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PREFACE

This text is intended for two types of readers. The first group is the relatively unini-
tiated, those persons not familiar with molecular biology, but who find themselves
drawn into the world of nucleic acid technology because of the more applied
scientific and commercial aspects evident on the horizon. Within this first group,
scientists not already familiar with nucleic acid interactions and the development of
nucleic acid assays will hopefully find this text valuable in helping them to become
familiar with these topics. The text describes several approaches for generating nu-
cleic acid probes and offers some advice on selecting labeling systems and assay
formats. The second audience consists of persons already familiar with basic nucle-
ic acid hybridization assays, as well as those interested members of the first group.
This group will benefit especially from the sections on applications. The chapters
on applications address developments in veterinary and human medicine, as well
as the often neglected markets of agriculture and environmental sciences, to shed
light on the current and future direction of commercial and applied research inter-
ests.

This book was originally conceived as a primer on applications of nucleic acid
technology, with an emphasis on the hybridization of nucleic acids, because of the
central importance of this molecular interaction in defining the specificity and sen-
sitivity of nucleic acid techniques in general. Obviously, other techniques besides
hybridization protocols must be considered when developing applications, includ-
ing those for commercial use. Various approaches to address sample handling and
processing, user interface, and signal detection may be coupled to the basic hy-
bridization reaction to design or to customize an efficient and potentially profitable
application. The fashioning of a nucleic acid-based application is defined by utility
and driven by ingenuity. Recognizing the broad spectrum of possible strategies, and
the availability of several excellent techniques-oriented books (such as Current Pro-
tocols in Molecular Biology, or the abridged volume, Short Protocols in Molecular
Biology, edited by F. M. Ausubel et al. and published by John Wiley & Sons), this
text does not attempt to present detailed protocols for specific applications, but in-
stead serves as a menu of options with examples describing representative applica-
tions. It is hoped that by illustrating different fields that might benefit from the de-
velopment of assays, and by clarifying some of the basic technology, this text will
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help stimulate the development of novel and commercially successful applications
of nucleic acid hybridization techniques.

The contributions, cooperation, and patience of many authors were required in
the preparation of this volume, and I am indebted to all of them. Dr. Bennie I. Os-
burn and Peter Prescott were integral in the initial conception and framing of this
book. I am deeply grateful for their advice and assistance. Susan King and Colette
Bean, both of John Wiley & Sons, shepherded this project to completion. I thank
them for their endurance, guidance, and support.

CHARLES A. DANGLER
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CHAPTER 1

NUCLEIC ACID HYBRIDIZATIONS:
PRINCIPLES AND STRATEGIES

ASIM K. BEJ

Department of Biology,

University of Alabama, at Birmingham,
Birmingham, AL 35294-1170

1.1. INTRODUCTION

The study of the myriad arrangements of the four nucleotides that constitute the
genomes of each and every organism in this diversified living world has had a pro-
found influence in virtually all areas of biology. The genetic make-up of each living
organism contains a vast library of information. The analysis of these immense ge-
netic messages requires the isolation and characterization of particular DNA se-
quences of interest. Nucleic acid hybridization is one of the primary approaches by
which a great deal of information about the genetic structures and functions in all
living organisms is being unfolded. The process that underlines all approaches in-
volving nucleic acid hybridization, first described by Marmur and Doty [1], is the
formation of the double helix from two strands of DNA that are complementary to
each other. Successful nucleic acid hybridization is based on two fundamental crite-
ria: (1) the two DNA strands involved in the hybridization process must have some
degree of complementarity and (2) following hybridization, the extent of comple-
mentarity will determine the stability of the duplex DNA. Based on these two un-
derlying principles of nucleic acid hybridization, a variety of avenues have been es-
tablished involving this unprecedented approach to unveil the complexity of the
underlying genetic principles of the living world and to address numerous enigmat-
ic biological problems. This chapter will portray the fundamental principles of the

Nucleic Acid Analysis: Principles and Bioapplications, pages 1-29
© 1996 Wiley-Liss, Inc.
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nucleic acid hybridization method and highlight its role in some of the portentous
areas of the biological sciences.

1.2. WHAT IS NUCLEIC ACID HYBRIDIZATION?

Nucleic acid hybridization is a process in which inconsonant nucleic acid strands
with specific organization of nucleotide bases exhibiting complementary pairing
with each other under specific given reaction conditions, thus forming a stable du-
plex molecule. This phenomenon is possible because of the biochemical property of
base-pairing, which allows fragments of known sequences to find complementary
matching sequences in an unknown DNA sample. The known sequence is called the
probe, which is allowed to bind and hybridize with a complementary target se-
quence under specific conditions and provide a signal to confirm the presence of a
specific sequence of interest in a sample. For hybridization, both the probe and the
target DNA have to be in single-stranded form. Since the DNA molecule in vivo or
in vitro exists in double-stranded form, the strands must be “denatured.” By revers-
ing the denaturation process, the probe is allowed to bind to its complementary tar-
get strand by a process called “reassociation” or “annealing.” During duplex forma-
tion between the probe and the target strands, by the annealing process, a hybrid
double-stranded molecule is formed, and this reaction is called “hybridization.”
Conceptually, all nucleic acid hybridization methods appear to be the same.
However, actual performance and interpretation of each hybridization reaction in-
volving binding of a unique probe with its complementary target DNA requires
evaluation and optimization of a set of parameters to resolve the reaction condi-
tions.

Since both DNA and RNA share the same biochemical principles of base-pair-
ing, the hybrid formation during the nucleic acid hybridization process can occur
between DNA-DNA, DNA-RNA, or RNA-RNA. Also, a number of approaches
such as dot blot, colony or plaque lifts, Southern blot (DNA-DNA), Northern blot
(RNA-DNA), in situ, and solution hybridization (all based on the basic principles
of nucleic acid hybridization) are used.

1.3. SAMPLE PREPARATION FOR NUCLEIC ACID HYBRIDIZATION

The preparation of the target nucleic acids for the probe to bind is particularly im-
portant for in vitro hybrizations. The target DNA is intimately associated with com-
plex proteins, lipids, carbohydrates, and other nucleic acids within the cell.
Therefore, the release of the nucleic acids from the cells, with successive purifica-
tion from complex cellular matrices, followed by denaturation, is the first and pri-
mary step for a successful hybridization reaction. In general, the cells are lysed by
treating with detergent, alkali, or simply boiling [2,3]. In some hybridization ap-
proaches, such as dot blot, Southern blot, Northern blot, or solution hybridization,
purification of the nucleic acids following lysis is recommended. However, in many



PRINCIPLES AND STRATEGIES 3

hybridization methods such as colony or plaque lifts, the cells are lysed, nucleic
acids are denatured, and hybridization is performed without further purification.
The in situ hybridization approach allows the probe to bind with previously dena-
tured target nucleic acids without disrupting the tissues, cells, or chromosome [4].

1.4. VARIOUS APPROACHES AND KINETICS OF
NUCLEIC ACID HYBRIDIZATIONS

There are three approaches to nucleic acid hybridization: hybridization in liquid
phase (solution hybridization), hybridization on solid supports, and in situ hy-
bridization. They are commonly used depending on the type of information that is
expected to be generated from the hybridization result. These three hybridization
approaches are described below.

1.4.1. Solution Hybridization

In the liquid hybridization, both the target nucleic acid and the probe interact in an
optimized hybridization solution. The hybridization in the liquid phase has the max-
imum kinetics. Therefore, most of the time, the kinetics of a hybridization reaction
is determined in liquid phase. Also, analysis of genome organizations and genetic
complexity are generally done in liquid phase hybridizations. In liquid hybridiza-
tion, the nucleic acids are purified from the target cells or tissues and transferred to
a hybridization solution in which the single-stranded probe is added for hybridiza-
tion. The nucleic acids are then denatured either by heating the sample or by treat-
ment with alkali, and the annealing of the probes to their complementary target nu-
cleic acids is performed. Hybridization may be followed by monitoring continuous
decrease in the optical density, in a spectrophotometer at 260 nm wavelength, as the
annealing of the probe to its complementary target nucleic acid occurs. The rate of
the reaction is a measure of the concentration of the complementary sequences.

In liquid phase and possibly other hybridization processes, the initial event in the
annealing of the two complementary strands is a nucleation reaction followed by a
rapid process of “zippering” of the two single-stranded nucleic acids forming a du-
plex molecule. A mathematical model based on the assumption that the two strands
are unbroken and have 100% complementarity was derived by Wetmur and
Davidson [5]. However, in practice, unless the complexity of the genome is simple
and the size is small such as in viruses, the complex nucleic acid molecules from
eukaryotes or other higher organisms are sheared to a desired size range before be-
ing subjected to solution hybridization. As a result, during hybrid formation, numer-
ous single-stranded tails are available for binding with other molecules, forming
complex concatamers. The remaining single-stranded forms are one of the key fea-
tures for quantitative determination of the hybrid molecules. Conventionally, fol-
lowing hybridization the sample is subjected to S1 nuclease digestion, which de-
stroys the single-stranded molecules. The sample is then passed through a
hydroxyapatite chromatography column in which the double-stranded duplex mole-
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cules are selectively bound and the single-stranded molecules are eluted by using a
buffer with specific ionic strength. Later, the double-stranded molecules are eluted
using another buffer with a different ionic strength, and quantitation is determined
by spectrophotometric, flurometric, colorimetric, or radioactive methods. An alter-
native approach following hybridization and S1 nuclease treatment is selective pre-
cipitation of the duplex molecules using trichloroacetic acid (TCA). Hydroxyapatite
binding measures the fraction of the DNA that is linked to structures containing du-
plexes and follows the equation [6]

H=(1+kCyt)"

where H is fraction of DNA bound to the hydroxyapatite, & is observed rate constant
(M-sec™"), C, is original concentration of the nucleotides (mol-L™"), and ¢ is time (in
seconds). In 0.14 M sodium phosphate buffer with a pH of 6.8, the double-stranded
DNA will bind to hydroxyapatite, but the single-stranded DNA will not.

During the S1 nuclease digestion the single- and double-stranded nucleic acids
will be distinguished, and the kinetics of the nucleic acid hybridization will follow
the equation

S = (1 +kCor) 044

where S is fraction of nucleotides that remain unpaired, and &, C,, and # are the same
as above.

If the DNA is sheared to a desired size range, the concentration of the fragments
that contain a particular sequence is inversely proportional to the genome size. As a
result, the rate of the reannealing reaction between these strands is inversely propor-
tional to the genome size. This is more pronounced in eukaryotic organisms because
of the presence of a large number of repetitive sequences in the genome [5,7]. The
relationship between the complexity of the genome and the hybridization reaction
rate in solution is fundamental to both DNA-DNA and DNA-RNA hybridizations.
In the RNA-DNA hybridization, the base sequence complexity of a species of RNA
can be defined as the base sequence complexity of the DNA from which the RNA is
transcribed. Therefore, fundamentally the DNA-DNA hybridization can provide a
comparative picture of the genome complexity of a group of related or unrelated or-
ganisms when performed in solution. On the other hand, a quantitative evaluation of
the expression of a specific gene requires identification of the specific message by
hybridization followed by measurement of the total amount of the duplex mole-
cules.

In solution hybridization, the complexity of the genome can be measured quanti-
tatively by calculating the Cyt (for DNA) or Ryt (for RNA) value. Cy (moles of nu-
cleotide per liter) is the product of DNA concentration (R, for the RNA concentra-
tion) and time (in seconds) of incubation in a reannealing reaction. The complexity
is presented as a measure of Cyt,,, which is a value when one-half (50%) of the total
DNA in the reaction has reannealed. The Cyt value can be determined from the
equation
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C/Cy= /1 +kCyty,

where C is concentration of nucleotides at time ¢ (mole per liter), C, is original con-
centration of nucleotides at time 0 (mole per liter), & is reassociation rate constant,
and ¢ is time (in seconds). Therefore, Cyt,, 1.e., when the reannealing reaction is half
completed at #,,, can be defined mathematically as

CICy=12=11+kCyt,
so that
Coty, = l/k.

Since the Cyt, is the product of the concentration and the time required to proceed
halfway, a greater Cyt,, implies a slower reaction, which indicates the degree of
complexity of the genome. Recently, high performance liquid chromatography
(HPLC) has been used to separate and quantitate double-stranded hybrids from the
single-stranded molecules following solution hybridization rapidly and accurately.

The complexity of any DNA can be determined by comparing its Cyt,, with that
of a standard DNA of known complexity. Usually Escherichia coli DNA is used as a
standard. Its complexity is taken to be identical with the length of a genome that im-
plies that every sequence in the E. coli genome of 4.2 x 10° is unique. Therefore, the
complexity of any DNA can be determined by the equation

Coty, (DNA of any genome)/Cyt,, (E. coli DNA) =
Complexity of any genome/4.2 x 106 bp

Comprehensive descriptions of methods for Cyf [8,9] and Ry [10] are given else-
where.

The primary advantage of the solution hybridization approach is that it provides
kinetic simplicity with maximum rate of hybridization. One of the disadvantages of
this approach is that the nucleic acids should be free of proteins, lipids, carbohy-
drates, and other contaminants that may interfere with the annealing process. Also,
because of its faster reassociation rate, higher self-annealing may occur. To prevent
this problem, excess amount of probe may be used in a solution hybridization reac-
tion. This approach may not be efficient if a large number of samples have to be an-
alyzed.

1.4.2. Hybridizations on Solid Support

In this approach, the single-stranded DNA or RNA is immobilized on a solid sup-
port such as nitrocellulose, nylon, or polystyrene and is available for hybridization
with the probe in a liquid phase. After it was first described by Gillespie and
Speigelman [11], the hybridization method on solid support became a popular ana-
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lytical hybridization tool in molecular biology despite the fact that hybridization in
the two phases (solid and liquid, sometimes referred to as “mixed phase”) can be
slow. Since the target nucleic acids are bound on the solid support, one of the ad-
vantages of this approach is that self-annealing is prevented. The probe molecules
are labeled radioactively or nonradioactively so that following the hybridization
process the hybrids can be detected either by autoradiography or by colorimetry.
Also, a quantitative assay of the hybrids can be determined by using a scintillation
counter or a densitometer.

Types of Solid Supports. A variety of solid supports for DNA-DNA or
RNA-DNA hybridizations are available. Among some of the membrane solid sup-
ports, nitrocellulose, nylon, or chemically activated papers are common. The nature
and type of membrane solid supports are selected depending on the purpose of the
hybridization.

Nitrocellulose membrane binds with DNA and RNA with high efficiencies (80
pg/cm?). However, nucleic acid fragments below 500 nucleotides in length are
bound poorly. Also, the nitrocellulose membrane is relatively fragile and becomes
brittle. Therefore, it is difficult to handle, especially when used multiple times.

The introduction of nylon membrane for solid support hybridizations has over-
come this difficulty. The texture of the nylon membranes is more flexible, and they
do not disintegrate with repeated usage. Moreover, nucleic acids of sizes lower than
500 nucleotides can be immobilized efficiently on the nylon membranes. The sensi-
tivity of hybridization detection on various commercially available nylon mem-
branes is claimed to be much higher than on the nitrocellulose membranes. For
Southern and Northern hybridizations, both nylon and nitrocellulose membranes
provide excellent hybridizations. For colony lifts, a nylon membrane with a pore
size of 1.2 wm is recommended. For DNA dot blots, a membrane with a 0.45 pm
pore size is recommended for large (>500 nucleotide) molecules, and a 0.22 wm
pore size membrane is preferred for small (<500 nucleotide) molecules. For RNA
dot blots, membranes with pore sizes of 0.1-0.22 wm provide excellent hybridiza-
tion.

Recently, the use of a polystyrene surface (e.g., microtiter plates) has been used
for hybridizations. Although this approach has not become popular to date, some of
the advantages are (1) multiple samples can be handled more easily on a microtiter
plate than on a nylon or nitrocellulose membrane, (2) automation is possible in this
approach, (3) less amounts of reagents are used in a microtiter plate hybridization,
and (4) the hybridization time can be shortened by several hours compared with
membrane hybridization. The efficiency of hybridization in a microtiter plate has
not been shown to be higher than in the membrane hybridization.

Immobilization of Nucleic Acids on Solid Supports. As a first step the nucleic
acids are denatured before immobilizing onto solid supports. The conventional
methods of immobilization do not allow the nucleic acids to bind to the nitrocellu-
lose or nylon membranes covalently. The noncovalent immobilization of the nucleic
acids may pose some problems such as at high temperature the nucleic acids may
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leach out from the membrane if hybridization is carried on for a long period of time.
In addition, if the probe binds to the immobilized target nucleic acid by its entire
length, the hybrid molecule may detach from the membrane and stay in the liquid
phase [12]. This phenomenon may lead to no or unexpectedly poor hybridization
signals with time. Therefore, it is necessary to bind the immobilized nucleic acids
onto the membrane covalently. Most of the commercially available membranes are
designed to bind to the nucleic acids covalently either by UV irradiation or by
chemical treatment [13]. The chemically activated membranes bind with the nucleic
acids covalently. Therefore, these membranes can be used for immobilization of
both large and small nucleic acids. However, the binding capacity of the chemically
activated membranes is much lower (1-2 pg/cm?) than that of nitrocellulose mem-
branes and many of the commercially available nylon membranes, and the proce-
dures for binding are more complicated. The chemically activated membranes are
commonly used for hybrid selection for the enrichment of specific RNA sequences
[10].

Various Types of Solid Support Hybridizations. The solid support hy-
bridization approach has broad applications, including (1) dot blot or slot blot hy-
bridization, (2) bacterial colony or plaque hybridization, (3) Southern hybridization,
(4) Northern hybridization, (5) in situ hybridization, and (6) hybrid selection by
sandwich hybridization.

Dot Blot or Slot Blot Hybridization. The dot or slot blot hybridization ap-
proach is relatively rapid with the advantage that a large number of samples can be
analyzed simultaneously against one probe under the same hybridization condi-
tions. The method involves fixation of the single-stranded target nucleic acid mole-
cules onto a solid support, which is a nitrocellulose or a nylon membrane containing
free primary amine groups available for covalent binding with the nucleic acid mol-
ecules. The nucleic acid samples are immobilized with specific geometric arrays
manually or by using commercially available dot or slot blot apparatuses that are ca-
pable of analyzing 96 or more nucleic acid samples simultaneously on a single solid
support. The name of this hybridization approach is derived from the geometric ar-
rays of the samples on the solid support, which can be in the form of solid small cir-
cles (dot blot) or solid moderately elongated wells (slot blot). The rest of the solid
support that does not contain any target nucleic acid to be tested is inactivated by
treatment with a blocking reagent followed by hybridization with a specific nucleic
acid probe under specific hybridization conditions. Following hybridization, the
solid support is processed by washing several times with several solutions to re-
move unbound probes and/or binding of the probe with nontarget nucleic acids.
Although purified nucleic acids were initially used for dot or slot blot hybridiza-
tion assays, a number of studies showed that unpurified nucleic acid from the envi-
ronmental or clinical samples can be used successfully for hybridization simply by
lysing the cells in the samples with a strong base or a chaotropic agent such as sodi-
um iodide, denaturing the nucleic acid with alkali such as sodium hydroxide, and
denaturing the cellular proteins by protein-degrading enzymes such as proteinase K



