFPE tissues

Two different RNA extraction protocols were tested (unpublished data) as described below.

Protocol 1: Phenol-chloroform method [21]

After the sections were prepared and the button cell was completely dried as described in
Section 3, tissue digestion was performed by adding 480 µL Tris-EDTA buffer (TE) and 20
µL proteinase K (200 mg/ml) to each sample. Next, these samples were incubated at 37°C for
approximately 16 h in the digital thermomixer (Eppendorf AG, Hamburg, Germany). The
temperature was then raised up to 90°C for 10 min to inactivate the proteinase K.

One (1) ml of the mixture was added to phenol:chloroform:isoamyl alcohol (Invitrogen Cor‐
poration, Carlsbad, CA, USA) at the ratio 25:24:1, respectively. After homogenization using
the Vortex Genie 2T (Scientific Industries, Inc., Bohemia, NY, USA), samples were centri‐
fuged at 13,000 g for 15 min at the 5418-R microcentrifuge (Eppendorf AG, Hamburg, Ger‐
many). The supernatant was transferred to a fresh 1.5 ml DNase- and RNase-free microfuge
tube, and 1 mL of the phenol:chloroform:isoamyl alcohol (25:24:1) mixture was added to it.
Then, the centrifugation process was repeated under the same conditions.

The supernatant was transferred to a new 1.5 mL DNase- and RNase-free microtube and 20
µL of 3M sodium acetate and 900 µL of absolute ethanol (Merck KGaA, Darmstadt, Germa‐
ny) were added to it. The samples were homogenized by inversion and incubated at 20°C
for at least 30 min. The samples were centrifuged at 13,000 g for 15 min. The supernatant
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was discarded and the pellet was completely dried. Samples were resuspended in 50 mL TE
buffer and stored at –20°C, until they were used.

Protocol 2: Phenol-chloroform method (modified by our team)

By following the same reasoning used to modify the RNA extraction protocol by Trizol
method, the current study made the option to add a DNA purification step using the
QIAamp DNA Blood Mini Kit commercial columns (Qiagen, Hilden, Germany) to check the
impact from residual and potential contaminants.

As it was described in the previous protocol, the samples were transferred to the column
commercial kit – QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany), after being in‐
cubated with 3M sodium acetate and absolute ethanol. Subsequently, they were centrifuged
at 8,000 rpm for 1 min in the 5418- R microfuge (Eppendorf AG, Hamburg, Germany). The
filtrate was discarded, and the column was transferred to a new tube and 500 µL of buffer
AW1 were added to it. Then, the samples were centrifuged at 8,000 rpm for 1 min in the
5418-R microcentrifuge (Eppendorf AG, Hamburg, Germany).

After the filtrate was discarded and the column transferred to a new tube, a second wash
was performed using 500 µL buffer AW2. The samples were centrifuged at 14,000 rpm for 3
min in the 5418-R microcentrifuge (Eppendorf AG, Hamburg, Germany).

Columns were transferred to a 1.5 mL DNases- and RNases-free microtube and 200 µL of
buffer AE were added to the center of the column. The samples were then incubated at room
temperature for 5 min, and it was followed by centrifugation at 8,000 rpm for 1 min in the
5418-R microfuge (Eppendorf AG, Hamburg, Germany). The samples were stored at –20°C
until they were used.

5.1. DNA quality quantification and analysis

The DNA samples' concentration and purity were set by spectrophotometry in Nano‐
Drop®ND-2000 machine (Thermo Fisher Scientific, Wilmington, DE). Samples with absorb‐
ance ratios (A280 / A260nm) between 1.7 and 1.9 were considered to be appropriate.

5.2. Results and comments on the herein described DNA extraction protocols

Despite the DNA produced with suitable concentrations and purity degrees, not all the sam‐
ples obtained by the phenol-chloroform method showed amplification in real-time PCR re‐
actions. It corroborated the results by Witchell et al. (2008) [5], but it did not confirm the
data obtained by Körbler et al. (2003) [8] and Antica et al. (2010) [19].

A significant improvement was observed in the quality of the samples and adequate ampli‐
fication in real-time PCR reactions performed according to method 2. Thus, DNA extraction
from FFPE samples of the three tested protocols has become more viable. However, taking
into account both the protocol practicality and the cost, the protocol 1 (Ambion commercial
Kit) was used as the standard method for the current research.
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Abstract

Human noroviruses (hNoVs) and hepatitis A virus (HAV) are the leading cause of food‐
borne viral illness, and they exact a considerable economic and health toll worldwide.
The detection of viral contamination in foods requires highly sensitive and accurate
methods, due to the intrinsically low amounts of viruses and the complexity of the sam‐
ple matrices. In recent years, a wide variety of nucleic acid-based molecular methods
have been developed for the detection of hNoVs and HAV, displaying superior sensitivi‐
ty, specificity, and speed. This chapter aims to provide a summary of the application of
the molecular methods for the detection of the two important foodborne viruses.

Keywords: Human noroviruses, hepatitis A virus, foodborne viruses, nucleic acid-based
method, detection

1. Introduction

Enteric viruses have been increasingly recognized as the leading causative pathogens in
foodborne disease outbreak, causing 66.6% of foodborne illnesses in the United States,
compared with 14.2% and 9.7% for campylobacter and salmonella, respectively [1]. A multitude
of foodborne viral pathogens include (but are not limited to) human noroviruses (hNoVs),
rotavirus, hepatitis A virus (HAV), hepatitis E virus, astrovirus, aichivirus, sapovirus,
parvovirus, enterovirus, and adenovirus [2]. Foodborne viruses are transmitted not only
through contaminated food and water, but also in combination with close contact with infected
individuals, aerosol contamination of projectile vomit, or through contamination of environ‐
mental surfaces. Potentially fecal-contaminated food, such as bivalve molluscan shellfish
harvested in polluted water areas, fresh produce irrigated with contaminated water or
harvested by an infected worker, and ready-to-eat foods prepared by an infected food handler
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are a means of infection [3—5]. Of all the foodborne viruses, hNoVs and HAV are the most
important foodborne viral pathogens with regard to the severity of the associated illnesses and
frequent occurrence worldwide [2]. Both hNoVs and HAV display high environmental
stability on contaminated objects, are abundantly excreted in human feces (e.g., exceeding
107 viral particles per gram of stool), and have a low infectious dose (1 to 100 infectious viral
particles) [2], all of which contribute to the ease of transmission of the viruses within a
community. It is commonly noted that one of the most efficient ways to prevent and control
the foodborne viral infections is to implement a reliable surveillance system using rapid,
sensitive, and precise diagnostics to identify the associated pathogens. Human NoVs do not
replicate in cell culture. Wild-type HAV strains are not readily cultivated in vitro and the
detection is impaired by their slow and inefficient growth in cell culture and lack of apparent
cytopathic effect. Cell culture-based systems for determining virus infectivity are currently not
available for hNoVs and wild-type HAV. Traditional diagnosis of these foodborne viral
pathogens has been reliant on electron microscopy and immunological tests, but these methods
lack sufficient sensitivity. While they may be useful for the detection of the viruses in clinical
specimens that contain high amounts of viruses, for foods, which harbor potentially small
quantities of viruses and may yet cause illness, it is not feasible to use these traditional
laboratory methods to detect the viruses. This has led to the development of new, more
sensitive and robust detection methods. In recent years, the majority of newly developed
detection approaches are nucleic acid-oriented. Nucleic acid-based molecular methods have
demonstrated a large improvement in speed, sensitivity, and accuracy of the detection of hNoV
and HAV, bringing new insights into the etiology and diagnosis of foodborne viral disease.
This chapter will touch upon a number of nucleic acid-based methods that have been devel‐
oped and applied to detect the two epidemiologically important foodborne viruses.

2. Key notes from norovirus and hepatitis A virus

2.1. Norovirus genome and molecular diversity

Although “winter-vomiting disease” was described in 1929 [6], the responsible viral agent was
not discovered until 1972 by Kapikian [7] from fecal materials derived from an outbreak of
gastroenteritis among elementary school children in 1968 in Norwalk, Ohio. The virus was
named Norwalk virus and was designated as the prototype strain for the group of viruses now
called Noroviruses; in the literature, they were previously referred to as small round-struc‐
tured viruses (SRSVs) by their surface morphology or Norwalk-like viruses. The Norwalk
agent was the first enteric virus identified that specifically caused acute gastroenteritis in
humans. Successful cloning and sequencing of the NoV genomes have led to progress in
understanding viral genome organization and classification. Noroviruses are a member of the
family Caliciviridae whose name is derived from the Greek word Calyx for cup [8]. The viral
genome is composed of a single strand of polyadenylated positive-sense, non-enveloped RNA
size of approximately 7.6 kb. The linear RNA is organized into three open reading frames
(ORFs), designated ORF1, ORF2, and ORF3. ORF1 encodes a 194-kDa protein that is cleaved
by the viral cysteine protease into six non-structural proteins including p48, NTPase, p22, Vpg,
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protease, and RNA-dependent RNA polymerase. ORF2 codes for the major capsid protein
VP1, which folds in two major domains: a shell (S) and a protruding (P) domain. The P domain
is comprised of P1 and P2 subdomains. P2 is a highly variable region that is thought to be
involved in the binding of the histo-blood group antigens (HBGAs), which are regarded as
receptors and host-susceptibility factors for human infection [8, 9].

According to the literature, NoVs have been genetically segregated into at least five gen‐
ogroups (GI, GII, GIII, GIV, and GV) based on the complete amino acid sequences of the major
capsid protein of 164 NoV strains [10]. New genogroups consisting of canine NoVs have also
been proposed [11-12]. GI, GII, and GIV are known to cause gastroenteritis in humans. GI and
GII contain the majority of human strains, with GV viruses regarded as uncommon human
pathogens. GIII viruses were identified in cow, while GV viruses infect mice. Due to their
enormous genetic diversity, the viruses within genogroups can be further classified into
genetic clusters or genotypes that are defined as containing 14—44% VP1 amino acid sequence
difference, where strains have 0—14% difference [10]. Accordingly, there are currently nine
recognized genogroup I clusters and 22 genogroup II clusters. Despite their great molecular
diversity, Genogroup II, genotype 4 (GII.4) variants have been responsible for the majority of
outbreaks and cases in recent years, particularly those associated with person-to-person
transmission [13—14]. The genotype GII.4 was first identified to predominate in outbreaks of
gastroenteritis in the mid-1990s in countries on five continents [15], and new emerging variants
have continued to evolve since then and have become the etiological agents for each of the
four global gastroenteritis epidemics [16]. Although the majority of reported NoV outbreaks
and cases are derived from person-to-person transmission, it is estimated that approximate‐
ly14% of them are attributed to food, and 37% of the foodborne outbreaks are caused by
mixtures of GII.4 and other genotypes, 10% by all genotype GII.4, and 27% by all other single
genotypes [17].

2.2. HAV genome and genotypes

HAV, first identified in 1973 by electron microscopy, is the most common cause of infectious
hepatitis with annually causing about 1.4 million clinical cases and 200 million asymptomatic
carriers worldwide [18]. HAV is one of the most frequent causes of foodborne viral infection.
In the United States, it is estimated that approximately 270,000 people become annually
infected with hepatitis A, and most of the infection cases are not reported to health authorities
[19]. Epidemics associated with contaminated food or water can occur involving hundreds of
thousands of people, such as the epidemic in Shanghai, China in 1988 affected almost 300,000
people due to the consumption of HAV-contaminated clams [20]. Like other enteric viruses,
HAV is resilient to environmental stressors. The virus is able to retain infectivity in acidic
environments below pH3, and after refrigeration and freezing. HAV is a non-enveloped
positive single-stranded RNA virus with a genome of approximately 7.5 kb in length. The virus
is classified within the genus Hepatovirus of the family of the Picornaviridae [21]. The viral
genome consists of (i) a 5´-untranslated region (5´-UTR) of about 735 nucleotides; (ii) a single
open reading frame (ORF) that is organized into three functional regions termed P1, P2, and
P3; (iii) 3´-untranslated region (3´-UTR) with a polyadenylated A tail [22]. The P region encodes
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the viral capsid polypeptides VP1—VP4, and the P2 and P3 regions encode the non-structural
protein. The 5´-UTR is the most conserved region of the genome and therefore is favored for
primer design in polymerase chain reaction (PCR) to detect most genotypes. HAV displays a
high level of antigenic conservation throughout the viral genome. An immunological study
identified the existence of a single human serotype of HAV [23], but ample genetic diversity
still exists to classify HAV into six genotypes based upon differences of a 186-bp nucleotide
sequence in the VP1—P2A junction region [24—26]. Genotype I, II, and III are associated with
human infection, while genotype IV, V, and VI are found in simians [27]. A genotype VII,
designated SLF88, was proposed in an earlier study [24], but further analysis of the complete
genome and capsid region of additional strains indicated that the genotype VII should be
reclassified as genotype IIB [25, 26]. Genotype I and III can be each further divided into
subgenotypes IA, IB, IIIA, and IIIB. Genotype I that comprises 80% human HAV strains studied
is remarkably prevalent around the globe; subgenotype IA is more common than IB [24]. Since
genotype I predominates worldwide, genotyping alone is rarely used to determine the source
of a chain of HAV transmissions or outbreaks. Genotype III includes most of the remaining
human HAV strains. Genotype II contains two subgenotypes: IIA and IIB.

3. Nucleic acid-based detection

3.1. Direct nucleic acid probe hybridization

Direct nucleic acid probe hybridization was the first molecular technique developed for the
detection of suite of enteric viral pathogens. This technique can be used in diagnostics in
several major formats: solid-phase, solution or liquid-phase, and in situ  hybridization. In
hybridization  assays,  oligonucleotide  probes  (single-stranded  RNA  or  cDNA)  that  are
complementary to the target genomic sequence of interest were labeled with signal report‐
ers, which include radioactive molecules, chemiluminescence, or fluorescent agents. After
hybridization,  the  probe  signal  from  the  reporter  can  be  visualized  via  radioactivity,
fluorescence, or color development. Detection of the probe signal indicates the presences of
nucleotide sequences of interest that have high sequence similarities to the probe. HAV has
been detected using these techniques such as dot blot hybridization [28—30] and in situ
hybridization [31]. Dot blot hybridization assays were also used for detection of Norwalk
viruses in 55 stool specimens from human volunteers with 27 samples tested positive [32].
A potential advantage of the direct hybridization technique is the low cost of the assay and
decreased risk of cross-contamination [33]. However, the disadvantage is that the detection
sensitivity is often low (approximately 104 virus particles) [28],  thus limiting its practical
application in detecting low numbers of viruses in clinical specimens, food, and environmen‐
tal samples.

3.2. Nucleic acid amplification

Despite a number of reports describing the use of the direct probe hybridization technique,
new molecular detection methods that incorporate the amplification of target nucleic acids are

Nucleic Acids - From Basic Aspects to Laboratory Tools40



the viral capsid polypeptides VP1—VP4, and the P2 and P3 regions encode the non-structural
protein. The 5´-UTR is the most conserved region of the genome and therefore is favored for
primer design in polymerase chain reaction (PCR) to detect most genotypes. HAV displays a
high level of antigenic conservation throughout the viral genome. An immunological study
identified the existence of a single human serotype of HAV [23], but ample genetic diversity
still exists to classify HAV into six genotypes based upon differences of a 186-bp nucleotide
sequence in the VP1—P2A junction region [24—26]. Genotype I, II, and III are associated with
human infection, while genotype IV, V, and VI are found in simians [27]. A genotype VII,
designated SLF88, was proposed in an earlier study [24], but further analysis of the complete
genome and capsid region of additional strains indicated that the genotype VII should be
reclassified as genotype IIB [25, 26]. Genotype I and III can be each further divided into
subgenotypes IA, IB, IIIA, and IIIB. Genotype I that comprises 80% human HAV strains studied
is remarkably prevalent around the globe; subgenotype IA is more common than IB [24]. Since
genotype I predominates worldwide, genotyping alone is rarely used to determine the source
of a chain of HAV transmissions or outbreaks. Genotype III includes most of the remaining
human HAV strains. Genotype II contains two subgenotypes: IIA and IIB.

3. Nucleic acid-based detection

3.1. Direct nucleic acid probe hybridization

Direct nucleic acid probe hybridization was the first molecular technique developed for the
detection of suite of enteric viral pathogens. This technique can be used in diagnostics in
several major formats: solid-phase, solution or liquid-phase, and in situ  hybridization. In
hybridization  assays,  oligonucleotide  probes  (single-stranded  RNA  or  cDNA)  that  are
complementary to the target genomic sequence of interest were labeled with signal report‐
ers, which include radioactive molecules, chemiluminescence, or fluorescent agents. After
hybridization,  the  probe  signal  from  the  reporter  can  be  visualized  via  radioactivity,
fluorescence, or color development. Detection of the probe signal indicates the presences of
nucleotide sequences of interest that have high sequence similarities to the probe. HAV has
been detected using these techniques such as dot blot hybridization [28—30] and in situ
hybridization [31]. Dot blot hybridization assays were also used for detection of Norwalk
viruses in 55 stool specimens from human volunteers with 27 samples tested positive [32].
A potential advantage of the direct hybridization technique is the low cost of the assay and
decreased risk of cross-contamination [33]. However, the disadvantage is that the detection
sensitivity is often low (approximately 104 virus particles) [28],  thus limiting its practical
application in detecting low numbers of viruses in clinical specimens, food, and environmen‐
tal samples.

3.2. Nucleic acid amplification

Despite a number of reports describing the use of the direct probe hybridization technique,
new molecular detection methods that incorporate the amplification of target nucleic acids are

Nucleic Acids - From Basic Aspects to Laboratory Tools40

now being developed and predominantly used for the detection of foodborne viral pathogens
in samples of different origins. Nucleic acid amplification offers an edge over direct probe
hybridization by enhancing the detection sensitivity through amplifying target nucleic acids
extracted from samples.

3.2.1. Reverse transcription-PCR

Since the first demonstration of the PCR process in 1985[34], this technology has been widely
used for the detection of foodborne pathogens. As RNA cannot be directly used as a template
for PCR amplification, reverse transcription-PCR (RT-PCR) is employed for the amplifica‐
tion of viral RNA. RT-PCR can generally be carried out either in a one-step or two-step format.
One-step RT-PCR combines the first-strand cDNA synthesis reaction (reverse transcription)
and PCR amplification in a single tube, minimizing reaction setup and risk of carryover
contamination. Alternatively, the two-step RT-PCR starts with the reverse transcription of
either total  RNA or poly (A) RNA into cDNA using a combination of  sequence-specific
primers, oligo (dT) or random primers in the presence of reverse transcriptase. The result‐
ing cDNA then serves as a template for the initiation of PCR amplification in a separate tube.
Separation  of  reverse  transcription  and  PCR  processes  allows  greater  flexibility  when
choosing primers and polymerase than the one-step RT-PCR system, which allows for the
use of sequence-specific primers only.

The first RT-PCR assays for detecting NoVs were described within two years of the success‐
ful  cloning  and  sequencing  of  the  Norwalk  virus  genome  in  the  early  1990s  [32,  35].
Application of this technology has allowed the detection of NoVs from samples of differ‐
ent origins and has generated a great deal of sequence information on various NoV strains.
The sensitivity and specificity of RT-PCR assays are strongly associated with primer design.
RT-PCR tests to detect NoVs are challenged by the high molecular diversity of the viruses
since new variant strains continue to evolve incessantly [36]. It is difficult to select a single
oligonucleotide primer set with sufficient sensitivity and specificity to detect all the NoV
strains [33]. Different primer sets targeting multiple regions of the viral genome have been
designed  and  evaluated  in  RT-PCR  assays.  A  highly  conserved  RNA-dependent  RNA
polymerase region has been favored for primer design and amplification ([37—39]. Other
regions such as capsid region, 2C helicase and ORF3 regions have also been targeted for
amplification [40—43]. In addition, RT-PCR assays using different primer combinations in
nested (two primers) or semi-nested (one primer) format have been performed to increase
the likelihood of NoV detection [44, 45]. It has been reported that higher detection sensitivi‐
ty  (10  to  1,000  times  more  sensitive  than  single  round  RT-PCR)  has  been  achieved  by
implementation of this strategy [44].

HAV was one of the first enteric viruses for which RT-PCR assays have been developed [46].
In contrast to NoVs, many human HAV strains across different genotypes can be amplified
using a single pair of primers targeting genes coded for structural proteins, e.g., VP1—2A
and VP3—VP1 junction regions [47, 48]. 5´-untranslated region (5’UTR) primers were also
used in RT-PCR assays to detect HAV from clinical and environmental samples [48].
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After amplifying a target of interest, post-amplification analysis is necessary to interpret the
results. The simplest method is to run the amplified products on ethidium bromide- or SYBR
Green dye-stained agarose gels. A band that is of the expected size to that of the positive
control  and/or  molecular  weight  markers  is  considered  a  positive  result.  However,  this
method does not provide additional reassurance as to the specificity of the amplification.
Analysis of the RT-PCR products by restriction fragment length polymorphism (RFLP) could
discriminate  genetic  variants  of  HAV  of  different  origins;  this  resolution  has  been  en‐
hanced by combining with the results of single-strand confirmation polymorphism (SSCP)
analysis  [49].  PCR-SSCP has  been  considered  as  a  rapid  and  cost-effective  approach  to
examining genetic diversities among hNoV strains [50] as well as HAV [51—53]. Hybridiza‐
tion assays such as dot blot and Southern blot have been used to identify and confirm NoV-
and HAV-specific amplicons [32, 54—57]. The reverse line blot hybridization method was
utilized  to  detect  NoV  RT-PCR  products  and  to  genotype  the  virus  strains  [58].  DNA
microarray  technology  has  been  used  to  analyze  amplified  products  for  detecting  and
genotyping hNOVs and HAV discussed in the section below. Direct sequencing of ampli‐
fied products provides detailed molecular information not only for confirming the specifici‐
ty of the amplicons but also for classifying or subtyping virus strains [59].

3.2.2. Quantitative real time RT-PCR (RT-qPCR)

A RT-qPCR system combines amplification of target nucleic acids with amplicon detection in
the same reaction tube, eliminating the necessity of further post-amplification analysis. RT-
qPCR is currently the method of choice for the detection of hNoVs and HAV in many molecular
diagnostic laboratories. This method has become the gold standard for quantification of viral
load based on a reference standard curve. Two principle approaches are commonly utilized
for the detection of enteric viruses in RT-qPCR assays: DNA-binding fluorogenic dyes and
sequence-specific oligonucleotide probes. Selected application of these approaches for
detection of NoV and HAV is outlined in Tables 1 and 2.

SYBR Green is commonly used as a dye for the quantification of double-stranded DNA in
qPCR methodology. The binding of SYBR Green is non-specific; it binds indiscriminately to
any double-stranded DNA including non-specific amplification and primer-dimers. To
distinguish virus-specific amplified products from non-specific primer-dimers, a melting
curve analysis is generally used as the virus-specific products have a higher dissociation
temperature. A number of SYBR Green-based RT-qPCR assays have been developed for the
detection of hNoVs by targeting different genomic regions such as the capsid region [60, 61]
and RNA polymerase [61—64]. SYBR Green-based RT-qPCR employing 5´—UTR region
primers was used to detect as low as 5 Tissue Culture Infectious Dose 50% (TCID50) per gram
in seeded oyster samples [65]. Using SYBR Green RT-qPCR with VP3—VP1 junction primers,
HAV could be detected in all eight tested ocean water samples with viral loads varying from
90 to 3523 HAV copies/L near the mouth of Tijuana River, and 347 to 2656 copies/L near the
Imperial Beach pier in San Diego [66].
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Approach Genogroup Target Region
Lmit of

Detection
Detection/

Quantitation
Sample tested References

SYBR Green Not reported
RNA
polymerase

Not reported D Stool [62]

GI Capsid 1 RT-PCR unit Q Stool [60]

Not reported
RNA
polymerase

Up to 5 logs D Stool [63]

GI/GII

Capsid in GI/
RNA
polymerase in
GII

25,000 RNA
copies/gram

D Stool [61]

Not reported
RNA
polymerase

6 log GII cDNA
copies/100ml

Q
Enviromental
water

[64]

TaqMan probe GI/GII
ORF1-ORF2
junction

2.0x10∧4RNA Q Stool [67]

GI/GII/GIV
ORF1-ORF2
junction

<10GII, <100GI
RNA copies

Q Stool/water [70]

GI/GII Capsid
50 GII copies, 500
GI copies

Q Stool [68]

GI/GII/GIV
ORF1-ORF2
junction

16.9GI, 6.3GII,
43GIV copies

Q
Stool, vomitus,
anal swab

[73]

GI/GII
ORF1-ORF2
junction

23GI, 33GII
copies

D
Shellfish &
springwater

[83]

GI/GII Capsid 3~7 RT-PCR unit Q Strawberry [72]

Hybridization
probe

GI/GII ORF1-ORF2 50 copies D Stool [79]

GI/GII ORF1-ORF2
1~10GI, 1~100GII
RNA copies

D Stool [78]

Table 1. Selected RT-qPCR assays for detection of human noroviruses

There are two major groups of sequence-specific oligonucleotide probes: hydrolysis (e.g.,
TaqMan) probes and hybridization probes (e.g., molecular beacons and fluorescence reso‐
nance energy transfer probes); both groups are homologous to the internal region of amplified
products. TaqMan probes have been frequently used in RT-qPCR for detecting hNOVs [67—
73]. While RNA polymerase and capsid genes are the primary targets for amplification, within
the NoV genomes, a junction of ORF1—ORF2—polymerase—capsid has been demonstrated
to be the most highly conserved region that can serve as an effective target for amplification.
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Kageyama and colleagues were the first to describe the junction-targeting RT-qPCR assay [67].
Their studies showed a better detection rate in 80 of 81 (99%) stool samples positive by electron
microscopy, compared to conventional RT-PCR assays that detected 77% when targeting the
polymerase and 83% when targeting the capsid N/S regions, respectively, in the same panel
of stool specimens [67]. In an effort to design assays capable of detecting all genogroups of
these highly diverse viruses, this ORF1—ORF2 junction region has become the most widely
used for primer and probe design in RT-qPCR tests. A TaqMan RT-qPCR assay using a probe
for the 5´-UTR of HAV genome was able to detect 40 copies of RNA transcripts and 0.5
infectious units (IU) in cell culture strains and clinical fecal specimens, respectively [74].
Constafreda et al. (2006) also developed a TaqMan RT-qPCR method targeting 5´-UTR for
quantitative detection of HAV from clinical specimens (stool and serum) and shellfish samples,
and the detection limit was 0.05 IU or 10 copies of single-stranded RNA transcripts [75]. Nested
RT-PCR assays combining conventional PCR, nested PCR and qPCR have been used to detect
as low as 0.02 plaque forming units (PFU) of HAV from cell culture and 63 PFU from green
onions [76]. Six subtype-specific RT-qPCR assays using hydrolysis probes were developed for
HAV detection and subtyping [77], with limit of detection at 50 genome copies/assay for
subtype IIB, 500 genome copies/assay for IA, IB, IIA, and IIIB, and 5,000 genome copies/assay
for IIIA. Thirty-five clinical stool and serum specimens were tested with this method. Only a
single discrepant result was observed for a serum specimen provided as IB subtype by VP1/2A
region sequencing and identified as IA by the subtype-specific RT-qPCR assays.

Approach Genotype
Target
Region

Lmit of
Detection

Detection/
Quantitation

Sample tested References

SYBR Green Not reported VP3-VP1 2-4 log copies/l D Ocean water [66]

Not reported 5’-UTR 5 TCID50/g Q Oyster [65]

TaqMan probe IA, IB, IIA, IIIA

5’-UTR,
VP1-2A,
VP3, VP1,
VP2-VP3

50 copies for
IIB, 500 for IA,
IB, IIA and IIIB

Q Stool, serum [77]

IA, IB 5’-UTR 10 copies or 0.05 Q Shellfish, stool [75]

IA, IB, IIA, IIB,
IIIA

5’-UTR 40 copies or 0.5 D Cell culture [74]

IB 5’-UTR 491 copies Q
Shellfish,
springwater

[83]

IB 5’-UTR 0.2 PFU, 63PFU D
Cell culture, green
onion

[76]

Molecular
beacons

IB 5’-UTR 20 PFU D
Seeded
groundwater

[80]

Table 2. Selected RT-qPCR assays of detection of hepatitis A virus
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Hybridization probes including molecular beacons and fluorescence resonance energy transfer
(FRET) probes have been used in RT-qPCR assays for detecting NoVs [78, 79]. Abd El Galil et
al. showed that a molecular beacon RT-qPCR assay targeting the HAV highly conserved 5´-
UTR region could detect as lower as 20 PFU HAV in seeded groundwater samples in combi‐
nation with immunomagnetic separation [80]. Molecular beacon probes have also been used
in another target amplification method: nucleic acid sequence-based amplification described
below.

3.2.3. Multiplex PCR

Multiplex PCR-based methods are designed to simultaneously amplify more than one target
nucleic acids using different sets of primers in a single reaction. Primers of different targets
should not be complementary to each target and can work efficiently at the same annealing
temperature during PCR.

A multiplex RT-PCR method was developed for simultaneous detection of HAV, norovirus,
and poliovirus type (PV1) using three different sets of primers with detection limits of ≤ 1
infectious unit (HAV and PV1) and 1 RT-PCR unit (NoV) [81]. Noroviruses (GI and GII) and
HAV from different food matrices such as lettuce, strawberry, green onions, and bivalve
mollusks were detected using a multiplex RT-qPCR assay [82, 83]. A multiplex RT-qPCR for
simultaneous detection and quantification of GI, GII, and GIV noroviruses was recently
reported [84]. Several multiplex nucleic acid diagnostic platforms for simultaneous detection
of a range of pathogenic enteric pathogens including hNoVs are now commercially available
[85]. Although multiplex PCR allows rapid and cost-effective detection of several targets
(viruses) in a single reaction, different targets may compete with each other for resources such
that a highly abundant target would get more chances to be amplified, thus preventing less
abundant ones from getting detected. In addition, multiplex PCR tend to have decreased
sensitivity as compared to standard single PCR.

3.2.4. Digital PCR

Digital PCR has recently been described as a novel approach to nucleic acid detection and
quantification. It is a different method of absolute quantification relative to conventional
quantitative PCR, because it directly counts the number of target nucleic acid molecules rather
than relying on reference standards. This improvement is achieved by partitioning sample
amplification reactions into tens to thousands of picoliter-scale compartments on microfluidic
chips or microdroplets so that each mini-reaction contains zero or one copy of the target nucleic
acid molecule. A comparative study of digital RT-PCR (RT-dPCR) and RT-qPCR for the
detection and quantification of HAV and NoVs in lettuce and water samples was recently
reported [86]. This RT-dPCR assay showed that the sensitivity was either comparable or
slightly (around 1 log10) decreased to that of RT-qPCR for detecting viral RNA and cDNA of
HAV and NoV, but the viral recoveries were found to be significantly higher than that of RT-
qPCR for NoV GI and HAV in water, and for NoV GII and HAV in lettuce. In addition, this
RT-dPCR was more tolerant to inhibitory substances present in lettuce.
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3.2.5. Nucleic Acid Sequence-Based Amplification (NASBA)

Nucleic acid sequence-based amplification is an isothermal target amplification process for
amplifying RNA. A NASBA reaction consists of reverse transcriptase, T7 RNA polymerase,
and RNase-H with two target sequence-specific oligonucleotide primers. A NoV NASBA assay
showed equivalent analytical sensitivities with RT-PCR using the NoV GII primer sets
described by Kageyama et al [67] but provided less consistent signals [87]. A molecular beacon
real-time NASBA method was developed to detect NoV GII from environmental samples, with
88% sensitivity compared to conventional RT-PCR [88]. This NASBA technology has been
applied to detect as little as 0.4 ng of HAV RNA/ml using primers targeting the VP1 and VP2
capsid genes [89]. A multiplex NASBA and microtiter plate hybridization system was devel‐
oped to simultaneously detect HAV and rotavirus where 400 PFU/ml HAV were detected with
reduced time and cost compared to monoplex system [90]. Using established primer pairs,
multiplex NASBA assays were developed for simultaneous detection of HAV and NoV GI and
GII in spiked ready-to-eat foods. All three viruses were simultaneously detected at initial
inoculum levels of 10(0) to 10(2) RT-PCR units [91].

3.2.6. Reverse transcription loop-mediated isothermal amplification (RT-LAMP)

RT-LAMP is a one-step non-PCR nucleic acid amplification that is performed at a constant
temperature between 60 and 65°C. Unlike NASBA, it requires only two enzymes instead of
three, namely, reverse transcriptase and DNA polymerase. A genogroup-specific RT-LAMP
assay has been developed using 9 and 13 specially designed primers containing mixed bases
for genogroup I (GI) and II (GII), respectively, and showed the limits of detection between
102 and 103 copies/tube for GI and GII. Compared to conventional RT-PCR, the clinical
sensitivity and specificity of the RT-LAMP were 100% and 94% for GI, and 100% and 100% for
GII, respectively [92]. Commercial loopamp NoV GI and GII detection kits were evaluated
using 510 clinical fecal specimens; the sensitivity of GI (83.3%) was less than that of GII (97.4%)
with regard to genogroup-specific RT-qPCR [93]. A single tube, real-time HAV RT-LAMP
assay using seven primer sets was applied to identify three different subgenotypes of HVA
(IA, IB, and IIIB) with detection limits of 0.4—0.8 focus forming units per reaction [94].

3.3. Nucleic acid amplification coupled with DNA microarray detection

DNA microarray technology consists of numerous individual target-probe hybridization
reactions that are performed in a single assay. The intrinsic ability of this technology to
simultaneously analyze thousands of specific DNA sequences presents a significant advantage
in parallel identification of a broad spectrum of microbial pathogens. Additionally, a DNA
microarray composed of well-designed probes has the potential to discover novel viruses or
pathogens not well-represented in the current sequence database. Not surprisingly, this
technology, coupled with virus-specific monoplex or multiplex RT- PCR amplification, has
enabled sensitive detection and identification of a number of enteric viruses including hNoVs
and HAV from clinical specimens, environmental samples, and virus-infected cell cultures [95
—100]. However, unbiased amplification with virus-specific PCR is often complicated by the
existence of enormous genetic diversities in foodborne viruses. It would be advantageous to
develop amplification approaches that do not rely on specific pathogen sequence information,
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temperature between 60 and 65°C. Unlike NASBA, it requires only two enzymes instead of
three, namely, reverse transcriptase and DNA polymerase. A genogroup-specific RT-LAMP
assay has been developed using 9 and 13 specially designed primers containing mixed bases
for genogroup I (GI) and II (GII), respectively, and showed the limits of detection between
102 and 103 copies/tube for GI and GII. Compared to conventional RT-PCR, the clinical
sensitivity and specificity of the RT-LAMP were 100% and 94% for GI, and 100% and 100% for
GII, respectively [92]. Commercial loopamp NoV GI and GII detection kits were evaluated
using 510 clinical fecal specimens; the sensitivity of GI (83.3%) was less than that of GII (97.4%)
with regard to genogroup-specific RT-qPCR [93]. A single tube, real-time HAV RT-LAMP
assay using seven primer sets was applied to identify three different subgenotypes of HVA
(IA, IB, and IIIB) with detection limits of 0.4—0.8 focus forming units per reaction [94].

3.3. Nucleic acid amplification coupled with DNA microarray detection

DNA microarray technology consists of numerous individual target-probe hybridization
reactions that are performed in a single assay. The intrinsic ability of this technology to
simultaneously analyze thousands of specific DNA sequences presents a significant advantage
in parallel identification of a broad spectrum of microbial pathogens. Additionally, a DNA
microarray composed of well-designed probes has the potential to discover novel viruses or
pathogens not well-represented in the current sequence database. Not surprisingly, this
technology, coupled with virus-specific monoplex or multiplex RT- PCR amplification, has
enabled sensitive detection and identification of a number of enteric viruses including hNoVs
and HAV from clinical specimens, environmental samples, and virus-infected cell cultures [95
—100]. However, unbiased amplification with virus-specific PCR is often complicated by the
existence of enormous genetic diversities in foodborne viruses. It would be advantageous to
develop amplification approaches that do not rely on specific pathogen sequence information,
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yet can produce sufficient target nucleic acids from minute amounts of starting materials of
viral, bacterial, plant, and animal origins for microarray analysis [101]. Recently, a sequence-
independent isothermal RNA amplification approach has been developed to amplify various
enteric viral nucleic acids of hNoVs, HAV, and coxsackievirus for microarray analysis [102].
Utility of this microarray platform and amplification strategy allows not only discerning
genotypic information on hNoVs but also detection of mixed viral agents (hNoVs and HAV)
present in the same fecal specimen [103]. Microarray detection of random-primed PCR
products from a range of gastrointestinal viruses including Norwalk virus was reported
recently [104].

3.4. Detection of infectious viruses

As mentioned above, there are no efficient cell culture systems available for hNoV propagation,
and wild-type HAV strains are difficult to grow in vitro. In absence of effective culture-based
infectivity assays, development of rapid and sensitive molecular methods for reliably detecting
infectious vial particles to determine virus infectivity is a key issue for the application of food
risk management. Integrity of the virus capsid and its genome are essential for virus infectivity;
both have been targeted for the development of methods for predicting virus infectivity.
Nuanualsuwan and Cliver (2002) described a method in their effort to correlate RT-PCR data
with virus infectivity [105]. In their study, HAV, vaccine poliovirus, and feline calicivirus were
inactivated by ultraviolet light, hypochlorite, or heating at 72°C. They observed that the
inactivated viruses, which were treated with proteinase K and ribonuclease before RT-PCR,
did not yield positive amplicons [106]. Integrated RT-qPCR approaches have been used to
discriminate the infectivity status of NoVs based on the assumption that infectious virus
particles would more efficiently bind to the appropriate receptors than non-infectious viruses
[106, 107]. Long-range RT-qPCR has been used to test the integrity of the NoV genome
following 72°C heat treatment [108]. Recent studies on the use of nucleic acid intercalating
dyes such as ethidium monoazide (EMA) and propidium monoazide (PMA) in conjunction
with RT-PCR or RT-qPCR to distinguish between infectious and non-infectious enteric viruses
including hNoVs and HAV have been reported [109—111]. However, PMA RT-PCR could not
differentiate infectious Norwalk virus from non-infectious Norwalk virus, although it was able
to differentiate selectively between infectious and noninfectious murine NoV, coming to the
conclusion that PMA RT-PCR can be used to detect intact, potentially infectious viruses only
under specified conditions [108, 110]. A real-time NASBA combined with enzymatic treatment
of proteinase K and RNase has been developed to discriminate the infectious from the heat-
inactivated hNoVs [112].

4. Concluding remarks

Over the past few years, nucleic acid-based molecular methods have been developed, refined,
and used for the detection of hNoVs and HAV that are most commonly associated with the
transmission of foodborne viral disease. In particular, RT-qPCR has emerged as a preferred
method for the detection and quantification of the viruses due to its high sensitivity, repro‐
ducibility, speed, and minimization of risk of carry-over contamination. Recent advances in
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high-throughput next-generation sequencing (NGS) technologies have opened new avenues
for genomic research and diagnostic applications. It is expected that utilization of NGS in viral
metagenomics and whole genome sequencing will highly improve the opportunities for
identifying viruses of different origins including those that are too divergent to be detected by
PCR or other molecular approaches. However, the identification of hNoVs and HAV in vast
ranges of food matrices is still a demanding task that is largely attributed to some factors such
as intrinsically low quantities of contaminated viruses and broad chemical composition of
food, which may inhibit the activity of enzymes used in the molecular detection. This requires
a meticulous investigation into sample preparation procedures to obtain acceptable recovery
of viral RNA for downstream analysis. Nucleic acid-based molecular methods have a disad‐
vantage in that the majority of the reported assays for detection of foodborne virus contami‐
nation do not have standardized protocols, and can vary from laboratory to laboratory. This
could be due to several reasons, such as different approaches required for preparation of viral
nucleic acids from different test matrices, and a lack of multi-laboratory validation of prom‐
ising procedures. There is a need for harmonized standards and quality control of the reagents
used. Moreover, in many cases, molecular methodology has focused on merely detecting the
presence of viral nucleic acids that is not necessarily associated with the detection of infectious
particles, although some studies stated above have shown promising differentiating results.
Research on developing new methods to accurately determine the virus infectivity is eventu‐
ally needed to gauge health risk.
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Abstract

In this chapter, the immense contribution of nucleic acid discovery to the diagnosis
and molecular epidemiology of pathogenic microorganisms and its relevance for
veterinary and human health will be discussed. The development of nucleic acid
detection, amplification, and sequencing techniques, principally after the introduc‐
tion  of  polymerase  chain  reaction  (PCR),  allowed the  improvement  of  different
strategies to diagnose and to quantify infectious microbiological agents in a variety
of  organisms  and  biological  samples.  Pos-PCR  associated  techniques  such  as
fragment  enzyme restriction  and sequence  analysis  permit  the  determination  of
nucleic  acid  sequence  diversity  to  detect  drug  resistance,  to  associate  pathogen
genetic  markers  with  disease  outcome,  and  to  predict  temporal  and  spatial
distribution of microorganisms which can be used to prevent and treat infectious
diseases efficiently.

The principal methods used in the detection of nucleic acids, the advantages and
drawbacks of single- and multiple-copy genes for use in diagnosis by amplification,
and the application of pos-PCR techniques in drug resistance identification are dis‐
cussed in Section 1.1. Section 1.2 discusses the sequencing methods used to recog‐
nize genetic variability, the implication of this variability to pathology and
virulence, and the importance of genetic variability determination in disease control
and vaccines. The contribution of molecular diagnosis and epidemiology for the
treatment and prevention of infectious diseases is also considered.

Keywords: Infectious diseases, molecular diagnosis, PCR, real-time PCR, molecular epi‐
demiology, sequencing methods
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1. Introduction

1.1. Diagnosis

Several  infectious  diseases  caused  by  microorganisms,  including  protozoans  (malaria,
leishmaniasis,  trypanosomiasis,  amoebiasis,  etc.),  bacteria  (cholera,  gastritis  and  gastric
ulcers,  meningitis,  tuberculosis,  leprosy,  etc.),  and  viruses  (dengue  fever,  yellow  fever,
influenza, chikungunya fever, ebola, human immunodeficiency syndrome, etc.), are threats
to  public  health.  In  order  to  control  outbreaks,  emergence,  and  reemergence  of  these
infectious diseases, diagnosis, correct identification, treatment, and notification of pathogen‐
ic agents are necessary.

Classical clinical microbiological diagnostics for protozoan and bacteria rely on microscop‐
ic  examination  with  different  staining  methods,  culture  isolation,  morphological  and
physiological/biochemical characterization. For viruses, the conventional diagnosis is based
on  culture  isolation  of  cell  monolayer,  serological  assays,  and  electronic  microscopic
examination.  These  standard  diagnostic  methods  are  very  useful,  and  culture  isolation
associated with other analytical procedures to identify microorganisms continues to be the
gold standard method since  it  enables  drug sensitivity  tests.  However,  these  diagnostic
techniques  are  unsuitable  for  several  microorganisms  presenting  fastidious  growth
characteristics, low morphological and physiological specificity, and requirement of specific
biosafety infrastructure. The same is applied to viruses that,  even after culture isolation,
can only be  visualized by electronic  microscopy,  which is  expensive and needs special‐
ized personnel to maneuver. Thus, nucleic acid detection by hybridization and amplifica‐
tion technologies opened a new and innovative period for microbial diagnosis. After the
first report on the application of polymerase chain reaction (PCR) in clinical diagnosis of
the  human  immunodeficiency  virus  (HIV)  [1],  several  other  infectious  organisms  were
detected by the same technique and its variations (Section 1.1.1).

In all molecular detection techniques, the gene target is the main device, and its choice depends
on the infectious agent and the host genomic and epidemiological characteristics. For a specific
diagnosis, the gene of choice has to be specific to the infectious agent and should not cross-
hybridize with the host genome and other organisms living in the same microhabitat. A
sensitive diagnosis depends on the amount of gene target copies in the biological sample and
to the physico-chemical characteristics of the constituents implicated in the detection and
amplification of gene target. A discussion about the use of single- and multiple-copy genes for
specific gene target amplification will be presented in Section 1.1.2.

The detection of drug resistance is dependent on sensitivity tests performed on the isolated
microorganism,  which  is  time  consuming;  however,  for  several  uncultivable  pathogenic
agents,  it  is  not  feasible.  The  investigation  of  nucleotide  mutations  associated  to  drug
resistance  allows  the  development  of  gene  target  amplification  and  post-amplification
analytical  techniques,  such  as  enzyme  restriction  analysis  and  sequencing,  to  be  used
directly on the biological infected sample, thereby enabling fast detection of drug resist‐
ance and consequently an efficient treatment.  The same strategy can be used to identify
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organisms from closed biological  groups,  with identical  morphological  characteristics on
microscopic examination and with different genetic features. Examples of nucleic acid drug
resistance detection techniques used in microbiological clinical laboratories will be present‐
ed in Section 1.1.3.

1.1.1. Nucleic acid detection methods

Originally, the nucleic acids were detected mainly by gene cloning strategies and hybridization
procedures [2], which are laborious and time consuming, being restricted to scientific inves‐
tigation. The use of nucleic acid detection for the diagnosis of genetic and infectious diseases
in clinical laboratories was possible after the advent of PCR [3], a technique based on ampli‐
fication of nucleic acids by means of thermostable polymerase enzymes and a thermocycler.
By this method, typically, DNA duplex templates are melted at high temperatures, and two
oligonucleotides complementary to the flanking gene target sequence are specifically annealed
in a strict temperature dependent on the primer sequence and length. Variations of the
technique includes the utilization of a set of oligonucleotides in order to identify different
organisms or variants in a single reaction on a biological sample [4-7]. Also, to increase
sensitivity and specificity, a nested and hemi/semi-nested PCR can be performed using an
initial PCR product as template [8, 9, 6, 10].

Besides PCR, the most largely used nucleic acid amplification device, isothermal amplifica‐
tion  techniques  based  on  enzymes  required  during  the  cellular  process  of  DNA/RNA
synthesis were also developed and are accessible for diagnosis and scientific investigation
as transcription-mediated amplification (TMA), nucleic acid sequence-based amplification
(NASBA),  signal-mediated  amplification  of  RNA  technology  (SMART),  strand  displace‐
ment  amplification  (SDA),  rolling  circle  amplification  (RCA),  loop-mediated  isothermal
amplification  of  DNA (LAMP),  isothermal  multiple  displacement  amplification  (IMDA),
helicase-dependent amplification (HDA), single primer isothermal amplification (SPIA), and
circular helicase-dependent amplification (cHDA). The description of these methods is out
of  the  scope  of  this  chapter,  and  several  revision  articles  can  be  consulted  for  more
information [11-13].

Subsequent to amplification, PCR products are traditionally visualized by an electrophoresis
in agarose or acrylamide gels following staining with fluorescent dyes and exposition to UV
light. By this method, the specificity of the amplified nucleic acid fragment is determined by
size, directly or after digestion with restriction enzymes in order to get more accurate infor‐
mation about the product obtained. The specificity of PCR products can also be determined
by sequencing (Section 1.2.2) and hybridization with chemically, fluorescently, or radioac‐
tively labeled specific probes as exemplified by the means of human papillomavirus (HPV)
genotyping [14, 15].

A novel improvement in nucleic acid amplification was achieved after the development of
PCR in the presence of fluorescent dyes, enabling the detection of products by amplification
cycle and, at real time, the real-time PCR [16]. Thermocycles developed for the real-time PCR
are associated to a fluorescence detection system and software to facilitate interpretation of
data at real time. Although conventional PCR allows the amplification of DNA fragments as
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long as 20 Kb, the size of DNA fragment obtained by the real-time PCR is not longer than 150
bp which cannot be used for pos-PCR analysis. The specificity of a real-time PCR product is
determined by the use of Carl Wittwer’s melting curve analysis [17] or by using dual fluores‐
cently labeled probes [18]. These improvements allowed the use of real-time PCR not only to
detect genotype [19, 20] but also to quantify the amplification product, to determine gene copy
numbers of pathogenic microorganisms and the expression of genes associated to infection
reactivation, virulence, genetic modification, etc. [21-24].

1.1.2. Advantages and drawbacks of single and multiple copy genes

The specificity and sensitivity of nucleic acid amplification techniques depend on the target
gene selection and the design of oligonucleotides. Once the gene target is elected, there are
several free available bioinformatic tools to check for the better sequence to be used in PCR
and real-time PCR reactions, mainly to avoid the formation of oligonucleotide self-hairpin
structure and primer−dimer arrangements. Thus, the principal challenge to obtain an accurate
molecular diagnosis based on nucleic acid amplification is the selection of the target genomic
sequence.

The biological features of the microorganism to be diagnosed are of critical importance to direct
the choice of an accurate gene target, including the life cycle, specific metabolic pathways,
genomic organization, and evolution. Knowledge on life cycle is principally important when
the purpose is the detection of stage-specific forms of a microorganism, as gametocytes of
Plasmodium in human blood [25]. In this case, the real-time PCR can detect the expression of
gametocyte-specific genes, and patients at risk to transmit malaria can be identified.

Particular metabolic pathways of a microorganism are usually associated to specific genes
which can be used as markers for the recognition of infectious agents [26-28]. Commonly, these
genes are in single copy in the genome and are highly expressed and evolutionarily conserved,
being excellent targets for real-time PCR diagnosis [29], as it is a highly sensitive nucleic acid
detection method.

Genomic organization and evolution are of principal interest to select gene targets that are not
in strong structured regions of the genome [30] and whose sequence is beneath strong selective
pressure, being highly conserved. Usually, multiple-copy genes as ribosomal and transporter
RNA coding sequences are used as template for diagnostic methods in order to obtain high
sensitivity with specificity. In this case, it is important to consider that RNA coding sequences
possess a high capability to form hairpins and are in a structured region of the genome, and
thus, even in high copy number, they can present a low sensitivity in PCR reactions. Also, as
ribosomal and transporter RNA coding sequences are very conserved among all groups of
organisms, decreasing sensitivity of the diagnostic test can occur depending on the selected
gene region. Thus, it is very important to perform a comparative analysis of the diagnostically
selected gene among phylogenetically closed groups of organisms and the host. Mitochondrial
genes are also largely used as gene targets due to their high copy number in eukaryotes;
however, their similarity with bacterial genome also has to be observed in order to obtain
specificity [31].
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1.1.3. Identification of drug resistance

After amplification of a target gene by PCR, several molecular strategies can be used to detect
nucleotide mutations, such as sequencing, restriction enzyme analysis, hybridization, etc. This
approach is useful to detect mutations associated to drug resistance directly on biological
samples without the requirement of culture isolation. Some antibiotics act in bacterial ribo‐
some, and the investigation of point mutations in ribosomal RNA coding sequences of
cultivable bacteria can be extended by Homology to fastidious growing pathogenic species.
One example is the fastidious cultivable bacteria Helicobacter pylori, the etiological agent of
gastritis and peptic ulcer diseases. There are several real-time PCR and pos-PCR methods for
clinical applications in order to determine resistance against the most important antibiotics
used for H. pylori treatment, including clarithromycin [32, 33] and tetracycline [34, 35].

The same kind of methodology is used to investigate genotypes of microorganisms associated
to pathogenicity, virulence, drug resistance, etc. As an example, genotype identification of HIV
[36, 37] and hepatitis C virus (HCV) [38] resistant to treatment with different inhibitors of viral
protease, directly on clinical samples, allow correct treatment of the patients. Another example
is the differentiation of the protozoa Entamoeba histolytica (pathogenic) from E. dispar (non-
pathogenic) and E. moshkovskii (non-pathogenic) in the intestinal tract of human, which can
only be performed genetically [39]. The correct identification of E. histolytica avoids unneces‐
sary treatment which, besides being expensive and capable of causing side effects to the
patient, permits selection of drug-resistant species.

1.2. Epidemiology

Nucleic acid approaches have improved epidemiology, a science that deals with etiology,
distribution, natural history, and control of diseases in humans [40]. In this section, some
aspects of the molecular epidemiology of infectious diseases will be discussed, including the
determination of etiological agents of diseases, association of genetic markers to transmission,
treatment efficiency, clinical outcome patterns, applicability of genetic diversity knowledge in
vaccine development, and the control/prevention of transmission of infectious agents.

Several genotyping techniques are mentioned in Section 1.1, and the same approaches can be
used in order to determine the genetic variability. However, the development of enzymatic
nucleic acid sequence determination with the use of chain-terminating inhibitors by Sanger
[41] and its rapid automation allowed a prompt availability of gene sequences of several
infectious agents and their hosts. More recently, next-generation sequencing methods associ‐
ated to powerful bioinformatic tools have made complete sequences of small genomes of
pathogenic virus and bacteria accessible during the occurrence of an epidemic or outbreak.
These techniques will be briefly presented in Section 1.2.1.

Epidemiological studies on the association of pathogens and host genetic variability to disease
susceptibility and pathogenicity/virulence can help to prevent and treat several infectious
diseases (Section 1.2.2.). Moreover, the determination of genetic variability of infectious agents,
antigens, and host population are useful for vaccine development (Section 1.2.3).
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1.2.1. Classic genotyping and next-generation sequencing methods

Different from the diagnostic methods, where molecular markers are desired to be conserved
among all individuals of a species, for population genetic epidemiological studies, the most
important marker characteristics are individual high variability and neutral evolution. Nucleic
acid-based conventional genotyping of microorganisms can be carried out by hybridization
and amplification approaches as already described in Section 1.1. Moreover, the most classical
molecular approaches used for epidemiological studies include restriction fragment length
polymorphism (RFLP), macrorestriction analysis [42], and alternative PCR and pos-PCR
techniques such as rapid amplification of polymorphic DNA (RAPD), analysis of variable
number of tandem repeats (VNTR) [43], variation in repeated short motifs (microsatellites),
multilocus microsatellite typing (MLMT) [44, 45], single-strand conformation polymorphism
(SSCP) [46], etc. These techniques are valuable for epidemiological studies of bacteria and
protozoans, considering their genomic organization, structure, and large size. The detection
of single-nucleotide polymorphism (SNP) associated to specific populational characteristics
can be easily identified by sequencing. Also, in majority of viruses, which generally present a
small genome and lack of repetitive tandem organized sequences, complete genomic sequenc‐
ing is the genotyping method of choice for epidemiologic studies.

Genomic sequencing became possible for many biological applications after the development
of first-generation sequencing methods, comprising Maxam–Gilbert's base-specific chemical
cleavage [47] and Sanger's enzymatic reaction with chain terminator nucleotides, which is
widely used [41]. The improvement of Sanger sequencing method with the use of thermostable
proofreading DNA polymerases, fluorescent chain terminator nucleotides, and laser-based
equipment associated to capillary electrophoresis enabled its rapid automation and commer‐
cial availability. Therefore, Sanger's method allowed a revolution in genome sequence projects
of pathogenic microorganisms and other organisms, with high accuracy and a relatively low
rate [48-53]. The search for a more throughput sequencing technique to obtain large complete
genomic sequences, more rapidly and without purification or cloning of the nucleic acid of a
specific organism, leads to the development of second- and third-generation sequencing
methods.

The second-generation method was commercialized by Roche laboratories, the 454 Life Science
equipment, which was based on pyrophosphate detection during DNA synthesis performed
on an array composed of wells in a fiber-optic slide [54]. By this method, each well is filled
with one bead containing a single DNA molecule polymer produced by genomic sharing, and
primed at 3' and 5' ends with short sequence adaptors. DNA polymer attached to a bead is
immersed in an emulsion to be amplified by PCR in order to obtain a high number of molecules
to generate enough luminescence signals to be captured by a charge-coupled device (CCD)
imager coupled to the fiber-optic array. Before its attachment to the well, each amplified DNA
polymer is denatured with specific enzymes. Each sequence cycle consists of pyrophosphate
detection in each fiber-optic well, released after the addition of one of the four DNA bases and
captured by a luminescent reaction system and read at real time. Each well of the array
produces a collection of short sequences of approximately 40 bp which are assembled by
software with the use of a prototype Sanger-generated genomic sequence available in several
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public databanks. Roche laboratories discontinued the 454 Life Science which was replaced by
the improved FLX titanium XLR and XL+ capable of individual length read of 450 and 700 bp,
respectively. Other second-generation systems, characterized by the production of short
sequence arrays, are based on DNA synthesis with fluorescent terminator reversible nucleo‐
tides and exonucleases. A CCD imager collects the enzymatically cleaved incorporated specific
terminator fluorescent nucleotide, added by cycles of sequencing on primed DNA fragments,
produced by sharing and attached on a solid platform, where it is also amplified by PCR [55].
These technologies present certain limitations such as a relative high cost, low throughput,
and low sequence accuracy for large genomes, although being valuable for virus genomes [56].

Third-generation sequencing methodologies are in development, based on a technology called
single molecule real time (SMRT), which use biological nanopores, without the necessity to
amplify the target template [57]. All these next-generation sequencing techniques have been
improving, and certainly more accessible and accurate devices will be available in near future.

1.2.2. Genetic variability and its impact on pathology and virulence

Genetic variability determination in microorganisms, performed by different methodologies
as exemplified in Section 1.2.1, allows the identification of infectious disease distribution in
time and place, as well as the investigation of transmission patterns and clinical manifestation
and progression in affected populations. Knowledge of these factors is used for infectious
disease intervention and prevention strategies, as for example in dengue fever, caused by four
distinct serotypes of dengue virus (DENV1-4), belonging to the genus Flavivirus, family
Flaviviridae.

The clinical manifestation and progression of dengue patients vary from absence of symptoms
to a severe disease, mostly characterized by plasma leakage with or without hemorrhagic signs
[58]. According to several studies, symptoms and severity of dengue diseases are associated
to viral load, host immunity conditions, and the occurrence of antibody-dependent enhance‐
ment by heterologous DENV antibodies which are related to the number of previous serotypes
infections. DENV serotypes are related to genetic variation in the major antigenic envelope
and pre-membrane structural proteins. Thus, the characterization of DENV genetic variation
and evolution in these specific regions is of crucial importance to understand the disease
progress in an affected population.

Molecular epidemiological investigations, with sequencing of DENV 240 nucleotides of the
envelop and nonstructural 1 coding regions, revealed distinct genomic groups of DENV
serotypes 1 and 2, according to the geographical and temporal virus population circulation
[59], which was confirmed by complete genome sequencing [60]. The same strategy was used
to genetically characterize groups of DENV-3 and DENV-4, with distinct evolutionary
constraints which interfere in transmission and disease manifestation [61, 62]. Knowledge of
these characteristics has implications not only for control and disease management strategies
but also for vaccine development.

Microsatellite genomic sequences are useful for the treatment and control of infectious agents
by the identification of individual and group of clonally disseminated microorganisms. This
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kind of study enables the identification of relapses, drug-resistant pathogens, and clinically
distinct variants, as investigated in protozoan parasites such as Leishmania [45, 63] and
Plasmodium [64, 65]. The geographical dissemination of microorganisms can also be charac‐
terized by microsatellites studies [66, 67] helping in the characterization of transmission
patterns which can be used for control strategies.

Domestic and sylvatic animal sources of pathogenic microorganisms infecting human, with
or without clinical outcomes according to genetic variants, can also be investigated by
genotyping. Toxoplasmosis, an example of a zoonosis, is caused by Toxoplasma gondii, a
protozoan parasite with high genetic variability, from the apicomplexa group. Attempts to
identify genetic variants associated to specific animal hosts or clinical outcome fail; however,
it is possible to identify the source of parasite infection by genotyping with the use of multilocus
PCR and RFLP [68]. Using this methodology, a study on German patients revealed that ocular,
cerebral, and systemic toxoplasmosis presented predominance of T. gondii from lineage type
II, the same genotype found in parasite oocysts isolated from cats of the same geographic
region [69]. The prevalence of T. gondii lineages presents specific regional distribution, being
highly variable in South America [70], where the parasites are isolated from domestic and wild
animals, including chiropterans [71]. Based on these studies, it is possible to recognize several
potential parasite intermediate hosts and map the risk areas for toxoplasmosis transmission.

Chaga's disease caused by Trypanosoma cruzi, a protozoan parasite from the kinetoplastida
group, is also an excellent example of eco-epidemiologic study using genotyping. Parasites are
transmitted naturally to humans by the exposure of abraded skin to feces of triatomine bugs,
and they circulate in the wild in different sylvatic animals and triatomine species. There are
six principal genetic variants or discrete typing units of T. cruzi determined by multilocus PCR,
RFLP, and sequencing analysis, associated to geographical distribution and transmission
cycles [72-74]. The association of the outcome of Chaga's disease and specific parasite geno‐
types is still controversial; however, comparative investigation of T. cruzi genotypes in human
infections, sylvatic bugs, and animal reservoirs, in rural areas near forest, which is common in
South America, can reveal potential vectors and animal sources of infection.

1.2.3. Disease control and vaccines

The most effective means to control an infectious disease is a vaccine, which is still not available
for malaria, trypanosomiasis (Chaga's disease, sleeping sickness, leishmaniasis), and most of
arboviruses (dengue fever, chikungunya fever, etc.). The genetic variability of infectious
agents, a rapid genomic evolution in case of viruses, and several escape mechanisms from host
immune system selected along parasite–host interactions constitutes intricate drawbacks for
vaccine development. The problem of genetic prompt variability of virus genome can be
circumvented by systematic sequencing during epidemic periods such as the one successfully
made for influenza vaccine recommendation each year.

Influenza vaccine is composed of attenuated viruses produced in eggs, every year, following
the virus strain recommendation by World Health Organization, after monitoring genetic
variation in the gene encoding the surface protein hemagglutinin due to its antigenic properties
(http://www.who.int/influenza/vaccines/virus/recommendations/201502_recommenda‐
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tion.pdf?ua=1). Molecular epidemiological studies performed in different geographical
regions are used in order to obtain the recommended vaccine strains. Also, there are geo‐
graphical and populational differences in viral antigenic changes which should be taken into
consideration as described in China, where dominant antigenic influenza clusters change more
frequently than in the USA/Europe [75].

Dengue virus consists of a particular challenging agent for vaccine development since its
genetic variation is directly related to the severity of disease progress, due to the antibody-
dependent enhancement by heterologous previous DENV infection. Thus, geographical
regional circulation knowledge of DENV virus is essential to the success of a vaccine [61, 76].
Considering the high speed in data acquisition, second- and third-generation sequencing of
DENV circulating during interepidemic period could help to predict serotypes and its genetic
variants in next outbreak, contributing to vaccine development and testing.

2. Final Considerations

Economic and social impact of infectious diseases should be considered worldwide, princi‐
pally in developing countries, including necessity of medical care, vector control, people
morbidity with loss of working hours, and reduced tourism in affected areas. The increase in
population, high people mobility, and the lack of an effective vaccine against the most
disseminated infectious diseases, such as dengue fever, malaria, tripanosomiasis, etc., make
these human threats an important public health concern. Nucleic acid technologies have been
contributing to the knowledge of infectious disease transmission, distribution, clinical
manifestations, and progression, helping in its control and management. Several examples are
discussed in this chapter, and hopefully, it will stimulate readers to investigate these micro‐
biological intricacies and magnificent parasite–host interactions, more profoundly.
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Abstract

In 1989 Roche entered into an agreement with Cetus to develop diagnostic applications
for the novel technique polymerase chain reaction (PCR). A new area of molecular diag‐
nostics began and genes and pathogen genomes have been used to diagnose disease since
that point. Automated laboratory platforms were created to facilitate the workflow and
allow for accurate and precise processing of patient blood samples in a highly stream‐
lined manner. In this chapter the use of nucleic acids in molecular diagnostics will be de‐
scribed and their application to important human diseases. Examples are discussed with
respect to which nucleic acid marker has provided strong clinical utility and impact to
healthcare.

Keywords: Real Time-PCR, molecular diagnostic, HIV-1, human genetic testing

1. Introduction

In this chapter, the use of nucleic acids in molecular diagnostic testing will be described.
Detailed disease area examples will be discussed to illustrate technical capabilities as well as
the medical relevance of such testing.

Polymerase chain reaction (PCR) was invented by Kary B. Mullis in the 1980s. Fundamentally,
PCR is a cyclic process designed to specifically replicate (amplify) nucleic acid sequences from
as little as one to a few strands of DNA. The target DNA is heated to separate double-stranded
DNA sequences; short oligonucleotide “primers” that define the portion of the genome to be
replicated bind to the target DNA. The primers are extended by a DNA polymerase making a
copy of the target DNA. After multiple cycles in which the concentration of the replicated
target DNA increases exponentially, the amplified product (amplicon) can be visualized by
gel electrophoresis or measured by detection of labeled PCR product (amplicon) by incubation
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with additional reagents to produce color or by fluorescent probe detection. This technique
improved the ability to diagnose a number of diseases by enabling identification of many
human pathogens that had previously been difficult to detect due to their low concentration
in the sample. With the addition of a reverse transcription step to the original PCR process,
RNA could be converted to cDNA and then replicated with the PCR process. Thus, the utility
of the technique was broadened to detect RNA viruses and eukaryotic mRNA.

A key technical improvement was introduced by Higuchi et al.[4, 5] who developed real-time
polymerase chain reaction (RT-PCR), which follows the kinetics of the PCR and detects PCR
products during the process of amplification (Figure 1). With RT- PCR, accurate and repro‐
ducible quantitation of pathogen concentration could be incorporated into the amplification
process. RT-PCR is used to monitor a pathogen’s kinetic replication processes over time, and
measurement of viral load is now widely employed to monitor the success of treatment of viral
and other diseases.

	

	
Figure	1:	Principles	of	Real‐Time	PCR	

�A�	During	the	polymerization	step,	the	template	is	amplified	by	primers	supplied	in	the	
reaction	mix.	The	amplicon	allows	for	annealing	of	sequence‐specific,	labeled	probes.	As	a	new	
strand	is	synthesized,	the	probes	will	be	displaced,	the	label	cleaved	off,	and	a	fluorescent	signal	
proportional	to	the	amount	of	the	cleaved	probe	is	generated.	

�B�	Fluorescence	is	measured	and	recorded	at	each	cycle	of	PCR.	Cycle	threshold	�Ct�	is	defined	
as	the	fractional	PCR	cycle	number	in	which	the	sample	fluorescence	signal	reaches	a	level	
above	an	assigned	fluorescence	threshold.	The	Ct	value	indicates	the	beginning	of	the	
exponential	amplification	of	the	template	DNA	or	RNA	and	is	proportional	to	the	concentration	
of	the	sample.6	

Clinical	microbiology	was	one	of	the	first	fields	to	adopt	PCR	and,	later,	RT‐PCR,	due	to	the	
sensitivity	and	specificity	of	the	technique	for	detecting	nucleic	acids	of	pathogenic	
microorganisms.	

Perkin‐Elmer	developed	the	first	thermal	cycler	instrument	in	December	1985.	The	first	
commercial	in	vitro	PCR	diagnostic	products	were	created	when	the	California	company,	Cetus,	
entered	into	a	partnership	with	Kodak	in	February	1986.7	The	first	reagent	kit,	the	“Gene‐Amp	
PCR	reagent	kit”	and	the	thermal	cycler	were	commercially	available	in	November	1987.8	

A	 B

Figure 1. Principles of Real-Time PCR. (A) During the polymerization step, the template is amplified by primers sup‐
plied in the reaction mix. The amplicon allows for annealing of sequence-specific, labeled probes. As a new strand is
synthesized, the probes will be displaced, the label cleaved off, and a fluorescent signal proportional to the amount of
the cleaved probe is generated. (B) Fluorescence is measured and recorded at each cycle of PCR. Cycle threshold (Ct) is
defined as the fractional PCR cycle number in which the sample fluorescence signal reaches a level above an assigned
fluorescence threshold. The Ct value indicates the beginning of the exponential amplification of the template DNA or
RNA and is proportional to the concentration of the sample.[6]

Clinical microbiology was one of the first fields to adopt PCR and, later, RT-PCR, due to the
sensitivity and specificity of the technique for detecting nucleic acids of pathogenic microor‐
ganisms.

Perkin-Elmer developed the first thermal cycler instrument in December 1985. The first
commercial in vitro PCR diagnostic products were created when the California company,
Cetus, entered into a partnership with Kodak in February 1986.[7] The first reagent kit, the
“Gene-Amp PCR reagent kit” and the thermal cycler were commercially available in Novem‐
ber 1987.[8]
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Clinical microbiology was one of the first fields to adopt PCR and, later, RT-PCR, due to the
sensitivity and specificity of the technique for detecting nucleic acids of pathogenic microor‐
ganisms.

Perkin-Elmer developed the first thermal cycler instrument in December 1985. The first
commercial in vitro PCR diagnostic products were created when the California company,
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In January 1989, it was announced that Roche had entered into an agreement with Cetus to
develop diagnostic applications for PCR. A new area of molecular diagnostics began using
PCR to detect genes and pathogen genomes to diagnose diseases since that time.[7]

At Cetus, it was decided in the late 1980s that the forensic applications of PCR represented a
stand-alone business that could be operated in-house, and, therefore, the applications were
not sold to a partner.[7] In 1990, the first forensic PCR kit, developed by Cetus, was sold by
Perkin-Elmer and became useful for identification of individual humans. The nucleic acid,
DNA, became a mainstay of the justice system in 1997 when the FBI announced the selection
of 13 short tandem repeat (STR) DNA loci to constitute the core of a national database—
Combined DNA Index System (CODIS). By the time a review was published in 2006,[9] 5
million profiles of individuals existed in CODIS. By 2003, almost 1 million samples were being
processed annually using core STR loci as part of parentage testing.[10]

Over the past decades, RT-PCR technology has continued to develop, optimize, and expand
in the clinical laboratory for the identification, detection, and quantitation of a variety of
pathogen uses. Automated instrument platforms were created to facilitate the workflow and
allow for accurate and precise processing of patient samples in a highly automated manner.

2. Nucleic acid detection in molecular diagnostics

For molecular diagnostic purposes, since each microbe has a unique complement of DNA (or
RNA, for many viral pathogens), nucleic acids are the ideal molecular fingerprint aiding
identification. Particularly useful are RT-PCR and PCR, with their enzyme-driven processes
for amplifying RNA/DNA in vitro, to analyze levels of microbial DNA in clinical samples for
which other detection methods require higher concentrations, or are too time-consuming or
cumbersome to detect.

2.1. The importance of nucleic acid measurement for HIV-1

With the emergence of the global HIV epidemic in the 1980s, it became evident that following
the viral kinetics in infected subjects can aid significantly in understanding the progression of
HIV-1 infection to stage 3, i.e., the disease of AIDS. Before viral load tests, many researchers
believed that HIV-1 infection underwent dormant periods. Viral load tests showed that HIV-1
replication in the human body is a continual and gradually progressive process and that the
viral replication is always active.[11] A typical pattern of HIV-1 infection is shown in Figure 2.

With the development of the first antiretroviral (ARV) agents (such as AZT, zidovudine) and
later, the establishment of highly active antiretroviral therapy (HAART), understanding the
kinetics of suppression of viral replication and detection of antiviral resistance became a major
focal point in guiding and caring for patients. Viral load monitoring was the first direct
approach to personalized healthcare, determining the activity of ARV medicines in an
individual patient at specific time points.
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Suppressing the HIV-1 viral load to undetectable levels (<50 copies per mL) is the primary goal
of HAART.[13] This level of suppression should be achieved by 24 weeks after starting
combination therapy. HIV-1 viral load is the most important predictor of response to treatment
with HAART.[15] Failure of HAART to adequately suppress viral load is termed virologic
failure. Levels of HIV-1 RNA higher than 200 copies per mL are considered virologic failure,
and should prompt further testing for potential viral resistance.

In 1992, to aid in this therapeutic approach the first commercially available PCR-based
diagnostics were marketed. The AMPLICOR CT (Chlamydia trachomatis) Test and the AMPLI‐
COR HIV-1 MONITOR Test were the first PCR-based molecular diagnostic tests. During the
first half of the 1990s, the sensitivity of these early commercial products was moderate. By 1996
to 1997, through technical improvements, the next generation of tests could detect and measure
viral loads as low as 400 or 500 copies/mL. Since 1998, most tests used routinely in clinical
practice accurately detect and measure HIV-1 RNA as low as 40 or 50 copies/mL.[18] For
academic research purposes, several groups have described an ultrasensitive or single copy
assay that can detect 5 copies/mL or even 1 copy/mL.[19]

In addition to RT-PCR, a range of other nucleic acid-based techniques are also employed to
measure HIV-1 RNA viral load, such as branched DNA (bDNA) assay[20] and nucleic acid
sequence based amplification (NASBA).[21] NASBA was developed in 1991 by J. Compton,
who defined it as "a primer-dependent technology that can be used for the continuous
amplification of nucleic acids in a single mixture at one temperature.”[22]

These techniques were also employed to study the relative effectiveness of ARV drugs in
clinical trials during the very active HIV drug discovery decades from 1990 to 2010.[23]

Figure 2. Viral Kinetics of HIV-1 Infection. After HIV-1 infection, during the acute disease phase, viral load is high,
followed by a strong CD4 cell decline. After seroconversion and establishment of chronic infection, the viral load
reaches a viral set point phase (at approximately 14 weeks following infection) from which it continues to rise as the
CD4 cell count declines over several years. A CD4 cell count of fewer than 200 cells/mm3 is one of the qualifications for
a diagnosis of stage 3 infection (AIDS). Source: http://i-base.info/ttfa/section-2/214-how-cd4-and-viral-load-are-
related/[12]
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clinical	trials	during	the	very	active	HIV	drug	discovery	decades	from	1990	to	2010.23	

Figure	3:	Principle	of	bDNA	and	NASBA	

(A) bDNA 

	
(B) NASBA 

	
�A�	Target	RNA	is	captured	with	a	bifunctional	Capture	Extender	oligonucleotide	probe	that	
hybridizes	to	the	target	molecule	and	a	Capture	Probe	that	is	covalently	attached	to	a	substrate	
�e.g.�	a	microtitre	plate	well	or	a	bead�.	A	Signal	Amplification	complex	�Preamplifier	and	
Amplifier	with	labeled	probes�	containing	a	number	of	al�aline	phosphatase	enzymes	is	then	
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Figure 3. Principle of bDNA and NASBA. (A) Target RNA is captured with a bifunctional Capture Extender oligonu‐
cleotide probe that hybridizes to the target molecule and a Capture Probe that is covalently attached to a substrate
(e.g., a microtitre plate well or a bead). A Signal Amplification complex (Preamplifier and Amplifier with labeled
probes) containing a number of alkaline phosphatase enzymes is then hybridized to the target molecule via a Label
Extender probe. Source: http://www.diacarta.com/article.php?id=38[24] (B) NASBA works as follows: An RNA tem‐
plate is added to the reaction mixture and reverse transcriptase synthesizes the opposite, complementary DNA strand.
RNAse H destroys the RNA template from the DNA–RNA complex (RNAse H only destroys RNA in RNA–DNA hy‐
brids, but not single-stranded RNA). A second primer attaches to the 5' end of the DNA strand. Reverse transcriptase
again synthesizes another DNA strand from the attached primer, resulting in double-stranded DNA. T7 RNA poly‐
merase continuously produces complementary RNA strands off this template which results in amplification. Finally, a
molecular beacon is employed to detect the amplified product and allow for quantitation. Source: http://www.biomer‐
ieux.com.co/servlet/srt/bio/colombia/dynPage?open=CLM_CLN_PRD&doc=CLM_CLN_PRD_G_PRD_CLN_87&pub‐
params.sform=3&lang=es_co[25]
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Various nucleic acid detection techniques, discussed above, are employed for the detection
and quantitation of HIV-1 infection. Molecular diagnostics may carry, in general, a larger cost
burden than other laboratory techniques that detect pathogens via shed surface proteins or
antibodies in human serum. However, the speed, specificity, and sensitivity of molecular
testing offers a number of advantages over the more “traditional” methods that it has replaced,
such as culture, which is slow and labor-intensive, or hybridization or similar techniques that
are often imprecise, insensitive, or for which the interpretation of results is often subjective.
Molecular methods also offer advantages over measuring antigens, such as p24, or disease
markers, such as CD4 cells, in people infected with HIV-1. Early monitoring of the status of
patients with HIV-1 infection used the CD4 cell count to determine progression of disease, and
many resource-limited settings still employ this technique today. CD4 cells are the white blood
T-cells that are specifically targeted by HIV due to their surface receptor repertoire and
depleted as infection progresses. The CD4 cell count provides a measure of the immune
function of the human host and is a late marker of disease progression. The measurement is
used in establishing thresholds for the initiation and discontinuation of opportunistic infection
(OI) prophylaxis and in assessing the urgency to initiate HAART. It is recommended that ARV
therapy be initiated when the CD4 cell count falls below 200–350 cells/mm3, depending on the
availability of ARV medicines in a given country.

Measurement of CD4 cells using the current technology is imprecise. Since certain standard-
of-care recommendations, such as initiation of prophylaxis against Pneumocystis carinii
pneumonia (an OI common in HIV-1 patients), have been made, treatment may be based on
a single CD4 cell count, and CD4 measurement error may have important clinical consequen‐
ces. Often the use of confirmatory tests is recommended and both tests need to be below a
certain threshold limit.[27] Therefore, additional cost is incurred by the confirmatory testing,
and the advantage of using the more inexpensive CD4 cell count test is lost.

After initiation of ARV therapy, due to suppression of the HIV-1 viral load, the immune system
is allowed to recover and the CD4 cell count increases. For most patients on therapy, an
adequate response is defined as an increase in CD4 count in the range of 50–150 cells/mm3

during the first year of HAART, generally with an accelerated response in the first 3 months
of treatment. The CD4 count response to HAART varies widely, but a poor CD4 response in
a patient with viral suppression is rarely an indication for modifying an ARV regimen. In
patients with consistently suppressed viral loads who have already experienced HAART-
related immune reconstitution, the CD4 count provides only limited information.[28]

A second biomarker used in HIV-1 laboratory testing is the viral core protein p24. This
biomarker can be measured in the patient’s blood in early acute infection, often before
antibodies to the viral onslaught are detectable. A negative result for the antigen does not rule
out infection, because the test lacks exquisite sensitivity; i.e., the test should not be used to
verify noninfection. Antigen detection signals infection, however, and positive results in
seronegative individuals can be an effective, although not cost-effective, means to identify
early infection. The p24 antigen test can be of value in blood screening, for identification of
acute infection, for monitoring infection, and to assist in the diagnosis of infection in the
newborn. It has been used for detecting early infection in rape cases, for identifying infection
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after occupational exposure, and for assisting in the resolution of indeterminate Western blot
results.[29]

As both CD4 cell count and p24 have caveats briefly discussed above, HIV-1 RNA viral load
analysis by nucleic acid testing has, in many clinical situations, replaced less predictive
methods of measurement of these biomarkers.

2.2. Other therapeutic areas

2.2.1. Microbiology and infectious diseases

Real-time PCR revolutionized the means by which clinical laboratories identify human
pathogens. It is estimated that <1% of bacteria present on earth have been described using
cultivation technology.[30] Additionally, various pathogens, particularly mycobacteria and
fungi, require prolonged periods of cultivation, necessitating administration of empiric
antimicrobial therapy while a laboratory result is awaited. Due to the limitations of cultivation
technology, PCR amplification and sequencing-based methods are able to also reveal novel
microbes associated with human diseases. Hence, cultivation-independent methods offer a
potential for rapid diagnosis, thus preventing antibiotic selection pressure and emergence of
resistant pathogen infections. Additionally, molecular testing is able to identify hazardous
microbes without risk to laboratory staff as well as speed isolation of a given patient harboring
highly infectious pathogens into a quarantine setting.

As opposed to monitoring during care of chronic viral infections, such as HIV-1, HBV, and
HCV, most tests in the microbiology diagnostic assay repertoire are qualitative, aimed at the
detection of the pathogens, which then warrant follow-up evaluation.

Several reviews of real-time PCR in clinical microbiology have been published; among others,
the review by Espy et al. in 2006 is a comprehensive guide. Important pathogens diagnosed
with molecular testing at the time of publication[32] of this chapter were agents for disease
areas such as:

• Respiratory infections, such as adenovirus, Mycoplasma pneumoniae, Mycobacterium
tuberculosis, Legionella spp, and Streptococcus pneumonia

• Genitourinary/sexually transmitted infections with PCR assays for C. trichomatis, Neisseria
gonorrhoeae, Mycoplasma genitalium, and human papillomavirus

• Central nervous system infections dominated by herpes simplex, varicella zoster, and West
Nile Virus (WNV)

• Gastrointestinal infections with, most notably, Clostridium difficile

In recent years, infectious disease surveillance and monitoring of antibiotic resistance has also
been added to PCR-based molecular diagnostic tests, such as detection of gram-negative bacilli
and vancomycin-resistant enterococcus species.

Finally, the host of viral pathogens causing human disease are generally identified, quantitat‐
ed, and managed via PCR-based laboratory tests. Important examples are diagnosis and
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management of hepatitis B and C, herpes virus family infections, and influenza epidemic
outbreaks.

2.2.2. Blood screening

Annually, millions of people worldwide receive blood transfusions or blood-derived products.
Around the world, more than 92 million blood donations are collected every year.[33] From
these, a single whole-blood donation can be transfused in up to three people, and blood-
derived products from a single donation may be given to hundreds of patients.[34, 35]
Although testing and policy decisions have combined to make blood supplies in many
countries among the safest in the world, there still exists some risk of transfusion-transmitted
infection (TTI) with blood-borne diseases (e.g., HIV, hepatitis, WNV). Laboratory screening of
donated blood and blood products for infectious diseases is a key safety measure in protecting
patients and preventing the spread of serious diseases.

Nucleic acid testing (NAT) by PCR- or transcription-mediated amplification (TMA) technol‐
ogy detects the presence of viral infection by directly testing for viral nucleic acids and can be
used to screen whole blood and plasma samples. Commonly used NAT assays detect HIV-1
RNA, HCV RNA, HBV DNA, and WNV RNA.[38]

NAT technology has revolutionized the ability of blood centers to efficiently test for and reduce
infusions of potentially infectious blood units while continuing to ensure on-time availability
of blood and blood products for patients. The global trend toward adopting this technology
clearly demonstrates its effectiveness for increasing the safety of blood supplies.

2.2.3. Human genetics—Testing via nucleic acid markers

Besides the exploration of human pathogen diagnostics, molecular testing has been employed
to identify a myriad of human host markers predominately via DNA found in any human cell.

2.2.3.1. Prenatal diagnosis

Prenatal diagnosis employs a variety of techniques to determine the health and condition of
an unborn fetus. There are three purposes of prenatal diagnosis: (1) to enable timely medical
or surgical treatment of a condition before or after birth, (2) to give the parents the chance to
abort a fetus with the diagnosed condition, and (3) to give parents the chance to prepare
psychologically, socially, financially, and medically for a baby with a health problem or
disability or for the likelihood of a stillbirth.

Congenital anomalies account for 276,000 perinatal deaths by pregnancy Week 4 annually on
a global basis. The aim of prenatal screening is to detect birth defects, such as neural tube
defects; chromosome abnormalities (e.g., Down Syndrome, fragile X syndrome); and genetic
disorders and other conditions (e.g., spina bifida, cleft palate, Tay Sachs disease, sickle cell
anemia, thalassemia, cystic fibrosis, and muscular dystrophy). Screening can also be used for
prenatal sex discernment.
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Around the world, more than 92 million blood donations are collected every year.[33] From
these, a single whole-blood donation can be transfused in up to three people, and blood-
derived products from a single donation may be given to hundreds of patients.[34, 35]
Although testing and policy decisions have combined to make blood supplies in many
countries among the safest in the world, there still exists some risk of transfusion-transmitted
infection (TTI) with blood-borne diseases (e.g., HIV, hepatitis, WNV). Laboratory screening of
donated blood and blood products for infectious diseases is a key safety measure in protecting
patients and preventing the spread of serious diseases.

Nucleic acid testing (NAT) by PCR- or transcription-mediated amplification (TMA) technol‐
ogy detects the presence of viral infection by directly testing for viral nucleic acids and can be
used to screen whole blood and plasma samples. Commonly used NAT assays detect HIV-1
RNA, HCV RNA, HBV DNA, and WNV RNA.[38]

NAT technology has revolutionized the ability of blood centers to efficiently test for and reduce
infusions of potentially infectious blood units while continuing to ensure on-time availability
of blood and blood products for patients. The global trend toward adopting this technology
clearly demonstrates its effectiveness for increasing the safety of blood supplies.

2.2.3. Human genetics—Testing via nucleic acid markers

Besides the exploration of human pathogen diagnostics, molecular testing has been employed
to identify a myriad of human host markers predominately via DNA found in any human cell.

2.2.3.1. Prenatal diagnosis

Prenatal diagnosis employs a variety of techniques to determine the health and condition of
an unborn fetus. There are three purposes of prenatal diagnosis: (1) to enable timely medical
or surgical treatment of a condition before or after birth, (2) to give the parents the chance to
abort a fetus with the diagnosed condition, and (3) to give parents the chance to prepare
psychologically, socially, financially, and medically for a baby with a health problem or
disability or for the likelihood of a stillbirth.

Congenital anomalies account for 276,000 perinatal deaths by pregnancy Week 4 annually on
a global basis. The aim of prenatal screening is to detect birth defects, such as neural tube
defects; chromosome abnormalities (e.g., Down Syndrome, fragile X syndrome); and genetic
disorders and other conditions (e.g., spina bifida, cleft palate, Tay Sachs disease, sickle cell
anemia, thalassemia, cystic fibrosis, and muscular dystrophy). Screening can also be used for
prenatal sex discernment.
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There is a variety of noninvasive and invasive techniques available for prenatal diagnosis. Each
should be applied only during specific time periods of a pregnancy for greatest utility.

Traditionally, amniocentesis, performed at pregnancy Weeks 14–20, was employed to sample
the amniotic fluid, which contains fetal cells, for analysis of chromosomal defects. Risks with
amniocentesis are uncommon, but include fetal loss. The increased risk for fetal mortality
following amniocentesis is about 0.5% above what would normally be expected. Collected
embryonic cells from the amniotic sac need to be cultured for the chromosomal analysis. This
process is cumbersome, carried out in specialized laboratories only, and requires a time period
of 1–2 weeks, including transport of the sample.

Similarly, chorionic villi sampling can provide information about the fetus’ health and
development status as early as at 10 weeks of pregnancy. Miscarriage rates are higher in this
procedure compared to amniocentesis, up to 1.9%. Test results are obtained within 2 weeks
and require specialized laboratories and culturing techniques.

In recent years, analysis of cell-free DNA shed from fetal cells in the maternal blood has become
a molecular technique to investigate congenital defects as early as pregnancy Weeks 9–10.
High-throughput shotgun sequencing of the plasma of pregnant women results in obtaining
about 5 million sequence tags per patient sample. Using this technology, in 2008, Fan et al.
were able to identify aneuploid pregnancies, with trisomy detected at gestational ages as early
as ~10 weeks. Shotgun sequencing is carried out on a next-generation sequencing platform
such as Illumina. In 2010, Chiu et al. studied 753 pregnant females using a 2-plex massively
parallel maternal plasma DNA sequencing, and trisomy was diagnosed with z-score greater
than 3.[43] The test demonstrated 100% sensitivity, 97.9% specificity, positive predictive value
of 96.6%, and negative predictive value of 100%.

The main advantages of these protocols are that they can be used earlier than the current
prenatal testing protocols and, unlike current protocols, that there is no risk of spontaneous
abortion. Noninvasive prenatal diagnosis (NIPD) has been implemented in the United
Kingdom (UK) and parts of the United States (US).

2.2.3.2. Inherited diseases

Carrier screening, testing of parents in preparation for pregnancy, is used to identify genetic
mutations that could cause serious inherited disorders. Some of the more common disorders
for which screening is done are cystic fibrosis, sickle cell disease, thalassemia, and Tay-Sachs
disease. These disorders are recessive, which means that a person must inherit a defective gene
from each parent to have the disease. If both parents are carriers of a disorder, the child will
have a one-in-four chance of inheriting one defective gene from each of the parents and having
the disorder. This type of testing is offered to individuals who have a family history of a genetic
disorder and to individuals in certain ethnic groups with an increased risk of specific genetic
conditions. For the testing procedure, venous blood is collected and sent to specialized
laboratories. There, the DNA contained in the human blood cells is amplified via PCR and, for
example, a next-generation sequencing platform is utilized to investigate the genotype of a set
of genes in a cost-efficient manner.
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Newborn screening is used just after birth to identify genetic disorders that can be treated early
in life. Early detection, diagnosis, and intervention can prevent death or disability and enable
children to reach their full potential. Each year, millions of babies in the US are routinely
screened, using molecular tests performed on a few drops of blood obtained from their heels,
for certain genetic, endocrine, and metabolic disorders, and are also tested for hearing loss
prior to discharge from a hospital or birthing center. All states currently test infants for
phenylketonuria (a genetic disorder that, if left untreated, causes intellectual disability) and
congenital hypothyroidism (a disorder of the thyroid gland).

The expansion of the screening panel to approximately 30 heritable metabolic conditions
occurred from 1997 to 2007 with the introduction of tandem mass spectrometry (MS/MS), a
technology that detects multiple disease biomarkers simultaneously in a single specimen. This
technique employs the screening of blood spots for inborn errors of metabolism by electrospray
MS/MS with a microplate batch process and a computer algorithm for automated flagging of
abnormal profiles. More recently, other markers, based on nucleic acid analysis of the newborn
genetic makeup,[48] such as sickle cell disease, alpha-1-antitrypsin deficiency, and Factor V
Leiden, have been added.

2.2.3.3. Cancer markers

Cervical cancer is the 7th most common cause of cancer death in Europe for females, and the
15th most common cause of cancer death overall. According to currently available US Centers
for Disease Control (CDC) Fast Stats [49] cervical cancer mortality in the US in 2010 was ~4,000
or ~2.5 deaths per 100,000 females.

The global statistics provided by Cancer Research UK are far more saddening. Worldwide,
there were more than ~275,000 deaths from cervical cancer in 2010 that accounted for ~10% of
female cancer deaths.

The Papanicolaou test—aka Pap test, Pap smear, cervical smear, or smear test—was histori‐
cally the method of cervical screening used to detect potentially precancerous and cancerous
cells in the endocervical canal of the female reproductive system. Atypical findings were
followed with more sensitive diagnostic procedures, and, if warranted, interventions that
aimed to prevent progression to cervical cancer.

In March 2014, the FDA’s Medical Devices Advisory Committee Microbiology Panel voted
unanimously to approve the cobas® 4800 HPV Test (Roche Molecular Systems) and recom‐
mended that this real-time PCR HPV test replace the Pap smear as the first-line standard of
care for cancer screening, another use of nucleic acid testing in molecular diagnostics.

Another wide-ranging use of molecular tests using PCR can be found in the disease area of
colorectal cancers where tumor nucleic acids are analyzed for the presence of mutations or
other markers. Historically, all colorectal cancers (CRCs) have been considered a single disease
entity sharing the same cause, clinical characteristics, and treatment outcomes. However,
through analysis of precursor lesions and hereditary forms of the disease, it has now become
clear that CRC is a complex and heterogeneous disorder. Although microsatellite instability
(MSI) testing has been used for more than a decade for identifying patients with Lynch
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syndrome, with the recent growth in personalized cancer care, other molecular tests to identify
the genetic makeup of individual cancers have become increasingly more important in making
therapeutic decisions. Novel medicines in oncology and relevant biomarker tests are now often
developed side-by-side. Current indications for standard-of-care molecular testing in color‐
ectal carcinomas include identifying hereditary cancer syndromes, such as Lynch syndrome
(also known as hereditary nonpolyposis colorectal cancer [HNPCC]), and testing for KRAS
mutational status as a predictor of response to antiepidermal growth factor receptor (EGFR)
agents such as cetuximab. In the case of Lynch syndrome, multiple mononucleotide markers
are detected via a fluorescent multiplex PCR-based method. A tumor tissue specimen (with
tumor cellularity of >20%) and normal tissue specimen are amplified using PCR for 5–7
microsatellite markers. Patterns of normal and tumor genotypes are compared for each marker
and scored as MSI-High, MSI-Low, or MS-Stable. Analysis for somatic mutations in the V600E
hot spot in the BRAF gene may be indicated for tumors that are scored as MSI-High or show
loss of MLH1 expression, because this mutation has been found in sporadic MSI-High tumors
but not in HNPCC-associated cancer. KRAS mutations have been convincingly associated in
randomized clinical trials with poor response to cetuximab and panitumumab. Activating
mutations in KRAS serve to isolate this signaling pathway from the effects of EGFR and render
EGFR inhibition ineffective. Recent advances have shown that only tumors with wild-type
KRAS show significant response to these agents. Accumulated data from both randomized
and nonrandomized studies, reviewed by Jimeno et al., suggest that patients with CRCs whose
tumors show KRAS mutations should not receive EGFR-targeting monocloncal antibody
therapy. This led to the so-called codiagnostic assays with guidance language in both the test
intended use information and drug package insert detailing use of the molecular test results
for physicians and patients. This approach of diagnostic testing prior to prescription of costly
and not always easy-to-tolerate medicines will dominate personalized healthcare in the future.

Currently, most assays can be performed on small quantities of formalin-fixed paraffin-
embedded–derived tumor DNA. The pathologist must carefully select the tumor block to
minimize dilution of tumor DNA by contaminating normal cells, such as fibroblasts, endo‐
thelial cells, and inflammatory cells; a target of at least 10% tumor cells is recommended for
most assays.

Cancer research continues to focus on new molecular markers.[55] The integration of molec‐
ular markers into existing histomorphologic classifications in surgical pathology has already
provided additional stratification for a more accurate prognosis. Furthermore, a molecular
definition of cancer may often guide therapy and allow the monitoring of residual disease.

3. Conclusion and a future outlook

The introduction of nucleic acid testing into clinical laboratories has vastly improved detection
of infections. Chronic viral infection can be treated with tests at hand that are adequate to
inform the physician if the patient is responding, developing resistance, or being cured. The
safety of the blood supply was dramatically improved on a global basis with the introduction
of nucleic acid testing for blood-borne pathogens. Expectant parents can be informed of the
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genetic risks of a pregnancy and the inherited diseases for which a developing fetus or a
newborn may be treated. Finally, today, patients diagnosed with cancer can experience a much
more tailored approach to therapy, maximizing success and efficiency and minimizing costs
to both themselves and the healthcare system.

The past decade has seen the number of commercial molecular tests used in practice increase
fivefold. In 2013, 60% of the molecular diagnostics tests were sold by five companies: Roche,
Becton Dickenson, Abbott, Hologic, and Qiagen.[56] However, in recent years the number of
companies developing molecular tests has grown remarkably. Roughly, 350 companies are
now active in development of molecular diagnostics,[56] highlighting the utility and impor‐
tance of nucleic acid testing in healthcare today.

As molecular testing becomes more widely available and applicable to healthcare globally, it
is not surprising that the next-wave nucleic acid testing will penetrate the markets in emerging
and developing countries. For example, ARV regimens are becoming more widely available,
including in sub-Saharan Africa to manage the large numbers of HIV-infected individuals, and
state-of-the-art viral load testing will need to accompany the expansion of these regimens. It
is a challenge to the manufacturers of nucleic acid tests to adapt technologies and platforms
to resource-limited settings. The future of molecular testing may involve reduction in time to
test result as well as reduction in assay and instrument complexity and number and training
expertise of staff required to perform such assays.
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Abstract

Nucleic acid aptamers are small oligonucleotides that specifically bind to other molecules
through noncovalent interactions that rely on complex tridimensional structural arrange‐
ments. Aptamers are generated through the iterative in vitro selection method called SE‐
LEX, resulting in specific binding against a wide variety of molecular targets including
viruses. Because aptamers are obtained in vitro and can be synthetically produced, they
have been envisioned as future diagnostic and therapeutic tools for human diseases in‐
cluding virus-borne pathologies. Aptamers have been isolated against a number of virus‐
es including pandemic influenza virus, human papillomavirus and hepatitis C virus.
Although aptamers have proven themselves as extremely sensitive detection tools trig‐
gering the development of affordable and highly diagnostic methods, their use as thera‐
peutic moieties has been hampered by biostability, delivery and pharmacodynamical
issues. Nevertheless, a new generation of chemically modified aptamers shows promise
for the coming of age of protein-targeted noncatalytic oligonucleotides for the therapy of
viral disease. The present review focuses on the most successful antiviral aptamers re‐
ported and includes a description of some of the novel methods developed for their use
as diagnostic and therapeutic tools

Keywords: Aptamer, Oligonucleotides, Nucleic acids, RNA, DNA

1. Introduction

Nucleic acid aptamers are small single-stranded oligonucleotides capable of adopting complex
tertiary structures that allow noncovalent interactions with other molecules. Because aptamers
closely interact with their targets, their structural features are essential for highly specific
binding. The term aptamer was coined in 1990 from the Latin “aptus” meaning “fitting” and

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



the Greek “meros” meaning “particle” [1]. Aptamers are generated through the iterative in
vitro selection method called SELEX (systematic evolution of ligands by exponential enrich‐
ment) and are raised against a wide variety of molecular targets ranging from ions and
macromolecules to whole organisms, including viruses, bacteria, yeast and mammalian cells
[2]. Although many modifications to the SELEX method have been established to include new
technologies and improve selection [3], the basic steps of SELEX remain immutable.

The SELEX method involves three well-defined steps [4]: the start point is the production of a
synthetic oligonucleotide combinatorial library or oligonucleotide pool containing a central
randomized region (15–70 nt) flanked by anchor sequences to allow polymerase chain reaction
(PCR) amplification. The aleatory nature of the central region results in the production of an
enormous pool of diverse oligonucleotides with diverse structures, thus providing the
conformational variability necessary to produce moieties with binding capabilities for a
desired target. The oligonucleotide pool can be directly used for SELEX to generate single-
stranded DNA (ssDNA) aptamers, or as in vitro transcription template to produce an RNA
pool to isolate RNA aptamers. Next, a selection procedure is performed based on the interac‐
tion properties of the library with the intended target. Only a very small fraction of the
oligonucleotide pool tends to interact with the target, satisfying the selection criteria. Oligo‐
nucleotides that bind the target (aptamers) are recovered while the nonbound are removed
through different strategies according to the nature of the aptamer–ligand complex (size,
affinity, electric charge, hydrophobicity, etc.). In the final step, the recovered aptamers are
amplified by PCR in order to regenerate a library with less variability but more affinity to the
target that will be used in the next selection cycle. RNA pools are amplified by reverse
transcription-coupled PCR (RT-PCR) and subsequent in vitro transcription before starting the
next cycle.

The iterative selection cycles produce aptamers with high binding affinity to the target.
Usually, a few cycles are required to isolate aptamers (4–20 cycles), but the precise number of
cycles necessary for the isolation of highly specific aptamers depends on the selection criteria,
the nature of the target and the type of library used. After the last selection cycle, aptamers are
cloned and sequenced to obtain information on the individual oligonucleotides, which can be
further characterized based on its ability to bind the target. It is common to observe conserved
sequences or structures among the selected aptamers; these are indicative of efficient selection
and may represent domains required for interaction.

Aptamer specificity is based on three-dimensional arrangements of a small number of contact
points between the aptamer and its target, so the aptamer can achieve high selectivity to
discriminate between two highly related molecules (i.e. enantiomers), or minimal structural
differences such as the presence or absence of methyl or hydroxyl groups. The molecular
recognition specificity and affinity level achieved by aptamers is comparable or even better
than those of antibodies. These features place aptamers as an emerging class of molecules on
their own with a huge range of diagnostic and therapeutic applications plus several advantages
over antibodies including:

• Isolation by an in vitro process not dependent on animal cells or in vivo conditions. Therefore,
the properties of aptamers can change on demand, and isolation can be manipulated to
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obtain aptamers with desirable properties for diagnosis. In addition, it allows aptamer
isolation against toxins or poorly immunogenic molecules.

• Production by chemical synthesis with accuracy and reproducibility, thus insuring mass
production with high quality control standards.

• Aptamers can be reversibly denatured allowing conditional binding through simple
temperature control.

Since the development of SELEX, aptamers have been isolated against a wide diversity of
targets such as amino acids [5, 6], antibiotics [7], nucleotides [8], enzymes [9], growth factors
[10], mammalian cells [11], bacteria [12] and parasites [13]. Nowadays, some aptamers have
even reached therapeutic applications in the clinic [14]. Furthermore, the first RNA aptamer
for therapeutic purposes in humans (pegaptanib sodium or Macugen®) was approved by
United States Food and Drug Administration (FDA) in 2004, as treatment for age-related
macular degeneration (AMD) [15].

2. Aptamers against viruses

Many aptamers have been isolated against whole viruses or viral proteins to detect or inhibit
infection. Viruses such as human papillomavirus (HPV), human immunodeficiency virus-1
(HIV-1), hepatitis C virus (HCV), hepatitis B virus (HBV), severe acute respiratory syndrome
coronavirus (SCoV), influenza virus, herpes simplex virus (HSV), Ebola virus, Rift Valley fever
virus, dengue virus, human T cell leukemia virus type-1 (HTLV-1), Epstein–Barr virus and
human cytomegalovirus (HCMV) have all been targeted with aptamers [16].

Aptamer isolation to inhibit viral infection can be performed by using purified molecules from
the viral surface through canonical SELEX approaches, or by modified SELEX methods with
the use of attenuated whole viral particles. The advantage of this last variant is the isolation
of aptamers through binding to the native viral conformation. Moreover, a deep knowledge
of the viral infection mechanisms or potential surface target molecules is not required to obtain
antiviral or neutralizing aptamers that tightly bind infectious particles. On the other hand, this
method does not disclose the sites that directly interact with the aptamers, so further studies
are required to determine specific interactions useful for potential aptamer improvement.

Many efforts have been focused on the isolation of aptamers to detect and treat viral diseases
relevant to public health such as AIDS, hepatitis, influenza and some cancers. Here, we
summarize the successful application of aptamers selected against HIV-1, HPV, HCV, and
influenza.

2.1. Aptamers against Rous Sarcoma Virus (RSV)

The first approach using whole viruses to isolate RNA aptamers without previous knowledge
of the virion structural features was performed against Rous sarcoma virus (RSV), an avian
retrovirus. Nineteen RNA aptamers were isolated from a canonical SELEX procedure and five
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of them were able to neutralize the virus infection [17]. These results immediately revealed the
potential of aptamers isolated against viral surface epitopes leading to the development of
nucleic acid aptamers as novel diagnostic or therapeutic tools, especially on human viral
diseases requiring fast diagnostics (i.e. pandemic influenza or Ebola) or asymptomatic chronic
viral-induced conditions such as acquired immunodeficiency syndrome (AIDS), hepatitis C
or cervical cancer [18].

2.2. Aptamers against Human Immunodeficiency Virus type I (HIV-1)

HIV-1 is the etiologic agent of AIDS [19, 20]. Most anti-HIV-1 aptamers are directed to HIV-1
reverse transcriptase (RT), RNaseH, integrase, Tat, Gag, nucleocapsid, gp120 and the TAR-
element RNA (Table 1). The HIV-1 RT is the enzyme responsible for transforming the viral
genomic RNA into dsDNA and contains a domain with RNaseH activity. HIV-1 RT is also the
main target of several therapies against AIDS. So far, about a dozen of ssDNA and RNA
aptamers have been reported to inhibit the RT activity in cell cultures showing KD in the range
of 25 pM to 30 nM [18, 21].

Aptamer Nature Sequence Randomized

region

Target Action Structure Ref

P5 RNA

GGGAGCUCAGAAUAAACG

CUCAACGGCACAGGGGUU

GUAUCCUCCGGGACGAAU

UCGACAUGAGGCCCGGAU

CCGGC

30 nt Integrase

Inhibit interaction

between integrase and

viral DNA

Allen P, et al.

1995

A54 RNA

GGGAGCUCAGAAUAAACG

CUCAAGUCAAUCAUCGAU

GUCCUGUGCCCUAGGGCU

UCGACAUGAGGCCCGGAU

CCGGC

30 nt Integrase

Inhibit interaction

between integrase and

viral DNA

Allen P, et al.

1995

93del DNA GGGGTGGGAGGAGGGT 80 nt Integrase
Block integrase actvity

in vitro

Phan AT, et

al. 2004, De

Soultrait VR.

Et. al. 2002

112del DNA CGGGTGGGTGGGTGGT 80 nt Integrase
Inhibton of HV-1

integrase

, De Soultrait

VR. Et. al.

2002
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Aptamer Nature Sequence Randomized

region

Target Action Structure Ref

RNA tat RNA

ACGAAGCUUGAUCCCGUU

UGCCGGUCGAUCGCUUCG

A

120 nt TAR

Inhibition of Tat

dependent trasns-

activation

transcription.

Biosensor

Yamamoto R,

et al. 2000

B40 RNA

TAATACGACTCACTATAGG

GAGACAAGACTAGACGCT

CAaTGTGGGCCACGCCCGA

TTTTACGCTTTTACCCGCAC

GCGATTGGTTTGTTTTCGA

CATGGACTCACAACAGTTC

CCTTTAGTGAGGGTTAATT

40 nt Gp120
Neutralizaton of

HIV-1 infectivity

Khati M, et al.

2003.

Dey AK, et al.

2005.

B40t77 RNA

TAATACGACTCACTATAGG

GAGACAAGACTAGACGCT

CAATGTGGCCACGCCCGAT

TTTACGCTTTTACCGCACG

CGATTGGTTTGTTTCCC

40 nt Gp120
Neutralizaton of

HIV-1 infectivity

Dey AK, et al.

2005. Cohen

C, et al, 2008.

Table 1. Aptamers isolated against HIV proteins.

The HIV-1 integrase incorporates the viral DNA in the host genome [22]. RNA aptamers were
isolated targeting HIV-1 integrase and classified into three groups according to their KD (10
nM, 80 nM and 800 nM) [23]. Furthermore, DNA aptamers were also isolated targeting HIV-1
integrase by two different research groups, all with G-quadruplex structures and showing in
vitro inhibitory activity [24, 25]. The characteristic structure of aptamers binding the HIV-1
integrase interacts within a channel of the tetrameric protein blocking catalytic amino acid
residues essential for integrase function in vitro [26].

HIV-1 Tat protein regulates viral gene expression by interaction with the trans-activation
responsive (TAR) elements within the long-terminal repeats (LTRs) [27]. Unlike the natural
target of Tat (TAR-1 RNA), the isolated RNA aptamer (RNATat) was highly specific to Tat and
did not interact with other cellular factors. Moreover, RNATat binds Tat protein over 100-fold
higher than TAR-1 RNA and inhibited Tat function in vitro and in vivo [28, 29]. Based on these
results, RNATat was used in a preliminary study to develop a molecular beacon by flanking
the 5′ and 3′ ends of the native aptamer stem-loop structure with a fluorophore and a quencher.
In the absence of Tat, the quencher and fluorophore remain close to each other by the formation
of the stem producing no signal. When the loop interacts with Tat, the complexed structure
becomes more stable resulting in strand separation, thus holding apart the fluorophore and
quencher allowing fluorescence [30].

Two other biosensors have been developed using RNA aptamers specific to HIV-1 Tat. These
biosensors were created by immobilizing a biotinylated aptamer on a streptavidin layer over
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quartz crystals included in surface plasmon resonance (SPR) chips [31]. Another approach
used a diamond field-effect transistor (FET) technique to detect Tat protein by RNA aptamers.
Aptamer-FET is based on a gate potential shift generated by the presence of HIV-1 Tat bound
to the RNA aptamer on a solid diamond surface. Efficient detection showed a potential use for
aptamer-FET in clinical applications [32].

HIV-1 Rev is essential to regulate the splicing and shuttle the viral mRNA through their nuclear
and export localization signals. Also, Rev interacts with viral mRNA through a cis-acting Rev-
binding element (RBE) within a Rev-responsive element (RRE). RNA aptamers against Rev
have been isolated using random libraries or by randomizing the RRE minimal binding
sequence [33–35]. Randomized RRE produced aptamers with up to 16-fold tighter binding
than the minimal wild-type RBE (wtRBE). The RBE was then substituted by these RNA
aptamers and tested in vivo using a reporter system [35]. The aptamer substitutions showed a
better response than wtRBE [36]. Another technique used to isolate RNA aptamers against Rev
protein was the cross-linking SELEX consisting of a 5′-iodo uracil (5-IU)–modified RNA
library, which is reactive under long-wavelength UV irradiation producing cross-links
between 5-IU oligonucleotides and the protein target. This method resulted in the selection of
highly specific aptamers capable of forming covalent bonds with HIV-1 Rev [37]. Some other
efforts have focused on the inhibition of HIV-1 replication in human T cells using RNA
aptamers as decoys to sequester Rev [38]. Rev decoys and ribozymes have been combined to
increase the anti-HIV effect relative to independent ribozyme or decoy effects [39–41].

HIV-1 gp120 is a surface glycoprotein involved in the early stages of HIV-1 infection. The gp120
protein interacts with the human surface receptor CD4 producing conformational changes and
further receptor interactions to allow HIV-1 entry into the host cell. Due to its importance on
the onset of the viral infection, gp120 represents a potential target for the isolation of aptamers
to block HIV-1 entry. Several RNA aptamers have been isolated to block gp120 and CD4
interaction neutralizing diverse subtypes of the virus [42]. Characterization of aptamer B40
showed high specificity to HIV-1 R5 strain and neutralization in human peripheral blood
mononuclear cells [43, 44]. Additional analyses produced a shorter synthetic B40 derivative
(UCLA1) able to inhibit entry of HIV-1 at the nanomolar range. Moreover, the aptamer showed
synergistic effects with a gp41 fusion inhibitor (T20) and anti-CD4 binding site monoclonal
antibody (IgG1b12), suggesting a potential use as adjuvant [45].

2′-Fluoride (2′-F) modified RNA aptamers selected to bind HIV-1Bal gp120 and specifically
internalized by cells expressing HIV-1Bal gp120 were used to deliver anti-HIV siRNA into
HIV-1–infected cells [46]. Two aptamer-siRNA chimeras were used: one covalent chimera
presented a 2′-F-modified gp120 aptamer covalently attached to the sense strand of tat/rev
siRNA and reduced the plasma viral load in a RAG-hu mouse model by suppressing HIV-1
replication and preventing CD4+ T cell decline. This effect was extended by several weeks
beyond the last dose [47]. The second chimera consisted of a single aptamer with three different
siRNAs targeting viral and cellular transcripts. The siRNA was linked to the aptamer by a
bridge sequence of 16 nt that allowed complementary base pairing of one of the two siRNA
strands to the aptamer. The aptamer–siRNA chimera showed a potent suppression of HIV-1
and protection from viral CD4+ T-cell depletion in vivo. In addition, the inhibitory effects were
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between 5-IU oligonucleotides and the protein target. This method resulted in the selection of
highly specific aptamers capable of forming covalent bonds with HIV-1 Rev [37]. Some other
efforts have focused on the inhibition of HIV-1 replication in human T cells using RNA
aptamers as decoys to sequester Rev [38]. Rev decoys and ribozymes have been combined to
increase the anti-HIV effect relative to independent ribozyme or decoy effects [39–41].

HIV-1 gp120 is a surface glycoprotein involved in the early stages of HIV-1 infection. The gp120
protein interacts with the human surface receptor CD4 producing conformational changes and
further receptor interactions to allow HIV-1 entry into the host cell. Due to its importance on
the onset of the viral infection, gp120 represents a potential target for the isolation of aptamers
to block HIV-1 entry. Several RNA aptamers have been isolated to block gp120 and CD4
interaction neutralizing diverse subtypes of the virus [42]. Characterization of aptamer B40
showed high specificity to HIV-1 R5 strain and neutralization in human peripheral blood
mononuclear cells [43, 44]. Additional analyses produced a shorter synthetic B40 derivative
(UCLA1) able to inhibit entry of HIV-1 at the nanomolar range. Moreover, the aptamer showed
synergistic effects with a gp41 fusion inhibitor (T20) and anti-CD4 binding site monoclonal
antibody (IgG1b12), suggesting a potential use as adjuvant [45].

2′-Fluoride (2′-F) modified RNA aptamers selected to bind HIV-1Bal gp120 and specifically
internalized by cells expressing HIV-1Bal gp120 were used to deliver anti-HIV siRNA into
HIV-1–infected cells [46]. Two aptamer-siRNA chimeras were used: one covalent chimera
presented a 2′-F-modified gp120 aptamer covalently attached to the sense strand of tat/rev
siRNA and reduced the plasma viral load in a RAG-hu mouse model by suppressing HIV-1
replication and preventing CD4+ T cell decline. This effect was extended by several weeks
beyond the last dose [47]. The second chimera consisted of a single aptamer with three different
siRNAs targeting viral and cellular transcripts. The siRNA was linked to the aptamer by a
bridge sequence of 16 nt that allowed complementary base pairing of one of the two siRNA
strands to the aptamer. The aptamer–siRNA chimera showed a potent suppression of HIV-1
and protection from viral CD4+ T-cell depletion in vivo. In addition, the inhibitory effects were
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also extended several weeks after the last injection, providing an attractive therapeutic
approach to HIV-1 therapy [48].

2.2.1. Aptamers against HPV

HPVs are small DNA viruses that infect squamous epithelia inducing proliferative lesions
ranging from benign warts to cancer. High-grade papillomavirus, especially types 16 and 18
(HPV-16 and HPV-18) are associated with cervical carcinoma, the second most common cancer
affecting women worldwide. HPVs have a circular double-stranded DNA genome of approx‐
imately 8 kb that is organized into three regions: the upstream regulatory region (URR), the
early region (E) and the late region (L). The URR contains several transcription factor binding
sites to control gene expression, the early region encodes six genes (E1, E2, E4, E5, E6 and E7)
involved in viral replication, transcription and cell transformation and the late region encodes
the L1 and L2 capsid proteins which self-assemble to produce the virion [49].

Because preventive vaccines for HPV infection are only protective for naive individuals [50],
several research groups have been developing nucleic acid–based aptamers targeting HPV
proteins in order to inhibit the oncoproteins activity, block viral infection or identify the
absence/presence of viral proteins as biomarkers to determine cell transformation or cancer
progression (Table 2).

Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

F2 RNA GGGAAUGGAUCCA

CAUACUACGAAUA

UUCAACAUUCGAG

GUGGAUGCUACGA

AUCAACUUCACUG

CAGACUUGACGAA

GCUU

30 nt E6 Inhbition of E6-PDZ

(Magil1) interaction and

Induction of apoptosis in

SiHa cells

ND Belyaeva

TA, et al.

2014

F4 RNA GGGAAUGGAUCCA

CAUACUACGAAAA

CUCGUUUCGAGGU

UCGAAACGUUGUA

AAGCCGUUUCACU

GCAGACUUGACGA

AGCUU

30 nt E6 Inhbition of E6-PDZ

(Magil1) interaction and

Induction of apoptosis in

SiHa cells

ND Belyaeva

TA, et al.

2014

A2 RNA GGGAAUGGAUCCA

CAUCUACGAAUCC

CUUCAUCAUUAAC

CCGUCCACGCGCU

UCACUGCAGACUU

GACGAAGCUU

30 nt E7 Inhibition of E7-pRb

interaction and Induction of

apoptosis in SiHA cells

Nicol C. et

al, 2013
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

G5a3N.4 RNA GGGAGACCCAAGC

CGAUUUAUUUUGU

GCAGCUUUUGUUC

CCUUUAGUGAGGG

UUAAUU

15 nt E7 E7 high affinity binding on

HPV-positive cervical

carcinoma cells

Toscano-

Garibay JD,

et al. 2011

Sc5-c3 RNA GGGAACAAAAGCU

GCACAGGUUACCC

CCGCUUGGGUCUC

CCUAUAGUGAGUC

GUAUUA

15 nt L1 High affinity binding of

HPV VLPs in murire

biofluids

Leija-

Montoya

AG, et al.

2014

C5 RNA GGGAGGACGAUGC

GGAAGCATCAAGG

GTGATCGTTTGACC

CTCCCCAGACGAC

UCGCCCGA

30 nt HPV-16

E6/E7-

HTECs

Internalization in HPV-16

E6/E7 HTEC as mechanism

to deliver therapeutc agents

Gourronc

FA, et al.

2013

13 DNA ATACCAGCTTATTC

AATTGGGCACAGA

CGGAAGATGAGAA

TTGTGGGGCTTAGT

ATAGTGAGGTGCGT

GTAGATAGTAAGTG

CAATCT

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012

14 DNA ATACCAGCTTATTC

AATTGGGCGGGGA

GTAGGGAGAGGGG

TTTCCATCGGCGAC

AGAGGAGTTATGTG

TGTAGATAGTAAGT

GCAATCT

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012

20 DNA ATACCAGCTTATTC

AATTGGGGAGGGA

GACACAGTCATGG

AGCAGTTATTAGGG

TGTACCGGGTGTAG

TAGATAGTAAGTGC

AATCT

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012

28 DNA ATACCAGCTTATTC

AATTGGGGGACAC

GGAGGTGGTGGAA

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

G5a3N.4 RNA GGGAGACCCAAGC

CGAUUUAUUUUGU

GCAGCUUUUGUUC

CCUUUAGUGAGGG

UUAAUU

15 nt E7 E7 high affinity binding on

HPV-positive cervical

carcinoma cells

Toscano-

Garibay JD,

et al. 2011

Sc5-c3 RNA GGGAACAAAAGCU

GCACAGGUUACCC

CCGCUUGGGUCUC

CCUAUAGUGAGUC

GUAUUA

15 nt L1 High affinity binding of

HPV VLPs in murire

biofluids

Leija-

Montoya

AG, et al.

2014

C5 RNA GGGAGGACGAUGC

GGAAGCATCAAGG

GTGATCGTTTGACC

CTCCCCAGACGAC

UCGCCCGA

30 nt HPV-16

E6/E7-

HTECs

Internalization in HPV-16

E6/E7 HTEC as mechanism

to deliver therapeutc agents

Gourronc

FA, et al.

2013

13 DNA ATACCAGCTTATTC

AATTGGGCACAGA

CGGAAGATGAGAA

TTGTGGGGCTTAGT

ATAGTGAGGTGCGT

GTAGATAGTAAGTG

CAATCT

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012

14 DNA ATACCAGCTTATTC

AATTGGGCGGGGA

GTAGGGAGAGGGG

TTTCCATCGGCGAC

AGAGGAGTTATGTG

TGTAGATAGTAAGT

GCAATCT

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012

20 DNA ATACCAGCTTATTC

AATTGGGGAGGGA

GACACAGTCATGG

AGCAGTTATTAGGG

TGTACCGGGTGTAG

TAGATAGTAAGTGC

AATCT

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012

28 DNA ATACCAGCTTATTC

AATTGGGGGACAC

GGAGGTGGTGGAA

52 nt HF cell line Detection of biomarkers lost

in HPV-mediated cell

transformation

Graham JC,

et al. 2012
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

AGGCTAAGATTTGA

TGATGAGTAGTGTG

GTAGATAGTAAGTG

CAATCT

Table 2. Aptamers isolated against HPV proteins.

The oncoproteins E6 and E7 are involved in cell immortalization and malignant transforma‐
tion. E6 promotes the degradation of the tumor suppressor p53 [51], and E7 binds and
destabilizes the cell cycle control protein pRb [52]. E6 and E7 have an important role in cancer
progression, situating these oncoproteins as the principal potential targets to bind aptamers
to block their oncogenic activity and cancer progression.

Several RNA aptamers were isolated against the PDZ-binding motif of the HPV-16 E6
oncoprotein, two of them were able to inhibit the interaction between E6 and proteins with
PDZ domain (Magi 1) resulting in apoptosis. The aptamer interaction with PDZ domain was
very specific and the interaction between E6 and p53 was not affected [53]. The same research
group also isolated RNA aptamers against E7 oncoprotein that were able to disturb the E7–
pRb interaction by targeting E7 for degradation and showed that one of them (A2) was able
to inhibit cellular proliferation by inducing apoptosis in SiHa cervical carcinoma cells [54]. This
effect was specific to HPV-16 transformed cells because it was not observed in HPV-free or
HPV-18 cell lines [55]. Specific apoptosis induction of RNA aptamers targeting E6 and E7
oncoproteins suggests that these aptamers could have further applications in the future as
therapeutic moieties.

A deeply characterized RNA aptamer targeting HPV-16 E7 oncoprotein named G5α3N.4
interacts with E7 through two stem-loop motifs in a clamp-like manner, suggesting a change
in aptamer structure due to protein contact. The complex formation was observed exclusively
in HPV-positive cervical carcinoma cells, suggesting that G5α3N.4 could be used to detect
HPV infection and cervical cancer [56, 57].

The L1 protein is the main component of the HPV capsid. It is arranged in 72 capsomers, each
consisting of five 55-kDa L1 monomers and a single 74-kDa L2 unit (theoretical 5:1 ratio). The
L1 protein can self-assemble, forming virus-like particles (VLPs) that are structurally and
immunologically similar to the infectious virions. HPV-16 L1 VLPs have been broadly used in
HPV virology research, as delivery agents for epitopes or genes and to successfully produce
prophylactic vaccines against HPV infection. The first RNA aptamer, targeting the L1 protein
(Sc5-c3), was obtained using HPV-16 VLPs as targets [58]. Sc5-c3 structure consists of a hairpin
structure with a 16-nt loop that directly binds VLPs with very low KD (0.05 pM). This aptamer
was able to specifically bind VLPs in complex protein mixtures (murine cervical washes),
suggesting that Sc5-c3 may provide a potential diagnostic tool for active HPV infections and,
with further refinement, could be used as a potential tool to inhibit viral infection [58].
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Nucleic acid–based aptamers have been also isolated against whole HPV-infected cells. A cell-
based SELEX protocol (cell-SELEX), was used to isolate RNA aptamers able to internalize into
HPV-16 E6/E7 transformed human tonsillar epithelial cells (HTEC). This was the first report
of aptamers that specifically internalize into HPV-16–transformed cells, providing a plausible
mechanism to specifically deliver therapeutic agents into HPV-16–associated tumors [59].
Moreover, DNA aptamers have been isolated by a cell-SELEX modification for use with
adherent cells (AC-SELEX). These aptamers recognize cell surface differences between HPV-
transformed and nontumorigenic cell lines and one of them (Aptamer 14) was able to enter
the cells independent of cell surface protein binding. These selected aptamers have potential
to elucidate biomarkers for cellular changes associated to nontumorigenic phenotype in HPV-
infected cells [60].

2.3. Aptamers against influenza virus

Influenza viruses are associated with most flu pandemics. They are enveloped RNA viruses
of 80 to 120 nm diameter that infect the upper respiratory tract. The disease severity depends
on the virus type: A, B or C. Influenza A virus infects birds and mammals, influenza B targets
mainly humans and influenza C is less common than A or B but it also causes disease. Although
the three virus types infect different hosts, it has been reported that all of them can infect
humans and thus they have been the subject of several SELEX protocols.

2.3.1. Influenza A Virus (IAV)

The IAV genome comprises eight segments of linear RNA and two surface glycoproteins:
hemagglutinin (HA) and neuraminidase (NA). These proteins are used to classify the IAV
subtypes. Seventeen HA (H1–H17) and nine NA (N1–N9) variants have been identified and
implicated on viral attachment, membrane fusion and viral entry to the host cell. Many
aptamers have been isolated to bind HA and NA in order to inhibit and detect the viral
infection, mainly H5N1, H9N2, H1N1 and H3N2 subtypes (Table 3).

Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

H3N2

A22 DNA AATTAACCCTCACTAA

AGGGCTGAGTCTCAAA

ACCGCAATACACTGGT

TGTATGGTCGAATAAG

TTAA

30 nt HA

(91-161)

Inhibition of viral

infection

Jeon SH, et

al. 2004

A21 DNA AATTAACCCTCACTAA

AGGGCGCTTATTTGTTC

AGGTTGGGTCTTCCTAT

TATGGTCGAATAAGTT

AA

30 nt HA

(91-161)

Inhibition of viral

infection

Jeon SH, et

al. 2000
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Nucleic acid–based aptamers have been also isolated against whole HPV-infected cells. A cell-
based SELEX protocol (cell-SELEX), was used to isolate RNA aptamers able to internalize into
HPV-16 E6/E7 transformed human tonsillar epithelial cells (HTEC). This was the first report
of aptamers that specifically internalize into HPV-16–transformed cells, providing a plausible
mechanism to specifically deliver therapeutic agents into HPV-16–associated tumors [59].
Moreover, DNA aptamers have been isolated by a cell-SELEX modification for use with
adherent cells (AC-SELEX). These aptamers recognize cell surface differences between HPV-
transformed and nontumorigenic cell lines and one of them (Aptamer 14) was able to enter
the cells independent of cell surface protein binding. These selected aptamers have potential
to elucidate biomarkers for cellular changes associated to nontumorigenic phenotype in HPV-
infected cells [60].

2.3. Aptamers against influenza virus

Influenza viruses are associated with most flu pandemics. They are enveloped RNA viruses
of 80 to 120 nm diameter that infect the upper respiratory tract. The disease severity depends
on the virus type: A, B or C. Influenza A virus infects birds and mammals, influenza B targets
mainly humans and influenza C is less common than A or B but it also causes disease. Although
the three virus types infect different hosts, it has been reported that all of them can infect
humans and thus they have been the subject of several SELEX protocols.

2.3.1. Influenza A Virus (IAV)

The IAV genome comprises eight segments of linear RNA and two surface glycoproteins:
hemagglutinin (HA) and neuraminidase (NA). These proteins are used to classify the IAV
subtypes. Seventeen HA (H1–H17) and nine NA (N1–N9) variants have been identified and
implicated on viral attachment, membrane fusion and viral entry to the host cell. Many
aptamers have been isolated to bind HA and NA in order to inhibit and detect the viral
infection, mainly H5N1, H9N2, H1N1 and H3N2 subtypes (Table 3).

Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

H3N2

A22 DNA AATTAACCCTCACTAA

AGGGCTGAGTCTCAAA

ACCGCAATACACTGGT

TGTATGGTCGAATAAG

TTAA

30 nt HA

(91-161)

Inhibition of viral

infection

Jeon SH, et

al. 2004

A21 DNA AATTAACCCTCACTAA

AGGGCGCTTATTTGTTC

AGGTTGGGTCTTCCTAT

TATGGTCGAATAAGTT

AA

30 nt HA

(91-161)

Inhibition of viral

infection

Jeon SH, et

al. 2000
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

P-30-10-1

6

RNA GGGAGAAUUCCGACC

AGAAGGGUUAGCAGU

CGGCAUGCGGUACAG

ACAGACCUUUCCUCU

CUCCUUCCUCUUCU

30 nt A/Panama/

2007/1999

Inhibition of viral

infection.

Discriminate

between related

H3N2

Gopinath

SC, et al.

2006

H5N1

10 DNA GATTCAGTCGGACAGC

GGGGTTCCCATGCGGA

TGTTATAAAGCAGTCG

CTTATAAGGGATGGAC

GAATATCGTCTCCC

40 nt HA In vitro Inhibition

of viral infection

Cheng C, et

al.2008

2 DNA GTGTGCATGGATAGCA

CGTAACGGTGTAGTAG

ATACGTGCGGGTAGGA

AGAAAGGGAAATAGTT

GTCCTGTTG

74 nt HA and whole

H5N1

H5N1 detection

(QCM aptasensor)

Wang

R,and Li Y.

2013

H9N2

A9 DNA GCTGCAATACTCATGG

ACAGCCTCCTGGGGTC

AGGCTCAGACATTGAT

AAAGCGACATCGGTCT

GGAGTACGACCCTGAA

40 nt HA Inhibition of viral

infection

YueweiZha

ng, et al.

2015

B4 DNA GCTGCAATACTCATGG

ACAGGGGCCGCGCCTG

GTCGGTTGGGTGGGTG

GCGCCCGGGACGGTCT

GGAGTACGACCCTGAA

40 nt HA Inhibition of viral

infection

YueweiZha

ng, et al

2015

H5N1 AND H7N7

8-3S RNA GGGCAACCGCUGGAA

CUUGAAGUCGGUAAU

GCGAGCGGAAAGCCC

70 nt HA Discriminate IVA

subtypes,

inhibition of

receptor binding

Suenaga E

and Kumar

PK, 2014.

H5N1, HIN1 AND H3N2

RHA000

6

DNA GGGTTTGGGTTGGGTT

GGGTTTTTGGGTTTGGG

TTGGGTTGGGAAAAA

30 nt rHA IVA detection

(ELAA)

Shiratori I,

et al. 2014

RHA038

5

DNA TTGGGGTTATTTTGGGA

GGGCGGGGGTT

30 nt rHA IVA detection

(ELAA)

Shiratori I,

et al. 2014
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

RHA163

5

DNA GGGGCCCACCCTCTCG

CTGGCGGCTCTGTTCTG

TTCTCGTCTCCTTGATT

TCTGTGGGCCCC

30 nt rHA IVA detection

(ELAA)

Shiratori I,

et al. 2014

Table 3. Aptamers against human IAV proteins.

Two DNA aptamers, A21 and A22, were isolated against an HA peptide containing amino
acid positions 91–261. A22 was the most efficient aptamer to inhibit viral infection in vivo and
in vitro by blocking the cellular receptor from binding HA. Moreover, A22 showed high
binding activity against different IAV strains (H3N2 and H2N2) and reduced virus burden by
90%–99% in mice [61]. Further studies using the whole virus demonstrated the ability of RNA
aptamers to distinguish between related strains within the H3N2 subtype of influenza type A
viruses [62]. The selected aptamer P30-10-16 was able to discriminate between A/Panama/
2007/1999 and A/Aichi/2/1968 H3N2 subtypes and its binding affinity to HA was even 15-fold
higher compared with a monoclonal antibody specific to HA. A consensus aptamer sequence
(5′-GUCGNCNU(N)23GUA-3′) was selected by surface plasmon resonance (SPR) using an
RNA pool based on randomized P30-10-16 (doped RNA pool). The GNCNU sequence was
identified as the minimal element required to bind HA [63], suggesting a potential use as tools
for influenza virus genotyping.

An aptamer selected against H5N1 HA (A10), showed inhibition of receptor binding produc‐
ing in vitro inhibition of viral infection [64]. To increase the specificity, some aptamers were
isolated using recombinant HA in the initial selection cycles and then the whole inactivated
H5N1 virus for further selection cycles. The selected aptamers were able to discriminate among
H5N2, H5N3, H5N9, H9N2 and H7N2, showing better specificity than anti-H5N1 monoclonal
antibodies [65]. These aptamers were used on quartz crystal microbalance (QCM) biosensors
coated with hydrogel. The hydrogel consisted of cross-linked hybridized ssDNA and aptamer.
In the presence of H5N1 the hybridization is disturbed producing hydrogel swelling which is
detected by a QCM sensor [66].

Although some aptamers have been isolated to bind a specific IVA subtype, some others
identify more than one virus subtype. A 113-nt-long RNA aptamer (8-3) was isolated against
HAs from H5-N1 and H7N7. The full 8-3 and shortened version called 8-3S aptamer were able
to bind HA with high affinity and interfere with the cell surface HA–glycan interaction,
suggesting a potential application in diagnosis and interference of virus–host interactions [67].
Furthermore, DNA aptamers were selected against recombinant hemagglutinin (rHa) to detect
different subtypes of IVA such as H5N1, H1N1 and H3N2. The selected DNA aptamers:
RHA0006, RH0385 and RHA1635 were able to successfully bind the three mentioned IVA
subtypes. RHA0006 and RH0385 were also used in a sandwich enzyme-linked aptamer assay
(ELAA), developing a novel, rapid and cost-effective diagnostic tool to identify various IVA
subtypes [68].
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

RHA163

5

DNA GGGGCCCACCCTCTCG

CTGGCGGCTCTGTTCTG

TTCTCGTCTCCTTGATT

TCTGTGGGCCCC

30 nt rHA IVA detection

(ELAA)

Shiratori I,

et al. 2014

Table 3. Aptamers against human IAV proteins.

Two DNA aptamers, A21 and A22, were isolated against an HA peptide containing amino
acid positions 91–261. A22 was the most efficient aptamer to inhibit viral infection in vivo and
in vitro by blocking the cellular receptor from binding HA. Moreover, A22 showed high
binding activity against different IAV strains (H3N2 and H2N2) and reduced virus burden by
90%–99% in mice [61]. Further studies using the whole virus demonstrated the ability of RNA
aptamers to distinguish between related strains within the H3N2 subtype of influenza type A
viruses [62]. The selected aptamer P30-10-16 was able to discriminate between A/Panama/
2007/1999 and A/Aichi/2/1968 H3N2 subtypes and its binding affinity to HA was even 15-fold
higher compared with a monoclonal antibody specific to HA. A consensus aptamer sequence
(5′-GUCGNCNU(N)23GUA-3′) was selected by surface plasmon resonance (SPR) using an
RNA pool based on randomized P30-10-16 (doped RNA pool). The GNCNU sequence was
identified as the minimal element required to bind HA [63], suggesting a potential use as tools
for influenza virus genotyping.

An aptamer selected against H5N1 HA (A10), showed inhibition of receptor binding produc‐
ing in vitro inhibition of viral infection [64]. To increase the specificity, some aptamers were
isolated using recombinant HA in the initial selection cycles and then the whole inactivated
H5N1 virus for further selection cycles. The selected aptamers were able to discriminate among
H5N2, H5N3, H5N9, H9N2 and H7N2, showing better specificity than anti-H5N1 monoclonal
antibodies [65]. These aptamers were used on quartz crystal microbalance (QCM) biosensors
coated with hydrogel. The hydrogel consisted of cross-linked hybridized ssDNA and aptamer.
In the presence of H5N1 the hybridization is disturbed producing hydrogel swelling which is
detected by a QCM sensor [66].

Although some aptamers have been isolated to bind a specific IVA subtype, some others
identify more than one virus subtype. A 113-nt-long RNA aptamer (8-3) was isolated against
HAs from H5-N1 and H7N7. The full 8-3 and shortened version called 8-3S aptamer were able
to bind HA with high affinity and interfere with the cell surface HA–glycan interaction,
suggesting a potential application in diagnosis and interference of virus–host interactions [67].
Furthermore, DNA aptamers were selected against recombinant hemagglutinin (rHa) to detect
different subtypes of IVA such as H5N1, H1N1 and H3N2. The selected DNA aptamers:
RHA0006, RH0385 and RHA1635 were able to successfully bind the three mentioned IVA
subtypes. RHA0006 and RH0385 were also used in a sandwich enzyme-linked aptamer assay
(ELAA), developing a novel, rapid and cost-effective diagnostic tool to identify various IVA
subtypes [68].
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2.3.2. Influenza B Virus (IVB)

Some aptamers have been isolated against whole virus or purified proteins in order to
discriminate IVB from IVA (Table 4). An RNA aptamer against HA B/Johannesburg/05/1999
virus was able to discriminate between the HA from different strains and prevented viral
infection by membrane fusion inhibition [62]. Two aptamers have been selected against intact
HA of influenza strains B/Tokyo/S3/99 and Jilin/20/2003. The sensitivity of Tokyo aptamer was
approximately 250-fold higher than a commercial antibody, demonstrating its potential to
detect influenza viruses [69].

Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

Class A-20 RNA GGGAGCUCAGCCUUCAC

UGCACUCCGGCUGGUGG

ACGCGGUACGAGCAAUU

UGUACCGGAUGGAUGU

UCGGGCAGCGGUGUGGC

AGGGAUGAGCGGCACCA

CGGUCGGAUCCAC

74 nt HA Discriminate

between stran A

and B. Membrane

fusion inhibition

Gopinath

JC, et al.

2006

Tokio virus

aptamer

(clone D)

RNA GGGAGAAUUCCGACCAG

AAGUUUUUGUUUAUAU

UGUUGUUUUAUUCCUU

UCCUCUCCUUCCUCUUC

U

25 nt Whole virus

(Tokio virus)

Dscriminaton of

influenza viruses

and detection

Lakshmipri

ya T, et al.

2013

Jilin-HA

aptamer

RNA GGGAGAAUUCCGACCAG

AAGGGUCUACGCCCGAA

GGGUUGCCGUGCCUUUC

CUCUCUCCUUCCUCUUC

U

25 nt HA (Jilin HA) Dscriminaton of

influenza viruses

and detection

Lakshmipri

ya T, et al.

2013

Table 4. Aptamers against IBV.

2.4. Aptamers against HCV

HCV is one of the causes of chronic liver disease associated with end-stage cirrhosis and
hepatocellular carcinoma. HCV are small enveloped viruses with a linear single-stranded RNA
+ genome containing a single ORF encoding a polyprotein flanked by untranslated regions
(UTR) and processed into three structural proteins (C, E1 and E2) and seven nonstructural
proteins (p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B). The 5′-UTR contains an internal
ribosomal entry site (IRES) important for mediated translation by association with the host cell
small ribosomal unit (40S). Due to its importance in viral infection, replication and prolifera‐
tion, HCV aptamers have been mainly isolated against NS3, NS5 proteins and some IRES
domains (Table 5).
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

10-G1 RNA GGGAACUCGAUGAAGCGA

AUUCUGUUGGCGAACUGU

ACGCAAGUACACUGGAUG

ACAGCCUAUCUAUCUAUC

GGAUCCACG

10-18 nt NS3 Inhibition of in vitro

activity

Urvil PT, et al.

1997

G6-16 RNA GGGAGAAUUCCGACCAGA

AGGCUUGCUGUUGUUUCC

CUGUUGUUUUGUCUCUCA

ACUUUAUUGUGGUAAAGA

UCACUGGGUUGAUAAGGG

CUAACUCUAAUUUGACUA

CAUGGUCGGACCAAUCAG

UUCUUAUGGGAGAUGCAU

AUGUGCGUCUACAUGGAU

CCUCA

120 nt NS3 Inhibition of

proteolytic activity

Kumar PK, et

al. 1997

G6-19 RNA GGGAGAAUUCCGACCAGA

AGCUCUUAUACUAUUAAC

GCUACCGUGUCAUUGUAC

UUGGUAGUGUUGAUGGUU

UGGGUCGCAUUUGGCUUG

GCUUAUGGUUUUUUCACC

CUACCUCUCAUUGACGCA

GUAGGCUCUCAUAUGUGC

GUCUACAUGGAUCCUCA

120 nt NS3 Inhibition of

proteolytic activity

Kumar PK, et

al. 1997

G9-I RNA GGGAGAAUUCCGACCAGA

AGCUUCGGGAUUUGAGGG

UAGAAUGGGACUACCUUU

CCUCUCUCCUUCCUCUUC

U

30 nt ∆NS3 Inhibition of

proteolytic activity

Fukuda K, et

al. 2000

G9-II RNA GGGAGAAUUCCGACCAGA

AGUGCUCUUAGAAUGGGA

CUAAGACACGGGACCCUU

UCCUCUCUCCUUCCUCUU

CU

30 nt ∆NS3 Inhibition of

proteolytic activity

Fukuda K, et

al. 2000

G9-III RNA GGGAGAAUUCCGACCAGA

AGUACGACACGAUUGGGA

CGUGUCUAUGGGACCCUU

UCCUCUCUCCUUCCUCUU

CU

30 nt ∆NS3 Inhibition of

proteolytic activity

Fukuda K, et

al. 2000
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Aptamer Nature Sequence Randomized

region

Target Function Structure Ref

B-2 RNA GGGAUGCUUCGGCAUCCC

CGAAGCCGCUAUGGACCA

GUGGCGCGGCUUCGGCCC

GACGGAGUGGUACCGCUU

CGGCGGUACGUAAGCUUG

GG

25 nt - 10 nt NS5B Inhibition of RNA

polimerase activity in

vitro

Biroccio A, et

al. 2000

r10/43 DNA GGGAGACAAGAATAAACG

CTCAAGGGCGTGGTGGGTG

GGGTACTAATAATGTGCGT

TTGTTCGACAGGAGGCTCA

CAACAGGC

36 nt NS5B Inhibition of specific

subtype 3a

polymerase activity

Jones LA, et

al. 2006

r10/47 DNA GGGAGACAAGAATAAACG

CTCAATTGGGGTCTGCTCG

GGATTGCGGAGAACGTGA

ATCTTTCGACAGGAGGCTC

ACAACAGGC

36 nt NS5B Inhibition of specific

subtype 3a

polymerase activity

Jones LA, et

al. 2006

NS2-2 DNA CAGGTACCACCTTCATGGG

CGCGGAAGACGATGGTGTA

CTA

40 nt NS2 Distrup Ns2 - Ns5b

interaction. Inhibition

of NS2 activity

ND Gao Y, et al.

2014

NS2-3 DNA ACGGGGCAGGATTGTCCCC

GCGCCTGGTTGAAGGTAGT

CGC

40 nt NS2 Inhibithion of NS2

activity

ND Gao Y, et al.

2014

ZE2 DNA GCGGAATTCTAATACGACT

CACTATAGGGAACAGTCCG

AGCCGAATGAGGAATAATC

TAGCTCCTTCGCTGAGGGT

CAATGCGTCATAGGATCCC

GC

30 nt E2 Competitive

inhibithion of E2 -

CD81 binding . Block

HCV infection.

Chen F, et al.

2009

E1E2-6 DNA ACGCTCGGATGCCACTACA

G(N40)CTCATGGACGTGCTG

GTGAC

40 nt E1E2 Inhibition of aptamer

binding to the host cell

ND Yang D, et al.

2013

Table 5. Aptamers isolated against HCV proteins.

NS3 has a trypsin-like serine protease and NTPase/helicase activity [70, 71]. NS3 is required
for proteolytic processing of nonstructural proteins [72]. The HCV protease domain disrupts
the interferon (IFN) and toll-like receptor-3 (TLR3) signaling pathways by cleaving the caspase
recruitment domain of mitochondrial antiviral signaling protein (MAVS) and the TIR domain
containing an adapter-inducing interferon-β sequence (TRIF) [73]. As NS3 activity is crucial
for viral replication, many aptamers have been isolated against NS3.
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The 10G-1 RNA aptamer was selected against NS3 protease domain using a 12–18 nt random‐
ized library and can reduce protease activity by 20% compared with serine protease inhibitors
[74]. However, a new SELEX protocol was used to select anti-NS3 aptamers with improved
binding and inhibition activities increasing the structural pool complexity by using larger
randomized domains (120 nt) and competition against 10G-1. As a result, two new RNA
aptamers were selected (G6–16 and G6–19) showing efficient NS3 binding. The G6–16
concentration needed to inhibit 50% of the NS3 activity was 3 µM, and although both aptamers
inhibited the protease and helicase activity, they showed lower efficacy compared with known
serine protease inhibitors [75]. To further improve aptamer efficacy and inhibit the NS3 RNA
binding helicase, a truncated form (∆NS3) only including the protease domain was used as a
target, and the random sequence of the RNA pool was reduced to 30 nt to ease the SELEX
process. Three highly specific aptamers (G9-I, G9-II and G9-III) were obtained against ∆NS3
containing the conserved sequence GA(A/U)UGGGAC that was present inside an identical
loop in all aptamer structures. These aptamers showed KD values of 11.6 nM, 6.3 nM and 8.9
nm, respectively. The G9 aptamers produced 90% of NS3 protease activity inhibition alone
and 70% in the presence of NS4A used to simulate physiological conditions [76]. Structure
analyses suggested that interaction of stem I and stem-loop II is essential to G9-I aptamer NS3
binding. To achieve in vivo applications, the G9-II aptamer was conjugated with cis-acting
genomic human hepatitis delta virus (HDV) ribozymes. The aptamer was inserted into the
nonfunctional stem IV region of the HDV ribozyme promoting in vivo stable structure that
lasted up to 4 days after transfection. The HDV ribozyme–G9-II aptamer (HA) was attached
to nuclear export signal CTEM45 (HAC) and ligated in tandem to increase the aptamers dosage
in cells. These new constructs showed efficient NS3 protease inhibition in vivo and in vitro [77].
To also inhibit NS3 helicase activity, a poly U tail (14U) was added to the minimum functional
sequence of the G9-I aptamer (∆NEOIII) to mask and inhibit the helicase substrate-binding
region [78]. NEOIII-14U displayed dual functions by inhibiting NS3 protease activity in vivo
and in vitro and inhibiting the NS3 unwinding helicase reaction (IC50 1 µM) [79].

More RNA aptamers were selected against NS3 helicase domain, including the conserved
sequence GGA(U/C)GGAGCC at stem-loop regions. Further deletion and mutagenesis
analyses demonstrated that the whole structure of the conserved stem-loop is needed for
helicase inhibition. Aptamer #5 presented the best inhibition of helicase in vitro activity with
an IC50 of 50 nM [77]. Bifunctional aptamers constructed conjugating RNA aptamers ∆NEOIII
and G9-II with aptamer #5 through an oligo U spacer. The spacer length was optimized by
protease and helicase inhibition assays [80]. The resulting advanced dual-functional (ADD)
aptamers (NEO-34-s41 and G925-s50) showed superior inhibitory activities of NS3 [81].

NS5B is an RNA-dependent RNA polymerase that synthesizes the HCV-negative strand RNA
using genomic positive RNA strand as a template. NS5B has an essential role in the HCV’s life
cycle and its variability has been associated with worse disease prognosis [82]. The highly
specific B.2 RNA aptamer selected against a truncated NS5B target (NS5B∆C55) presented a
conserved sequence that was folded on stem loop structure associated with a tight interaction
to NS5B (KD = 1.5 ± 0.2 nM). Also, B.2 demonstrated inhibition of NS5B activity by a noncom‐
petitive mechanism [9].
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Two DNA aptamers selected against NS5B (27v and 127v) showed inhibition of polymerase
activity in vitro. Although both aptamers were isolated from the same SELEX procedure and
presented an 11-nt conserved sequence, they displayed different mechanisms to inhibit NS5B.
The 27v aptamer competed with RNA template and inhibited both initiation and elongation
of RNA synthesis, while 127v competed poorly and just inhibited initiation. Also, 27v was able
to inhibit RNA synthesis and HCV particles production on Huh7 cells [83, 84]. The RNA
aptamers r10/43 and r10/47 were isolated against NSB5 of HVC subtype 3a and resulted in the
inhibition of polymerase activity with an estimated KD = 1.4 and 6.0 nM, respectively [85].

In a different approach, chemically modified RNA aptamers (2′-hydroxyl or 2′-fluoropyrimi‐
dine) were isolated against NS5B. The 2′-hydroxyl aptamer inhibited HCV replication on
human liver cells without producing off-target effects or generation of escape mutants. The 2′-
fluoropyrimidine aptamer showed increased affinity to NS5B and efficient inhibition of HCV
replication in cultured cells. This last aptamer was further conjugated with cholesterol or
galactose-polyethylene glycol ligand to increase its availability and specificity for the liver
inhibiting replication of HCV genotype 1b and 2a [86].

Two other RNA aptamers targeting NS5A (NS5A-4 and NS5A-5) reduced the levels of
intracellular infectious virions and viral RNAs by 3-fold and 1-fold, respectively, affecting
virus assembly and release through prevention of the NS5A–core protein interaction. These
NS5A aptamers were specific to HCV without affecting HBV replication and produced
cytotoxicity in human hepatocytes [87].

NS2 contains a transmembrane segment in the N-terminal and a cytoplasmic region in the
C-terminal domain. Although NS2 is essential for HCV RNA replication, its role in HCV’s
life  cycle  is  still  unknown.  Aptamers  NS2-2  and  NS2-3  were  isolated  against  NS2  and
demonstrated  reduced  infectious  virus  production  without  in  vitro  cytotoxicity.  These
aptamers  were  specific  to  HCV  and  did  not  trigger  innate  immunity  responses.  NS2-2
aptamer produces its antiviral effects through binding the NS2 N-terminus thus disrupt‐
ing NS2–NS5 interaction [88].

E2 is an enveloped glycoprotein implicated on initial steps of viral infection by the direct
interaction with CD81. Through cell surface SELEX (CS-SELEX), specific DNA aptamers were
isolated against E2 expressed on CT26 cells. Aptamer ZE2 showed the highest affinity and
specificity to E2 and was able to detect HCV particles and block HCV infection on human
cultured hepatocytes by CD81 binding inhibition [89]. A similar inhibition mechanism was
observed on the DNA aptamer E1E2-6, which inhibited viral infection by blocking host cell
binding [90]. A new system developed to quantify immobilized infectious HCV particles in
microplates (so-called enzyme linked apto-sorbent assay or ELASA) used aptamers against E2
instead of antibodies and resulted in an effective and easy-to-use tool to quantify infectious
units of HCV and to monitor anti-HCV drug efficacies [91].

3. Aptamer structures

Nucleic acid aptamers have a diverse range of secondary structures such as stems, loops,
symmetric or asymmetric internal loops, bulge, single-base bulges and junctions. Aptamer
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internal loops and bulges generally present different conformations in solution and adopt
defined secondary and tertiary structures on ligand–aptamer complex [92]. This effect was
observed on aptamer Sc5-c3 selected against HPV-16 VLPs. Sc5-c3 showed a hairpin structure
with an internal loop, where the main loop (ML) presented two different structures in the
absence of a target (Table 2). Sc5-c3 transition structure was demonstrated by ribonuclease
mapping. Further experiments using Sc5-c3 mutants generated both stable stem and stable
loop conformations, demonstrating that the loop structure binds better to the VLPs [58]. Thus,
as observed in several aptamers, the binding region remains as a flexible single strand as bulges
or loops stabilize conformation arrangements in the presence of a target, producing a very
specific binding.

Although bulges and loops are quite common target-binding motifs in aptamer RNAs, they
are not the only structures present in aptamer–target complexes. Pseudoknots and G-quad‐
ruplexes have also been reported as functional components of aptamers [93]. For example,
some of the aptamers isolated against HIV integrase (93 del and 112 del) presented a G-rich
nucleic acid sequence that was stabilized in the presence of K+ as G-tetrad, increasing their
inhibitory effect [25]. Later reports showed that 93 del adopts an unusually stable dimeric
quadruplex structure [94].

The binding properties of an aptamer are dictated by its sequence and subsequent folding into
secondary and tertiary structures. Recently, functional RNA structures were classified as
critical, connecting, neutral and forbidden structures regarding their particular roles within a
structure [95]. This classification is also applicable to nucleic acid aptamers and is an important
clue to design novel and functional variants for viral detection or therapy.

4. Challenges for aptamer technology

According to their molecular characteristics, RNA or DNA aptamers have some limitations in
their use in animal models and humans. They have limited stability in biological fluids and
are readily degraded by nucleases, unmodified aptamers in the bloodstream possess a half-
life time of less than two minutes. However, many post-SELEX modifications have been
developed to avoid nuclease attack and improve stability in biological fluids. Some modifica‐
tion examples include nucleotide substitutions by 2′-modified variants such as 2′-fluoro (2′-
F), 2′-amino (2′-NH2) or 2′-O-alkyl. Because the most abundant nucleases in biological fluids
are specific to pyrimidines, substitutions in pyrimidine positions appear to be sufficient to
prevent degradation. Another method to stabilize RNA aptamers is the substitution of D-
ribose by L-ribose. As a first step, the aptamers bind the mirror image of the target molecule
to obtain a D-aptamer, then the selected aptamer sequence is synthesized in L-conformation.
As a result of molecular symmetry, the L-ribose–containing aptamer can bind to the target
molecule avoiding degradation by D-ribose–specific nucleases. Moreover, to efficiently
overcome binding issues produced by the introduction of modified nucleotides on the aptamer
sequence, the SELEX procedure can be carried out in the presence of modified libraries.
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Therapeutic aptamers selected against intracellular or nuclear proteins represent bigger
challenges as they need to go across physiological barriers (i.e. cell membrane) before they
reach their targets. DNA and RNA aptamers are characterized by rapid renal clearance leading
to short half-lives in the bloodstream. To address this issue, aptamers can be conjugated to
synthetic polymers such as polyethylene glycol (PEG) to increase their in vivo half-life and
pharmacodynamics [96]. Additionally, PEG-conjugated aptamers show higher cellular uptake
than the unconjugated form [96]. Alternatively, delivery systems such as viral and nonviral
vectors may have improved aptamer cell uptake and nuclear distribution [97]. Vectors or
aptamers alone can be delivered either ex vivo or in vivo. In vivo approaches include intravenous
injection or local implantation and ex vivo refer to the removal of cells followed by in vitro
genetic manipulation and the reintroduction of modified cells. These therapies are still under
evaluation and further studies are necessary to demonstrate their clinical safety. Aptamers
against extracellular or surface viral targets have obvious advantages over aptamers targeting
viral proteins intracellularly expressed, as they can reach exposed areas of infection, such as
the respiratory tract or reproductive organs. This availability makes it possible to develop new
antiviral drugs administrated by noninvasive methods, such as aerosols in case of respiratory
tract infection or topical creams/lotions in case of reproductive organ infections. Many
aptamers are undergoing clinical trials, some of them administrated by noninvasive methods
but, so far, no antiviral aptamer has been approved for human use [18, 98].

5. Conclusion

In the last few years, aptamers have become successful tools for specific viral diagnosis and
genotyping, resulting in the development of many methods based on aptamer–target detection
with very high sensibility and accuracy. On the other hand, aptamer’s role as an antiviral drug
has demonstrated the inhibition of viral infection through in vitro assays and in vivo experi‐
ments using cell lines or animal models. Nevertheless, most aptamers failed to produce results
in clinical trials mostly due to nuclease-associated degradation. Therefore, further develop‐
ment of aptamer’s stability in biofluids and improved pharmacodynamics and delivery
methods are required to overcome clinical issues that would allow its successful therapeutic
application.
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Abstract

The versatile DNA G-quadruplex structure has emerged as an interesting alternative re‐
porter system applied in different biosensor platforms. In comparison to the conventional
reporter systems like enzymatic or fluorescent, DNA G-quadruplex has some distinct ad‐
vantages, as it is thermostable, easy to produce, low cost and most importantly able to be
amplified. Such remarkable advantages have led many researchers to exploit DNA G-
quadruplex as the reporter system in colorimetric, fluorescence and luminescence sen‐
sors. There has also been integration of DNA G-quadruplex with electrochemical
methods and quantum dot for sensing applications. Therefore, this chapter highlights
some recent examples of different biosensor platforms that use DNA G-quadruplex as a
reporter system with different detection methods.

Keywords: G-quadruplex, Biosensor, Protein Detection, DNA Detection, Metal Detection

1. Introduction

All genetic information with regards to every living organism is stored in the deoxyribonucleic
acid, DNA. This is the fundamental application of DNA that makes it the basic building block
of life. However, DNA is a very dynamic molecule whereby its function is not confined only
to information storage and delivery. DNA also has the ability to form a number of spatial
arrangements such as single-stranded hairpins, homoduplexes, triplexes and quadruplexes
with high-order complexity. In nature, the formation of these structures has been found to be
involved in many cellular mechanisms such as DNA recombination, regulation of gene
expression and possibly the proliferation of tumor cells [1, 2].

One of these DNA structures that are well studied is the G-quadruplex (G-quad) structure.
The G-quad structure is made up of a stack of nucleic acid sequence that is rich in guanine (G)
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[3]. Besides, G-quad structure is found to be polymorphic as it forms many different structural
arrangements depending on the variation in DNA composition and environment. Different
formation of G-quad structure has different yet specific functions in nature. Thus, the study
of G-quad has driven the structure into many applications, especially in the field of medicine,
biology and material sciences.

The biological functions of the G-quad structure are well documented and the principles of it
can be exploited for use as biosensors and therapeutics. One of the functions of the structure
is the formation of DNA enzyme or catalytic enzymes, in short, DNAzyme, that can exhibit
catalytic capabilities such as exhibiting peroxidase-like activity. G-quad can also serve as
internal fluorescent probes in which its nucleobases are modified or attached with fluorescent
dyes for sensing. In addition, G-quad can be combined with some electrochemical methods to
produce signal readout. The discovery of such remarkable advantages of G-quad have given
rise to the development of assays exploiting the G-quad structure such as DNA detection assay,
protein detection assay and even the detection of molecules and ions [4-7].

Taken together, the advantages and flexibilities accorded to DNA G-quad have made G-quad
very useful for the development of a variety of reporter systems for sensing applications.
Consequently, DNA-based assay has now become a potential alternative to the conventional
diagnostic platforms that use enzymes. In this chapter, the focus of our discussion would be
on the structural features and application of DNA G-quad structures for the development of
various sensing platforms.

2. Basic structures of DNA G-quad

DNA is often described as a double helix structure based on the typical Watson-Crick base
pairing, where hydrogen bonds are formed between guanine and cytosine or adenine with
thymine [8]. However, it was later discovered that a different bonding interaction based on
hydrogen bonding could contribute to base paring, called the Hoogsteen bonding. The basic
structure of G-quad involves four G bases forming a square planar array called the G-quartet
that is stabilized by eight Hoogsteen and Watson-Crick hydrogen bonds. G-quad are formed
by stacking up square planar arrays that is joined by the phosphodiester backbone and
stabilized by the π–π stacking interactions of the stacked G-quartets and specific cations such
as K+, Na+, Li+, NH4

+, Pb2+and Sr2+ that gives rise to the strong electrostatic interaction between
G and the cations [9-10].

NMR and crystallography studies have shown G-quad structures to be highly polymorphic
[11]. They can form many different structures depending on the length of the DNA, orientation
of the chains, positions of the loops and nature of the cations. G-quad can be found in many
different forms ranging from one, two or four separate chains that give rise to unimolecular,
bimolecular and tetramolecular structures [12]. There are also a variety of topologies of G-quad
due to different possible combinations of the stretches of G-rich sequences, loop formation and
also sequences [13-14]. Generally, the stretches of G can fold into different forms that include
the parallel, basket, hairpin and chair conformation. Four strands of G can fold to form a
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parallel four-stranded structure while two chains of G will fold into dimeric structures by
dimerization of a pair of hairpin that results in a bimolecular G-quad with two loops [15]. Two
structures of different loop orientations can be formed which are ‘edgewise’ loops that connect
adjacent anti-parallel chains and the ‘diagonal’ loops that connect cross-over anti-parallel
chains. As reported, the use of different cations in these two structures will form different loop
conformations. The NMR solution of these two structures showed that with K+ ions, the G-
quad structure gave ‘edgewise’ loops, and, on the other hand, the G-quad structure in Na+ ions
produced ‘diagonal’ loops [16, 17]. A single-stranded G-rich sequence with four G repeats will
form a unimolecular G-quad structure. This single stretch of G will fold and form an intramo‐
lecular G-quad with three loops in the presence of cations. Due to the steric hindrance and
electrostatic repulsion caused by the loops, the orientation of the three loops is not entirely
anti-parallel [13].

The polymorphism in the G-quad is the result of a balance between several stabilizing factors.
The G-quad structures are mainly determined by monovalent cations as these structures are
cation-dependent and require it for stability. Besides, other factors such as hydrogen bonding,
base-stacking forces and hydrophobic effects also affect the formation of different topologies
of the G-quad structures. However, this remarkable polymorphism has driven the increasing
influence of G-quad in various functions and applications, especially in the field of medicine,
biology and material sciences [18]. The main attractive application of G-quad revolves around
the potential diagnostic application of G-quad as a reporter system where signal readouts are
easily amplified by standard DNA amplification processes to yield a sensitive sensing system.

3. G-quad mimicking peroxidase activity in colorimetric-based sensors

There are several forms of readouts that G-quad structures are capable of producing. A major
readout format is by absorbance value where G-quad structures are able to form DNAzymes
that exhibit catalytic activity [19]. In nature, DNAzymes are initially known as catalytic
enzymes or DNA enzymes because of its ability to catalyze many reactions such as ligation,
DNA modification [20, 21], cleavage of DNA or RNA [21, 22] and also methylation of porphyrin
rings [9,23]. One of the most important features of G-quad DNAzyme activity is the peroxidase
mimicking activity when hemin is bound to the G-quad structure. The hemin–quadruplex
complex will catalyze the peroxide-mediated oxidation of the 2,2’-azino-bis(3-ethylbenzthia‐
zoline-6-sulphonic acid) diammonium salt (ABTS) to generate a coloured product [24-26]. This
colorimetric change has allowed the development of assays detecting metal ions, aptamer–
substrate complexes and even proteins. The conventional method to generate such change in
colour is based on enzymatic reactions involving enzymes such as horseradish peroxidase and
alkaline phosphatase. These enzymes are usually active in a narrow temperature range and
denatures at high temperatures. DNAzymes are stable in a broad temperature range and even
at very high temperatures, making it an interesting alternative to enzymes. Another advantage
of DNAzymes is the ease in preparation by chemical synthesis or by PCR, whereas protein
enzymes require tedious preparation and purification processes. A key advantage of G-quad
DNAzyme is the ability to carry out signal amplification by conventional DNA amplification
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methods, which is impossible with normal protein set-ups. The attractiveness of G-quad
DNAzyme to mimic peroxidase-like activity has allowed it to be exploited for the development
of biosensors [27-30].

An assay to detect silver ions (Ag+) was developed using G-quad as the reporter system. Ag+

ions are able to stabilize cytosine–cytosine (C–C) mismatches by forming the C–Ag+–C base
pairs. Therefore, in the absence of Ag+, the G-rich sequence will form an intramolecular duplex.
The addition of Ag+ in the mixture will allow the G-rich sequence to fold into a quadruplex
structure and readily bind to hemin to form a DNAzyme. This will allow the G-quad to exhibit
the peroxidase-like activity resulting in a change of the colourless ABTS to a coloured product
in the presence of Ag+ ions. The application of G-quad is useful to detect other molecules other
than metal ions [31].

Our group has shown the application of G-quad as a sensitive reporter system for the detection
of antibody–antigen interaction. The system was based on a pre-formed reporter system
whereby a probe was pre-formed by conjugating streptavidin gold nanoparticles with
biotinylated antigen and biotinylated daunomycin aptamer to exhibit the hemin-dependent
peroxidase-like activity (Figure 1). Thus, the pre-assay generation of such reporter probes
allows for rapid one-step incubation in a one-pot synthesis by exploiting the simple yet strong
streptavidin–biotin interaction. This helps to eliminate multiple tedious steps of incubation
and wash of conventional immunoassay systems. In this direct antibody–antigen assay,
antibodies against the target antigen was coated to the microtiter plates and incubated with
the probe. The wells were then developed with ABTS solution. The assay was able to generate
sensitive readouts for both competitive and direct assays [32].

Figure 1. Schematic diagram of the immunoassay that is based on the preformed-reporter system.
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Commonly, the peroxidase-like activity of DNAzymes is based on the oxidation of ABTS
solution mediated by hydrogen peroxide (H2O2). This mechanism can be manipulated to
initiate different sensing outcomes based on the same principles. This was evident in a
detection assay for cholesterol by substituting the H2O2 with the catalysed cholesterol oxidase
reaction of cholesterol and oxygen to produce the required H2O2 (Figure 2). Therefore, the G-
quad DNAzyme will be able to exhibit the peroxidase-like activity after the binding of hemin
to catalyze the oxidation of colourless ABTS mediated by the cholesterol oxidase reacted
production of H2O2. Therefore, only with the presence of cholesterol, the changes in colour of
ABTS will occur. Amplification of the DNA sequences to produce more DNAzyme was carried
out to further improve the signal readout [33].

Figure 2. Schematic diagram of the G-quad-based colorimetric sensor for cholesterol.

A new strategy was reported by Tang et al. for nucleic acid detection of the viral load of
Hepatitis B virus (HBV) that utilizes G-quad DNAzyme as the probe and involves polymerase
chain reaction (PCR). The DNA probe was designed to form a hairpin structure at room
temperature. During the denaturation step of PCR, the dsDNA HBV templates will denature,
and the DNA probe will be linearized and allowed to hybridize with the target HBV ssDNA.
The loop of the DNA probes will anneal to the conserved region of the HBV genome. The DNA
probes can be amplified and cleaved so that they can form G-quad DNAzyme. The stem part
of the probe is used to prohibit DNAzyme sequence to fold into G-quad at room temperature
in order to reduce the background reading. With the involvement of PCR, the sensitivity and
specificity of the HBV DNA assay was improved [34].

For further improvement of the DNA probe amplification, single temperature amplification
(isothermal amplification) was carried out instead of going through the conventional temper‐
ature cycling with the PCR. As reported by Liu et al., an aptamer-modified microchip that
combines rolling circle amplification with the peroxidase mimicking activity by G-quad
DNAzyme was developed for thrombin detection (Figure 3). The assay involved an aptamer-
modified microchip and a reporter aptamer consisting of the thrombin aptamer sequence and
a primer with G-quad circular template. When the sample was introduced into the microchip,
thrombin was captured by the chip immobilized thrombin aptamer and the reporter aptamer
will act as primer for the RCA amplification process. This will allow the amplification process
to generate increased amounts of G-quad to form DNAzyme upon binding of hemin. The
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generated hemin–DNAzyme complex will catalyse the oxidation of ABTS to produce a
coloured product [35]. Isothermal DNA amplification strategies can be employed easily for
DNAzyme sensor detection.

Figure 3. Ultrasensitive detection of thrombin by RCA and G-quad DNAzyme.

Besides RCA, G-quad structures can also be amplified using other isothermal strategies like
quadruplex priming amplification (QPA) as reported by Kankia et al. QPA allows for efficient
generation of G-quad structures by isothermal amplification with the additional ability to self-
dissociate for continuous amplification. During the QPA elongation process, the 5’ end of the
product will fold into intramolecular quadruplex and self-dissociates from the primer-binding
site of the template, allowing the template to be accessible to the incoming primer for the next
priming cycle. Thus, more quadruplexes were formed and eventually leading to increased
signal readout. Our group incorporated the QPA system for the development of a sandwich
immunoassay, called immuno-QPA (IQPA). The system exploits the peroxidase mimicking
function of G-quad DNAzyme and the quadruplex amplification by QPA. A recombinant scFv
was coated on the well and the biotinylated antigen was added and left to bind with the
antibody. Streptavidin was introduced as a bridge between the biotinylated antigen and
biotinylated QPA template. QPA was then carried out to amplify the QPA template with its
specific primer to generate self-dissociating G-quad structures. These self-dissociating G-quad
structures will bind to hemin to generate the similar colour change readout with ABTS as
mentioned earlier [36].

4. G-quad as fluorescence probes

The photophysical properties of G-quad structures are highly dependent on the bound metal
ions at the location of nucleobase electrons of the structure due to the coordination of ions in
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the center of the quadruplex. Thus, G-quad is able to exhibit two- to ten-fold higher quantum
fluorescence yields. This is due to the structure serving as energy donors to energy acceptors
in close proximity to yield fluorescence resonance energy transfer (FRET) systems. G-quad can
be utilized as a fluorescent probe in which the nucleobases in the structure are labelled or
attached with fluorescent dyes. Besides, the enhancement of the fluorescence of a small dye
can be exhibited based on the interaction of the G-quad with the fluorescence ligand [7,37,38].
Some of the ligands such as thiazole orange were reported to yield higher fluorescence yield
with the aid of the G-quad structure [39]. On the other hand, the G-quad could also cause
fluorescence quenching phenomena. For instance, the classic intercalating agent, ethidium
bromide (EtBr), binds to double-stranded DNA and exhibit fluorescence intensity up to 30-
fold. However, in the presence of G-quad, the fluorescence intensity of the EtBr can be
quenched upon binding to the structure [7].

One of the label-free G-quad DNA-based fluorescence biosensors reported was designed to
detect cisplatin, which is an anticancer drug widely used in chemotherapy. However, cisplatin
overdose can cause neurotic cell death that makes it dangerous for administration without
proper monitoring. Therefore, Zhou et al. developed a simple label-free fluorescence biosensor
by utilizing the interaction of G-quad and cisplatin as cisplatin was found to bind to G-quad
naturally (Figure 4). In the context of the assay, the absence of cisplatin will allow the formed
G-quad to bind to N-methyl mesoporphyrin IX (NMM), resulting in an increase in fluorescence
intensity. However, when cisplatin was added into the assay, it will bind to the G-quad
structure and disintegrate the structure. This will then cause a drastic decrease in fluorescence
intensity due to the collapse of the G-quad structure [40].

Figure 4. Label-free turn on and turn off fluorescence DNA G-quad-based sensor for the detection of cisplatin.

Wang et al. had proposed a label-free fluorescence biosensor based on G-quad formation in
order to detect the lead (II) ion (Pb2+). This biosensor consists of a G-rich DNA strand with its
partially complementary strand. The heme-oxygenase-1 inhibitor, zinc protoporphyrin
(ZnPPIX) has been utilized as a fluorescence probe, whereby it can interact with the Pb2+/G–
quad complex, producing fluorescence readout. In the absence of the Pb2+ ions, both DNA
strands will form a DNA duplex. The addition of Pb2+ will unwind the DNA duplex to allow
the G-rich strand to fold into the G-quad structure. The Pb2+/G–quad complex will then interact
with ZnPPIX to enhance its fluorescence intensity, which is not possible with the DNA duplex.
This biosensor could overcome the cumbersome step in which most of the fluorescence-based
biosensors would require fluorescence dyes to be probed on the DNA. In addition, this
biosensor can be reset easily to the original state by dissociating the G-quad structure. In order

DNA G-Quadruplex as a Reporter System for Sensor Development
http://dx.doi.org/10.5772/61580

127



to dissociate the G-quad structure, the strong Pb2+ chelator DOTA (1,4,7,10-tetraazacyclodo‐
decane-1,4,7,10-tetraacetic acid) was used as it has high binding capacity against Pb2+ to remove
Pb2+ from the G-quad structure, leaving the G-quad structure to dissociate and form a DNA
duplex with the complementary strand again [41].

As reported by Kankia and co-workers, a further improvement to their original QPA method
was reported [42]. The improved method involves the use of two linear processes that are the
QPA and linear nicking amplification, which is based on the study done by Galas and co-
workers. The probe DNA was hybridized with the target DNA and polymerase was used to
extend the target DNA strand and form QPA-PBS (primer-binding site). Then, the nicking
enzyme Nt.BSTNBI was introduced to nick the target strand and release the QPA-primer-
binding strand. The QPA-primer-binding strand will bind to the QPA primer and the poly‐
merase will function to extend the strand further. The primer will then dissociate to emit
fluorescence signals. The following priming step of QPA will be initiated again when the next
primer binds with the QPA-primer binding strand. This method was reported to be able to
reduce the background activity to allow sufficient sensitivity of the assay (Figure 5).

Figure 5. Principle of the QPA integrating nicking enzyme for diagnostics.

5. G-quad in luminescence-based sensors

Although applied widely, fluorescent labelling for sensor development has some limitations.
Labelling the oligonucleotide covalently can reduce the binding affinity or selectivity of the
oligonucleotide, which in turn hampers the efficiency of the assay. Besides, fluorescent
labelling is costly and time consuming. Therefore, the use of luminescent probes in sensor
development was an attractive solution. Unlike fluorescent probes, luminescent probes are not
covalently attached to the nucleic acid; instead, it can bind with DNA through end stacking or
electrostatic interactions, intercalation and groove binding. Such interactions will not affect
the functionality of the DNA [43].
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Labelling the oligonucleotide covalently can reduce the binding affinity or selectivity of the
oligonucleotide, which in turn hampers the efficiency of the assay. Besides, fluorescent
labelling is costly and time consuming. Therefore, the use of luminescent probes in sensor
development was an attractive solution. Unlike fluorescent probes, luminescent probes are not
covalently attached to the nucleic acid; instead, it can bind with DNA through end stacking or
electrostatic interactions, intercalation and groove binding. Such interactions will not affect
the functionality of the DNA [43].
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A label-free G-quad assay for metal detection was developed by Ma et al. This assay was based
on the transition of a DNA structure, which involved specially designed oligonucleotide that
is rich in guanine and cytosine. The transition of DNA structure would be from a quadruplex
to duplex conformation induced by silver (Ag+) ions. In this assay, platinum (II) metallo
intercalator was used for the switch on/ switch off response towards the Ag+ ions. Initially, a
low luminescence background was generated due to the weak interaction of platinum (II)
metallo intercalator and the G-quad structure without the Ag+ ions. However, after adding the
Ag+ ions, cystosine-Ag+-cytosine mismatched base pairing occurred, causing the G-quad
structure to revert to a duplex structure. This allowed the intercalation of the platinum(II)
metallo intercalator to the duplex DNA structure and generates a luminescent signal [44].

Besides metal detection assays, the same group also developed an assay for the detection of
gene deletion (Figure 6). They designed a split G-quad assay whereby it consists of two short
oligonucleotides, namely P1 and P2. Both of these strands have complementary regions that
can recognize the deletion site of the chemokine receptor gene CCR5 and also contain guanine-
rich overhangs. These guanine-rich overhangs of both strands can form a split G-quad in close
proximity. CCR5 was used as the target because it was reported to be a co-receptor for
macrophage-tropic human immunodeficiency virus type 1 (HIV-1) strain and it allows HIV-1
to enter the CD4+ T cells. Mutation on CCR5 gene caused no expression of functional protein,
which gives rise to the resistance against HIV infection. In this assay, P1 and P2 strands were
able to hybridize with the wild-type CCR5 DNA strand. Due to the large spatial separation
between both G-rich overhangs of P1 and P2, a split G-quad structure was not formed, causing
the generation of a lower luminescent signal of the iridium(III) complex. However, mutant of
the CCR5 DNA sequence that is shorter in length can cause the two G-quad-forming sequences
of P1 and P2 to close proximity upon hybridizing with the shorter mutant sequence. This
resulted in the formation of the split G-quad, generating a switch-on luminescence effect of
the iridium (III) complex [45].

Figure 6. Split G-quad luminescent turn-on detection for the detection of gene deletion of HIV DNA sequence.

6. G-quad integrates with electrochemistry

Apart from the applications that exploit the properties of the G-quad structures, new strategies
were established by integrating G-quad with electrochemistry. Recent studies developed
different electrochemical G-quad sensors based on magnetic particles, nanoparticles labelled
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with metal tags, nanotubes and other nanomaterials. Wang et al. developed a thrombin
detection assay using amplified electrochemical signal. This assay consists of an aptamer
modified gold electrode and another aptamer modified with Cds hollow nanosphere. These
two aptamers are complementary in most part except for the middle bases that are not
complementary. This design will allow the aptamer to form a hairpin. Thus, in the presence
of thrombin, the conformation of the aptamer will change from a hairpin to a G-quad structure.
The nanospheres will allow the electron transfer between the gold electrode and K3[Fe(CN)6],
producing an electrocatalytic response [46].

Besides the protein detection sensor, electrochemical methods have also been exploited in the
development of biosensor for cancer monitoring or impedimetric biosensor that measures the
swelling behaviour of different cancer cells. An electrochemical-based G-quad sensor to detect
cancer cells was developed by Qu et al. The biosensor consists of a graphene-modified
electrode where aptamer, AS1411 and its complementary strand were used. In the presence of
the cations, the aptamer, AS1411 forms G-quad and binds specifically to nucleolins that are
expressed on the cancer cell surface with high binding affinity. Thus, only the cancer cells can
be captured and it is capable to differentiate cancer cells from normal cells. The cyclic voltam‐
metry (CV) signal of the K3[Fe(CN)6]/K4[Fe(CN)6] decreased over time as the anchored aptamer
folded to form a G-quad. However, after the binding of the cancer cell to the G-quad, there
was little to no observable CV signal of the K3[Fe(CN)6]/K4[Fe(CN)6]. The sensor is then
regenerated using the AS1411 complementary strand to allow it to be reused for the next round
of cancer cell detection [47].

Many studies also incorporated electrochemical methods in the DNA detection sensors.
Recently, Yao and co-workers integrated the isothermal exponential amplification (EXPAR)
with hybridization chain reaction (HCR) of DNAzyme in addition to the merits of electro‐
chemical method for the development of an ultrasensitive DNA sensor for avian flu strain
H7N9 (Figure 7). A single-stranded DNA derived from the hemagglutinin (HA)-encoding
sequences from avian influenza A (H7N9) was used as the target gene in their sensor devel‐
opment. The molecular beacons (MBs) contained the G-quad that cannot be opened up or
assembled together without the target. A duplex probe was anchored to the surface of the
electrode. Once the target DNA hybridized with one of the sequence of the probe, the ampli‐
fication through toe-hole-mediated strand displacement (TMSDR) was initiated. The duplex
with the target gene was released to the solution and initiated the EXPAR with a primer. On
the other hand, the other bound strand of the probe on the electrode was then hybridized with
the MBs. The hairpin structure of the MBs was opened through TMSDR and resulted in the
formation of G-quad nanowires. Hemin was bound to the G-quad nanowires and formed
DNAzyme that catalysed the oxidation of TMB, generating an increase in electrochemical
signal in reduction current to be measured. This DNA sensor for avian flu (H7N9) was
ultrasensitive with the limit of detection at femtomolar levels [48].

Applying electrochemical methods, the detection limits of biosensors can be improved to allow
remarkably low levels to be detected. In addition to the reduced cost of the biosensor with
rapid response, the ability to miniaturize the assay allows it to be considered for point-of-care
applications. Such remarkable advantages have drawn many researchers to the development
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of biosensor systems based on electrochemistry for the detection of protein, DNA and other
analytes.

7. G-quad integrates with quantum dots

The emergence of quantum dots (QD) in molecular sensing methods has attracted a lot of
attentions from many researchers. QD have been extensively used as optical labels, probes for
FRET and also as energy acceptors from metal complexes or from energy generated by
luminescence or photoelectrochemical for the detection of DNA or formation of aptamer–
substrate complexes [49]. Wilner and co-workers utilized the G-quad forming DNAzyme,
which is conjugated to semiconductor QDs. It functions as a light source that promotes
chemiluminescence resonance energy transfer (CRET) to QDs.

In this assay, anti-thrombin aptamer was used where it was also previously used in a colori‐
metric sensor for thrombin whereby hemin/G-quad forming DNAzyme was used to catalyse
the oxidation of ABTS in the presence of H2O2. Meanwhile, in this assay, the hemin/G-quad
forming DNAzyme aptamer–thrombin complex was used to generate chemiluminescence in
the presence of H2O2/luminol. Then, in close proximity, this complex was able to excite the
CdSe/ZnS QDs, resulting in CRET to the QDs triggering the luminescence of QDs. The
glutathione-modified CdSe/ZnS QDs were attached with the anti-thrombin aptamer. A low
CRET and chemiluminescence signal was observed even if it was without thrombin due to the
diffusional hemin. Upon adding thrombin into the assay, the chemiluminescence signal and
the CRET-stimulated luminescence of the QDs were greatly increased. The increase in CRET
signals was proportional to the concentration of thrombin detected [50].

Besides the detection of aptamer–substrate complex, the detection of metal ions can also be
carried out by exploiting the hemin/G-quad forming DNAzyme complex. The same group
also developed a G-quad-based sensor to detect mercury ions (Hg2+) (Figure 8). This assay

Figure 7. Schematic diagram of the DNA detection of H7N9 integrating EXPAR and HCR for electrochemical assay.
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comprised two strands of DNA whereby each of the strand has G-rich sequence forming
DNAzyme (1) and (2) and a T-containing site that functions as the recognition site of Hg2+,
(3) and (4). As the T-containing sites of (3) and (4) were partially complementary, (1) and
(2) could not assemble to form a G-quadruplex. However, in the presence of Hg2+, the T-
Hg2+-T complexes formed between the T-containing sites of (3) and (4) and formed a duplex
structure. Therefore, this led to the formation of the hemin/G-quad complex between (1)
and (2). The hemin/G-quad complex catalyzed the oxidation of luminol in the presence of
H2O2,  generating  chemiluminescence  signal.  Then,  this  signal  acted  as  an  internal  light
source that can excite CdSe/ZnS QDs, resulting in CRET to the QDs. Then, this stimulat‐
ed the luminescence signal from QDs [51].

Figure 8. Detection of Hg2+ through CRET from luminol that is oxidized by DNAzyme to QD.

8. Conclusion

In comparison with conventional reporter systems, G-quad-based systems provide many
advantages in terms of cost, thermostability and ease of synthesis. With all these advantages,
it makes them very useful for the development of sensing probes for diagnosis, applicable to
DNA, protein and metal detection. The vast application of G-quad structures to generate
various forms of readouts ranging from colorimetric to electrochemical-based readouts puts
it at the forefront of sensing reporters. G-quad-based assays are flexible as they can be adapted
to many different types of diagnostic platforms. This makes G-quad an attractive alternative
for the development of sensitive reporter systems for the sensing of various samples ranging
from small drug molecules, chemical compounds to large biomolecules.
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Abstract

Gene-targeting strategies based on nucleic acid have opened a new era with the develop‐
ment of potent and effective gene intervention strategies, such as DNAzymes, ribozymes,
small interfering RNAs (siRNAs), antisense oligonucleotides (ASOs), aptamers, decoys,
etc. These technologies have been examined in the setting of clinical trials, and several
have recently made the successful transition from basic research to clinical trials. This
chapter discusses progress made in these technologies, mainly focusing on Dzs and siR‐
NAs, because these are poised to play an integral role in antigene therapies in the future.

Keywords: Gene-targeting strategies, DNAzymes, siRNAs, basic research, clinical trials

1. Introduction

Over the past decade, it is known that the advent of oligonucleotide-based gene inactivation
agents have provided potential for these to serve as analytical tools and potential treatments
in a range of diseases, including cancer, infections, inflammation, etc. During this time, many
genes have been targeted by specifically engineered agents from different classes of small-
molecule nucleic-acid-based drugs in experimental models of disease to probe, dissect, and
characterize further the complex processes that underpin molecular signaling. Subsequently,
a number of molecules have been examined in the setting of clinical trials, and several have
recently made the successful transition from the bench to the clinic, heralding an exciting era
of gene-specific treatments. This is particularly important because clear inadequacies in
present therapies account for significant morbidity, mortality, and cost. The broad umbrella
of gene-silencing therapeutics encompasses a range of agents that include deoxyribozymes
(DNAzymes, Dzs), ribozymes, siRNAs, ASOs, aptamers, and decoys. This chapter tracks
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current movements in these technologies, focusing mainly on Dzs and siRNAs, because these
are poised to play an integral role in antigene therapies in the future.

2. DNAzymes

Among the gene-silencing technologies, Breaker and Joyce, in 1994, used an in vitro selection
method to identify a special Dz from a random pool of single-stranded DNA to catalyze Pb2+-
dependent cleavage of an RNA phosphodiester linkage [1]. Afterward, a number of Dzs were
created with the capacity to catalyze many reactions, including the cleavage of DNA or RNA,
the modification and ligation of DNA, and the metalation of porphyrin rings. However,
because of the low efficiency of RNA cleavage, they are not widely used for biological
applications except for 10-23 Dz [2]. The inherent catalytic RNA-cleaving property of Dzs has
been used with different mRNA targets as in vitro diagnostic and analytical tools, as well as
in vivo therapeutic agents.

2.1. The possible mechanisms and characteristics of DNAzymes

Dzs of the 10-23 subtype are single-stranded DNA catalysts that comprise a central cation-
dependent catalytic core of around 15 deoxyribonucleotides [ggctagctacaacga], and two
complementary binding arms of 6–12 nucleotides that are specific for each site along the target
RNA transcript [3]. As diagrammed in Figure 1, the enzyme binds the substrate through
Watson-Crick base pairing and cleaves a particular phosphodiester linkage located between
an unpaired purine and paired pyrimidine in the RNA. This results in the formation of 5’ and
3’ products, which contain a 2’, 3’-cyclic phosphate and 5’-hydroxyl terminus, respectively.
Even though the 10-23 Dz can cleave any RY junction, the reactivity of each substrate dinu‐
cleotide compared in the same background sequence with the appropriately matched DNA‐
zyme is found to follow the scheme AU = GU > GC >> AC. Murray et al. found that when the
target site core is an RC dinucleotide, the relatively poor activity could be enhanced up to 200-
fold by substituting deoxyguanine with deoxyinosine, which could effectively reduce the
strength of Watson-Crick pairing between bases flanking the cleavage site [4].

Due to the simple cleavage-site requirement, Dzs are capable of cleaving any particular
mRNAs for multiple turnover by appropriately designing the sequence in the binding arms.
Several features make Dzs attractive from a drug developmental viewpoint. For example, these
are inexpensive to synthesize, and their small size allows specificity. Moreover, DNAzymes
can be rendered more stable by structural modifications, such as phosphorothioate (PS)
linkages, locked nucleic acids (LNAs), and 3’-3’ inverted nucleotide end of the DNAzyme [5].
Enhanced biostability, low toxicity, affinity, and versatility suggest great promise for diag‐
nostic and therapeutic applications [6]. Limitations thus far in the development of DNAzymes
as novel therapeutics have been delivery and biodistribution, which revolve around poor
cellular uptake and stability. Delivery systems depend on the route of administration and the
target site. Moreover, an ideal delivery system would facilitate rapid and efficient distribution
to the site of action, stability, low toxicity, and efficacy.
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2.2. DNAzymes delivery systems – Past to present

As in all nucleic-acid-based reagents, efficient drug delivery systems (DDSs) to deliver the Dzs
to targeting site are highly needed. Furthermore, by adopting DDSs, it could be helpful to solve
the obstacles about DNAzymes’ stability, biological effects, and toxicity. Several seminal
studies have demonstrated that certain DNAzyme delivery systems can efficiently encapsulate
DNAzymes and transfect them into cells without clear toxicity. The attempt first involved the
microspheres of co-polymers poly (lactic acid) and poly (glycolic acid) (PLGA), which
encapsulated the Dzs. PLGA microspheres are able to achieve biphasic release and sustained
accumulation of the Dzs [7]. In a second delivery system, a chimeric aptamer–DNAzyme
conjugate was generated for the first time using a nucleolin aptamer (NCL-APT) and survivin
Dz (Sur_Dz). This conjugate could be used as a specific gene-targeting therapy to kill the
targeted cancer cells [8]. A third delivery system is developed and studied based on the cationic
liposomal formulation technology. Li et al. reported the effect of a c-Jun targeted DNAzyme
(Dz13) in a rabbit model of vein graft stenosis after autologous transplantation in a cationic
liposomal formulation containing 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)/1,2-
dioleoyl- snglycero-3-phosphoethanolamine (DOPE). Dz13/DOTAP/DOPE allows sufficient
uptake by the veins and reduces SMC (smooth muscle cell) proliferation and c-Jun protein
expression in vitro. Meanwhile, a Phase I clinical trial has indicated that it is safe and well
tolerated after local administration in skin cancer patients [9]. Finally, due to their low toxicity
and no side effects, nanoparticulate systems have spread rapidly and could significantly
enhance the efficacy of tumoricidal Dzs. Marquardt et al. found that c-Jun targeted Dz13
delivered in this manner is capable of enhanced skin penetration efficiency and cellular uptake
with a high reduced degradation of Dz13 in vitro [10]. These results indicate that, with more
suitable delivery approaches, the biological effects of Dzs would be further increased, and the
Dzs could be applied to new subject areas.

2.3. Application of DNAzymes in vivo and in vitro

Increasing evidence indicates the efficacy and potency of DNAzymes in vivo and in vitro in a
range of disease settings, allowing characterization of key pathogenic pathways and their

Figure 1. Secondary structure of the 10-23 DNAzyme–substrate complexes. The 10-23 DNAzyme consists of two varia‐
ble binding arms, designated arm I and arm II, which flank a conserved 15 base unpaired motif that forms the catalytic
core. The only requirement of the RNA substrate is for a core sequence containing an RY junction.
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potential use as therapeutic agents (Table 1). DNAzymes have been widely applied as a new
interference strategy in the treatment of many conditions, including cancer, viral diseases, and
vein graft stenosis. For instance, Dz13 targeting the transcription factor c-Jun has shown
promise in experimental models of mice infected with H5N1 virus via reducing H5N1
influenza virus replication and decreasing expression of pro-inflammatory cytokines [11].
Furthermore, Dz13/DOTAP/DOPE reduces SMC proliferation and c-Jun protein expression in
vitro, and inhibits neintima formation after end-to-side transplantation, which may potentially
be useful to reduce graft failure [9]. Likewise, Cai et al. demonstrated that safe and well-
tolerated Dz13 could inhibit tumor growth and reduce lung nodule formation in a model of
metastasis [12].

Target
Summary Description on Biological Effects

(In Vitro and In Vivo)
Refs.

LMP1
·Inhibiting proliferation and metastasis
·Promoting apoptosis
·Enhancing radiosensitivity

[13-15]

Egr-1
·Inhibiting proliferation and metastasis
·Suppressing tumor growth

[16]

MMP-9
·Inhibiting invasion and metastasis
·Suppressing tumor growth

[17, 18]

IGF-II
·Inhibiting proliferation
·inducing caspase-dependent apoptosis

[19]

survivin
·Inhibiting proliferation
·Promoting apoptosis

[8]

β-integrin
·Inhibiting invasion and metastasis
·Blocking angiogenesis

[20]

VEGFR-1
·Blocking angiogenesis
·Suppressing tumor growth

[21]

DNMT1 ·Inhibiting proliferation [22]

Bcl-XL
·Promoting apoptosis
·Enhancing Taxol chemosensitivity

[23]

c-Jun
·Inhibiting proliferation
·Restraining virus replication and host inflammation
·Suppressing tumor growth

[9, 11, 12]

BCR-ABL T315I
·Overcoming imatinib resistance based on BCR-ABL T315I
Mutation

[24]

EGFR T790M ·Overcoming EGFR T790M mutant-based TKI resistance [25]

TXNIP
·Attenuating oxidative stress, renal fibrosis, and collagen
deposition

[26]

Table 1. In vivo and in vitro applications of 10-23 DNAzymes
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As is well known, treatment resistance is one of the leading causes of tumor recurrence. We
have recently evaluated Dz1 targeting latent membrane protein 1 (LMP1) in the setting of
nasopharyngeal carcinoma model and demonstrated that injected intratumorally DZ1 with
fuGENE 6 in nude mice inoculating LMP1-positive cells resulted in a significant inhibition of
tumor growth and an enhanced radiosensitivity. Dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) showed that DZ1 reduces the angiogenesis and microvascular
permeability [13]. Other studies have used DNAzymes to target the other key genes in cancer
therapy. DNAzyme targeting the Bcl-XL gene significantly sensitized a panel of cancer cells
to apoptosis and further to reverse the chemoresistant phenotype [23]. Due to a secondary
mutation at T790M in the epidermal growth factor receptor (EGFR), most of nonsmall-cell lung
cancer (NSCLC) patients will eventually develop resistance to tyrosine kinase inhibitors (TKIs)
treatment. Allele-specific silencing of EGFR T790M expression and downstream signaling by
DNAzyme DzT could suppress the growth of xenograft tumors derived from H1975TM/LR cells,
indicating that DzT is capable of overcoming EGFR T790M mutant-based TKI resistance [25].
In a similar way, Kim et al. developed the DNAzyme that specifically targets the site of the
point mutation (T315I), conferring imatinib resistance in BCR–ABL mRNA. Cleavage of T315I-
mutant ABL mRNA by DNAzyme could significantly induce apoptosis and inhibit prolifera‐
tion in imatinib-resistant BCR-ABL-positive cells [24].

2.4. DNAzymes in clinical trials

The favorable properties of 10-23 Dzs, such as their enhanced biological stability, negligible
side effects, and lack of immunogenicity, have paved the way for Dzs to enter clinical trials
[17]. Up to now, Dzs to three targets have been undergoing clinical trials and at least one of
them has proved its therapeutic efficacy in Phase II trials (Table 2). These results further show
the potential of Dzs therapeutic approach for the treatment of diseases and represent a major
advance in this field.

As we have found that LMP1-targeted Dz1 could effectively inhibit the growth and enhance
the radiosensitivity of NPC cells both in vivo and in vitro, we investigated the antitumor and
radiosensitizing effects of Dz1 in NPC patients for the first time [27]. Being safe and well
tolerated, a randomized and double-blind clinical study was conducted in 40 NPC patients,
who received Dz1 or saline intratumorally in conjunction with radiation therapy. In a 3-month
follow-up, compared with the saline control group, the mean tumor regression and undetect‐
able EBV-DNA copy number in the DZ1 group is significantly higher. Molecular imaging
analysis found that Dz1 was tested to accelerate the decline of Ktrans, generally recognized as a
marker of tumor blood flow and permeability [28].

The nuclear transcription factor c-Jun is preferentially expressed in a range of cancers. Dz13
cleaves at the G1311U junction in human c-jun mRNA and exerts its antitumor activity via
induction of apoptosis, inhibition of angiogenesis, and the induction of adaptive immunity
[11]. A phase I first-in-human trial is conducted to determine the safety and tolerability of Dz13
in nine patients with basal-cell carcinoma (BCC), who received a single intratumoral injected
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dose of Dz13 (10, 30, or 100 ìg) [29]. Followed-up over four weeks, c-Jun expression is reduced
in all nine participants. Meanwhile, Dz13 could significantly promote apoptosis and stimulate
inflammatory and adaptive immune responses in the tumors. Among the participants, five
patients have a reduction in histological tumor depth. These results indicated that Dz13
possibly could represent a future treatment option for BCC prior to excision by surgery.

The transcription factor GATA-3 plays an important role in the regulation of Th2-mediated
immune mechanisms such as in allergic bronchial asthma, and the DNAzyme hgd40 has been
shown to specifically and selectively reduce expression of GATA-3 mRNA. Turowska et al.
found that hgd40 is evenly distributed in inflamed asthmatic mouse lungs within minutes after
single dose application, and could slowly eliminate from lung tissue with the goal to minimize
accumulation and to ensure continued exposure for efficacy [32]. Safety pharmacology studies
showed that with no observable adverse event, hgd40 has a highly favorable toxicity profile
when administered by aerosol inhalation at the therapeutic doses [33]. With good safety and
tolerability in the phase I program [31], a randomized, double-blind, placebo-controlled,
multicenter clinical trial of hgd40 was conducted in patients with allergic asthma, who had
biphasic early and late asthmatic responses after laboratory-based allergen provocation [30].
After each study drug administered by inhalation once daily for 28 days, hgd40 significantly
attenuates both late and early asthmatic responses and improves lung function. Moreover, the
Th2-regulated inflammatory responses are also attenuated.

Target Disease Phase Trial ID Refs.

LMP1 Nasopharyngeal carcinoma Phases I/II Completed NCT01449942 [27, 28]

c-Jun

Nodular basal-cell
carcinoma

Melanoma with satellite or
in-transit metastasis

Phases I Completed
Phase I/Ib Ongoing

ACTRN12610000162011
ACTRN12613000302752

[29]

GATA-3 Asthma Phases I Completed NCT01470911 [30-33]

Atopic dermatitis

Phases I Completed
Phases I Completed
Phases II Completed
Phase IIa Completed
Phases I Completed

NCT01554319
NCT01577953
NCT01743768

EUCTR2012-003570-77-DE
NCT02079688

Phases IIa Ongoing

Ulcerative colitis
Chronic obstructive
pulmonary disease

Phases I/II Ongoing
Phase IIa Pending

NCT02129439
DRKS00006087

Atopic eczema Phase IIa Ongoing EUCTR2013-001091-38-DE

Table 2. Clinical trials of DNAzymes in anti-diseases therapy
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These studies, taken together, further demonstrate the potential use of DNAzymes as gene-
targeting drugs. As Dzs are safe and well tolerated in humans, there is a good chance that we
may witness the Dzs reaching the clinic in the near future.

3. Small interfering RNA

Small interfering RNA (siRNA), first discovered in plants and Caenorhabditis elegans and later
in mammalian cells, is a member of a family of noncoding RNAs (ncRNAs) that affect and
regulate gene transcriptional and posttranscriptional silencing [34]. This sequence-specific
gene-silencing phenomenon could cause mRNA to be effectively broken down after tran‐
scription, resulting in no obvious translation. SiRNA represents an emerging therapeutic
approach against diseases for in vivo and in vitro studies, and along with novel drug delivery
techniques, the challenge of siRNA-based therapeutics is only now being optimized. These
discoveries led to a surge in interest in harnessing siRNA for biomedical research and drug
development.

3.1. The possible mechanisms and challenges of siRNAs

SiRNAs, synthetic mediators of RNA interference (RNAi), are basically dsRNA molecules
designed specifically to silence expression of target genes. Cytoplasmic dsRNA molecules are
considered unusual and are substrate for endonuclease Dicer, an RNase III family member.
Vertebrate-specific TAR (HIV trans-activator RNA) RNA-binding protein (TRBP) and protein
kinase R-activating protein (PACT) help Dicer to identify and dice dsRNA into about 21 bp
fragments with 2 nucleotides overhangs at each end, generating the siRNA. Then recognized
by an important enzyme Argonaute 2 (AGO2), siRNA of 21-23 nucleotides are incorporated
into an RNA-induced silencing complex (RISC). RNA helicases unwind the double-stranded
siRNA. The sense strand of the double-stranded siRNA is cleaved during the formation of the
RISC complex, and the antisense strand guides RISC to the complementary target mRNA,
which is rapidly degraded by RISC (Figure 2) [35, 36].

Though siRNAs can efficiently silence target gene expression in a sequence-specific manner,
many challenges, including rapid degradation, poor cellular uptake, off-target effects and
immune response, need to be addressed in order to carry these molecules into clinical trials
[37, 38]. For example, Chung et al. illustrated the underappreciated off-target effects of siRNA
gene knockdown technology. Hepatitis C Virus (HCV) depends on a core MOBKL1B (Mps
one binder kinase activator-like 1B)–NS5A peptide complex to complete its life cycle. However,
without the absence of MOBKL1B, siRNA of MOBKL1B still has off-target inhibitory effects
on virus replication [39]. Researchers have tried to develop modified method to reduce the
disadvantages. By using the default parameters in siDirect 2.0 Web server (http://siDir‐
ect2.RNAi.jp/), at least one qualified siRNA for >94% of human mRNA sequences in the RefSeq
database can be designed [40]. In addition, chemical modifications have been shown to protect
siRNAs from nuclease degradation without interfering with siRNA-silencing efficiency [37].
Thus, improvements in rational design strategies might have the potential to make the siRNAs
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more effective in the near future and to open the door to development of highly effective and
safe therapeutics for clinical applications.

3.2. SiRNAs delivery systems

Delivery of siRNAs to target tissues is impeded by many barriers at different levels. As possible
drugs in the near future, targeted delivery of siRNAs provides remarkable opportunities for
accelerating RNAi-based high-performance treatments. The success of siRNAs-based delivery
systems may be dependent upon uncovering a delivery route and sophisticated delivery
carriers. In this regard, Fujita et al. have reported a powerful platform (PnkRNA™ and
nkRNA®) to promote naked RNAi approaches through inhalation without delivery vehicles
in lung cancer xenograft models. This modified local drug delivery system could offer a
promising strategy for enhancing RNAi effects in cancer therapy [41]. In addition, with high
binding specificity, nucleic acid aptamer represents a different promising tool for selective
delivery siRNAs to cancer cells or tissues, resulting in increasing the therapeutic efficacy as
well as reducing toxicity [42]. Likewise, the latest studies in using cell-penetrating peptides
(CPPs) combined with molecular cargos, including liposomes, polymers, nanoparticles, and
so on, have indicated that for the delivery of siRNAs, the combination strategy can remit the

Figure 2. The process of siRNA-mediated degradation of target mRNA in eukaryotic cells. siRNA is recognized by
AGO2 and incorporated into the RISC. After that, RNA helicases unwind the double-stranded siRNA, and the anti‐
sense strand guides RISC to the complementary targeted mRNA, which is cleaved by RISC and rapidly degraded.
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reduced internalization efficiency caused by neutralization [43]. However, each transfection
process needs to be optimized because of cell density, siRNA concentration, transfection
reagents, etc.

3.3. Application of siRNAs – From the bench to the clinic

The discovery of RNA interference (RNAi) was approximately 20 years ago, and opened up a
new mechanism for gene-silencing therapeutics. Kim et al. evaluated the inhibition effect on
Notch1 expression by siRNA, and found that Notch1-targeted-siRNA could result in retarded
progression of inflammation, bone erosion, and cartilage damage in collagen-induced arthritis
(CIA) mice by efficiently inhibiting the expression of Notch1 in mRNA level [44]. Cao et al.
demonstrated that after silencing the expression of vascular endothelial growth factor (VEGF)
by siRNA, the number of living cells on the gel and the mucosa thickness are significantly
decreased in vivo, which indicated siRNA-targeting VEGF may be useful as a convenient
therapeutic option for chronic rhinosinusitis [45]. Similarly, VEGF-siRNA decreases the vessel-
forming ability and exhibited no testable cytotoxicity by significantly decreasing the expres‐
sion of VEGF mRNA and protein [46].

To date, given the progress of basic research, there are examples of clinical trial projects based
on RNAi technology against cancer and other diseases. SiRNA therapeutics is now well poised
to enter the clinical formulary as a new class of drugs in the near future. In an open-label phase
I/IIa study in the first-line setting of fifteen patients with nonoperable locally advanced
pancreatic cancer (LAPC), an siRNA drug (G12D) against KRAS, a Kirsten ras oncogene
homolog from the mammalian ras gene family, is well tolerated, safe, and demonstrated a
potential therapeutic efficacy to the patients enrolled, when combined with chemotherapy.
However, five participants experienced serious adverse events [47]. In addition, a recent
systematic analysis of a new RNAi therapeutic agent based on cationic lipoplexes containing
chemically stabilized siRNAs, called Atu027, which silences expression of protein kinase N3
in the vascular endothelium in patients with advanced solid tumors. In one case of 24 patients,
the study showed that Atu027 is tolerated up to 0.180 mg/kg, and no obvious dose-dependent
toxicities are observed [48]. Likewise, the results from another case of 34 patients showed that
Atu027 is safe in patients with advanced solid tumors, with 41% of patients having stable
disease for at least 8 weeks [49]. Also, because SYL040012 is an siRNA designed to specifically
silence β adrenergic receptor 2 (ADRB2) currently under development for glaucoma treatment
in vivo and in vitro [50], a phase I clinical trial of SYL040012 with 30 healthy subjects having
intraocular pressure (IOP) below 21 mmHg was conducted [51]. This trial found that admin‐
istration of SYL040012 over a period of 7 days significantly reduced IOP values regardless of
the dose used, was well tolerated locally and had no local or systemic adverse events. Thus,
taken together, these clinical studies conducted on siRNAs in the past few years indicate that
safe and effective target gene knockdown is achievable. Though targeting any individual gene
might lead to unanticipated clinical toxicity that could stop the development of any individual
siRNA drug, we anticipate a rapid expansion of clinical trials for multiple clinical indications.
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4. Antisense oligonucleotides

Antisense oligonucleotide, first recognized in 1978 by Zamecnik and Stevenson, is a small
synthetic piece of DNA (usually 15–18 mer in length) that can bind complementary RNA by
Watson-Crick base pairing. ASOs can target most RNA transcripts and have emerged as the
ideal therapeutic agents for a broad number of diseases [52, 53]. Upon binding to their target,
ASOs can modulate the intermediary metabolism of RNA by the recruitment of endogenous
RNase H1 to interfere with RNA function [54]. Human RNase H1 is a ubiquitous enzyme that
hydrolyzes the duplex formed between a DNA containing ssASO and target RNA through its
N-terminus RNA-binding domain. In order to cleave the RNA in the duplex, the RNase H1
catalytic domain needs at least 5 consecutive DNA/RNA base pairs, and cleavage usually
occurs within 7–10 nucleotides from the 5’-end of the RNA. After cleavage, the exposed
phosphate on the 5’-end and hydroxyl on the 3’-end are recognized, and the RNA is subse‐
quently degraded by cellular nucleases. At some point after RNase H1 cleaves the RNA, the
ssASO is released and is available to reengage another transcript.

Even though much progress has been made in the ASO field so far, there are still many
questions that might result in nonspecific effects. One of the principle challenges for success
is efficacious delivery to target organs. Because initial ASO molecules are either of low affinity
or low membrane permeability, they suffered from poor solubility and rapid degradation by
nucleases. In the field, many studies to improve the therapeutic potential of ASOs have focused
on chemical modifications to either improve nuclease resistance, such as 2’-O-methoxyethyl
(2’-MOE), or to facilitate cellular uptake, like phosphorothioate backbone that improves
membrane penetration [55, 56]. Moreover, too many heparin-binding cell surface proteins have
been identified to bind the phosphorothioate oligo with nanomolar affinity. The delivery of
ASO drug, encapsulating with materials ranging from cationic lipids to dendrimers to alginate/
chitosan nanoparticles, has reached new heights of clinical acceptance [52].

Over the past several years, antisense oligonucleotide-based targeted therapy has emerged
rapidly. Interest in the field has ramped-up dramatically, as numerous ongoing clinical trials
are evaluating the treatment effect on diseases with ASOs. Antisense oligonucleotide sodium
LY2181308 (LY2181308), hybridizing to the human survivin mRNA, is well tolerated in
patients with acute myeloid leukemia (AML). In combination with chemotherapy, LY2181308
does not cause additional toxicity, though 1/16 patients had incomplete responses, and 4/16
patients had cytoreduction [57]. Thus, future clinical trials are needed to further confirm its
clinical benefit. In another open-label, parallel-group study, reducing factor XI levels by a
second-generation antisense oligonucleotide FXI-ASO (ISIS 416858) is an effective method for
prevention of postoperative venous thromboembolism. With respect to the risk of bleeding,
FXI-ASO received once daily appeared to be safe [58]. In another phase II trial, compared with
those who received placebo, the participants with Crohn’s disease who received SMAD7 ASO
Mongersen (formerly GED0301) had significantly higher rates of remission and clinical
response [59]. Even more important, mipomersen, an antisense agent targeted to apolipopro‐
tein B, has recently received FDA (United States Food and Drug Administration) approval for
the treatment of familial hypercholesterolemia (http://www.fda.gov/newsevents/newsroom/
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pressannouncements/ucm337195.htm). This compelling therapeutic potential powerfully
supports further clinical investigations of ASOs in subjects in the near future.

5. Ribozymes

Ribozymes, also termed catalytic RNA, are highly structured RNA sequences that can be
engineered to specifically cleave target RNA molecules, similar to the action of protein
enzymes. However, unlike protein ribonucleases, ribozymes cleave only at a specific location,
using base-pairing and tertiary interactions to help align the cleavage site within the catalytic
core. The general mechanism of ribozymes is as follows: a 2’-oxygen nucleophile attacks the
adjacent phosphate in the target RNA backbone, resulting in cleavage products with 2’, 3’-
cyclic phosphate and 5’ hydroxyl termini [60].

Since ribozymes were accidentally discovered in 1982, it has been shown that RNA can act in
at least two ways in biology: as genetic material and as a biological catalyst. Examples of
ribozymes include the hammerhead ribozyme, the Leadzyme, and the hairpin ribozyme. In
the last several years, crystal structures of these ribozymes have been determined, providing
detailed views of the tertiary folds of these RNAs [60, 61], which would be modulated
allosterically to increase specificity of ribozyme action.

Compared to other therapeutical RNAs such as siRNAs, the current therapeutic efficacy of
ribozymes remains low due to their limited specificity, and structural instability [62]. And
furthermore, the amount of free Mg2+ in the intracellular environment plays a critical limitation
role for the catalytic activity [63]. To date, gene-therapy-based studies have focused upon
developing strategies to stabilize ribozymes and transfect them into live cells. Rouge et al.
reported the concept of ribozyme-spherical nucleic acid (SNA) conjugates and found that these
conjugates could allow high cellular uptake of ribozymes, with favorable catalytic activity and
stability [64]. Paudel et al. studied the effect of molecular crowding agents, like polyethylene
glycol (PEG), on the folding and catalysis of ribozymes. They demonstrated that PEG favors
the formation of the docked structure, which increases ribozymes’ activity. In addition, Mg2+-
induced folding in the presence of PEG occurs at concentrations ∼  7-fold lower than in the
absence of PEG [65].

Up to now, at least two clinical trials have positively showed the safety, feasibility, and long-
term stability of using ribozymes targeted to different mRNAs, such as HIV (human immu‐
nodeficiency virus) elements [66] and VEGF-1 [67]. However, the transduction efficiency left
room for improvement. In a phase II cell-delivered gene transfer clinical trial, 74 HIV-1 infected
adults enrolled randomly received a tat/vpr specific ribozyme OZ1 or placebo. This study
showed that OZ1-based gene therapy is safe, and has modest efficacy. In the future, modifi‐
cations would aim to increase the lymphocyte recovery in order to enhance the therapeutic
effect [68]. Another phase II trial of RPI.4610, an antiangiogenic ribozyme targeting the
VEGFR-1 mRNA, also demonstrated a well-tolerated safety profile but lacked the clinical
efficacy, which results in precluding this drug from further development [69]. Thus, insuffi‐
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cient success suggests that further investigation of allosteric regulation is essential to advance
the drug development.

6. Aptamers

Aptamers, single-stranded deoxyribonucleic acid or ribonucleic acid oligonucleotides, are
generated by an in vitro selection process called SELEX (systematic evolution of ligands by
exponential  enrichment).  They can bind their  target  molecules  with high specificity and
selectivity, indicating the probable therapeutic and diagnostic applications for diseases like
cancer, inflammatory diseases, etc. [70, 71]. Because aptamers contain some advantages over
antibodies  and  other  conventional  small-molecule  therapeutics,  such  as  high  specificity,
flexible modification, and low adverse effect, they have been shown as a valuable substi‐
tute to protein antibodies [72].  Moreover,  the strategies developed to chemically modify
backbone can further improve affinity and bioavailability of aptamers [73]. Higher affinity
and specificity could be simultaneously achieved by the genetic-algorithms-based ISM (in
silico maturation) [74].

The properties above have paved the way to further studies on introduction of aptamers to
preclinical and clinical applications. Based on previous data showing antitumor activity of
AS1411, a first-in-class quadruplex DNA aptamer targeting nucleolus, a phase II trial found
that AS1411 appears to have dramatic and durable responses in enrolled patients with
metastatic renal cell carcinoma, even though about 34% participants have AS1411-related mild
adverse events [75]. Malik et al. further discovered that AS1411-linked gold nanospheres
(AS1411-GNS) could markedly promote superior cellular uptake by cancer cells and increase
antiproliferative/cytotoxic effects, with no signs of toxicity [76]. Likewise, other clinical trials
on aptmers targeting FIX (Coagulation Factor IX) [77], vWF (von Willebrand factor) [78], and
TFPI (tissue factor pathway inhibitor) [79] respectively, all show that aptamers are well
tolerated, safe, and represent a new promising target therapy. However, as for some side
effects, further clinical investigations are warranted to better define the clinical indications,
safety, efficacy, and optimal dosing strategy.

7. Decoys

Unlike antisense oligonucleotide approaches that target mRNA, decoys are short, double-
stranded DNA molecules that compete with specific binding sites of transcription factors to
prevent their binding at target promoters, in order to inhibit gene expression at pretranscrip‐
tion level. Since decoys are DNA, they are more stable and easy to handle than RNA-based
intervention strategies [80]. Some methods, including the locked nucleic acid (LNA) intro‐
duced at the 3’-end [81] and chimeric decoys containing discrete binding sites [82], can increase
decoys nuclease resistance and specificity. So far, numerous of studies have indicated that
decoys are suited for novel potential therapeutic for combating cancer [80] and infectious
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diseases [83]. NOTCH1 decoy, a human IgG Fc consisting Notch1 extracellular domain inhibits
tumor angiogenesis and growth by blocking Jagged-dependent activation of Notch signaling.
Although well tolerated to mice for three weeks, NOTCH1 decoy treatment causes adverse
severe gastrointestinal effects [84]. As above, the STAT3 (signal transducers and activators of
transcription 3) decoy oligonucleotide represents another possible single-agent approach to
targeting both the tumor and vascular compartments in murine tumor xenografts mediated
through the inhibition of both STAT3 and STAT1 [85, 86]. Collectively, these findings point to
decoys as highly attractive agents in gene-targeted therapy.

8. Concluding remarks

Gene-targeting strategies based on nucleic acid have opened a new era with the development
of potent and effective gene intervention techniques, such as DNAzymes, ribozymes, siRNA,
ASOs, aptamers, decoys, etc. It is demonstrated that these technologies have versatility and
potency in disrupting pathophysiologically important pathways by silencing the target gene
with relative specificity in vivo and in vitro. Numerous investigative works by several labora‐
tories have been made in these fields. Although some clinical trials have proved the effective‐
ness of these techniques, only a few antisense drugs have been approved by the FDA for clinical
purposes. The main difficulties on the way to develop successful nucleic acid drugs are as
follows: how to ensure efficient and controlled delivery, prolonged target-specific action, and
no adverse effects. If the challenges outlined above can be overcome, these molecules would
prove to be valuable agents for economical and practical new therapies for diseases in the near
future.
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Abstract

RNA thermometers (RNATs) are cis-encoded regulatory elements that modulate transla‐
tional efficiently in response to environmental temperature. Since their initial discovery,
numerous RNATs have been identified and characterized, with the majority of currently
known RNATs present in a wide variety of bacterial species. RNATs repress translation
at relatively low temperatures by physically preventing binding of the ribosome to the
regulated transcript by incorporating the Shine-Dalgarno sequences (and/or start codon)
into an inhibitory structure. As the environmental temperature increases, the inhibitory
structure within the RNAT is destabilized and the repression of translation initiation is
gradually relieved. With the development of identification techniques, the rate at which
RNATs are identified, and the understanding of the molecular mechanisms governing
their regulator function, has grown exponentially. With the ever-increasing number of
characterized RNATs, broad families of these regulators have now been identified. It has
also become abundantly clear that RNATs influence several essential physiological proc‐
esses. This chapter aims to summarize the current knowledge of bacterial RNATs, with
special emphasis placed on the molecular mechanisms underlying RNAT function, exper‐
imental techniques used to identify and characterize RNATs, families of bacterial RNATs,
as well as biological processes controlled by RNATs, and future directions of the field.

Keywords: RNA thermometer, ribo-regulator, gene regulation, heat shock response, viru‐
lence factors

1. Introduction

Whether it is within a host or within the non-host environment, bacteria experience frequent,
and often extreme, changes within their immediate environment. In order to survive and thrive
under different environmental conditions, bacteria have evolved various systems that function
to sense changes in environmental conditions and mediate rapid adaptation in response to the

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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specific change. One condition that varies between the different environments encountered by
pathogenic and non-pathogenic bacteria alike is temperature. Environmental temperature has
direct effects on several fundamental biological processes, including proper folding of proteins
and optimum activity of enzymes. To counteract the potentially detrimental effects of altered
temperature, bacteria have evolved several strategies to respond to changes in environmental
temperature, including specific heat shock and cold shock responses. Moreover, for pathogenic
bacteria, a change of environmental temperature is a critical cue that can indicate entry into
the host and/or progression of the disease process within an infected host. In order to establish
and progress an infection, bacteria not only need to efficiently adapt to changing environ‐
mental conditions but also need to precisely regulate the production of specific virulence
factors — processes that are dependent on the ability of bacteria to sense specific changes in
environmental conditions, including temperature.

One method of sensing alterations in environmental temperature is through changes in the
secondary structure of RNA molecules. Double-stranded regions within a given RNA
molecule tend to dissociate into single-stranded structures with an increase in environmental
temperature. The temperature at which half of the population of a given double-stranded RNA
molecule is in the single-stranded conformation is defined as the Tm, a feature that is com‐
monly used as a measurement for the stability of a given structure within an RNA molecule
[1]. Due to its propensity to change conformation, an RNA structure that has a relatively low
Tm is more responsive to changes in environmental temperature, a feature that facilitates its
potential to act as a molecular thermosensors [2].

It is well established that translational efficiency is affected by the secondary structure of an
RNA transcript, particularly that of the region containing the ribosome-binding site and/or
start codon [3]. It was not until 1989, however, that the first cis-encoded temperature-respon‐
sive RNA regulatory element was identified [4]. Since that time, the rate at which temperature-
responsive cis-encoded regulatory RNA elements have been identified, and the concurrent
understanding of how they function to control target gene expression has grown exponentially
— a statement that is particularly true of temperature-sensing RNA regulatory elements in
bacteria. Based on their innate responsiveness to changes in environmental temperature,
regulatory RNA elements that function to modulate the translational efficiency for the
transcript in which they are housed in response to alterations in temperature have been termed
“RNA thermometers” (RNATs) [5]. Unlike metabolites-binding riboswitches, the activity of
RNAT is not modulated by the absence or presence of a ligand [6,7]. The regulatory function
of an RNAT relies solely on its innate chemical nature, which dictates the differential stability
of a specific inhibitory structure at different environmental temperatures.

With the ever-increasing number of characterized RNATs, variability within this class of
regulators is now coming to light. While the majority of RNATs are composed of sequences
within the 5′ untranslated region (5′ UTR) of the regulated gene, some have now been shown
to be composed, at least in part, of sequences within the coding region of the regulated
transcript or by sequences within the coding region of a preceding gene within a polycistronic
transcript [8,9]. In addition, the number of stem loops composing different RNATs varies,
ranging from one in the simplest RNATs to five in the most complex RNATs [10,11]. Despite
the variability among RNATs, they all share several basic fundamental features. Identifying
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to be composed, at least in part, of sequences within the coding region of the regulated
transcript or by sequences within the coding region of a preceding gene within a polycistronic
transcript [8,9]. In addition, the number of stem loops composing different RNATs varies,
ranging from one in the simplest RNATs to five in the most complex RNATs [10,11]. Despite
the variability among RNATs, they all share several basic fundamental features. Identifying
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and understanding the functional contribution of features conserved among characterized
RNATs, as well as those that vary among this class of regulators, has and will continue to
inform the foundational knowledge of the biological functions and chemical nature of these
ubiquitous regulators. This chapter focuses on bacterial RNATs and provides a comprehensive
summary of the current state of knowledge of RNATs, with emphasis given to discussions of
the molecular mechanism underlying RNAT function, experimental techniques used to
identify and characterize RNATs, families of bacterial RNATs, as well as the biological
processes controlled by RNATs, and future directions of the field.

2. Molecular mechanism underlying the regulatory function of RNA
thermometers

The molecular mechanism underlying the regulatory activity of RNATs is exquisitely simple,
mediated entirely by temperature-induced structural changes within a target mRNA molecule.
The currently proposed model of the molecular mechanism underlying RNAT function is that
of a zipper [5]. More specifically, at relatively low “non-permissive” temperatures, an inhibi‐
tory structure is formed within the RNAT, at least in part, by binding of Shine-Dalgarno (SD)
sequences with upstream sequences within the regulated transcript. Once formed, the
inhibitory structure functions to block translation initiation by physically preventing binding
of the ribosome to the regulated transcript. With an increase of temperature to that within a
permissive range, the base-pairs that stabilize the inhibitory structure within the RNAT
gradually dissociate, the ribosome-binding site becomes increasingly exposed and translation
proceeds (Figure 1) [7,12].

Figure 1. A schematic of the molecular mechanism underlying the regulatory function of RNA thermometers. In the
figure, the hairpin structure indicates the inhibitory hairpin of an RNA thermometer, with the red line representing the
region of Shine-Dalgarno (SD) sequence or ribosome-binding site. At relatively low, or non-permissive, temperatures,
the formation of the inhibitory hairpin inhibits translation from the transcript by preventing binding of ribosome to the
SD sequences. As the environmental temperature increases to the permissive range, the inhibitory structure dissoci‐
ates, giving the ribosome access to the SD sequence and thus permitting translation.

Though responsive to temperature, RNAT-mediated regulation is not an all-or-nothing
regulation but rather the shifting of an equilibrium towards an open or closed configuration
depending on temperature [5]. Furthermore, mutagenesis-based experimentation has clearly
demonstrated that it is the altered stability of the inhibitory structure rather than the primary
sequence that plays the most critical role in the regulatory function of RNATs [13].
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Several features differentiate RNATs from metabolites-binding riboswitches, a superficially
related class of ribo-regulators. Firstly, as demonstrated by UV and NMR spectroscopy assays,
the temperature-induced destabilization of the inhibitory structure within a given RNAT is a
gradual and reversible process [7,14]. As a result of these fundamental features, RNATs
mediate a graded response to temperature as opposed to an “on/off” type of regulation that
is often associated with riboswitch-mediated regulation. Secondly, unlike riboswitches,
structural changes within the RNAT are not mediated by an interaction with a small molecule
or other cellular component, a foundational feature confirmed by in vitro structural analyses
[7]. While the regulatory activity of RNATs is not responsive to the presence or absence of a
ligand, Mg2+ has been found to facilitate the regulatory function of some RNATs [15]. Specif‐
ically, Mg2+ has been shown to affect the stability and thus the temperature responsiveness of
the inhibitory structure of some RNATs, a feature that is fundamentally different than small
molecule-induced switching between mutually exclusive structures as is seen with ribos‐
witches.

While many advances have been made in recent years, several questions remain regarding the
details of the molecular mechanism(s) underlying the activity of RNATs. For example, several
studies investigating the regulatory mechanism of RNATs focus exclusively on the hairpin
containing the SD sequence. As a consequence, the impact of additional structural features
within an RNAT, particularly that of commonly observed upstream hairpins, remains largely
unknown. Additionally, a recent study revealed that, for at least a subset of RNATs, the
ribosome can bind to the SD sequence of the regulated transcript even at non-permissive
temperatures when the inhibitory structure would be present [16]. Finally, while the current
model of regulation invokes nothing more than temperature in mediating the structural
changes that underlie the regulatory activity of RNATs, the role of additional factors, including
that of the ribosome itself, remains the subject of active investigation.

3. Identification of RNA thermometers

3.1. In silico predictions

Given that the function of an RNAT is dependent on its structure, the identification of a new
RNAT often starts with in silico analyses aimed at predicting secondary structure and the Gibbs
free energy released by folding of known transcripts at different temperatures. Such predic‐
tions are often generated using freely available web-based programs, such as Mfold and are
typically carried out individually for each transcript under investigation [17]. The identifica‐
tion of putative RNATs has been facilitated by the generation of a searchable database that
contains the predicted structures within the untranslated regions of bacteria transcripts (RNA-
SURIBA) [18]. Additionally, web servers such as RNAtips and RNAthermsw are now availa‐
ble, which calculate the folding energy of a given RNA molecule under varied temperatures
[19,20]. Together, these databases and programs can be utilized to predict the presence of a
putative RNAT within a given transcript or genome. While in silico approaches have proven
powerful in the identification of many RNATs, they are limited in that they are only predic‐
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tions. Additionally, all currently available in silico prediction tools are based on our current
understanding of identified RNATs and therefore may not recognize novel types of RNATs
with unique structural features. As the number of characterized RNATs continues to grow, so
will our ability to accurately predict their presence in sequenced transcripts.

3.2. Identification with experimental approaches

Regardless of the approach used to predict the existence of a functional RNAT, the thermo‐
sensing regulatory activity of each putative element must be validated experimentally. There
are several lab-based approaches currently being utilized to demonstrate the functionality of
newly identified RNATs. One way in which the thermoresponsive regulatory activity of a
putative RNAT is tested is to clone the element being investigated between a constitutive or
an arabinose-inducible plasmid promoter and a reporter gene (e.g., lacZ or gfp) on a plasmid
[10,11,21]. By introducing the constructed reporter plasmid into a bacterial strain and meas‐
uring the relative amounts of both the reporter transcript and reporter protein following
growth of the strain at different temperatures, the functionality of the putative RNAT under
investigation can be accessed. Specifically, if the putative RNAT is functional, production of
the reporter protein will increase with the rise of temperature, while the relative levels of
reporter transcript will not vary. Such experimental investigations, along with mutagenesis
analysis, have been utilized to demonstrate the functionality of several newly identified
RNATs [11,22–24] (Figure 2).

Figure 2. In vivo reporter plasmid-based assay used to experimentally test the thermoresponsive regulatory activity of
a putative RNA thermometer. The reporter plasmid is constructed by cloning the inhibitory hairpin of a putative RNA
thermometer between a constitutive or arabinose-induced plasmid promoter and a reporter gene. If the RNA ther‐
mometer is functional, it is expected that, following the introduction of the reporter plasmid into a bacterial strain and
the growth of that strain at different temperatures, the relative amounts of the reporter transcript will be constant,
while the relative levels of the reporter protein will be regulated in response to temperature.
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To further validate the functionality of a predicted RNAT, in vitro analysis such as structure
probing assays can be utilized to directly investigate the impact of varied temperature on the
secondary structure of the element under investigation [22,25]. The principle underlying
structure probing-based analyses is that specific RNA-digesting enzymes cleave RNA
molecules based on the presence of specific secondary structures and/or primary sequences.
For example, RNase T1 cleaves immediately 3′ to a single-stranded guanine, while RNase V1
cleaves double-stranded RNA in a sequence-independent manner. Briefly, to perform a
structure probing analysis, the putative RNAT under investigation is synthesized by in vitro
transcription and then radiolabeled at the 5′ end. Next, the labeled RNA molecule is subjected
to partial digestion with various RNA-digesting enzymes separately, and the generated
fragments visualized by electrophoresis in a denaturing polyacrylamide gel. By completing
this analysis at different temperatures it is possible to determine the impact of environmental
temperature on the global structure of the RNA molecule (Figure 3).

Figure 3. Structure probing assay used to experimentally determine the secondary structure of a putative RNA ther‐
mometer. An in vitro transcribed putative RNA thermometer is represented as the hairpin structure in this figure. Fol‐
lowing radioactive end-labeling (indicated by a red star), the molecule is subject to partial digestions with different
RNA-digesting enzymes and the resulting products are visualized by electrophoresis. In this figure, enzyme RNase T1
and RNase V1 are presented as examples of RNA-digesting enzymes, which cut, respectively, immediately 3′ to a sin‐
gle-stranded guanine and at double-stranded RNA in a sequence-independent manner. If the putative RNA thermom‐
eter under investigation changes conformation in response to alterations in temperature, an increase of environmental
temperature would destabilize the inhibitory hairpin, resulting in a different pattern of radiolabeled fragments follow‐
ing digestion with the RNA degrading enzymes.

Moreover, techniques that study the physical properties of an RNA molecule, such as the
nuclear magnetic resonance (NMR) spectroscopy and UV melting analysis, can be utilized to
investigate the detailed base-pairing and their changes in response to temperature, thus
revealing structural information as well as the molecular basis of thermosensing [7,26].
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Together, these experimental analyses provide information about the dynamics of the
inhibitory structure of a putative RNAT.

In addition to studies aimed at characterizing temperature-dependent changes in secondary
structure, the regulatory activity of putative RNATs can be verified using a toe-printing assay,
an in vitro analysis designed to directly assess the ability a ribosome to assemble and bind to
the SD sequence contained on a given RNA molecule [22,27]. In the case of a functional RNAT,
it would be predicted that ribosomal binding occurs at permissive temperatures, when the
inhibitory structure is absent, but does not occur at non-permissive temperatures, when the
inhibitory structure is present. Briefly, a putative RNAT is synthesized by in vitro transcription
and incubated at a given temperature with a mixture of ribosome subunits and methionine
conjugated tRNAs. If an SD sequence is available, a stable initiation complex will form on the
RNA molecule, the presence of which is detected by reverse transcription using a radiolabeled
primer that binds the RNA molecule downstream to the ribosome-binding site. The presence
of the initiation complex will hinder the progression of the reverse transcriptase and thus result
in the formation of a relatively short radiolabeled cDNA product. If the initiation complex
cannot be formed, in this case because the SD sequences are occluded by the formation of an
inhibitory structure within the putative RNAT, reverse transcription will not be blocked and
a relatively long radiolabeled cDNA product will be generated. By completing toe-printing
assays at different temperatures, the impact of temperature on the ability of the ribosome to
interact with a putative RNAT can be directly determined. In the case of a functional RNAT,
it would be expected that a relatively short cDNA product will be formed at permissive
temperatures when the transcription initiation complex can form and that a relatively long
cDNA product will be formed at non-permissive temperatures when assembling of the
translation initiation complex is blocked by the formation of the inhibitory structures of the
RNAT (Figure 4).

3.3. RNA structuromics

Recently, a combination of experimental and next-generation high-throughput techniques
have been used to identify the structures of every RNA molecule within a single organism,
collectively termed the “RNA structurome” [28]. Structuromic analyses performed at various
temperatures have the potential to reveal a massive amount of information that will directly
lead to the discovery of potentially expansive numbers of temperature-responsive regulatory
RNA elements including RNATs [2]. The structurome of Saccharomyces cerevisiae and that of
mice nuclear transcriptome were generated using parallel analysis of RNA structure (PARS)
and fragmentation sequencing (Frag-seq), respectively [29,30]. The general experimental
procedure that reveals the structurome of an organism includes two main steps: 1) structural
probing of a certain transcriptome by specific RNA-digesting enzymes or chemicals that
differentially cleave or modify RNA molecules based on the presence of specific secondary
structures and 2) high-throughput sequencing analysis of the cDNA libraries generated from
the digested/modified transcriptome. The structural probing portion of the analysis can be
done either in vitro by treating the transcriptome harvested from the organism with structure-
and sequence-specific RNA endonucleases or in vivo by cell-penetrating chemicals that modify
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or cleave single-stranded RNA bases within the cells [28,31]. This new experimental approach
not only provides structural information of RNAs in physiological context but also evades the
disadvantages of current in silico and in vitro analyses. Specifically, in silico prediction of RNA
secondary structure is dependent on the length of RNA molecule that has been chosen; the
longer the sequence, the lower the reliability of the prediction [32]. Additionally, secondary
structures characterized by in vitro experimental analysis carry the caveat that the structures
may be different in vivo. It is expected that, by completion of RNA structuromic analyses in a
variety of bacterial organisms, the recognized numbers and types of RNATs will grow
dramatically, an advancement that is critical to revealing the full impact of RNATs in control‐
ling the physiology and virulence of bacterial species.

4. Families of RNA thermometers

The thermosensing activity of an RNAT is largely dependent on the physical features of its
secondary structure, specifically by those features that impact the stability, or the Tm, of the
inhibitory hairpin. In addition to the base-stacking interactions and the hydration shell of an
RNA helix, other critical features of RNATs include 1) the number and stability of hairpins
that are formed within the element; 2) the presence of canonical and non-canonical base-
pairing within the inhibitory structure; 3) the existence of internal loops, bulges, or mismatches
within the formed structure(s); and 4) the extent of base-pairing between sequences composing

Figure 4. Toe-printing assay used to experimentally determine differential binding of the ribosome to a putative RNA
thermometer at different temperatures. An in vitro transcribed putative RNA thermometer is incubated with a mixture
of ribosome subunits and methionine-conjugated tRNA under different temperatures and then used as template in a
reverse transcription reaction with a radiolabeled primer that binds downstream of the SD sequence. If the ribosome
differentially binds the transcript, as would be predicted for that containing a functional RNA thermometer, reverse
transcription would be expected to be hindered by the presence of the bound ribosome under permissive temperature
(37°C in this example), thus producing a relatively short radiolabeled cDNA product. At non-permissive temperatures
(25°C in this example), however, the ribosome would not be bound and reverse transcriptase would be expected to
process to the end of the transcript generating a relatively long radiolabeled cDNA product.
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the SD site and/or start codon with upstream sequences contained on the transcript. Each of
these features can directly impact the stability of the inhibitory structure within a given RNAT,
which in turn dictates the responsiveness of the element to temperature. Despite sharing a
common basic regulatory mechanism, differences in RNATs display different secondary
structures and other key features, differences that are now used to classify bacterial RNATs
into families. The two currently recognized families of RNATs are ROSE-like RNATs (repres‐
sion of heat shock gene expression) and FourU RNATs. RNATs composing each of these two
main families, as well as a few unique RNATs, are discussed below.

4.1. ROSE-like RNA thermometers

ROSE-like elements were first identified as conserved cis-regulatory elements located in the
regions between the promoters and start codons of genes encoding small heat shock proteins
(sHsps) in Bradyrhizobium japonicum. and within a short time were reported in other Rhizobi‐
um species as well as in Agrobacterium tumefaciens [21,33–35]. The heat shock response is a
highly conserved process among microorganisms, and while their numbers vary between
organisms, small heat shock proteins play a critical role in preventing protein denaturation
and aggregation under heat stress. Based on the conservation of the biological process as well
as the conservation of the primary sequence and secondary structure of the 17 originally
identified ROSE-like elements, bioinformatics-based techniques were used to predict ROSE-
like elements in the 5′ UTRs of sHsp encoding genes from 120 different archaea and bacteria
[21,36]. As a result of these studies, 27 additional ROSE-like elements were identified in 18
different α- and γ-proteobacteria species [36]. Likely as a result of the approaches used to
identify them, nearly all ROSE-like elements identified to date control the production of factors
involved in the heat shock response. However, as additional ROSE-like RNATs are identified
and characterized, it is expected that the contribution of these regulatory elements will be
expanded beyond the production of heat shock response and into other physiological proc‐
esses. This notion is supported by the recent identification of a ROSE-like RNAT in Pseudomonas
aeruginosa that controls the production of rhamnolipids, a virulence factor that functions to
protect the pathogen against killing by the human immune system [37]. Only with additional
studies will the potentially expansive role of ROSE-like thermometers in controlling the
physiology and virulence of bacterial species be revealed.

The ROSE-like family is the most extensively studied family of RNATs, harboring approximate‐
ly 70% of all RNATs identified to date. All RNATs within the ROSE-like family are housed with
5′ UTR regions that range from 60 nucleotides to more than 100 nucleotides in length and that
form 2 to 4 hairpins [36,37]. Within these hairpins, the 5′-proximal hairpin generally acts to
stabilize the secondary structure and facilitate the correct folding of the other hairpins, while
the 3′-proximal hairpin contains the SD region of the regulated transcript [7]. The defining
features  of  ROSE-like  RNATs that  contribute  to  their  temperature-responsive regulatory
function include 1) the presence of a conserved anti-SD sequence 5′-UYGCU-3′ (Y stands for a
pyrimidine) in the 3′-proximal hairpin, and 2) a “bulged” guanine within the SD sequester‐
ing hairpin (Figure 5) [36]. As a feature shared by all ROSE-like elements, it has been pro‐
posed that  the “bulged” guanine within the SD sequestering hairpin is  essential  for  the
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thermoresponsiveness of the regulatory element, a prediction that is supported by various
mutagenesis-based experimental approaches and by NMR spectroscopy [7,38,39]. These studies
have not only demonstrated that the “budged” guanine is essential for function but also revealed
that the “bulged” guanine forms hydrogen bonds with the second guanine within the SD
sequence of 5′-AGGA-3′. Additionally, towards the 3′ end of the SD site, two pyrimidines from
the anti-SD strand form a triple-base pair with a uracil from the SD site with hydrogen bonds
(Figure 5). The existence of two highly unstable pairs — a G-G pair and a triple-base pair —
within the inhibitory hairpin of ROSE-like RNATs enables it to respond to the subtle changes
of environmental temperature and thus to function as a temperature-sensitive regulatory
element [7].

Figure 5. Structural features of the ROSE-like family of RNA thermometers, demonstrated by a schematic of the hspA
RNA thermometer of B. japonicum. Within the four hairpins of hspA RNA thermometer, only the conserved structural
features in the 3′ proximal hairpin are shown in detail, with the varied number of upstream hairpins indicated by the
general hairpin structure in parentheses. The red line indicates the location of the SD sequence, while the conserved G-
G pairing and triple-base pair are highlighted by the green boxes.

4.2. FourU RNA thermometers

FourU RNATs, so named due to the presence of four consecutive uracil residues within the
SD sequestering inhibitory hairpin, represent the second family of currently identified RNATs.
First identified in Salmonella enterica, a total of eight FourU RNATs have now been identified
and characterized in a variety of bacterial species [10,11,22,40–42]. Unlike ROSE-like RNATs,
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only two characterized FourU RNATs function to control the production of a heat shock-
related factor [10,22]. Instead, the majority of characterized FourU RNATs (toxT from Vibrio
cholera, lcrF/virF from Yersinia species, as well as shuA from S. dysenteriae and its homologous
gene chuA from some pathogenic E. coli) function to regulate the production of virulence factors
in response to alterations in environmental temperature [11,40,41].

Figure 6. Structural features of the FourU family of RNA thermometers, demonstrated by a schematic of the shuA RNA
thermometer of S. dysenteriae. Only the conserved portion of the inhibitory hairpin of shuA RNA thermometer is shown
in this figure. The red line indicates the location of the SD sequences, while a green box indicates the location of the
conserved four consecutive uracil residues.

The structural features of FourU RNATs are largely varied. For example, the length of the 5′
UTRs in which FourU RNATs are housed ranges from as short as 40 nucleotides (htrA from
E. coli and Salmonella) to more than 280 nucleotides (shuA from Shigella dysenteriae) in length
[10,11]. Additionally, the number of hairpins varies from a single hairpin with internal loops
(toxT from Vibrio cholerae) to five hairpins, including an inhibitory hairpin with no internal
loops (shuA from S. dysenteriae) [11,40]. Despite these differences, there are also several key
features shared within FourU RNATs. The first shared feature is the presence of four consec‐
utive uridine residues that form canonical A-U and/or non-canonical G-U base-pairs with SD
sequences on the regulated transcript (Figure 6). Additionally, for RNATs within the FourU
family, the SD sequestering hairpin is generated by no less than 5 continuous base-pairs, and
often displaying conserved destabilizing features including the presence of relatively few G-
C pairs, as well as internal mismatches or loops within the inhibitory structures. Likely due to
the innate stability of the inhibitory hairpin within FourU RNATs, features destabilizing the
inhibitory structure increase the responsiveness of FourU RNATs to temperature alterations,
and disruption of these features result in altered thermosensing abilities. In the studies of each
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characterized FourU RNAT, mutagenesis analyses that introduce G-C base-pairs into the
inhibitory structure result in the expected stabilization and, importantly, loss of thermosensing
activity by the regulatory element [11,22,40]. NMR spectroscopy analysis has been utilized to
study the dynamics of the inhibitory hairpin within the agsA FourU RNAT [15]. Specifically,
a point mutation that introduces a C-G base-pair at the previously mismatched position
adjacent to the SD region increased the melting temperature of the hairpin by 11°C. Addition‐
ally, two Mg2+ binding sites were found in the agsA FourU thermometer hairpin and it was
demonstrated that Mg2+ functions to stabilize the inhibitory structure [15]. The degree to which
these important features are conserved among members of the FourU RNAT family will be
revealed only after additional members are identified and experimentally characterized. Such
experimentation will not only define the FourU RNAT family of regulators but will also
advance our ability to identify new FourU RNATs.

4.3. Additional types of RNA thermometers

It is important to note that not all characterized RNATs fit neatly into one of the two main
families: ROSE-like and FourU. While all RNATs are thought to share a basic zipper-like
thermosensing mechanism, several identified RNATs differ from those composing the main
families in critical features, including primary sequence and/or secondary structure, features
that impact the regulatory activity of these elements. It is the identification and characterization
of the details of the molecular mechanisms underlying each of these additional types of RNATs
that will expand our understanding of foundational principles governing RNA-mediated
thermosensing.

In some RNATs, base-pairing involving the SD sequence is not complete but instead is
disrupted by mismatches or “bulged” nucleotides, a feature also noted for ROSE-like elements.
For example, the inhibitory structure within the RNATs that control the production of two
putative lipoproteins LigA and LigB in Leptospira interrogans have identical nucleic acid
sequences that include a mismatch of an adenine and a guanine within the SD sequestering
hairpin [43]. Genes hspX and hspY that encode sHsps in Pseudomonas putida are also regulated
by RNATs that contain one or two A·G mismatches disrupting the otherwise continued base-
pairing of the SD region [8]. For these RNATs, further investigation is needed to understand
the direct impact of the apparently conserved feature of mismatched or bulged sequences
within the inhibitory structure on the regulatory activity of these elements.

Although lacking the presence of four consecutive uracil residues, two RNATs are similar to
FourU RNATs in that they display more than 5 continuous base-pairs within the SD region of
their inhibitory hairpins: one RNAT controls the production of an sHsp (Hsp17) from
Synechocystis sp. PCC 6803, while the other controls the production of Salmonella GroES, a
component of protein chaperon machinery [23,44]. RNAT-mediated regulation of hsp17 is
important for the survival of Synechocystis under heat stress, because Hsp17 not only prevents
denatured proteins from aggregation but also protects the integrity of cellular membranes
[45,46]. The 5′ UTR of hsp17 has a single hairpin with an internal asymmetric loop [23]. In the
SD sequence-binding region, instead of four uracils as seen in the FourU thermometer, the
hsp17 RNAT has a sequence of 5′-UCCU-3′ that forms four canonical pairs with the SD
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sequence, including two G-C pairs. The remaining base-pairs in the inhibitory hairpin are
mainly A-U pairs with two non-canonical G-U pairs. As the most stabled base-pairs within the
hsp17 RNAT, these two G-C base-pairs contribute to the stability and thus the inhibitory
function of the hairpin. Other features such as the asymmetric internal loop and low ratio of
G-C base-pairs destabilize the inhibitory structure, features that together enable the hairpin to
dissociate with the increase of temperature. For the inhibitory hairpin of the groES RNAT, it
has a mismatch of an adenine and a guanine that destabilizes this structure. While the
secondary structure and temperature-responsive regulatory function of the groES RNAT has
only been experimentally characterized in Salmonella and E. coli, this RNAT and its regulated
factor, a necessary chaperon for proper folding of cellular components, are well conserved in
enterobacteria [44].

For some RNATs, the function and stability of the inhibitory hairpin are impacted by base-
pairing with sequences other than those within the SD region. For example, in the 5′ UTR of
prfA from Listeria monocytogenes, a major portion of the SD region and the start codon are
confined within internal loops and thus are partially single-stranded [47]. It has been demon‐
strated, however, that the hairpin within the prfA 5′ UTR containing the SD region and start
codon does function as an RNA thermometer, an activity that is dependent on base-pairs that
are located upstream of the SD site, which function to stabilize the unusually long hairpin.
Another example of sequences other than those within the SD region that directly impact the
regulatory function of an RNAT is the repeated nucleotide sequence of 5′-UAUACUUA-3′ in
the RNAT of cssA from Neisseria meningitides [24]. These 8-nucleotide sequences are located
upstream of the SD region and enable the RNAT to sense mild changes of environmental
temperature, which is important for the survival of N. meningitides. As an opportunistic
pathogen that colonizes only humans, it is important that N. meningitidis can sense and respond
to a mild increase of temperature, as would be encountered during a fever response.

A unique example among currently identified RNATs is the one that controls the expression
of rpoH in E. coli [9]. Binding of the ribosome to the SD region within the ropH transcript is
facilitated by a sequence (named downstream box) located between the SD site and the start
codon [48]. The rpoH RNAT inhibits translation via embedding this downstream box in the
junction region of three stem loops instead of forming base-pairs within a single inhibitory
hairpin as is the usual conformation in RNATs [9]. As the environmental temperature
increases, two stems that paired with the downstream box melt at the junction position
exposing the downstream box as a single strand, a conformation that facilitates ribosome
binding to the transcript.

Lastly, there are currently three characterized RNATs that are located within intergenic regions
of a polycistronic transcripts: ibpB from E. coli, lcrF from Yersinia species, and hspY from P.
putida [8,41,49]. Their location within polycistronic transcripts differentiates these three
RNATs from all others found in the 5′ UTR of monocistronic or polycistronic transcripts.

Although they display key features that differ from those possessed by RNATs in the ROSE-
like or FourU families, many of the unique RNATs highlighted above are conserved between
several bacterial species. There is little doubt that as additional bacterial RNATs are identified
and characterized, commonalities will emerge and additional families will be recognized.
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5. Bacterial processes controlled by RNA thermometers

The regulation of gene expression in response to changes in environmental temperature is
important for survival of all bacteria and for virulence of pathogenic bacteria. RNATs have
been found to confer efficient temperature-dependent regulation onto the expression of
bacterial genes encoding factors involved in two critically important bacterial processes —heat
shock response and virulence. In the following section, each of these two critical biological
processes will be briefly introduced and the role that RNATs play in facilitating them will be
discussed.

Figure 7. Key processes are controlled by RNA thermometers in bacteria. The influence of RNA thermometers on the
bacterial heat shock response and on bacterial virulence is indicated by highlighting the different groups of genes
whose expression is directly regulated by an RNA thermometer.

5.1. Heat shock response

The primary effect of increased temperature on bacteria is the resulting denaturation of
temperature-sensitive proteins. Similar to regulatory RNA molecules, the function of a protein
is strictly dependent on its structure, a feature that can be impacted by environmental
temperature. Increased environmental temperature can result in partial or complete denatu‐
ration of a protein, resulting in a stable but often non-functional molecule [50]. In addition to
the denaturation of proteins, high temperature is also associated with disruption of the
bacterial cell membrane as well as damage to DNA molecules [46,51]. As a result of these
effects, increased environmental temperature can be lethal to bacterial life and thus represents
a stress that must be overcome.

In order to facilitate responsive adaptation to a rise in environmental temperature, bacteria
express several genes that encode for factors that function to protect the organism from the
detrimental effects generated by heat, collectively termed the heat shock response [52]. The
main components of the heat shock response include 1) alternative sigma factors that direct
the transcription of other heat shock responding genes; 2) heat shock proteins (Hsps), such as
protein chaperon machinery that facilitate the proper folding of other proteins; 3) small Hsps
(sHsps) that have multiple functions including preventing the formation of protein aggregates
and protecting the integrity of cellular membrane; and 4) enzymes that degrade denatured
proteins, repair damaged DNA, and more.
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Understanding the molecular mechanisms underlying the temperature-dependent regulation
of factors that facilitate the bacterial heat shock response is a major focus of ongoing investi‐
gations; the discovery of RNATs is rooted in these important studies. Since the identification
of an RNAT that regulates the expression of a small heat shock protein (HspA from B.
japonicum) and the heat shock alternative sigma factor σ32 (RpoH from E. coli), many other
players in the heat shock response have been found to be regulated by RNATs, including
chaperon component (GroES from Salmonella), heat-induced protease (HtrA from E. coli), and
other small heat shock proteins [7,8,29,35] (Figure 7). Regulation of heat shock response is a
complex process that involves the regulation of multiple factors at different steps of gene
expression. That said, it seems that temperature-dependent regulation by RNAT is a funda‐
mental regulatory mechanism that coordinately influences nearly all types of heat shock
response factors. Given the high degree of conservation seen between heat shock responses
factors produced by a wide variety of living organisms, temperature-dependent regulation
mediated by RNATs is expected to be present in many organisms, including eukaryotic
systems [52]. A finding that directly supports this prediction is that of a secondary structure
within the 5′ UTR of Drosophila Hsps encoding mRNAs that functions to regulate translation
from the transcript in response to environmental temperature [53]. The full extent of RNATs
in controlling heat shock response in bacteria and beyond is yet to be revealed.

5.2. Virulence-associated genes of pathogenic bacteria

Once within the body of the host, and throughout the course of a natural infection, pathogenic
bacteria face several challenges, including but not limited to 1) the need to adhere to host cells,
2) the need to evade killing by the host immune system, and 3) the need to acquire essential
nutrients. To overcome these challenges and progress of an infection, bacteria produce specific
virulence factors. As the production of virulence factors is most beneficial to an invading
bacterium when it is within the host, several levels of regulation are often employed to ensure
that the production of these important factors occurs only when the bacteria is within an
environment that resembles that encountered within the infected host. RNATs are involved
in regulating the production of a variety of virulence factors in several species of pathogenic
bacteria, ensuring that these factors are most efficiently produced at the relatively high
temperatures encountered within the infected host (Figure 7).

The expression of many virulence-associated genes is controlled by protein-based regulation,
specifically that carried out by transcriptional regulators. Interestingly, RNATs have been
found to directly control the production of three transcriptional activators that, in turn,
function to control the expression of virulence-associated genes: prfA from L. monocytogenes,
lcrF from Y. pestis, and toxT from V. cholera [40,41,47]. Another regulatory system that controls
the expression of multiple virulence factors is quorum sensing. To date, one gene whose
product is involved in quorum sensing-dependent modulation of virulence gene expression
has been found to be regulated by an RNAT; this gene is lasI from P. aeruginosa [37]. RNATs
within lcrF and toxT are FourU RNATs, while the RNATs controlling the expression of prfA
and lasI have currently unique structure.
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RNATs have also been implicated in controlling the expression of virulence-associated genes
that encode factors involved in adhesion and immune evasion. For example, three virulence-
associated genes in N. meningitis have been found to be regulated by RNATs: cssA, a gene
encoding a factor involved in capsule production; fHbp, a gene encoding a factor H binding
protein; and lst, a gene encoding a factor required for modifications of lipopolysacccharides
[24]. In L. interrogans, ligA and ligB, two genes encoding putative lipoprotein, are also regulated
by RNATs [43]. Additionally P. aeruginosa rhlA, a gene encoding an enzyme required for the
synthesis of rhamnolipid, a compound that can prevent killing of the bacteria by host immune
system, is regulated by an RNAT [37]. Except for rhlA RNAT, which is a member of the RSOE-
like family, these other RNATs mentioned above have unique structures and thus are not
members of the ROSE-like or FourU families of regulators.

To date, two genes involved in the acquisition of essential nutrients have been shown to be
regulated by RNATs: S. dysenteriae shuA, a gene encoding an outer membrane heme-binding
protein, and its homologous gene chuA in pathogenic E. coli [11]. Translation of shuA/chuA is
controlled by a FourU RNAT located in the relative large 5′ UTR of the corresponding gene.
Production of ShuA or ChuA facilitates the utilization of iron from heme, a potential source
of essential iron found only within the relatively warm environment of the infected host [54].

For many pathogenic bacteria, the transmission from one host to the next involves exposure
to different environments with different temperatures. The expression of many virulence-
associated genes is influenced by environmental temperature, a signal that varies between the
host and non-host environments. With an increasing number of virulence-associated genes
that are now known to be regulated by the activity of RNATs, it is possible that temperature-
dependent regulation mediated by RNATs will emerge as one of the basic regulatory strategies
utilized by pathogenic bacteria. The full and potentially expansive role that RNATs play in
controlling virulence of pathogenic bacteria is yet to be revealed.

6. Future directions

Although RNA-dependent regulation of gene expression has been a topic of active investiga‐
tion for decades, investigations of RNATs are much more recent, with less than 100 RNATs
having been identified to date (Table 1). Of note, RNATs vary in key structural features and
influence different essential physiological processes.

RNAT type Organism Gene Function of the gene Reference

ROSE-element

Agrobacterium tumefaciens hspAT1 & hspAT2 Small heat shock protein
Balsiger et. al. 2004
[33]

Bartonella henselae ibpA2 Small heat shock protein
Waldminghaus et. al.
2005 [36]
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RNAT type Organism Gene Function of the gene Reference

Bartonella quintana ibpA2 Small heat shock protein
Waldminghaus et. al.
2005 [36]

Bradyrhizobium japonicum
hspA, hspB, hspD,
hspE,& hspH

Small heat shock protein

Narberhaus et. al.
1998 [35];
Münchbach et. al.
1999 [34]

Bradyrhizobium sp.
(Parasponia)

hspAP, hspCP,
hspDP,& hspEP

Small heat shock protein
Nocker et. al. 2001
[21]

Brucella suis ibpA & hspA Small heat shock protein
Waldminghaus et. al.
2005 [36]

Caulobacter crescentus CC2258 & CC3592 Small heat shock protein
Waldminghaus et. al.
2005 [36]

Erwinia carotovora ibpA & ibpB Small heat shock protein
Waldminghaus et. al.
2005 [36]

Escherichia coli ibpA & ibpB Small heat shock protein

Waldminghaus et. al.
2005 [36];
Waldminghaus et. al.
2009 [39]; Gaubig et.
al. 2011 [49]

Mesorhizobium loti
mll2387, mll3033,
mlr3192,& mll9627

Small heat shock protein
Nocker et. al. 2001
[21]

Pseudomonas aeruginosa ibpA Small heat shock protein
Waldminghaus et. al.
2005 [36]; Krajewski
et. al. 2013 [38]

Pseudomonas putida ibpA Small heat shock protein
Waldminghaus et. al.
2005 [36]; Krajewski
et. al. 2013 [38]

Pseudomonas syringae

PSPT02170 Small heat shock protein
Waldminghaus et. al.
2005 [36]

ibpA Small heat shock protein
Krajewski et. al. 2013
[38]

Rhizobium sp. strain
NGR234

hspAN & hspCN Small heat shock protein
Nocker et. al. 2001
[21]

Rhodopseudomonas palustris RPA0054 & hspD Small heat shock protein
Waldminghaus et. al.
2005 [36]

Salmonella typhimurium ibpA & ibpB Small heat shock protein
Waldminghaus et. al.
2005 [36]
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RNAT type Organism Gene Function of the gene Reference

Shewanella oneidensis ibpA Small heat shock protein
Waldminghaus et. al.
2005 [36]

Shigella flexneri ibpA & ibpB Small heat shock protein
Waldminghaus et. al.
2005 [36]

Sinorhizobium meliloti ibpA & b21295 Small heat shock protein
Waldminghaus et. al.
2005 [36]

Vibrio cholerae hspA Small heat shock protein
Waldminghaus et. al.
2005 [36]

Vibrio parahaemolyticus hspA Small heat shock protein
Waldminghaus et. al.
2005 [36]

Vibrio vulnificus hspA Small heat shock protein
Waldminghaus et. al.
2005 [36]

Yersinia pestis ibpA & ibpB Small heat shock protein
Waldminghaus et. al.
2005 [36]

Pseudomonas aeruginosa rhlA
Enzymes involved in the
production of biosurfactant
rhamnolipids

Grosso-Becerra et. al.
2014 [37]

FourU
element

Escherichia coli htrA
Stress-responding periplasmic
protease

Klinkert et. al. 2012
[10]

Salmonella enterica

agsA Small heat shock protein
Waldminghaus et. al.
2007 [22]

htrAp3
Stress-responding periplasmic
protease (transcribed from the 3rd

promoter of the gene)

Klinkert et. al. 2012
[10]

Escherichia coli (some
strains)

chuA
Outer membrane heme-binding
protein

Kouse et. al. 2013 [11]

Shigella dysenteriae shuA
Outer membrane heme-binding
protein

Kouse et. al. 2013 [11]

Vibrio cholerae toxT
Transcriptional activator of
virulence factors (including
cholera toxin)

Weber et. al. 2014
[40]

Yersinia pestis lcrF
Transcriptional activator of
multiple virulence genes

Böhme et. al. 2012
[41]; Hoe et. al. 1993
[42]

Yersinia pseudotuberculosis virF (lcrF)
Transcriptional activator of
multiple virulence genes

Böhme et. al. 2012
[41]
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RNAT type Organism Gene Function of the gene Reference

Additional
types

Escherichia coli rpoH
Heat shock alternative sigma
factor σ32

Morita et. al. 1999 [9]

Pseudomonas putida hspX & hspY
Putative small heat shock
proteins (similar to hspA,B,C)

Krajewski et. al. 2014
[8]

Salmonella typhimurium groES
Component of protein chaperon
machinery

Cimdins et. al. 2013
[44]

Synechocystis sp. PCC 6803 hsp17 Small heat shock protein
Kortmann et. al. 2011
[23]

Leptospira interrogans ligA & ligB
Putative lipoproteins promote
adhesion -virulence related

Matsunaga et. al.
2013 [43]

Listeria monocytogenes prfA
Transcription activator of
virulence factors

Johansson et. al. 2002
[47]

Neisseria meningitidis

cssA Capsule biosynthesis
Loh et. al. 2013
[24]

fHbp Factor H binding protein

lst Lipopolysaccharide modification

Pseudomonas aeruginosa lasI
Quorum sensing –synthesis
quorum sensing signal

Grosso-Becerra et. al.
2014 [37]

Table 1. Summary of currently identified RNA thermometers

Despite their differences, all currently characterized RNATs are thought to share the same
basic zipper-like temperature-responsive molecular mechanism, based on which both
experimental and therapeutic applications can be derived. For example, artificial RNATs that
have only a single hairpin to perform the temperature-dependent inhibition of translation have
now been designed [55]. These artificial RNATs can be used as genetic tools to manipulate
target gene expression. In the aspect of applying knowledge of RNATs in developing thera‐
peutics, it is conceivable that compounds can be developed that would specifically stabilize
the inhibitory structure within a given RNAT, thus decreasing expression of this target gene.
Utilizing such an approach to inhibit the production of an essential gene product or virulence
factor could prevent or limit infections by a variety of pathogenic bacteria.

Future applications of RNATs as genetic tools and/or drug targets are dependent on an
increased understanding of these ubiquitous regulatory elements. With the maturation and
development of experimental techniques, we could identify additional RNATs and study the
molecular mechanisms underlying their regulatory activity in even greater detail. Moreover,
due to the fundamental roles of RNA in the biological world, there is a great potential that
RNATs also exist in archaea and eukaryotes. Further investigation and characterization of the
conserved features and mechanisms of RNATs along with an understanding of the function
of their regulatory targets could provide insight into the complex evolution of gene regulation.
With the rate at which advances have been made in the field of RNA-mediated regulation, and
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specifically within the study of RNATs, there is no doubt that these and other important
findings will be revealed sooner than later.

7. Nomenclature

cDNA library: The collection of single-stranded DNA products generated by reverse tran‐
scription using total RNAs isolated from an organism as templates.

Gibbs free energy: The thermodynamic potential of a system at a certain temperature and
pressure. In this chapter, Gibbs free energy indicates the stability of a certain hairpin structure.

Heat shock response: The coordinated production of several proteins and other essential
cellular components by a cell that work together to facilitate survival when the cell is exposed
to an environmental temperature that is higher than its ideal surviving temperature.

Hydration shell: A shell-like structure formed by water molecules surrounding a molecule.

Melting temperature (Tm): The temperature at which half of the double-stranded molecules
within a population assume a single-stranded conformation.

Quorum sensing: The coordinated regulation of bacterial gene expression in response to a
secreted signal molecule that indicates the population density. When the signal molecule
reaches a threshold amount, the cascade of signal-induced regulation occurs.

Riboswitch: A cis-encoded regulatory RNA element that functions to modulate target gene
expression via switching between two mutually different secondary structures. Conforma‐
tional changes within a riboswitch are induced by binding to a metabolite or other small
molecule at a specific ligand-binding region.

RNA thermometer: A cis-encoded RNA element that represses translation via incorporation
of the ribosome-binding site within an inhibitory hairpin at non-permissive temperatures.
With increased temperature, the inhibitory structures within an RNA thermometer is desta‐
bilized, the ribosome-binding site is exposed, and translation proceeds.

Shine-Dalgarno (SD) sequence: Also known as the ribosome-binding site, the Shine-Dalgarno
sequence is a sequence on an mRNA molecule to which the ribosome binds. Binding of a
ribosome to an SD sequence on a transcript is necessary for the initiation of translation.

Sigma factor: A protein factor that facilitates the sequence-specific binding between an RNA
polymerase and specific promoter regions on the DNA. Sigma factors are necessary for
transcription initiation.

Structurome: The collective determination of the secondary structure of each transcript present
in a given organism or cell type.

Transcriptome: The total population of RNA molecules present in a given organism or cell
type.
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5′ Untranslated region (5′ UTR): The region of a protein-encoding transcript that is located
upstream of the translation start site. The 5′ UTR thus does not containing amino acid-coding
sequences but rather contains the ribosome-binding site and often houses regulatory elements,
such as RNA thermometers.

Acknowledgements

The authors would like to acknowledge both the Ohio University, Ohio University Heritage
College of Osteopathic Medicine, and the American Heart Association for funding their
ongoing studies of bacterial RNA thermometers.

Author details

Yahan Wei1 and Erin R. Murphy2*

*Address all correspondence to: murphye@ohio.edu

1 Department of Biological Science, Ohio University, Athens, Ohio, U.S.A

2 Department of Biomedical Sciences, Ohio University Heritage College of Osteopathic
Medicine, Athens, Ohio, U.S.A

References

[1] Wan Y, Qu K, Ouyang Z, Kertesz M, Li J, Tibshirani R, et al. Genome-wide measure‐
ment of RNA folding energies. Mol Cell. 2012 Oct;48(2):169–81.

[2] Wan Y, Kertesz M, Spitale RC, Segal E, Chang HY. Understanding the transcriptome
through RNA structure. Nat Rev Genet. 2011;12(9):641–55.

[3] Gold L. Posttranscriptional regulatory mechanisms in Escherichia coli. Annu Rev Bio‐
chem. 1988 Jun;57(1):199–233.

[4] Altuvia S, Kornitzer D, Teff D, Oppenheim AB. Alternative mRNA structures of the
cIII gene of bacteriophage lambda determine the rate of its translation initiation. J
Mol Biol. 1989 Nov;210(2):265–80.

[5] Kortmann J, Narberhaus F. Bacterial RNA thermometers: Molecular zippers and
switches. Nat Rev Microbiol. 2012;10(4):255–65.

[6] Serganov A, Nudler E. A decade of riboswitches. Cell. 2013;152(1-2):17–24.

Temperature-Dependent Regulation of Bacterial Gene Expression by RNA Thermometers
http://dx.doi.org/10.5772/61968

177



[7] Chowdhury S, Maris C, Allain FH-T, Narberhaus F. Molecular basis for temperature
sensing by an RNA thermometer. EMBO J. 2006;25(11):2487–97.

[8] Krajewski SS, Joswig M, Nagel M, Narberhaus F. A tricistronic heat shock operon is
important for stress tolerance of Pseudomonas putida and conserved in many environ‐
mental bacteria. Environ Microbiol. 2014;16(6):1835–53.

[9] Morita MT, Tanaka Y, Kodama TS, Kyogoku Y, Yanagi H, Yura T. Translational in‐
duction of heat shock transcription factor σ32: Evidence for a built-in RNA thermo‐
sensor. Genes Dev. 1999;13(6):655–65.

[10] Klinkert B, Cimdins A, Gaubig LC, Roßmanith J, Aschke-Sonnenborn U, Narberhaus
F. Thermogenetic tools to monitor temperature-dependent gene expression in bacte‐
ria. J Biotechnol. 2012;160(1-2):55–63.

[11] Kouse AB, Righetti F, Kortmann J, Narberhaus F, Murphy ER. RNA-mediated ther‐
moregulation of iron-acquisition genes in Shigella dysenteriae and pathogenic Escheri‐
chia coli. PLoS One. 2013 Jan;8(5):e63781.

[12] Rinnenthal J, Klinkert B, Narberhaus F, Schwalbe H. Direct observation of the tem‐
perature-induced melting process of the Salmonella fourU RNA thermometer at base-
pair resolution. Nucleic Acids Res. 2010;38(11):3834–47.

[13] Nocker A, Hausherr T, Balsiger S, Krstulovic NP, Hennecke H, Narberhaus F. A
mRNA-based thermosensor controls expression of rhizobial heat shock genes. Nucle‐
ic Acids Res. 2001;29(23):4800–7.

[14] Chowdhury S, Ragaz C, Kreuger E, Narberhaus F. Temperature-controlled structural
alterations of an RNA thermometer. J Biol Chem. 2003;278(48):47915–21.

[15] Rinnenthal J, Klinkert B, Narberhaus F, Schwalbe H. Modulation of the stability of
the Salmonella fourU-type RNA thermometer. Nucleic Acids Res. 2011;39(18):8258–
70.

[16] Narayan S, Kombrabail MH, Das S, Singh H, Chary KVR, Rao BJ, et al. Site-specific
fluorescence dynamics in an RNA “thermometer” reveals the role of ribosome bind‐
ing in its temperature-sensitive switch function. Nucleic Acids Res. 2014;43(1):493–
503.

[17] Zuker M. Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic Acids Res. 2003;31(13):3406–15.

[18] Waldminghaus T, Gaubig LC, Narberhaus F. Genome-wide bioinformatic prediction
and experimental evaluation of potential RNA thermometers. Mol Genet Genomics.
2007;278(5):555–64.

[19] Chursov A, Kopetzky SJ, Bocharov G, Frishman D, Shneider A. RNAtips: Analysis of
temperature-induced changes of RNA secondary structure. Nucleic Acids Res. 2013
Jul;41(Web Server issue):W486–91.

Nucleic Acids - From Basic Aspects to Laboratory Tools178



[7] Chowdhury S, Maris C, Allain FH-T, Narberhaus F. Molecular basis for temperature
sensing by an RNA thermometer. EMBO J. 2006;25(11):2487–97.

[8] Krajewski SS, Joswig M, Nagel M, Narberhaus F. A tricistronic heat shock operon is
important for stress tolerance of Pseudomonas putida and conserved in many environ‐
mental bacteria. Environ Microbiol. 2014;16(6):1835–53.

[9] Morita MT, Tanaka Y, Kodama TS, Kyogoku Y, Yanagi H, Yura T. Translational in‐
duction of heat shock transcription factor σ32: Evidence for a built-in RNA thermo‐
sensor. Genes Dev. 1999;13(6):655–65.

[10] Klinkert B, Cimdins A, Gaubig LC, Roßmanith J, Aschke-Sonnenborn U, Narberhaus
F. Thermogenetic tools to monitor temperature-dependent gene expression in bacte‐
ria. J Biotechnol. 2012;160(1-2):55–63.

[11] Kouse AB, Righetti F, Kortmann J, Narberhaus F, Murphy ER. RNA-mediated ther‐
moregulation of iron-acquisition genes in Shigella dysenteriae and pathogenic Escheri‐
chia coli. PLoS One. 2013 Jan;8(5):e63781.

[12] Rinnenthal J, Klinkert B, Narberhaus F, Schwalbe H. Direct observation of the tem‐
perature-induced melting process of the Salmonella fourU RNA thermometer at base-
pair resolution. Nucleic Acids Res. 2010;38(11):3834–47.

[13] Nocker A, Hausherr T, Balsiger S, Krstulovic NP, Hennecke H, Narberhaus F. A
mRNA-based thermosensor controls expression of rhizobial heat shock genes. Nucle‐
ic Acids Res. 2001;29(23):4800–7.

[14] Chowdhury S, Ragaz C, Kreuger E, Narberhaus F. Temperature-controlled structural
alterations of an RNA thermometer. J Biol Chem. 2003;278(48):47915–21.

[15] Rinnenthal J, Klinkert B, Narberhaus F, Schwalbe H. Modulation of the stability of
the Salmonella fourU-type RNA thermometer. Nucleic Acids Res. 2011;39(18):8258–
70.

[16] Narayan S, Kombrabail MH, Das S, Singh H, Chary KVR, Rao BJ, et al. Site-specific
fluorescence dynamics in an RNA “thermometer” reveals the role of ribosome bind‐
ing in its temperature-sensitive switch function. Nucleic Acids Res. 2014;43(1):493–
503.

[17] Zuker M. Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic Acids Res. 2003;31(13):3406–15.

[18] Waldminghaus T, Gaubig LC, Narberhaus F. Genome-wide bioinformatic prediction
and experimental evaluation of potential RNA thermometers. Mol Genet Genomics.
2007;278(5):555–64.

[19] Chursov A, Kopetzky SJ, Bocharov G, Frishman D, Shneider A. RNAtips: Analysis of
temperature-induced changes of RNA secondary structure. Nucleic Acids Res. 2013
Jul;41(Web Server issue):W486–91.

Nucleic Acids - From Basic Aspects to Laboratory Tools178

[20] Churkin A, Avihoo A, Shapira M, Barash D. RNAthermsw: Direct temperature simu‐
lations for predicting the location of RNA thermometers. PLoS One. 2014;9(4):e94340.

[21] Nocker A, Krstulovic NP, Perret X, Narberhaus F. ROSE elements occur in disparate
rhizobia and are functionally interchangeable between species. Arch Microbiol.
2001;176(1-2):44–51.

[22] Waldminghaus T, Heidrich N, Brantl S, Narberhaus F. FourU: A novel type of RNA
thermometer in Salmonella. Mol Microbiol. 2007;65(2):413–24.

[23] Kortmann J, Sczodrok S, Rinnenthal J, Schwalbe H, Narberhaus F. Translation on de‐
mand by a simple RNA-based thermosensor. Nucleic Acids Res. 2011 Apr;39(7):
2855–68.

[24] Loh E, Kugelberg E, Tracy A, Zhang Q, Gollan B, Ewles H, et al. Temperature trig‐
gers immune evasion by Neisseria meningitidis. Nature. 2013;502(7470):237–40.

[25] Ehresmann C, Baudin F, Mougel M, Romby P, Ebel JP, Ehresmann B. Probing the
structure of RNAs in solution. Nucleic Acids Res. 1987;15(22):9109–28.

[26] Fürtig B, Richter C, Wöhnert J, Schwalbe H. NMR Spectroscopy of RNA. ChemBio‐
Chem. 2003;4(10):936–62.

[27] Hartz D, McPheeters DS, Traut R, Gold L. Extension inhibition analysis of translation
initiation complexes. Methods Enzymol. 1988;164:419–25.

[28] Westhof E, Romby P. The RNA structurome: High-throughput probing. Nat Meth‐
ods. 2010. p. 965–7.

[29] Kertesz M, Wan Y, Mazor E, Rinn JL, Nutter RC, Chang HY, et al. Genome-wide
measurement of RNA secondary structure in yeast. Nature. 2010;467(7311):103–7.

[30] Underwood JG, Uzilov A V, Katzman S, Onodera CS, Mainzer JE, Mathews DH, et
al. FragSeq: Transcriptome-wide RNA structure probing using high-throughput se‐
quencing. Nat Methods. 2010 Dec;7(12):995–1001.

[31] Ding Y, Tang Y, Kwok CK, Zhang Y, Bevilacqua PC, Assmann SM. In vivo genome-
wide profiling of RNA secondary structure reveals novel regulatory features. Nature.
2013;505(7485):696–700.

[32] Righetti F, Narberhaus F. How to find RNA thermometers. Front Cell Infect Micro‐
biol [Internet]. 2014;4(September):1–6.

[33] Balsiger S, Ragaz C, Baron C, Narberhaus F. Replicon-specific regulation of small
heat shock genes in Agrobacterium tumefaciens. J Bacteriol. 2004;186(20):6824–9.

[34] Münchbach M, Nocker A, Narberhaus F. Multiple small heat shock proteins in rhizo‐
bia. J Bacteriol. 1999;181(1):83–90.

[35] Narberhaus F, Käser R, Nocker A, Hennecke H. A novel DNA element that controls
bacterial heat shock gene expression. Mol Microbiol. 1998;28(2):315–23.

Temperature-Dependent Regulation of Bacterial Gene Expression by RNA Thermometers
http://dx.doi.org/10.5772/61968

179



[36] Waldminghaus T, Fippinger A, Alfsmann J, Narberhaus F. RNA thermometers are
common in α- and γ-proteobacteria. Biol Chem. 2005;386(12):1279–86.

[37] Grosso-Becerra MV, Croda-Garcia G, Merino E, Servin-Gonzalez L, Mojica-Espinosa
R, Soberon-Chavez G. Regulation of Pseudomonas aeruginosa virulence factors by two
novel RNA thermometers. Proc Natl Acad Sci. 2014;111(43):15562–7.

[38] Krajewski SS, Nagel M, Narberhaus F. Short ROSE-like RNA thermometers control
IbpA synthesis in Pseudomonas species. PLoS One. 2013;8(5).

[39] Waldminghaus T, Gaubig LC, Klinkert B, Narberhaus F. The Escherichia coli ibpA
thermometer is comprised of stable and unstable structural elements. RNA Biol.
2009;6(4):455–63.

[40] Weber GG, Kortmann J, Narberhaus F, Klose KE. RNA thermometer controls tem‐
perature-dependent virulence factor expression in Vibrio cholerae. Proc Natl Acad Sci
U S A. 2014 Sep 16;111(39):1–6.

[41] Böhme K, Steinmann R, Kortmann J, Seekircher S, Heroven AK, Berger E, et al. Con‐
certed actions of a thermo-labile regulator and a unique intergenic RNA thermosen‐
sor control Yersinia virulence. PLoS Pathog. 2012;8(2).

[42] Hoe NP, Goguen JD. Temperature sensing in Yersinia pestis: Translation of the LcrF
activator protein is thermally regulated. J Bacteriol. 1993 Dec;175(24):7901–9.

[43] Matsunaga J, Schlax PJ, Haake D a. Role for cis-acting RNA sequences in the temper‐
ature-dependent expression of the multiadhesive lig proteins in Leptospira interrog‐
ans. J Bacteriol. 2013;195(22):5092–101.

[44] Cimdins A, Roßmanith J, Langklotz S, Bandow JE, Narberhaus F. Differential control
of Salmonella heat shock operons by structured mRNAs. Mol Microbiol. 2013;89(4):
715–31.

[45] Lee S, Prochaska DJ, Fang F, Barnum SR. A 16.6-kilodalton protein in the Cyanobacte‐
rium synechocystis sp. PCC 6803 plays a role in the heat shock response. Curr Micro‐
biol. 1998 Dec;37(6):403–7.

[46] Török Z, Goloubinoff P, Horváth I, Tsvetkova NM, Glatz A, Balogh G, et al. Synecho‐
cystis HSP17 is an amphitropic protein that stabilizes heat-stressed membranes and
binds denatured proteins for subsequent chaperone-mediated refolding. Proc Natl
Acad Sci U S A. 2001;98:3098–103.

[47] Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer M, Cossart P. An RNA
thermosensor controls expression of virulence genes in Listeria monocytogenes. Cell.
2002;110(5):551–61.

[48] Nagai H, Yuzawa H, Yura T. Interplay of two cis-acting mRNA regions in transla‐
tional control of σ32 synthesis during the heat shock response of Escherichia coli. Proc
Natl Acad Sci U S A. 1991;88(23):10515–9.

Nucleic Acids - From Basic Aspects to Laboratory Tools180



[36] Waldminghaus T, Fippinger A, Alfsmann J, Narberhaus F. RNA thermometers are
common in α- and γ-proteobacteria. Biol Chem. 2005;386(12):1279–86.

[37] Grosso-Becerra MV, Croda-Garcia G, Merino E, Servin-Gonzalez L, Mojica-Espinosa
R, Soberon-Chavez G. Regulation of Pseudomonas aeruginosa virulence factors by two
novel RNA thermometers. Proc Natl Acad Sci. 2014;111(43):15562–7.

[38] Krajewski SS, Nagel M, Narberhaus F. Short ROSE-like RNA thermometers control
IbpA synthesis in Pseudomonas species. PLoS One. 2013;8(5).

[39] Waldminghaus T, Gaubig LC, Klinkert B, Narberhaus F. The Escherichia coli ibpA
thermometer is comprised of stable and unstable structural elements. RNA Biol.
2009;6(4):455–63.

[40] Weber GG, Kortmann J, Narberhaus F, Klose KE. RNA thermometer controls tem‐
perature-dependent virulence factor expression in Vibrio cholerae. Proc Natl Acad Sci
U S A. 2014 Sep 16;111(39):1–6.

[41] Böhme K, Steinmann R, Kortmann J, Seekircher S, Heroven AK, Berger E, et al. Con‐
certed actions of a thermo-labile regulator and a unique intergenic RNA thermosen‐
sor control Yersinia virulence. PLoS Pathog. 2012;8(2).

[42] Hoe NP, Goguen JD. Temperature sensing in Yersinia pestis: Translation of the LcrF
activator protein is thermally regulated. J Bacteriol. 1993 Dec;175(24):7901–9.

[43] Matsunaga J, Schlax PJ, Haake D a. Role for cis-acting RNA sequences in the temper‐
ature-dependent expression of the multiadhesive lig proteins in Leptospira interrog‐
ans. J Bacteriol. 2013;195(22):5092–101.

[44] Cimdins A, Roßmanith J, Langklotz S, Bandow JE, Narberhaus F. Differential control
of Salmonella heat shock operons by structured mRNAs. Mol Microbiol. 2013;89(4):
715–31.

[45] Lee S, Prochaska DJ, Fang F, Barnum SR. A 16.6-kilodalton protein in the Cyanobacte‐
rium synechocystis sp. PCC 6803 plays a role in the heat shock response. Curr Micro‐
biol. 1998 Dec;37(6):403–7.

[46] Török Z, Goloubinoff P, Horváth I, Tsvetkova NM, Glatz A, Balogh G, et al. Synecho‐
cystis HSP17 is an amphitropic protein that stabilizes heat-stressed membranes and
binds denatured proteins for subsequent chaperone-mediated refolding. Proc Natl
Acad Sci U S A. 2001;98:3098–103.

[47] Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer M, Cossart P. An RNA
thermosensor controls expression of virulence genes in Listeria monocytogenes. Cell.
2002;110(5):551–61.

[48] Nagai H, Yuzawa H, Yura T. Interplay of two cis-acting mRNA regions in transla‐
tional control of σ32 synthesis during the heat shock response of Escherichia coli. Proc
Natl Acad Sci U S A. 1991;88(23):10515–9.

Nucleic Acids - From Basic Aspects to Laboratory Tools180

[49] Gaubig LC, Waldminghaus T, Narberhaus F. Multiple layers of control govern ex‐
pression of the Escherichia coli ibpAB heat-shock operon. Microbiology. 2011;157(1):
66–76.

[50] Hartl FU, Hayer-Hartl M. Converging concepts of protein folding in vitro and in vivo.
Nat Struct Mol Biol. 2009;16(6):574–81.

[51] Lindahl T. Instability and decay of the primary structure of DNA. Nature.
1993;362(6422):709-15.

[52] Verghese J, Abrams J, Wang Y, Morano KA. Biology of the heat shock response and
protein chaperones: Budding yeast (Saccharomyces cerevisiae) as a model system. Mi‐
crobiol Mol Biol Rev. 2012;76(2):115–58.

[53] Ahmed R, Duncan RF. Translational regulation of Hsp90 mRNA: Aug-proximal 5′-
untranslated region elements essential for preferential heat shock translation. J Biol
Chem. 2004;279(48):49919–30.

[54] Wyckoff EE, Duncan D, Torres AG, Mills M, Maase K, Payne SM. Structure of the
Shigella dysenteriae haem transport locus and its phylogenetic distribution in enteric
bacteria. Mol Microbiol [Internet]. 1998 Jun;28(6):1139–52.

[55] Neupert J, Karcher D, Bock R. Design of simple synthetic RNA thermometers for
temperature-controlled gene expression in Escherichia coli. Nucleic Acids Res.
2008;36(19):1–9.

Temperature-Dependent Regulation of Bacterial Gene Expression by RNA Thermometers
http://dx.doi.org/10.5772/61968

181





Chapter 10

A Review on the Thermodynamics of Denaturation
Transition of DNA Duplex Oligomers in the Context of
Nearest-Neighbor Models

João C. O. Guerra

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62574

Abstract

In this review, we show that additive physical properties of DNA double strands can be
written in terms of eight (polymeric) irreducible parameters. This results in self-consis‐
tency relations constraining the 10 duplex dimer contributions. Studies of thermodynam‐
ic stability of duplex oligomers are feasible, adding extra degrees of freedom, and this is
performed, initially, considering the influence of end parameters on the thermodynamic
stability of oligomers. Hence, we connect a statistical mechanics approach to the nearest-
neighbor (NN) approach in the framework of the two-state model. This provides one cor‐
relation between end effects and initiation phenomena. Because of that, inside the
framework of the NN modeling, the role played by end effects could not be so well de‐
fined. Thus, we propose a new model that permits to provide the nucleation free ener‐
gies. The power of this model is relating the nucleation free energy to the mean
composition of the chain, permitting to obtain a good estimate for the free energy associ‐
ated only to the Watson–Crick base pairings.

Keywords: Thermodynamics of DNA duplex oligomers, Initiation free energy, Nuclea‐
tion free energy, Irreducible parameters for free energy

1. Introduction

Many DNA biotechnological applications, such as PCR or cDNA expression profiling, depend
on thermodynamic parameters, which are sequence dependent. We could cite the strand
melting temperature as an example of such thermodynamic parameters. In a general way,
physical properties of DNA or RNA sequences can be calculated, in a very simple form, from
algorithms in the context of nearest-neighbor (NN) models, whose core characteristic is

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



providing linear representations for experimental measurements on nucleotide chains always
in terms of pairwise (dimer) sequence contributions.

However, NN dimer parameters cannot be assigned from experiments by solving a set of
simultaneous linear equations. This is known since the beginning of the development of these
models in the context of polynucleotide thermodynamic studies [1]. In fact, when we consider
intrinsic composition closure constraints, the number of degrees of freedom of the model is
effectively reduced.

Dimer occurrence relations are well known, thus allowing for decomposition of sequence
properties into dimer contributions. Many authors, because of that, have preferred to use
dimers as fundamental units because they provide the most straightforward decomposition
scheme [2–6]. Although the dimer set values fit easily into the theoretical NN model approx‐
imation, the dimer composition is overstated. In fact, the dimer set size, which is equal to 16
(in the case of a simple chain) and 10 (in the case of double chains) [2–7], is greater than the
number of degrees of freedom of the problem. However, the extraction of dimer set contribu‐
tions has remained an ill-posed problem. To accomplish this task further, ad hoc regularization
hypothesis has been used so far. As a corollary, so-far-unknown constraints must also link the
full dimer set properties in some hidden way to restore full set unity. Alternative approaches
have considered decompositions into irreducible and hence smaller sets of short sequences or
dimer combinations [8–11]. Comparison between different laboratory sets and physical
interpretation of set values becomes a difficult task due to the arbitrariness of possible
renderings. The extraction of simpler and more direct dimer contributions from such sets has
remained an ill-posed problem with no unique solutions but still embraced by a large com‐
munity of biochemists [2–6]. To adopt the dimer set formulation further, ad hoc regularization
hypotheses have been taken by different authors, such as the singular value decomposition
method [4, 12].

In this review, among other objectives, we present an approach to this problem based on the
analysis of how the nucleotide intrinsic intermolecular symmetries contribute to the structure
of NN sets, as proposed by Licinio and Guerra [13]. Therefore, to achieve that, initially, it is
introduced to a general quantum mechanics statement, giving physical properties for a
sequence of heterogeneous molecules treated as subsystems assuming any of a given complete
set of molecular states. The four-nucleotide set has a corresponding four-state representation.
At this point, a careful choice of the number of degrees of freedom is made in order to project
the representation into a three-dimensional molecular class space. Luckily, the three inde‐
pendent molecular classes are readily associated to the main biochemical classification of
nucleotides as comprising purine–pyrimidine, amino–keto, and strong–weak bases. The
representation of the four-nucleotide set as a tetrahedron in the three-dimensional space is at
the heart of the approach, as proposed by Licinio and Guerra [13]. This representation has been
used to generate DNA walks for sequence composition analysis or display. The corresponding
proper space metrics have also been recently used for phylogenetic sequence comparisons [14].
In the following, we proceed to contract the original quantum mechanics statement into an
irreducible formulation using the four-nucleotide tetrahedron representation. This molecular
symmetrical decomposition is found to provide the right number of fundamental properties
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(free parameters), which is equal to 8, for the case of DNA double strands. We shall refer to
these fundamental properties as constituting a symmetrical set of irreducible tensorial
parameters. Next, we relate this decomposition to the dimer set formulation. The comparison
uncovers useful and so far hidden self-consistency relations among dimers.

However, an important point still would need to be clarified. In fact, in many publications,
one finds datasets that include experimental values for duplex oligonucleotides, where end
effects were believed to be important [2–6]. Nevertheless, such initiation and termination
parameters would seem to be very sensitive to the modeling and have changed a lot even inside
the same research group [3–6]. In fact, Xia et al. had already argued that data from melting
experiments of RNA duplexes are of insufficient accuracy to distinguish end effects [15]. With
this motivation, as a second step in the development of the approach proposed by us and
presented in this review, we proposed to extend the irreducible model to investigate how it
would accommodate end effects. Guerra and Licinio in fact performed such extension and
calculated the irreducible parameters for free energy, entropy, enthalpy, and the respective
end contributions [16]. Later, a detailed algorithm for performing such calculations is descri‐
bed. However, at this point, it is necessary to anticipate some conclusions. For example, Guerra
and Licinio obtained values for the end effects with relatively large errors. In addition,
specifically for free energy, they could not distinguish between the weak and strong terminal
base pairs. In the light of their finding, one simple statistical mechanics approach, when applied
to the melting transition, shows that the approach based on end effects, according to the NN
approach, proves to be naive, even heuristic. In fact, since the end effects were initially
(wrongly) identified as the nucleation free energies, they should be dependent on the mean
global composition of the chain. However, an only slightly more detailed statistical mechanics
approach can show that, summed to the eight (polymeric) irreducible parameters for free
energy, as already mentioned, there are other two parameters related to the initiation of the
double helix (related to two possible base pairings). That is, in the light of the NN approach,
there are 10 parameters, which expand the free energy of any DNA oligomers [17].

Before we continue our discussion throughout the forthcoming sessions, it is important to
inform the reader that all theoretical results we obtained were applied to the analysis of DNA
free energy by introducing, initially, the formulation of end contributions to the model, which
will be presented later in this chapter. A simple statistical mechanics approach is then applied
to the problem. As a result, a second set of parameters, including this time the initiation
parameters, will be obtained. Anyway, a self-consistent set has thus been fit to free energy data
from 108 short duplex oligomer sequences as available in the literature. We will show that,
using both the modeling, the first based on end effects and the second based on the use of
double helix initiation parameters, the more compact and symmetrical self-consistent set is
shown to provide at least as good modeling for oligomer free energy as standard NN dimer
models. The far-reaching strength of the theoretical modeling frame for DNA or RNA
sequences as proposed by us resides in its compactness and symmetry. As will be discussed
later in this review, one of the immediate and practical consequences of the use of the tetra‐
hedral model is the disclosure of the initially hidden dimer self-consistency relations.
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2. A quantum mechanics formulation for sequence properties

Complexity in biological phenomena represents an enormous challenge and a rich field for the
application and development of physical methods. To unfold simple biopolymer phenomena,
we start by a biochemical meaningful nucleotide representation into molecular classes and
count on tools provided by the quantum mechanics. Here, we shall use the quantum mechanics
formulation based on the matrix representation. What is needed from start is some base set for
the description of the states of the system, which, for us, is a DNA or RNA sequence. The
ensemble of sequence states is given by allowable sequence composition alone. We want to
describe and isolate gross composition states. Inner electronic states or molecular conformation
contributions, which would require a much finer level of quantum description, are so far
intrinsically averaged. State transitions are of course forbidden if one neglects mutations. The
sequence state will be given in terms of its molecular constitution, and a nucleotide set
representation will condition the sequence representation.

The quantum mechanics expectation for any observable is given in terms of the corresponding
operator Θ and system state |Ψ  as ψ |Θ |ψ , in Dirac’s notation. The state of a system
comprising N particles or molecules is usually expressed as the tensorial product of their
component states |b(i) , (1≤ i≤ N):

( ) ( ) ( ) ( ) ( ) ( ) 1 2  1 ; 2 ;...;b b b N b b b NY = Ä×× ×Ä = (1)

For d-dimensional component states, this would lead a priori to the specification of (Nd)²

operator matrix elements μ(i)ν( j). If interaction range is limited, however, then many off-
diagonal matrix elements become null, and a reduced formulation can be sought. Considering
only sequential NN interactions, the expectation can thus be written simply as

( ) ( ) ( ) ( ); 1 ; 1
i

b i b i b i b i= + +åE Q (2)

Here, submatrix elements pertaining to the same component at position i (diagonal or self-
matrices Θμ(i)ν( j)), which are internal to the sequence (i ≠ 1, N), should be halved because they
are counted twice in this formulation (see Fig. 1). We hope further reduction of this develop‐
ment can be obtained considering implicit symmetries of the Hermitian Θ matrix and its
invariants under orthonormal base representations.

3. Nucleotide class-state representation

The most straightforward representation for a four-nucleotide set is, obviously, a four-
dimensional vector. This “independent-nucleotide” representation has been implicitly
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adopted by many authors and leads to 4 × 4 matrices or 16 parameter sets when considering
nucleotide pairwise properties [11]. This representation, however, already overstates the
nucleotide composition problem from the beginning. The set representation should be more
concisely established in a three-dimensional space. Thus, a complete and symmetrical
representation for the usual DNA (or RNA) four-nucleotide set can be given within a tetrahe‐
dral decomposition scheme into a three-dimensional orthonormal base set | x , | y , | z . The
pure nucleotide states |b(i)  are given as follows [14]:

1 1 1 1
 1  ;   1  ;   1  ;   1

1 1 1 1
A T C G

æ ö æ ö æ ö æ ö- -
ç ÷ ç ÷ ç ÷ ç ÷

= = - = = -ç ÷ ç ÷ ç ÷ ç ÷
ç ÷ ç ÷ ç ÷ ç ÷- -è ø è ø è ø è ø

(3)

Figure 1. Structure of an expectation matrix for a sequence of n = 6 identical components (molecules in arbitrary states).
The components have d degrees of freedom represented through d orthogonal base states, which result in 3n–2 = 16
submatrices of size d². In this case, only nearest-neighbor interactions are considered. The matrix above corresponding
to the quantum mechanics formulation of Eq. 1 is Hermitian and periodic, allowing for a more synthetic representa‐
tion. One periodic module of four submatrices implicit in Eq. 2 has been distinguished by a dashed line. Observe that
internal submatrices in the diagonal are counted twice according to the formulation of Eq. 2 [13].

The nucleotides themselves are represented as a nonorthogonal (tetrahedral) 3 -modulus
vector set (Fig. 2). The four-nucleotide states are not independent and can be expressed in terms
of three independent abstract nucleotide class states. Due to this decomposition, z-component
discriminates weak (two bridges, AT) versus strong (three bridges, CG) hydrogen bonding for
Watson–Crick (WC) pairing; x-component discriminates purine (double ring, AG) versus
pyrimidine (single ring, CT) nucleotide sizes; and y-component discriminates amino (nitrogen
containing, AC) versus keto (oxygen containing, GT) nucleotide radicals.
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In quantum mechanics language, a | x  base state, for example, is a ring number or purine–
pyrimidine class state, whereas | A =  | x +  | y +  | z  is an adenine molecular state decom‐
posed in terms of proper nucleotide class subspaces. Any pure nucleotide state can thus be
represented in terms of molecular class states.

Figure 2. Orthonormal x–y–z base set and tetrahedral DNA-nucleotide set representation. Each of the three axes distin‐
guishes a specific molecular class feature. Purines are distinguished from pyrimidines through x-coordinate. Amino is
distinguished from keto through y-coordinate. And, finally, weak WC hydrogen-bridge binding is distinguished from
stronger binding through z-coordinate [14].

Each possible nucleotide pair shares one of its fundamental molecular structural characteristics
as a group in a given class, which differs from the complementary pair as another group in the
same class. This is latent when we observe Eq. 3, which translates perfectly well the intrinsic
cubic symmetry of the tetrahedron. From now, we proceed to construct our approach, which
will use a complete nucleotide representation, and, then, having seen based on this represen‐
tation, it will provide properties associated to each molecule decomposing them in terms of
three differential affinity groups or classes. Therefore, the choice of a tetrahedral set is thus
natural and convenient for its intrinsic orthogonality and symmetry properties, which are
related to common molecular group classifications. Nevertheless, its main advantage is to
fulfill the necessity for a three-dimensional bijective representation of a four-set composition.

4. Irreducible representation

Returning to the quantum mechanics formulation, our intention is to exploit remaining
invariants and redundancies from the structure of the matrix operator present in Eq. 2 in order
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to further reduce its number of parameters. The three-dimensional nucleotide basis should be
kept in mind. The sequence-dependent states of an observable will then assume discrete values
given by a most compact expansion of its expectation as follows:

( ) ( ) ( )( )  1
i

S V b i b i M b i= + + +åE (4)

in substitution to Eq. 2; in Eq. 4, |b(i)  are still the sequence nucleotide states at coordinate i,
which are given in terms of class states by Eq. 3.

The bracket notation indicates vector and dyadic contractions as usual. The expansion in Eq.
4 is quite intuitive, in the sense that the first two terms represent linear contributions to a
property from the sequence composition, whereas the third term comprises nonlinear effects
due to NN interference or differential stacking interactions. Comparison with Eq. 2 allows the
identification of its components. The first term is a constant or mean contribution to the
observable, given as the invariant trace of the square expectation periodic matrix S =Tr(  Θ).
The trace represents a molecular state independent contraction of the self-matrix diagonal,
where, by construction, any pure nucleotide component (Eq. 3) equally squares to one (bμ

2 =1).
The remaining cross terms of the self-matrix similarly contract to a vector because all pure
nucleotide states |b(i)  also have cyclically multiplicative class components (bx =  bybz, etc.). This
contraction gives the second term as an order-independent or global-composition contribu‐
tion, with components V | =4  Re  (Θy(1)z(1),  Θx(1)z(1),  Θx(1)y(1)). The third term is an NN or
first-order sequence stacking contribution to the observable. The stacking matrix M is a second-
rank tensor and has its elements given from the cross expectation matrix as
Mμν =2  Re(Θμ(1)ν(2)). The symmetrical sum of the expectation matrix Hermitian conjugates
results in a fully contracted real formulation.

Decomposition of nucleotide sequence observable expectation as given in Eq. 4 naturally leads
to an irreducible 13-parameter description of physical properties (S, Vμ, and Mμν), which we
call the symmetrical set, within the NN approximation. Note that a traditional description of
stacking-dependent properties is often stated in terms of the NN dimer composition, that is,
as a linear combination of the 16-ordered 5′-3′ NN dimer set Eij :

, , , , 

 ij ij
i j A T C G

N
=

= åE E (5)

However, the NN dimer set is overspecified, that is, only a smaller set of NN combinations
can be a priori obtained from inversions of Eq. 5 because Eq. 5 is supplemented by independent
composition closure relations. For implicit circular sequences (or for very long sequences, i.e.,
polynucleotides), these can be taken as any three of the following:
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reducing the number of independent dimers in the set to arbitrary 13. Similar arguments hold
for linear oligomers. In comparison, the decomposition of physical properties in the symmet‐
rical set proposed here is in a fundamental level; since from the beginning, it includes only a
priori linearly independent terms and gives contributions to the observable in the hierarchic
form of three expectation tensors of increasing rank, corresponding to different levels of
analysis. The 16-NN expectations can otherwise be easily obtained as a linear combination of
the 13 symmetrical-set tensor components. In that case, it is useful to rewrite Eq. 4 in a form
appropriate for NN dimer decomposition as follows:

( ) ( )
( ) ( ) ( ) ( )1 2

1 2
    1 2 ,

2b b

b b
S V b M b

+
= + +E (7)

where, to correctly account for additivity, as given by Eq. 5 for each dimer in a sequence, the
two nucleotide linear contributions are halved. Explicitly, one has applying Eq. 3 to Eq. 7:

          
          
          
       

TA z xx xy xz yx yy yz zx zy zz

AT z xx xy xz yx yy yz zx zy zz

CA y xx xy xz yx yy yz zx zy zz

TG y xx xy xz yx yy y

S V M M M M M M M M M
S V M M M M M M M M M
S V M M M M M M M M M
S V M M M M M M

= + - - - - - - + + +

= + - - + - - + - - +

= + - - - + + + - - -

= - - + + - + +

E
E
E
E    z zx zy zzM M M+ - -

(8)

and so on. Tensor elements can be either conversely determined from reported dimer values
or self-consistently derived from fits to raw polynucleotide data using Eqs. 8 and 5, or directly
from Eq. 4, while from a theoretical point of view, molecular symmetry arguments or ab initio
calculations could be used to guess tensor structure and values.

4.1. Double strands

For measurements concerning double strands, aside end effects, it is well known that com‐
plementary strand symmetry further reduces the problem to the statement of only 10 conju‐
gated NN dimer pair values (see the expressions in Eq. 12) linked through two independent
composition closure relations as follows:
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so that only eight independent parameters should result, while the difficulties in defining a
10-dimer set of parameters from a given set of experimental data persist. In that case, com‐
plementary strand A/T and C/G pairing symmetry in a dimer, as expressed in Eq. 3, gives the
conjugate NN base component relations as follows:

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
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1  2 ;  2  1 ,
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x x x x

y y y y

z z z z

b b b b
b b b b

b b b b

= - = -

= - = -

¢= =

¢ ¢

¢ ¢

¢
(10)

where primed bases correspond to the complementary dimer and numerals correspond to the
first and second nucleotides along 5′-3′ direction for each strand, that is, both order and x,y
coordinates are inverted for the conjugate pair.

The double-strand expansion can be given as a function of a single-strand sequence taking into
account the aforementioned implicit symmetries (by adding contributions from both strands
to Eq. 7 taking into account Eq. 10 and then redefining the tensor set, that is,
E'b1b2 =  Eb1b2 +  Eb1′b2′). It is clear in that case that

 0 ,     ,      ,     x z xy yx xz zx yz zyV V M M M M M M= = = = - = - (11)

correctly reducing the number of independent elementary tensor set values to 8. From Eqs. 7
and 11, the decomposition for the 10 paired NNs gives a self-consistent set of expectations
obeying
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while the symmetrical set of eight tensor parameters can be inferred from the inverse relations
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This decomposition enlightens the meaning of the composition-free S term as the 16-dimer
ensemble mean expectation value and of Vz as the half-differential expectation between AT-
containing and CG-containing dimers. Most importantly, the double determination of M xz and
M yz values in the last two expressions in Eq. 13 should coincide for a self-consistent set of dimer
values. Explicitly, self-consistency introduces links relating to composition order symmetry
among dimer properties as follows:
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Note that, analogous to the composition closure relations (Eq. 9), the dimer expectation self-
consistency relations (Eq. 14) may also be combined to read as follows:
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5. The modeling based on end effects

From now, we proceed to extend the irreducible model to investigate how it accommodates
end effects. For the case of circular DNA, or even, for a DNA polymer, knowing the eight
(polymeric) irreducible parameters (S, Vz, and the six elements of the M matrix) is sufficient
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5. The modeling based on end effects

From now, we proceed to extend the irreducible model to investigate how it accommodates
end effects. For the case of circular DNA, or even, for a DNA polymer, knowing the eight
(polymeric) irreducible parameters (S, Vz, and the six elements of the M matrix) is sufficient
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for the prediction of additive physical properties. For an oligomer, additional end effects would
become important and would need to be accounted for. Thus, to correctly account such effects
for, consider the following duplex sequence as follows:

1 2 3  

1 2 3

  
' ' ' ,

N

N

E b b b b E
Eb b b b E¢

L
L (16)

where, according to the notation introduced by Gray [10, 11], E is a pseudo-base indicating the
terminations of the sequence. Pseudo-base E simply would represent one of the NNs to the
end base pairs, and, under this viewpoint, it indicates interactions between the end base pairs
and the surrounding solvent. Following the reasoning line suggested by Licınio and Guerra
[13] and introduced in Section 3 of this review, | A , |T , |C , and |G , in Eq. 3, would
correspond to the 3D part of 4D vectors with the fourth component equals to zero, and | E
would be a new molecular state, linearly independent with | A , |T , |C , and |G , and
written as follows:

0
0
0
1

E

æ ö
ç ÷
ç ÷
ç ÷=
ç ÷
ç ÷
ç ÷
è ø

(17)

Then, applying Eq. 7, and, considering Eq. 11, for the duplex dimer Eb1 −b'1 E , we obtain the
contribution of the end base pair b1 / b'1  for the thermodynamical stability of the sequence, and
analog reasoning can be applied for the end base pair bN / b'N . Thus, for the pseudo-duplex
dimer Eb1 −b'1 E ,

( )1 1 1 1,Eb A Bx Cy Dz= + + +E (18)

where A, B, C, and, D are parameters that determine the property under consideration. And
for the pseudo-duplex dimer bN E − Eb'N , :

( ) ,' ' 'N N N Nb E A Bx Cy Dz= + + +E (19)

where, in Eqs. 18 and 19, xk  is the x-component of the vector |bk , and so on. According to Eqs.
18 and 19, the orientation of the end base pair would be important; for example, one A/T end
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base pair would not produce the same effect as one T/A end base pair. Therefore, at least in
theory, it would be necessary to discriminate four-end pairings, which are listed in the
following:

, ,
.

,
, , ,

EA ET EC EG
E EA EG ECT (20)

Finally, we can conclude that the four possible end base pairs in Eq. 20 can be expanded in
terms of four parameters, namely A, B, C, and D. Consequently, for a duplex oligomer, the
additional four parameters related to the ends should be added to the eight polymeric
parameters already known, producing a total of 12 irreducible parameters, in the light of the
modeling based on the end effects.

6. Results and discussion for the modeling based on the end effects

From now on, the thermodynamical property E will be, for us, the free energy of the duplex
formation. According to the model based on the end effects, the free energy of a duplex
sequence of N bases in the NN approximation could be calculated as the pairwise sum
including end effects as a function of 12 irreducible parameters from Eqs. 12, 18, and, 19, as
follows:

( ) ( ) ( )
1

1 1 sym
1

    T i i N
i

G G Eb G b b G b E G
-

+
=

D = D + D + D + Då
N

(21)

where ΔGsym =0.43  kcal / mol is a symmetric correction term applicable to self-complementary
duplexes.

Simultaneous least-mean-square-deviation fit of this model to the 108 sequence data compiled
by Allawi and SantaLucia [12] gave the values for the free energies, which are listed in Table
1. Guerra and Licinio [16] calculated irreducible parameters for the thermodynamic properties
of free energy, entropy, and enthalpy but, in Table 1, only the irreducible parameters for free
energy are shown. In Table 1, ΔG(ET ) is the contribution for the free energy of the sequence
from the T/A end base pair, and so on. Here, we prefer to use the irreducible parameters
ΔG(EA), ΔG(ET ), ΔG(EC), and ΔG(EG) in the place of the parameters A, B, C, and D as defined
in Eq. 18 or 19. In fact, there is no loss of generality in the use of the firsts once that they are
linear combinations of the seconds.

For comparison, we performed another calculation, supposing that the contributions from the
ends do not depend on the orientation of the end base pairs, that is, an A/T end pair would
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contribute in the same way as a T/A end pair, as it is usually found in the literature [2–6]. As
a result, we obtained Table 2.

Irreducible parameters for free energy Values (kcal/mol)

ΔG(ET ) 0.94± 0.07

ΔG(EA) 0.87± 0.07

ΔG(EG) 0.82± 0.07

ΔG(EC) 0.87± 0.06

S −1.37± 0.02

Vz 0.57± 0.01

M xx 0.04± 0.01

M yy −0.01± 0.01

M zz −0.05± 0.01

M xy −0.07± 0.01

M xz −0.02± 0.01

M yz −0.02± 0.01

Table 1. Irreducible Parameters for Free Energy at Standard Conditions (37 ℃  and 1 M Salt and DNA)

Irreducible parameters for free energy Values (kcal/mol)

ΔG(EA, ET ) 0.91± 0.07

ΔG(EC , EG) 0.84± 0.06

S −1.37± 0.02

Vz 0.57± 0.01

M xx 0.04± 0.01

M yy −0.01± 0.01

M zz −0.04± 0.01

M xy −0.07± 0.01

M xz −0.02± 0.01

M yz −0.03± 0.01

Table 2. Irreducible Parameters for Free Energy at Standard Conditions (37 ℃  and 1 M Salt and DNA)

Considering the values obtained for the irreducible parameters for free energy presented in
Tables 1 and 2, some observations must be carried out:
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1. Mean values and errors are essentially the same, independently of the modeling.

2. Defining the root-mean-square deviation per dimer χ [13, 16] as follows:

( ) ( ) ( )
108 1082

exp theor.
1 1

χ     / ,
i i

G i G i N i
= =

é ù= D - Dë ûå å (22)

the free energy irreducible parameters in Tables 1 and 2 are such that they minimize χ. The
quantityχ defines a global minimal deviation, between the theoretical values calculated from
the irreducible parameter set for the free energies of the 108 sequences and the experimental
values. In Eq. 22, ΔGexp(i) is the experimental value for the free energy for the ith sequence,

ΔGtheor.  (i) is its corresponding theoretical value, and ∑
i=1

108

N (i) is the total number of duplex

dimers for the ensemble of 108 sequences. The value obtained forχ considering 10 (or 12)
parameters is precisely the same, namely 0.14 kcal/mol per dimer [16], which also coincides
with the 12-parameter model using values reported by SantaLucia for the free energies for the
10 duplex dimers [3–6]. This means that, considering only the overall data ensemble quality,
there is no practical reason to prefer a model with a greater number of parameters.

3. The intrinsic errors obtained for the contributions by the ends are sensibly larger than the
errors for the other irreducible parameters. In this way, in all the decomposition schemes,
the contributions of the ends are not so well defined, that is, we could not differentiate its
orientation (for example, we could not differentiate A/T from T/A). Thus, or the available
experimental data are not still sufficiently precise or even this modeling is still inadequate
to account for end effects.

4. It is also verified that the C/G or G/C end pairing is only slightly more stable than the A/
T or T/A end pairing. However, the intrinsic errors in data shown in Tables 1 and 2 are
considerable, allowing for portions of the ranges of possible values of the end parameters
to coincide. Thus, strictly speaking, in the modeling based on end effects, there is no
differentiation between the terminal base pairs.

5. The errors of the irreducible parameters for free energy were estimated in the following
way: Guerra and Licinio selected 100 sets of 80 sequences chosen randomly and then
calculated the mean deviation for the parameters obtained from each set [16].

As shown, end contributions are fit with large errors to experimental data, as compared to the
fits of other NN or dimer contributions. Besides A/T from T/A as well as C/G from G/C, ending
contributions could not be respectively differentiated. More than that, we could not distinguish
between the weak and the strong terminal base pairs. However, using both the sets, one can
calculate free energies for DNA oligomers at least as well as standard models considering a
larger set of parameters do [3–6]. Guerra and Licinio [16] also extended their analysis and
obtained equivalent sets of irreducible parameters for enthalpy and entropy. By simultane‐
ously minimizing the deviations from melting temperatures and entropies of the chains, they
obtained the most precise set, which is capable of predicting melting temperatures for DNA
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chains with a standard deviation of 2.2°C for sequence against a deviation of 2.5°C for previous
parameters found in the literature [3–6].

In the light of our finding, the formulation based on the use of end effects, according to the
NN approach, proves to be naive, even heuristic. The extra parameters (up to now, the end
parameters), which must be summed to the eight (polymeric) irreducible parameters for
predicting thermodynamical properties of duplex oligomers, seem not to depend on the
composition of the terminal base pairs. From now, we will invoke a new hypothesis, which
will be detailed later in this review. With base on this hypothesis, we will conclude that, in the
light of the NN model, 10 is the number of parameters expand the free energy of any DNA
oligomers: eight (polymeric) irreducible parameters for free energy, already described, plus
two parameters related to the initiation of the double helix (related to two possible base
pairings).

7. The modeling based on double helix initiation parameters

Equation 21 establishes how to calculate the total free energy of a sequence of length N,
according to the NN model, using the methodology based on the modeling by end effects.

On the other hand, in the statistical mechanics viewpoint, the free energy of the duplex
formation ΔGT  relates to the equilibrium constant Keq as follows:

eq ln .TG RT KD = - (23)

Whenever nucleation is the limiting process, the two-state model establishes that once the
process is initiated, the helix extends to both ends of the chain [7]. The partition function or
the equilibrium constant Keq for the duplex formation can then be calculated as follows:

eq
1

  ,
N

i
i

K ss
=

= Õ (24)

where σ is the nucleation equilibrium constant and si is the propagation equilibrium constant,
which refers to the addition of the ith base pair to the preexisting duplex. For heteropolymers,
σ and si depend on the composition of the chain. Inserting Eq. 24 into Eq. 23, we obtain:

,
1

 ln   ln
N

T i
i

G RT RT ss
=

D = - - å (25)

that is,
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nuc
1

  ln .
N

T i
i

G G RT s
=

D = D - å (26)

Equation 26 can be conveniently rewritten as follows:

nuc
1

  

 ln   ln .
N

T k i
i
i k

G G RT s RT s
=
¹

D = D - - å (27)

Eqs. 26 and 27 have the same signification, but when writing Eq. 27 in the form shown, we
suppose that the formation of the first base pair of the duplex occurs in the kth site. Therefore,
we can see that, by comparing Eq. 27 with Eq. 21, the nucleation free energy corresponds to
the end effects in the NN approach, except by the term −RT lnsk , that is,

( ) ( )nuc 1ln  ln   .k k NG RT s RT s G Eb G b EsD - = - = D + D (28)

Quantity ΔGnuc−RT lnsk , as shown in Eq. 28, in another way corresponds the initiation free
energy, ΔGinit, and, correspondently, σsk  is the initiation equilibrium constant associated to the
formation of the first base pair of the duplex. Furthermore, to the light of the NN modeling,
the initiation free energy plays the role of the end effects. Finally, the sum of the propagation
free energies corresponds, also to the light of the NN model, to the sum of the dimer free
energies with the following equation:

( )
1

1
1 1

  

  ln  .
N

i i i
i i
i k

RT s G b b
-

+
= =
¹

- = Då å
N

(29)

Recently, Guerra and Licinio connected to the two approaches, namely the NN and the
statistical mechanics approaches, and they calculated the equilibrium constants and free
energies for nucleation and propagation of a double helix in the following transition reactions
[16]:

poly A + poly T ⇌poly A⋅T
poly  C + poly  G ⇌poly  C ⋅G.

(30)

For the above homopolymers, they obtained the following nucleation free energies, at standard
1 mol concentration:

( )
( )

nuc

nuc

poly 1.81 kcal / mol
poly 1.69kcal / mol.

G A T
G C G

D × =

D × =
(31)
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These values were obtained using values obtained for end effects calculated from the simul‐
taneous least-mean-square-deviations fit of the NN model to the 108-sequence data compiled
by Allawi and SantaLucia [2] and listed in Tables 1 and 2, and values experimentally obtained
for A/T and C/G base pairings compiled by the Frank-Kamenetskii Group [18]. Once they
obtained intrinsically large errors for the end effects, the nucleation free energies for poly  AΔT
and poly  CΔG homopolymers could be considered essentially similar. This result seemed
strange because nucleation free energies would depend on the oligomer composition as a
whole. This could indicate that end effects, as usually accounted in the NN models, could have
an improper representation, having as consequence, poor fitting parameters, and an incoher‐
ent interpretation of the nucleation. Thus, the usual modeling by end effects must be seen as
a didactic and heuristic approximation for DNA properties, but a better modeling needs to be
discussed.

As a more appropriate modeling is a necessity, we will look for a more precise interpretation
for the nucleation free energy term in the expansion of the free energy of a duplex oligomer.
For this, initially, we will write the free energy for the formation of a duplex oligomer as found
in some approaches in the literature [4, 6, 19]:

( )
1

init 1 sym
1

   ,T i i
i

G G G b b G
-

+
=

D = D + D + Då
N

(32)

where, according such references, ΔGinit is the “initiation” or “nucleation” free energy. Such
quantity, in accordance with these referred references, is related to the difficulty of aligning
the two strands and forming the first WC base pair “nucleating” the double helix which, after
this step, will propagate to the ends of the chain. Specially in the work of Manyanga et al. [19],
ΔGinit is indiscriminately called the initiation or nucleation free energy. However, the term
ΔGinit in Eq. 32 is the initiation free energy, as can be verified by returning to the discussion
that follows Eq. 28. In fact, Eq. 28 shows that nucleation free energy ΔGnuc is obtained from the
initiation free energy ΔGinit by adding a term related to the “propagation” of the WC first base
pair, − RT lnsk . Therefore, it becomes clear, from now, that the terms of initiation and nucleation
free energies are effectively different. It is also clear that Eq. 32 has significance if and only if
ΔGinit is the initiation free energy. Thus, we can establish the problem: How does the term ΔGnuc

depend on the sequence composition? Answering to this question will help us to understand
why the modeling by end effects that have been used is theoretically incorrect.

The question posed in the last paragraph will guide us throughout this section. To answer it,
consider, initially, the general reaction of formation of a double helix of length N. Such duplex
is formed from two separated and complementary strands S and S’. This process is the chemical
reaction S + S ′ ⇄S  ⋅S ′. Figure 3 shows a scheme of the status of the two strands before and
after the nucleation of the double helix. Before the nucleation, all the bases in each one of the
two strands occupy the single strand state, and the two strands are sufficiently distant one
from the other. Thereafter, during the nucleation, all the bases continue in the single strand
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state, but the strands are approaching one to the other via juxtaposition between the bases bk

and bk
'  (1≤ k ≤ N). We suppose, with this, that the nucleation occurs in the kth site of the double

chain. Finally, after the nucleation, the formation of the WC first base pair occurs, that is, the
base pair bk / bk

'  is formed. Succeeding the nucleation event and the formation of the first base
pair, we have the propagation of the double helix to both the directions, extending to the two
ends of the chain, if the transition is a two-state process. As shown in Figure 3, the formation
of the first WC base pair is constituted by one nucleation step followed by one propagation
step. Therefore, the equilibrium constant σsk  refers to the formation of the first WC base pair,
through the establishment of hydrogen bonds between the bases bk  and bk

' . If the free energy
associated to the formation of the first base pair is ΔGinit, then we can write the equilibrium
constant σsk  as

initexpk
Gs
RT

s
ì üD

= -í ý
î þ

(33)

that is,

init nucln  ln .k kG RT s G RT ssD = - = D - (34)

In order to consider the propagation of the double helix from the nucleating base pair bk / bk
'

and extending to both the ends, Eq. 24 can be modified for to produce:

1

eq
1 1

 
k N

i k i
i i k

K s s ss
-

¬ ®

= = +

æ ö æ ö
= ç ÷ ç ÷ç ÷ ç ÷
è ø è ø
Õ Õ (35)

In Eq. 35, σ is the nucleation equilibrium constant, κ = σsk  is the initiation equilibrium constant
(which is evidently related to the process of formation of the WC first base pair bk / bk

'), and si
←

(i < k) and si
→ (i > k) are the propagation equilibrium constants related to the propagation of

the double helix, by stacking of the base pair bi / bi
' on the preexistent duplex, respectively, in

the 3’–5’ (downward) and 5’–3’ (upward) directions. Thus, substituting Eq. 35 into Eq. 23, we
obtain

1 1

1 1 1 1

ln ln ln ln .
k N k N

T i k i i k i
i i k i i k

G RT s s s RT s RT s RT ss s
- -

¬ ® ¬ ®

= = + = = +

é ùæ ö æ ö
D = - = - - -ê úç ÷ ç ÷ç ÷ ç ÷ê úè ø è øë û

Õ Õ å å (36)
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As the propagation equilibrium constant depends on the local composition, we associate to
the propagation equilibrium constant for the addition of the ith base pair, in downward
direction, a value such that

( )1 ln  i i iRT s G b b¬
+- = D (37)

.

Analogously, the propagation equilibrium constant for the addition of the i+1th base pair, in
upward direction, assumes a value such that

( )1 1 ln  i i iRT s G b b®
+ +- = D (38)

Thus, from Eqs. 37 and 38, the propagation equilibrium constants would be, to the light of the
NN approach, given by

( )1
1 exp i i

i i

G b b
s s

RT
+¬ ®

+

é ùD
= = -ê ú

ê úë û
(39)

The first summation in Eq. 36, −∑
i=1

k−1

RT lnsi
←, refers to the sum of the free energies of all the

duplex dimers in downward direction related to the nucleating base pair bk / bk
' . In another

words, such term is the total free energy related to the propagation of the double helix, starting
from the nucleating base pair bk / bk

'  and propagating in downward direction. From Eq. 37, we

have clearly that −  ∑
i=1

k−1

RT lnsi
←=  ∑

i=1

k−1

ΔG(bibi+1). Now speaking about the second summation in

Eq. 36, −  ∑
i=k+1

N

RT lnsi
→, it refers to the free energies of all the duplex dimers in upward direction

related to the base pair bk / bk
' , that is, it is the total free energy related to the propagation of the

double helix, starting from the base pair bk / bk
'  and propagating in upward direction. Applying

Eq. 38, we have −  ∑
i=k+1

N

RT lnsi
→=  ∑

i=k

N −1

ΔG(bibi+1). Thus, Eq. 36 can be rewritten as follows:

( ) ( )

1

1 1

1 1

1 1
1

ln

  ln  ,

k N

T i k i
i i k

k N

i i k i i
i i k

G RT s s s

G b b RT s G b b

s

s

-
¬ ®

= = +

- -

+ +
= =

é ùæ ö æ ö
D = - ê úç ÷ ç ÷ç ÷ ç ÷ê úè ø è øë û

= D - + D

Õ Õ

å å
(40)
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that is,

( )
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1
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k i i
i

G RT s s s

RT s G b b

s

s

-
¬ ®

= = +

-

+
=

é ùæ ö æ ö
D = - ê úç ÷ ç ÷ç ÷ ç ÷ê úè ø è øë û

= - + D

Õ Õ

å
(41)

where ΔGinit = − RT lnσsk  is the initiation free energy, and ∑
i=1

N −1

ΔG(bibi+1) is the sum of the dimer

free energies. Defining ΔG(Obk )  = − RT lnsk  the free energy change associated to the process of
the “propagation” of the first WC base pair, we can rewrite Eq. 41 as

( )

( ) ( )

1

init 1
1

1

nuc 1
1

   

   .

N

T i i
i

N

k i i
i

G G G b b

G G Ob G b b

-

+
=

-

+
=

D = D + D

= D + D + D

å

å
(42)

Equation 42 shows that the free energy for the duplex formation can be written in terms of the
initiation or the nucleation free energy, producing two approaches completely equivalent (the
two equalities in Eq. 42). We will prefer, however, the first because it permits to obtain directly
the initiation free energy for the duplex formation, as it will be shown in the next section. In
addition, the nucleation free energy can be calculated from the initiation free energy, as shown
in Eq. 34. Then, for applying Eq. 42, we will assume that the event of nucleation can occur by
approaching the strands to each other via juxtaposition between any bases bk  and bk

'  (1≤ k ≤ N),
with equal probability. The “nucleating” base pair, in turn, can be an A/T or C/G base pair.
Thus, if the event of the formation of the first base pair can occur at any site along the double
chain with the same probability, we can write the observable initiation free energy as follows:

( ) ( )init / / /  / .A T C GG p G A T p G C G° °D = D + D (43)

In Eq. 43, ΔGinit  is the observable initiation free energy, and pA/T  and pC /G =1−  pA/T  are,
respectively, the probabilities with which the first base pair formed in the DNA double chain
is A/T and C/G base pair. Finally, ΔG °(A / T ) and ΔG °(C / G), are the free energy changes
associated to the formation of the first base pair if it is an A/T or C/G base pair, respectively.
As our approach is built on the hypothesis that the event of the formation of the first base pair
can occur at any site along the chain with equal probability, the probabilities pA/T  and pC /G are
simply the compositions of A/T and C/G base pairs. Then, we have that
pA/T =  χA/T =  nA/T / N , and pC /G =  χC /G =  nC /G / N , where χX /Y  and nX /Y  are, in turn, respec‐
tively, the relative occurrence number (composition) and the number of X/Y base pairs
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occurring along the duplex oligomer in question. Equation 34 shows how the nucleation free
energy can be calculated from the initiation free energy. Therefore, the observable nucleation
free energy can be written as

nuc init  ln .kG G RT sD = D + (44)

The equilibrium constant sk  is associated to the first propagation step, that is, to the formation
of the first WC base pair, which can be an A/T or C/G base pair. Invoking newly our simplifying
hypothesis, which establishes that the formation of the first base pair can occur with equal
probability in any site along the chain, we can write that

{ }
( )

1 2

1 2

1 2ln   ,k b b
b b

RT s p G b b= - Då (45)

where the summation is over all the possible duplex dimers occurring along the chain, that is,
b1 and b2 can be anyone of the four nucleotides A, T, C, or G. In Eq. 45, pb1b2

 is the probability

with which the base pair b2 / b2
' is preceded by the base pair b1 / b1

'. Obviously, such probabilities
are equal to the compositions of dimers along the double chain, that is, pb1b2

=  χb1b2
,  where χb1b2

is the composition of the duplex dimer b1b2−b2
'b1

'. Therefore,

( )
{ }

( )
1 2

1 2

1 2ln   .k k b b
b b

RT s G Ob G b bc= D = - Då (46)

Equation 44 can be rewritten as follows:

( ) ( ) ( ){ } 1 21 2nuc 1 2 /  /  / .b b A C Gb b
T

G G b b G A T G C Gc c c° °D = - D + D + Då (47)

From Eq. 47, it becomes clear that the nucleation free energy depends on the composition of
the DNA double strand due to the presence of the terms χA/T , χC /G, and χb1b2

, in the right side
of the equation. According to Eq. 47, as there are 10 possible duplex dimers, ΔGnuc  must be a
function of 10 parameters: the already known eight polymeric irreducible parameters plus two
parameters related to the formation of the first base pair, as defined in Eq. 43. We can simplify
the approach contained in Eq. 47, discriminating the bases b1 and b2 only according to the weak–
strong classification criteria. In this way, Eq. 47 becomes

( ) ( ) ( )
( ) ( ) ( )

nuc     

 / / .
ww ws sw

ss w s

G G ww G ws G sw

G ss G A T G C G

c c c

c c c° °

D = - D - D - D -

- D + D + D
(48)
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where ΔG(ww) is the mean free energy of a stack of two weak base pairs, χww is its composition,
and so on. Using Eq. 12, we obtain the following values for the mean dimer free energies:

( )
( )

( ) ( )

  
  

  .

z zz

z zz

zz

G ww S V M
G ss S V M

G ws G sw S M

D = + +

D = - +

D = D = -
(49)

Inserting Eq. 49 into Eq. 48, we can obtain:

( ) ( )
( ) ( )

nuc          

+ /  /
z ww ss zz ww ss ws sw

w s

G S V M

G A T G C G

c c c c c c

c c° °

D = - - - - + - - +

D + D
(50)

Equation 42 can be used to predict the free energy of any duplex oligomer if we know the
values of all the polymeric irreducible parameters for free energy plus the free energy changes
associated to the formation of the first base pair. Now, we can return to the set of 108 sequences
compiled by Allawi and SantaLucia to obtain the set of eight polymeric irreducible parameters
together with these two additional parameters. This will be done in the following section.

Figure 3. The formation of the first WC base pair. (a) Strands S and S’ are sufficiently distant one from the other. All
the bases in both the chains are in the single strand state. (b) It occurs an approximation between strands S and S’.
However, all the bases are still in the single strand state. (c) It is formed the first base pair, namely the base pair bk / bk

' ,

through the establishment of H bonds between the bases bk  and bk
' . After that, the double helix propagates in both the

directions extending to the ends of the chain [17].

8. Results and discussion for the modeling based on double helix initiation
parameters

The free energy for a duplex sequence of N bases in the NN approximation can be calculated
as the pairwise sum, using the initiation free energy, as a function of the 10 parameters for free
energy from Eqs. 12 and 43 as follows:

Nucleic Acids - From Basic Aspects to Laboratory Tools204



where ΔG(ww) is the mean free energy of a stack of two weak base pairs, χww is its composition,
and so on. Using Eq. 12, we obtain the following values for the mean dimer free energies:

( )
( )

( ) ( )

  
  

  .

z zz

z zz

zz

G ww S V M
G ss S V M

G ws G sw S M

D = + +

D = - +

D = D = -
(49)

Inserting Eq. 49 into Eq. 48, we can obtain:

( ) ( )
( ) ( )

nuc          

+ /  /
z ww ss zz ww ss ws sw

w s

G S V M

G A T G C G

c c c c c c

c c° °

D = - - - - + - - +

D + D
(50)

Equation 42 can be used to predict the free energy of any duplex oligomer if we know the
values of all the polymeric irreducible parameters for free energy plus the free energy changes
associated to the formation of the first base pair. Now, we can return to the set of 108 sequences
compiled by Allawi and SantaLucia to obtain the set of eight polymeric irreducible parameters
together with these two additional parameters. This will be done in the following section.

Figure 3. The formation of the first WC base pair. (a) Strands S and S’ are sufficiently distant one from the other. All
the bases in both the chains are in the single strand state. (b) It occurs an approximation between strands S and S’.
However, all the bases are still in the single strand state. (c) It is formed the first base pair, namely the base pair bk / bk

' ,

through the establishment of H bonds between the bases bk  and bk
' . After that, the double helix propagates in both the

directions extending to the ends of the chain [17].

8. Results and discussion for the modeling based on double helix initiation
parameters

The free energy for a duplex sequence of N bases in the NN approximation can be calculated
as the pairwise sum, using the initiation free energy, as a function of the 10 parameters for free
energy from Eqs. 12 and 43 as follows:

Nucleic Acids - From Basic Aspects to Laboratory Tools204

( )
1

init 1 sym
1

    
N

i i
i

G G b b G
-

+
=

D + D + Då (51)

Simultaneous least-mean-square-deviation fit of this model to the 108 sequence data set
compiled by Allawi and SantaLucia [2] gave the values for the free energy parameters, as listed
in Table 3 [17].

Irreducible parameters for free energy Values (kcal/mol)

ΔG °(A / T ) 1.7± 0.3

ΔG °(C / G) 1.8± 0.2

S −1.38± 0.02

Vz 0.58± 0.04

M xx 0.04± 0.01

M yy −0.02± 0.01

M zz −0.05± 0.01

M xy −0.07± 0.01

M xz −0.03± 0.01

M yz −0.03± 0.01

Table 3. Irreducible Parameters for Free Energy at Standard Conditions (37°C and 1 M Salt and DNA)

Given the root-mean-square deviation per dimer, as defined in Eq. 22, the parameters for free
energy in Table 3 are those that minimize χ. The value obtained for χ was 0.14 kcal/mol per
dimer [17], which coincides precisely with that obtained for the 12 parameter models using
values reported by SantaLucia for the free energies of the 10 duplex dimers [2, 4–6]. Thus, how
it happened for the modeling by end effects, from the overall data ensemble quality, there
would not be practical reason to prefer a model with a greater number of parameters. The
mean values and the errors of the parameters for free energy, as listed in Table 3, were
estimated by Guerra in the following way [17]: he selected 1000 sets of 70 sequences chosen
randomly, and then he calculated the mean and the deviation for the parameters obtained from
each set. Some immediate conclusions can be done with respect to the data contained in Table
3. First, the intrinsic errors of the free energies related to the formation of the first base pairings
are only a little larger than the errors of the other irreducible parameters for free energy.
Second, considering only the bar of errors, the free energy changes for the initiation of a double
chain through the formation of an A/T or C/G base pair are essentially similar. Thus, if it is
correct the hypothesis of that the duplex formation can be initiated by the formation of a base
pair at any site along the double helix with equal probability (independently of the local
composition), then, the initiation free energy is essentially independent on the local composi‐
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tion. Finally, once we have obtained the initiation free energy parameters, as listed in Table
3, we are ready for to estimate the nucleation free energy of any duplex oligomer, using Eq.
50. Equation 50 establishes that observable nucleation free energies depend on the mean global
composition of the DNA double strand and vary within a range that goes from

poly 
nuc

kcal1.38 0.58 0.04 1.7 2.54 ,
mol

A TG ×D = - + + =

for a poly A⋅T homopolymer to

poly 
nuc

kcal1.38 0.58 0.04 1.8 3.80 ,
mol

C GG ×D = + + + =

for a poly C⋅G homopolymer. Observe that the difference between these values for nucleation
free energies, which is ∼1.3 kcal/mol, is greater than the bar of errors estimated for nucleation
free energies, which is ∼0.7 kcal/mol. On the another hand, the results obtained above, for the
poly A⋅T and poly C⋅G homopolymers, are in total discordance with results obtained previ‐
ously using the modeling by end effects [16], as was to be expected. In fact, heteropolymers
must have one value for the nucleation free energy that must be inside such interval, and it
must depend on their composition. Finally, the mean observable nucleation free energy is
ΔGnuc

mean = (ΔGnuc
poly A⋅T +  ΔGnuc

poly C⋅G) / 2=3.17  kcal / mol. This value is only a little lower than that
obtained by Manyanga et al. [19].

Comparing the results obtained for the eight polymeric irreducible parameters for free energy,
as listed in Table 3 of this section, with results obtained recently using the end effects [16], and
contained in Tables 1 and 2 of the Section 6 of this review, we can conclude that the irreducible
parameters are not essentially affected with the alteration in the modeling. In another words,
if we substitute one modeling by another, the end effects, which, obviously, do not depend
essentially on the compositions of the two terminal base pairs, are substituted by the initiation
free energies, which do not depend essentially on the global composition of the chain.
Therefore, dimer free energies, which depend only on the irreducible parameters for free
energy, also are not essentially affected.

Free energy changes associated to the formation of the second base pair are given by the
following equation:

( ) ( ) ( )' '
 1 1/  /  k k k k kG b b G b b G Ob± ±D = D + D (52)

depending if the second base pair formed is located at the k+1th site or at the k−1th site of the
chain. Using Eq. 43 for ΔG(bk / bk

') =  ΔGinit , Eq. 46 for ΔG(Obk ) , and also the approximations
given by Eq. 49, we obtain the following:
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given by Eq. 49, we obtain the following:

Nucleic Acids - From Basic Aspects to Laboratory Tools206

( ) ( )
base pairing

/ 0.7 0.3  kcal / molG A TD = ±

and

( ) ( )
base pairing

/ 0.1 0.3 kcal / mol.G C GD = ±

The values listed above are just the base pairing contributions for the dimer free energies,
which were encountered experimentally by the Frank-Kamenetskii Group [18]. Yakovchuk et
al. obtained for the A/T and C/G base pairings, the base pairing free energies of 0.57 kcal/mol
and −0.11 kcal/mol, respectively [18]. Therefore, we have obtained values that agree reasonably
well with those obtained by the Frank-Kamenetskii Group. In addition, the values for the base
pairing free energies are reasonably well defined because their ranges of allowable values have
only an unique common intercept.

9. Conclusions

A geometrical representation of four-nucleotide sets as a tetrahedron (Eq. 3 and Fig. 2) allows
for the association of the three most distinctive molecular group classifications with corre‐
sponding orthogonal cubic axis. Physical properties of nucleotide sequences may be calculated
with an optimal set of tensor coefficients (Eq. 4), assuming projections within this tetrahedral
representation. The coefficients are expressed in hierarchical differential form, so lower levels
of approximation are explicitly embodied in the description. This includes an ensemble mean
expectation from scalar coefficient S alone and a global composition approximation, as
expressed through V-component contributions. The symmetrical set is shown to provide a
frame for the analysis of DNA duplex free energy fully compatible with experimental data.
Such a symmetrical set of coefficients allows for the translation among different decomposition
frames. It also gives a proper irreducible representation for dimer properties (Eqs. 8 and 12).
It solves an old indeterminacy of dimer sets by establishing self-consistency relations among
the dimer coefficients (Eqs. 14 and 15).

Using the modeling based on end effects, for predicting correctly physical properties of duplex
oligomers, we saw that end contributions are fit with large errors to experimental data, as
compared to the fits of other NN or dimer contributions. Besides, we could not distinguish
between the weak and the strong terminal base pairs. However, using both the sets constituted
by two- or four-ending parameters, one calculates free energies for DNA oligomers at least as
well as standard models, considering a larger set of parameters do [2, 4–6].

The modeling based on the double helix initiation parameters substitutes the end effects by
the initiation parameters. The free energy changes associated to the formation of the first base
pair, in the duplex formation, are fit to experimental data with errors only slightly larger than
those for the NN or dimer contributions. Furthermore, we obtained that the values for the first
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base pairing free energies are essentially similar (because the difference between them had a
value smaller than the estimated bar of errors). Thus, this could indicate an invariance of the
initiation free energy with respect to the composition of the chain. Nucleation free energy,
however, depends on the composition, and it can be calculated from the initiation free energy
by using Eq. 34. What supports this statement is the fact of that the difference between its
maximal and minimal values is larger than the error bars. The model based on the double helix
initiation parameters is constructed by using the simplifying hypothesis, which establishes
that the nucleation can occur at any site of the chain with equal probability, independently of
the local composition. An important result, which becomes such hypothesis quite reasonable,
is the fact of that the base pairing contributions for the dimer free energies seem to agree well
with values experimentally obtained by the Frank-Kamenetskii Group. Finally, this modeling
uses a set of 10 parameters, which is constituted by the eight polymeric irreducible parameters
already known plus two parameters related to two possible base pairings (the initiation free
energy parameters). With this set, one calculates free energies for DNA oligomers at least as
well as standard models considering a larger set of parameters do.
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