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Preface

There have been numerous advances made in many fields throughout the biosciences
in recent years, with perhaps the most dramatic being those in our ability to investigate
and define cellular processes at the molecular level. These insights have been largely
the result of the development and application of powerful new techniques in molecular
biology, in particular nucleic acid and protein methodologies.

The purpose of the Medical Biomethods Handbook is to introduce the reader to a
wide-ranging selection of those molecular biology techniques that are most frequently
used by research workers in the field of medical and clinical research. Clearly, within
the constraints of a single volume, we have had to be selective. However, all of the
techniques described are core methods and in regular research use. We have aimed to
describe both the theory behind, and the application of, the techniques described. A
companion volume, the Molecular Biomethods Handbook, published in 1998, provides
similar details on a range of other basic molecular biology techniques. For those who
require detailed laboratory protocols, these can be found in the references cited in each
chapter and in the laboratory protocol series Methods in Molecular Biology™ and Meth-
ods in Molecular Medicine™ published by Humana Press.

The Medical Biomethods Handbook should prove useful to undergraduate students
(especially project students), postgraduate researchers, and all research scientists and
technicians who wish to understand and use new techniques, but do no yet have the
necessary background to set up specific techniques. In addition, it will be useful for all
those wishing to update their knowledge of particular techniques. All chapters have
been written by well-established research scientists who run their own research pro-
grams and who use the methods on a regular basis. In sum, then, our hope is that this
book will prove a useful source of information on all the major molecular biomedical
techniques in use today, as well as a valuable text for those already engaged in or just
entering the field of molecular biology.

John M. Walker
Ralph Rapley
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Basic Techniques in Molecular Biology

Ralph Rapley

1. Introduction

There have been many developments over the past three decades that have led to the efficient
manipulation and analysis of nucleic acid and proteins. Many of these have resulted from the
isolation and characterization of numerous DNA-manipulating enzymes, such as DNA poly-
merase, DNA ligase, and reverse transcriptase. However, perhaps the most important was the
isolation and application of a number of enzymes that enabled the reproducible digestion of
DNA. These enzymes, termed restriction endonucleases or restriction enzymes, provided a turn-
ing point for not only the analysis of DNA but also the development of recombinant DNA tech-
nology and provided a means for the detection and identification of disease and disease markers.

1.1. Enzymes Used in Molecular Biology

Restriction endonucleases recognize specific DNA target sequences, mainly 4-6 bp in
length, and cut them, reproducibly, in a defined manner. The nucleotide sequences recognized
are of an inverted repeat nature (typically termed palindromic), reading the same in both direc-
tions on each strand (1). When cut or cleaved, they produce a flush or blunt-ended, or a stag-
gered, cohesive-ended fragment depending on the particular enzyme as indicated in Fig. 1. An
important property of cohesive ends is that DNA from different sources (e.g., different organ-
isms) digested by the same restriction endonuclease will be complementary (termed “sticky”)
and so will join or anneal to each other. The annealed strands are held together only by hydro-
gen-bonding between complementary bases on opposite strands. Covalent joining of nucle-
otide ends on each of the two strands may be brought about by the introduction of the enzyme
DNA ligase. This process, termed ligation, is widely exploited in molecular biology to enable
the construction of recombinant DNA molecules (i.e., the joining of DNA fragments from dif-
ferent sources). Approximately 500 restriction enzymes have been characterized to date that
recognise over 100 different target sequences. A number of these, termed isoschizomers, rec-
ognize different target sequences but produce the same staggered ends or overhangs. In addi-
tion to restriction enzymes a number of other enzymes have proved to be of value in the
manipulation of DNA and are indicated at appropriate points within this chapter.

2. Extraction and Separation of Nucleic Acids
2.1. DNA Extraction Techniques

The use of DNA for medical analysis or for research-driven manipulation usually requires
that it be isolated and purified to a certain degree. DNA is usually recovered from cells by meth-

ods that include cell rupture but that prevent the DNA from fragmenting by mechanical shearing.
This is generally undertaken in the presence of EDTA, which chelates the magnesium ions needed

From: Medical Biomethods Handbook
Edited by: J. M. Walker and R. Rapley © Humana Press, Inc., Totowa, NJ

1



2 Rapley

g/ GIAATTC —.%
I C TTA A|c =5

v
Staggered digestion

/N

S I GAATTOH c E——=- 3
J-EETm—— HOTTAAG ——31-5’

Sticky/cohesive ended restriction fragments produced

Fig. 1. The cleavage of a DNA strand with a target site for the restriction enzyme EcoR1
indicating the ends of the DNA formed following digestion.

as cofactors for enzymes that degrade DNA, termed DNase. Ideally, cell walls, if present, should
be digested enzymatically (e.g., lysozyme in the bacteria or bacterial). In addition the cell mem-
brane should be solubilized using detergent. Indeed, if physical disruption is necessary, it should
be kept to a minimum and should involve cutting or squashing of cells, rather than the use of
shear forces. Cell disruption and most of the subsequent steps should be performed at 4°C, using
glassware and solutions that have been autoclaved to destroy DNase activity.

After release of nucleic acids from the cells, RNA can be removed by treatment with ribonu-
clease (RNase) that has been heat treated to inactivate any DNase contaminants; RNase is rela-
tively stable to heat as a result of its disulfide bonds, which ensure rapid renaturation of the
molecule on cooling. The other major contaminant, protein, is removed by shaking the solution
gently with water-saturated phenol, or with a phenol/chloroform mixture, either of which will
denature proteins but not nucleic acids. Centrifugation of the emulsion formed by this mixing
produces a lower, organic phase, separated from the upper, aqueous phase by an interface of
denatured protein. The aqueous solution is recovered and deproteinized repeatedly, until no more
material is seen at the interface. Finally, the deproteinized DNA preparation is mixed with 2 vol of
absolute ethanol, and the DNA is allowed to precipitate out of solution in a freezer. After centrifu-
gation, the DNA pellet is redissolved in a buffer containing EDTA to inactivate any DNases
present. This solution can be stored at 4°C for at least a month. DNA solutions can be stored
frozen, although repeated freezing and thawing tends to damage long DNA molecules by shear-
ing. A flow diagram summarizing the extraction of DNA is given in Fig. 2. The above-described
procedure is suitable for total cellular DNA. If the DNA from a specific organelle or viral particle
is needed, it is best to isolate the organelle or virus before extracting its DNA, because the recov-
ery of a particular type of DNA from a mixture is usually rather difficult. Where a high degree of
purity is required, DNA may be subjected to density gradient ultracentrifugation through cesium
chloride, which is particularly useful for the preparation plasmid DNA. It is possible to check the
integrity of the DNA by agarose gel electrophoresis and determine the concentration of the DNA
by using the fact that 1 absorbance unit equates to 50 pg/mL of DNA:

50A,4, = Concentration of DNA sample (pg/mL)

The identification of contaminants may also be undertaken by scanning ultraviolet (UV)-
spectrophotometry from 200 nm to 300 nm. A ratio of 260 nm : 280 nm of approx 1.8 indicates
that the sample is free of protein contamination, which absorbs strongly at 280 nm.
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Fig. 2. General steps involved in extracting DNA from cells or tissues.

2.2. RNA Extraction Techniques

The methods used for RNA isolation are very similar to those described above for DNA;
however, RNA molecules are relatively short and, therefore, less easily damaged by shearing,
so cell disruption can be rather more vigorous (2). RNA is, however, very vulnerable to diges-
tion by Rnases, which are present endogenously in various concentrations in certain cell types
and exogenously on fingers. Gloves should therefore be worn, and a strong detergent should be
included in the isolation medium to immediately denature any RNases. Subsequent
deproteinization should be particularly rigorous, because RNA is often tightly associated with
proteins. DNase treatment can be used to remove DNA, and RNA can be precipitated by etha-
nol. One reagent in particular that is commonly used in RNA extraction is guanadinium thiocy-
anate, which is both a strong inhibitor of RNase and a protein denaturant. It is possible to check
the integrity of an RNA extract by analyzing it by agarose gel electrophoresis. The most abun-
dant RNA species, the rRNA molecules, are 23S and 16S for prokaryotes and 18S and 28S for
eukaryotes. These appear as discrete bands on the agarose gel and indicate that the other RNA
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components are likely to be intact. This is usually carried out under denaturing conditions to
prevent secondary structure formation in the RNA. The concentration of the RNA may be esti-
mated by using UV spectrophotometry in a similar manner to that used for DNA. However in
the case of RNA at 260 nm, 1 absorbance unit equates to 40 pg/mL of RNA. Contaminants may
also be identified in the same way by scanning UV spectrophotometry; however, in the case of
RNA, a 260 nm : 280 nm ratio of approx 2 would be expected for a sample containing little or
no contaminating protein (3).

In many cases, it is desirable to isolate eukaryotic mRNA, which constitutes only 2—5% of
cellular RNA from a mixture of total RNA molecules. This may be carried out by affinity
chromatography on oligo(dT)-cellulose columns. At high salt concentrations, the mRNA con-
taining poly(A) tails binds to the complementary oligo(dT) molecules of the affinity column,
and so mRNA will be retained; all other RNA molecules can be washed through the column by
further high-salt solution. Finally, the bound mRNA can be eluted using a low concentration of
salt (4). Nucleic acid species may also be subfractionated by more physical means such as
electrophoretic or chromatographic separations based on differences in nucleic acid fragment
sizes or physicochemical characteristics.

2.3. Electrophoresis of Nucleic Acids

In order to analyze nucleic acids by size, the process of electrophoresis in an agarose or
polyacrylamide support gel is usually undertaken. Electrophoresis may be used analytically or
preparatively and can be qualitative or quantitative. Large fragments of DNA such as chromo-
somes may also be separated by a modification of electrophoresis termed pulsed field gel elec-
trophoresis (PFGE), which uses alternating directions of DNA migration (5). The easiest and
most widely applicable method is electrophoresis in horizontal agarose gels as indicated in Fig.
3. In order to visualize the DNA, staining has to be undertaken, usually with a dye such as
ethidium bromide. This dye binds to DNA by insertion between stacked base-pairs, termed
intercalation, and exhibits a strong orange/red fluorescence when illuminated with UV light.
Alternative stains such as SYBRGreen or Gelstar, which have similar sensitivities, are also
available and are less hazardous to use.

In general, electrophoresis is used to check the purity and intactness of a DNA preparation
or to assess the extent of an enzymatic reaction during, for example, the steps involved in the
cloning of DNA. For such checks “mini-gels” are particularly convenient, because they need
little preparation, use small samples, and provide results quickly. Agarose gels can be used to
separate molecules larger than about 100 basepairs (bp). For higher resolution or for the effec-
tive separation of shorter DNA molecules, polyacrylamide gels are the preferred method. In
recent years, a number of acrylic gels have been developed which may be used as an alternative
to agarose and polyacrylamide.

When electrophoresis is used preparatively, the fragment of gel containing the desired DNA
molecule is physically removed with a scalpel. The DNA is then recovered from the gel frag-
ment in various ways. This may include crushing with a glass rod in a small volume of buffer,
using agarase to digest the agrose leaving the DNA, or by the process of electroelution. In this
method, the piece of gel is sealed in a length of dialysis tubing containing buffer and is then
placed between two electrodes in a tank containing more buffer. Passage of an electrical cur-
rent between the electrodes causes DNA to migrate out of the gel piece, but it remains trapped
within the dialysis tubing and can, therefore, be recovered easily.

3. Nucleic Acid Blotting and Gene Probe Hybridization
3.1. Nucleic Acid Blotting

Electrophoresis of DNA restriction fragments allows separation based on size to be con-
ducted, however, it provides no indication as to the presence of a specific, desired fragment
among the complex sample. This can be achieved by transferring the DNA from the intact gel
onto a piece of nitrocellulose or Nylon membrane placed in contact with it. This provides a
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Fig. 3. Schematic illustration of a typical horizontal gel electrophoresis setup for the separa-
tion of nucleic acids.

more permanent record of the sample because DNA begins to diffuse out of a gel that is left for
a few hours. First the gel is soaked in alkali to render the DNA single stranded. It is then
transferred to the membrane so that the DNA becomes bound to it in exactly the same pattern as
that originally on the gel (6). This transfer, named a Southern blot (see Chapter 4) after its
inventor Ed Southern, is usually performed by drawing large volumes of buffer by capillary
action through both gel and membrane, thus transferring DNA from the gel to the membrane.
Alternative methods are also available for this operation such as electrotransfer or vacuum-
assisted transfer. Both are claimed to give a more even transfer and are much more rapid,
although they do require more expensive equipment than the capillary transfer system. Trans-
fer of the DNA from the gel to the membrane allows the membrane to be treated with a labeled
DNA gene probe. This single-stranded DNA probe will hybridize under the right conditions to
complementary single-stranded DNA fragments immobilized onto the membrane.

3.2. Hybridization and Stringency

The conditions of hybridization are critical for this process to take place effectively. This is
usually referred to as the stringency of the hybridization and it is particular for each individual
gene probe and for each sample of DNA. Two of the most important components are the tem-
perature and the salt concentration. Higher temperatures and low salt concentrations, termed
high stringency, provide a favorable environment for perfectly matched probe and template
sequences, whereas reduced temperatures and high salt concentrations, termed low stringency,
allow the stabilization of mismatches in the duplex. In addition, inclusion of denaturants such as
formamide allow the hybridization temperatures to be reduced without affecting the stringency.

A series of posthybridization washing steps with a salt solution such as SSC, containing
sodium citrate and sodium chloride, is then carried out to remove any unbound probe and con-
trol the binding of the duplex. The membrane is developed using either autoradiography if the
probe is radiolabeled or by a number of nonradioactive methods. The precise location of the
probe and its target may be then visualized. The steps involved in Southern blotting are indi-
cated in Fig. 4. It is also possible to analyze DNA from different species or organisms by
blotting the DNA and then using a gene probe representing a protein or enzyme from one of the
organisms. In this way, it is possible to search for related genes in different species. This tech-
nique is generally termed Zoo blotting.

A similar process of nucleic acid blotting can be used to transfer RNA separated by gel
electrophoresis onto membranes similar to that used in Southern blotting. This process, termed
Northern blotting, allows the identification of specific mRNA sequences of a defined length by
hybridization to a labeled gene probe (7). It is possible with this technique to not only detect
specific mRNA molecules, but it may also be used to quantify the relative amounts of the
specific mRNA present in a tissue or sample. It is usual to separate the mRNA transcripts by gel
electrophoresis under denaturing conditions because this improves resolution and allows a more
accurate estimation of the sizes of the transcripts. The format of the blotting may be altered
from transfer from a gel to direct application to slots on a specific blotting apparatus containing
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Fig. 4. The procedure involved in a typical Southern blot indicating the construction of a
simple capillary transfer setup.

the Nylon membrane. This is termed slot or dot blotting and provides a convenient means of
measuring the abundance of specific mRNA transcripts without the need for gel electrophore-
sis, it does not, however, provide information regarding the size of the fragments.

Hybridization techniques are essential to many molecular biology experiments; however,
the format of the hybridization may be altered to improve speed sensitivity and throughput.
One interesting alternative is termed surface plasmon resonance (SPR). This is an optical sys-
tem based on difference between incident and reflected light in the presence of absence of
hybridization. Its main advantage is that the kinetics of hybridization can be undertaken in real
time and without a DNA label. A further exciting method for hybridization is also in use which
uses arrays of single-stranded DNA molecules tethered to small hybridization chips. Hybrid-
ization to a DNA sample is detected by computer, allowing DNA mutations to be quickly and
easily identified.
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3.3. Production of Gene Probes

The availability of a gene probe is essential in many molecular biology techniques; yet, in
many cases, it is one of the most difficult steps (see Chapter 2). The information needed to
produce a gene probe may come from many sources, but with the development and sophistica-
tion of genetic databases, this is usually one of the first stages (8). There are a number of
genetic databases such as those at Genbank and EMBL and it is possible to search these over
the Internet and identify particular sequences relating to a specific gene or protein. In some
cases, it is possible to use related proteins from the same gene family to gain information on the
most useful DNA sequence. Similar proteins or DNA sequences but from different species may
also provide a starting point with which to produce a so-called heterologous gene probe. Al-
though, in some cases, probes are already produced and cloned, it is possible, armed with a
DNA sequence from a DNA database, to chemically synthesize a single-stranded oligonucle-
otide probe. This is usually undertaken by computer-controlled gene synthesizers, which link
dNTPs together based on a desired sequence. It is essential to carry out certain checks before
probe production to determine that the probe is unique, is not able to self-anneal, or is self-
complementary, all of which may compromise its use.

Where little DNA information is available to prepare a gene probe, it is possible in some
cases to use the knowledge gained from analysis of the corresponding protein. Thus, it is pos-
sible to isolate and purify proteins and sequence part of the N-terminal end of the protein. From
our knowledge of the genetic code, it is possible to predict the various DNA sequences that
could code for the protein and then synthesize appropriate oligonucleotide sequences chemi-
cally. Because of the degeneracy of the genetic code, most amino acids are coded for by more
than one codon, therefore, there will be more than one possible nucleotide sequence that could
code for a given polypeptide. The longer the polypeptide, the larger is the number of possible
oligonucleotides that must be synthesized. Fortunately, there is no need to synthesize a sequence
longer than about 20 bases, as this should hybridize efficiently with any complementary
sequences and should be specific for one gene. Ideally, a section of the protein should be cho-
sen that contains as many tryptophan and methionine residues as possible, because these have
unique codons and there will therefore be fewer possible base sequences that could code for
that part of the protein. The synthetic oligonucleotides can then be used as probes in a number
of molecular biology methods.

3.4. DNA Gene Probe Labeling

An essential feature of a gene probe is that it can be visualized by some means. In this way, a
gene probe that hybridizes to a complementary sequence may be detected and identify that de-
sired sequence from a complex mixture. There are two main ways of labeling gene probes,
traditionally this has been carried out using radioactive labels, but gaining in popularity are
nonradioactive labels. Perhaps the most used radioactive label is phosphorous-32 (3?P), although
for certain techniques sulfur-35 (**S) and tritium (°H) are used. These may be detected by the
process of autoradiography where the labeled probe molecule, bound to sample DNA, located,
for example, on a Nylon membrane, is placed in contact with an X-ray-sensitive film. Following
exposure, the film is developed and fixed just as a black-and-white negative and reveals the
precise location of the labeled probe and, therefore, the DNA to which it has hybridized.

3.5. Nonradioactive DNA Labeling

Nonradioactive labels are increasingly being used to label DNA gene probes. Until recently,
radioactive labels were more sensitive than their nonradioactive counterparts. However, recent
developments have led to similar sensitivities, which, when combined with their improved
safety, have led to their greater acceptance.

The labeling systems are either termed direct or indirect. Direct labeling allows an enzyme
reporter such as alkaline phosphatase to be coupled directly to the DNA. Although this may
alter the characteristics of the DNA gene probe, it offers the advantage of rapid analysis because
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Fig. 5. End labeling of a gene probe at the 5' end with alkaline phosphatase and polynucle-
otide kinase.

no intermediate steps are needed. However indirect labeling is, at present, more popular. This
relies on the incorporation of a nucleotide that has a label attached. At present, three of the main
labels in use are biotin, flourescein, and digoxigenin. These molecules are covalently linked to
nucleotides using a carbon spacer arm of 7, 14, or 21 atoms. Specific binding proteins may then
be used as a bridge between the nucleotide and a reporter protein such as an enzyme. For
example, biotin incorporated into a DNA fragment is recognized with a very high affinity by
the protein streptavidin. This may either be coupled or conjugated to a reporter enzyme mol-
ecule such as alkaline phosphatase or horseradish peroxidase (HRP). This is usually used to
convert a colorless substrate into a colored insoluble compound and also offers a means of
signal amplification. Alternatively, labels such as digoxigenin incorporated into DNA
sequences may be detected by monoclonal antibodies, again conjugated to reporter molecules,
including alkaline phosphatase. Thus, rather than the detection system relying on autoradiogra-
phy, which is necessary for radiolabels, a series of reactions resulting in either a color or a light
or a chemiluminescence reaction takes place. This has important practical implications because
autoradiography may take 1-3 d, whereas color and chemiluminescent reactions take minutes.
In addition, no radiolabeling and detection minimize the potential health and safety hazards
encountered when using radiolabels.

3.6. End Labeling of DNA

The simplest form of labeling DNA is by 5'- or 3'-end labeling. 5'-End labeling involves a
phosphate transfer or exchange reaction, where the 5' phosphate of the DNA to be used as the
probe is removed and in its place a labeled phosphate, usually 3°P, is added. This is usually
carried out by using two enzymes, the first, alkaline phosphatase, is used to remove the existing
phosphate group from the DNA. Following removal of the released phosphate from the DNA,
a second enzyme polynucleotide kinase is added that catalyzes the transfer of a phosphate
group (3?P labeled) to the 5' end of the DNA (see Fig. 5). The newly labeled probe is then
purified, usually by chromatography through a Sephadex column and may be used directly.

Using the other end of the DNA molecule, the 3' end, is slightly less complex. Here, a new
dNTP, which is labeled (e.g., 32PpadATP or biotin-labeled dNTP), is added to the 3' end of the
DNA by the enzyme terminal transferase as indicated in Fig. 6. Although this is a simpler
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Fig. 6. End labeling of a gene probe at the 3' end using terminal transferase. Note that the
addition of a labeled dNTP at the 3' end alters the sequence of the gene probe.

reaction, a potential problem exists because a new nucleotide is added to the existing sequence
and so the complete sequence of the DNA is altered, which may affect its hybridization to its
target sequence. End labeling methods also suffer from the fact that only one label is added to
the DNA, so these methods are of a lower activity in comparison to methods that incorporate
labels along the length of the DNA.

3.7. Random Primer Labeling of DNA

The DNA to be labeled is first denatured and then placed under renaturing conditions in the
presence of a mixture of many different random sequences of hexamers or hexanucleotides. These
hexamers will, by chance, bind to the DNA sample wherever they encounter a complementary
sequence and, thus, the DNA will rapidly acquire an approximately random sprinkling of
hexanucleotides annealed to it. Each of the hexamers can act as a primer for the synthesis of a
fresh strand of DNA catalyzed by DNA polymerase because it has an exposed 3' hydroxyl group,
as seen in Fig. 7. The Klenow fragment of DNA polymerase is used for random primer labeling
because it lacks a 5'-3' exonuclease activity. This is prepared by cleavage of DNA polymerase
with subtilisin, giving a large enzyme fragment that has no 5' to 3' exonuclease activity, but which
still acts as a 5' to 3' polymerase. Thus, when the Klenow enzyme is mixed with the annealed DNA
sample in the presence of dNTPs, including at least one that is labeled, many short stretches of
labeled DNA will be generated. In a similar way to random primer labelling, polymerase chain
reaction (PCR) may also be used to incorporate radioactive or nonradioactive labels.

3.8 Nick Translation Labeling of DNA

A traditional method of labeling DNA is by the process of nick translation. Low concentra-
tions of DNase I are used to make occasional single-strand nicks in the double-stranded DNA
that is to be used as the gene probe. DNA polymerase then fills in the nicks, using an appropri-
ate deoxyribonucleoside triphosphate (ANTP), at the same time making a new nick to the 3' side
of the previous one. In this way, the nick is translated along the DNA. If labeled dNTPs are
added to the reaction mixture, they will be used to fill in the nicks, as indicated in Fig. 8. In this
way, the DNA can be labeled to a very high specific activity.

4. Medical Applications of Basic Molecular Techniques: Restriction Mapping of DNA
Fragments

Restriction mapping involves the size analysis of restriction fragments produced by several
restriction enzymes individually and in combination. Comparison of the lengths of fragments
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Fig. 7. Random primer gene probe labeling. Random primers are incorporated and used as a
start point for Klenow DNA polymerase to synthesize a complementary strand of DNA while
incorporating a labeled dNTP at complementary sites.

obtained allows their relative positions within the DNA fragment to be deduced. Any mutation
that creates, destroys, or moves the recognition sequence for a restriction enzyme leads to a
restriction fragment length polymorphism (RFLP) (9). An RFLP can be detected by examining
the profile of restriction fragments generated during digestion. Conventionally, this required
the purification of the original starting DNA sample before digestion with single or multiple
restriction enzymes. The resultant fragments were then size-separated by gel electrophoresis
and visualized by staining with ethidium bromide. Routine RFLP analysis of genomic DNA
samples generally also involves hybridization with labeled gene probes to detect a specific
gene fragment. The first useful RFLP was described for the detection of sickle cell anemia. In
this case, a difference in the pattern of digestion with the restriction endonuclease Hhal could
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Fig. 8. Nick translation. The removal of nucleotides and their subsequent replacement with
labeled nucleotides by DNA polymerase I makes the gene probe more labeled as nick transla-
tion proceeds.

be identified between DNA samples from normal individuals and patients with the disease.
This polymorphism was later shown to be the result of a single base substitution in the gene for
B-globin that changed a codon, GAG specific for the amino acid glutamine to GUG, which
encoded valine. A further example is the use of the restriction enzyme Mnll to detect factor V
Leiden. This arises from a point mutation in exon 13 of the factor V gene and, in particular,
constitutes the most frequent genetic risk factor for venous thrombosis. Although this is a good
example of how a basic molecular biology technique could be used for the identification of a
genetic mutation, the occurrence is infrequent and thus of limited use.

RFLPs may arise by a number of different means that alter the relative position of restriction
endonuclease recognition sequences. In general, most polymorphisms are randomly distributed
throughout a genome; however, there are certain regions where many polymophisms exist.
These are termed hypervariable regions and have been found in regions flanking structural
genes from several sources. These were first identified as differences in the numbers of short
repeated sequences, termed minisatellites. These occurred within the genomes from different
individuals, as evidenced by RFLP analysis using specific gene probes. Several types of
minisatellite sequence such as variable numbers of tandem repeats (VNTR) have now been
described.

An additional source of polymorphic diversity present in the human genome is termed single-
nucleotide polymorphism (SNP) (pronounced snip). SNPs are substitutions of one base at a
precise location within the genome. Those that occur in coding regions are termed cSNPs.
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Estimates indicate that an SNP occurs once in every 300 bases and there are thought to be
approx 10 million in the human genome. Interest in SNPs lies in the fact that these differences
can account for the differences in disease suseptability, drug metabolism, and response to envi-
ronmental factors between individuals. There are now a number of initiatives to identify SNPs
and produce a genome SNP map. A number of maps have been partially completed and a num-
ber of bioinformatics resources have been developed, such as the SNP consortium (10,11).

There are numerous disorders that arise as a result of point mutations or deletions/insertions,
and it is possible given an appropriate gene probe complementary to the genetic lesion to iden-
tify and detect it successfully following DNA blotting. However, the development and refine-
ment of the PCR has led to many Southern-blot-based methods now being superseded by
amplification techniques and will no doubt be ultimately overtaken by the continued develop-
ment of microarray technology (12).
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Probe Design, Production, and Applications

Marilena Aquino de Muro

1. Introduction

A probe is a nucleic acid molecule (single-stranded DNA or RNA) with a strong affinity
with a specific target (DNA or RNA sequence). Probe and target base sequences must be
complementary to each other, but depending on conditions, they do not necessarily have to be
exactly complementary. The hybrid (probe—target combination) can be revealed when appro-
priate labeling and detection systems are used. Gene probes are used in various blotting and in
situ techniques for the detection of nucleic acid sequences. In medicine, they can help in the
identification of microorganisms and the diagnosis of infectious, inherited, and other diseases.

2. Probe Design
The probe design depends on whether a gene probe or an oligonucleotide probe is desired.

2.1. Gene Probes

Gene probes are generally longer than 500 bases and comprise all or most of a target gene.
They can be generated in two ways. Cloned probes are normally used when a specific clone is
available or when the DNA sequence is unknown and must be cloned first in order to be mapped
and sequenced. It is usual to cut the gene with restriction enzymes and excise it from an agarose
gel, although if the vector has no homology, this might not be necessary.

Polymerase chain reaction (PCR) is a powerful procedure for making gene probes because it
is possible to amplify and label, at the same time, long stretches of DNA using chromosomal or
plasmid DNA as template and labeled nucleotides included in the extension step (see Subhead-
ings 2.2. and 3.2.3.). Having the whole sequence of a gene, which can easily be obtained from
databases (GenBank, EMBL, DDBJ), primers can be designed to amplify the whole gene or
gene fragments (see Chapter 28). A considerable amount of time can be saved when the gene of
interest is PCR amplified, for there is no need for restriction enzyme digestion, electrophoresis,
and elution of DNA fragments from vectors. However, if the PCR amplification gives nonspe-
cific bands, it is recommended to gel purify the specific band that will be used as a probe.

Gene probes generally provide greater specificity than oligonucleotides because of their
longer sequence and because more detectable groups per probe molecule can be incorporated
into them than into oligonucleotide probes (1).

2.2. Oligonucleotide Probes

Oligonucleotide probes are generally targeted to specific sequences within genes. The most
common oligonucleotide probes contain 18—30 bases, but current synthesizers allow efficient
synthesis of probes containing at least 100 bases. An oligonucleotide probe can match perfectly
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its target sequence and is sufficiently long to allow the use of hybridization conditions that will
prevent the hybridization to other closely related sequences, making it possible to identify and
detect DNA with slight differences in sequence within a highly conserved gene, for example.

The selection of oligonucleotide probe sequences can be done manually from a known gene
sequence using the following guidelines (1):

e The probe length should be between 18 and 50 bases. Longer probes will result in longer
hybridization times and low synthesis yields, shorter probes will lack specificity.

e The base composition should be 40-60% G-C. Nonspecific hybridization may increase for G-
C ratios outside of this range.

e Be certain that no complementary regions within the probe are present. These may result in the
formation of “hairpin” structures that will inhibit hybridisation to target.

Avoid sequences containing long stretches (more than four) of a single base.

e Once a sequence meeting the above criteria has been identified, computerized sequence analy-
sis is highly recommended. The probe sequence should be compared with the sequence region
or genome from which it was derived, as well as to the reverse complement of the region. If
homologies to nontarget regions greater than 70% or eight or more bases in a row are found,
that probe sequence should not be used.

However, to determine the optimal hybridization conditions, the synthesized probe should
be hybridized to specific and nonspecific target nucleic acids over a range of hybridization
conditions.

These same guidelines are applicable to design forward and reverse primers for amplifica-
tion of a particular gene of interest to make a gene probe. It is important to bear in mind that, in
this case, it is essential that the 3' end of both forward and reverse primers have no homology
with other stretches of the template DNA other than the region you want to amplify. There are
numerous software packages available (LaserDNA™, GeneJockey II™, etc.) that can be used
to design a primer for a particular sequence or even just to check if the pair of primers designed
manually will perform as expected.

3. Labeling and Detection
3.1. Types of Label

3.1.1. Radioactive Labels

Nucleic acid probes can be labeled using radioactive isotopes (e.g., **P, 3°S, 1231, 3H). Detec-
tion is by autoradiography or Geiger—Muller counters. Radiolabeled probes used to be the most
common type but are less popular today because of safety considerations as well as cost and
disposal of radioactive waste products. However, radiolabeled probes are the most sensitive, as
they provide the highest degree of resolution currently available in hybridization assays (1,2).
High sensitivity means that low concentrations of a probe—target hybrid can be detected; for
example, 3?P-labeled probes can detect single-copy genes in only 0.5 ug of DNA and Keller
and Manak (1) list a few reasons:

32P has the highest specific activity.

32P emits B-particles of high energy.

32P_Labeled nucleotides do not inhibit the activity of DNA-modifying enzymes, because the
structure is essentially identical to that of the nonradioactive counterpart.

Although 3?P-labeled probes can detect minute quantities of immobilized target DNA (<1
pg), their disadvantages is the inability to be used for high-resolution imaging and their rela-
tively short half-life (14.3 d); 3?P-labeled probes should be used within a week after preparation.

The lower energy of S plus its longer half-life (87.4 d) make this radioisotope more useful
than 3?P for the preparation of more stable, less specific probes. These 33S-labeled probes,
although less sensitive, provide higher resolution in autoradiography and are especially suit-
able for in situ hybridization procedures. Another advantage of S over 3?P is that the 3>S-
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labeled nucleotides present little external hazard to the user. The low-energy B-particles barely
penetrate the upper dead layer of skin and are easily contained by laboratory tubes and vials.

Similarly, 3H-labeled probes have traditionally been used for in situ hybridization because
the low-energy B-particle emissions result in maximum resolution with low background. It has
the longest half-life (12.3 yr).

The use of I and 3'I has declined since the 1970’s with the availability of '>’I-labeled
nucleoside triphosphates of high specific activity. '>°I has lower energies of emission and a
longer half-life (60 d) than '3'I, and are frequently used for in situ hybridization.

3.1.2. Nonradioactive Labels
Compared to radioactive labels, the use of nonradioactive labels have several advantages:

Safety.

Higher stability of probe.
Efficiency of the labeling reaction.
Detection in situ.

Less time taken to detect the signal.

Concern over laboratory safety and the economic and environmental aspects of radioactive
waste disposal have been key factors in their development and use. Some examples are as
follows:

e Biotin: This label can be detected using avidin or streptavidin which have high affinities for
biotin. Because the reporter enzyme is not conjugated directly to the probe but is linked to it
through a bridge (e.g., streptavidin—biotin), this type of nonradioactive detection is known as
an indirect system. Usually, biotinylated probes work very well, but because biotin (vitamin
H) is a ubiquitous constituent of mammalian tissues and because biotinylated probes tend to
stick to certain types of Nylon membrane, high levels of background can occur during hybrid-
izations. These difficulties can be avoided by using nucleotide derivatives, including
digoxigenen-11-UTP, -11-dUTP, and -11-ddUTP, and biotin-11-dUTP or biotin-14-dATP.
After hybridization, these are detected by an antibody or avidin, respectively, followed by a
color or chemiluminescent reaction catalysed by alkaline phosphatase or peroxidase linked to
the antibody or avidin (1,2).

e Enzymes. The enzyme is attached to the probe and its presence usually detected by reaction
with a substrate that changes color. Used in this way, the enzyme is sometimes referred to as a
“reporter group,” Examples of enzymes used include alkaline phosphatase and horseradish
peroxidase (HRP). In the presence of peroxide and peroxidase, chloronaphtol, a chromogenic
substrate for HRP, forms a purple insoluble product. HRP also catalyzes the oxidation of
luminol, a chemiluminogenic substrate for HRP (2,3).

e Chemiluminescence. In this method, chemiluminescent chemicals attached to the probe are
detected by their light emission using a luminometer. Chemiluminescent probes (including the
above enzyme labels) can be easily stripped from membranes, allowing the membranes to be
reprobed many times without significant loss of resolution.

e Fluorescence chemicals attached to probe fluoresce under ultraviolet (UV) light. This type of
label is especially useful for the direct examination of microbiological or cytological speci-
mens under the microscope—a technique known as fluorescent in sifu hybridization (FISH).
Hugenholts et al. have some useful considerations on probe design for FISH (4).

e Antibodies. An antigenic group is coupled to the probe and its presence detected using specific
antibodies. Also, monoclonal antibodies have been developed that will recognize DNA-RNA
hybrids. The antibodies themselves have to be labeled, using an enzyme, for example.

e DIG system. It is the most comprehensive, convenient, and effective system for labeling and
detection of DNA, RNA, and oligonucleotides. Digoxigenin (DIG), like biotin, can be chemi-
cally coupled to linkers, and nucleotides and DIG-substituted nucleotides can be incorporated
into nucleic acid probes by any of the standard enzymatic methods. These probes generally
yield significantly lower backgrounds than those labeled with biotin. An anti-digoxigenin an-
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Table 1
Types of Label

Radioactive labels

32P

3SS
1251
1317

H

Nonradioactive labels
Biotin
Chemiluminescent enzyme labels (acridinium ester, alkaline

phosphatase, B-p-galactosidase, horseradish peroxidase
[HRP], isoluminol, xanthine oxidase)

Fluorescence chemicals (fluorochromes)

Antibodies

Digoxigenin system

tibody—alkaline phosphatase conjugate is allowed to bind to the hybridized DIG-labeled probe.
The signal is then detected with colorimetric or chemiluminescent alkaline phosphatase sub-
strates. If a colorimetric substrate is used, the signal develops directly on the membrane. The
signal is detected on an X-ray film (as with 3?P- or 33S-labeled probes) when a chemilumines-
cent substrate is used. Roche Biochemicals has a series of kits for DIG labeling and detection,
as well as comprehensive detailed guides (5,6) with protocols for single-copy gene detection
of human genome on Southern blots, detection of unique mRNA species on Northern blots,
colony and plaque screening, slot/dot blots, and in situ hybridization.

The one area in which nonradioactive probes have a clear advantage is in situ hybridization.
When the probe is detected by fluorescence or color reaction, the signal is at the exact location
of the annealed probe, whereas radioactive probes can only be visualized as silver grains in a
photographic emulsion some distance away from the actual annealed probe (7).

3.2. Labeling Methods

The majority of radioactive labeling procedures rely upon enzymatic incorporation of a
nucleotide labeled into the DNA, RNA, or oligonucleotide.
Table 1 summarizes the various types of label (2).

3.2.1. Nick Translation

Nick translation is one method of labeling DNA, which uses the enzymes pancreatic Dnase
I and Escherichia coli DNA polymerase I. The nick translation reaction results from the pro-
cess by which E. coli DNA polymerase I adds nucleotides to the 3-OH created by the nicking
activity of Dnase I, while the 5' to 3' exonuclease activity simultaneously removes nucleotides
from the 5” side of the nick. If labeled precursor nucleotides are present in the reaction, the pre-
existing nucleotides are replaced with labeled nucleotides. For radioactive labeling of DNA,
the precursor nucleotide is an [0-3?P]dNTP. For nonradioactive labeling procedures, a
digoxigenin or a biotin moiety attached to a NTP analog is used (2).

3.2.2. Random-Primed Labeling (or Primer Extension)

Gene probes, cloned or PCR-amplified, and oligonucleotide probes can be random-primed
labeled with radioactive isotopes and nonradioactive labels (e.g., DIG). Random-primed label-
ing of DNA fragments (double- or single-stranded DNA) was developed by Feinberg and
Volgestein (8,9) as an alternative to nick translation to produce uniformly labeled probes.
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Fig. 1. Steps involved in the following: (A) random-primed DIG labeling: Double-stranded
DNA is denatured and annealed with random oligonucleotide primers (6-mers); the oligonucle-
otides serve as primers for the 5' to 3' Klenow fragment of E. coli DNA polymerase I, which
synthesizes labeled probes in the presence of DIG-dUTP. (B) PCR-DIG labelling: DIG-dUTP
is incorporated during PCR cycles into the DNA strands amplified from the DNA target. The
asterisk represents the digoxigenin molecule incorporated along the DNA strands.

Double-stranded DNA is denatured and annealed with random oligonucleotide primers (6-
mers). The oligonucleotides serve as primers for the 5' to 3' polymerase (the Klenow fragment
of E. coli DNA polymerase I), which synthesizes labeled probes in the presence of a labeled
nucleotide precursor. Figure 1A shows the steps involved in random-primed DIG labeling as
an example.

3.2.3. DIG-PCR Labeling

A very robust method for labeling a gene probe with DIG uses PCR. The probe is PCR-
amplified using the appropriate set of primers and thermocycling parameters, however, the
dNTP mixture has less dTTP because the labeled DIG-dUTP will also be added to the reaction.
(Similarly, when this method is used with [¢-3?P]dCTP, the NTP mixture will not have dCTP.)
The advantage of PCR-DIG labeling, over random-primed DIG labeling, is the incorporation
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of a higher number of DIG moieties along the amplified DNA strands during the PCR cycles. It
is worth noting that the random incorporation of large molecules of DIG-dUTP along the DNA
strands during the PCR cycles makes the amplified fragment run slower on an agarose gel. A
control PCR reaction, without DIG-dUTP, should also be prepared at the same time to verify
whether the size of the amplified fragment with incorporated DIG (labeled probe) corresponds
to the desired gene fragment. Figure 1B shows the steps involved in PCR-DIG labeling, and
refs. (10-12) describe successful examples of use of PCR-DIG labeling.

3.2.4. Photobiotin Labeling

Photobiotin labeling is a chemical reaction, not an enzymatic one. Biotin and DIG can be
linked to a nitrophenyl azido group that is converted by irradiation with UV or strong visible
light to a highly reactive nitrene that can form stable covalent linkages to DNA and RNA (2).
The materials for photobiotin labeling are more stable than the enzymes needed in nick transla-
tion or oligonucleotide labeling and are less expensive, and it is a method of choice when large
quantities of probe but not very high sensitivities (3,13).

3.2.5. End Labeling

End labeling of probes for hybridization is mainly used to label oligonucleotide probes (for
a review, see ref. 14).

Roche Biochemicals (6) has developed three methods for labeling oligonucleotides with
digoxigenin:

e The 3'-end labeling of an oligonucleotide 14—-100 nucleotides in length with 1 residue of DIG-
11-ddUTP per molecule

e The 3' tailing reaction, where terminal transferase adds a mixture of unlabeled nucleotides and
DIG-11-dUTP, producing a tail containing multiple digoxigenin residues

e The 5'end labeling in a two-step synthesis with first an aminolinker residue on the 5' end of the
oligonucleotide, and then after purification, a digoxigenin-N-hydroxy-succinimide ester is co-
valently linked to the free 5'-amino residue.

Oligonucleotides can also be labeled with radioisotopes by transferring the y-32P from [y-
32P]ATP to the 5' end using the enzyme bacteriophage T4 polynucleotide kinase. If the reaction
is carried out efficiently, the specific activity of such probes can be as high as the specific
activity of [y-32P]ATP itself (2).

Promega has a detailed guide (15) with protocols on radioactive and nonradioactive labeling
of DNA. The choice of probe labeling method will depend on the following:

e Target format: Southern, Northern, slot/dot, or colony blot (see Subheading 4.)

e Type of probe: gene or oligonucleotide probe

e Sensitivity required for detection: single-copy gene or detection of PCR-amplified DNA frag-
ments

For example, 3'- and 5'-end labeling of oligonucleotides give good results on slot and colony
hybridization in contrast with poor sensitivity when using Southern blotting.

4. Target Format
4.1. Solid Support

A convenient format for the hybridization of DNA to gene probes or oligonucleotide probes
is immobilization of the target nucleic acid (DNA or RNA) onto a solid support while the probe
is free in solution. The solid support can be a nitrocellulose or Nylon membrane, Latex or
magnetic beads, or microtiter plates. Nitrocellulose membranes are very commonly used and
produce low background signals; however, they can only be used when colorimetric detection
will be performed and no probe stripping and reprobing is planned. For these purposes, posi-
tively charged Nylon membranes are recommended, and they also ensure an optimal signal-to-
noise ratio when the DIG system is used. Although nitrocellulose membranes are able to bind
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large quantities of DNA, they become brittle and gradually release DNA during the hybridiza-
tion step. Activated cellulose membranes, on the other hand, are more difficult to prepare, but
they can be reused many times because the DNA is irreversibly bound (2).

After size fractionation of nucleic acids by electrophoresis, they are transferred to a filter
membrane, which is then probed. The presence of target is confirmed by the detection of a
probe on the filter membrane, for example, radiolabeled probe can be detected by autoradiogra-
phy and the location of the target sequence in the bands in the original gel determined.

The different immobilization techniques include the following: Southern blots, when whole
or digested chromosomal DNA is electrophoresed in an agarose gel, denatured, and blotted
onto a membrane; Northern blots, when the same procedure is used for RNA; slot blots, when
whole RNA or denatured DNA is loaded under vacuum into slots onto membranes (similar
procedure for dot blots); colony blots, when colonies are treated with lysozyme on plates and
further treatment with protease, and denaturation and neutralization solutions are applied and
the procedure adjusted according the microorganism’s peculiarities. The great advantage of
colony blotting over slot blotting is that strains with a specific sequence can be rapidly detected
from plates and the DNA preparation procedure can then be done only for the strains of inter-
est. In a similar way, the slot blotting procedure has the advantage of quickly highlighting
which DNA sample has the gene sequence of interest when a gene probe is hybridized to whole-
DNA samples. The Southern blotting procedure, which involves the digest of DNA with re-
striction enzymes and gel electrophoresis, takes a longer preparation time than slot blotting but
can provide information on the size and position of the gene as well as grouping the samples
based on the similar patterns when different restriction enzymes are used to digest the samples.
Schleicher and Schuell has a detailed manual on solid supports and DNA transfer (16).

4.2. In Solution

Both the probe and the target are in solution. Because both are free to move, the chances of
reaction are maximized and, therefore, this format generally gives faster results than others.

4.3. In Situ

In this format, the probe solution is added to fixed tissues, sections, or smears, which are
then usually examined under the microscope (see Chapter 29). The probe label (e.g., a fluores-
cent marker) produces a visible change in the specimen if the target sequence is present and
hybridization has occurred. However, the sensitivity might be low if the amount of target nucleic
acid present in the specimen is low. This can be used for the gene mapping of chromosomes and
for the detection of microorganisms in specimens.

5. Hybridization Conditions

Many methods are available to hybridize probes in solution to DNA or RNA immobilized on
nitrocellulose membranes (see Chapter 4). These methods can differ in the solvent and tem-
perature used, the volume of solvent and the length of time of hybridisation, the method of
agitation, when required, and the concentration of the labeled probe and its specificity, the
stringency of the washes after the hybridization. However, basically, target nucleic acid immo-
bilized on membranes by the Southern blot, Northern blot, slot or dot blot, or colony blot pro-
cedures are hybridized in the same way. The membranes are first prehybridized with
hybridization buffer minus the probe. Nonspecific DNA binding sites on the membrane are
saturated with carrier DNA and synthetic polymers. The prehybridization buffer is replaced
with the hybridization buffer containing the probe and incubated to allow hybridization of the
labeled probe to the target nucleic acid. The optimum hybridization temperature is experimen-
tally determined, starting with temperatures 5°C below the melting temperature (7},)). The T, is
defined as the temperature corresponding to the midpoint in transition from helix to random
coil and depends on length, nucleotide composition and ionic strength for long stretches of
nucleic acids. G-C pairs are more stable than A-T pairs because G and C form three H bonds as
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Table 2

Examples of the Applications of Nucleic Acid Probes in Medical Research
Application Ref.
Detection of tumor suppressor genes in human bladder tumors 21
Identification of Leishmania parasites 22
Detection of malignant plasma cells of patients with multiple myeloma 23
Diagnosis of human papillomavirus 24
Visual gene diagnosis of HBV and HCV 25
Detection and identification of pathogenic Vibrio parahaemolyticus 26
Detection of Vibrio cholerae 27-29
Molecular analysis of tetracycline resistance in Salmonella enterica 30
Identification of fimbrial adhesins in necrotoxigenic E. coli 31
Epidemiological analysis of Campylobacter jejuni infections 32
Molecular analysis of NSP4 gene from human rotavirus strains 33
Physical mapping of human parasite Trypanosoma cruzi 34
Detection and identification of African trypanosomes 35
Changes related to neurological diseases (Alzheimer’s, Huntington’s) 36
Detection and identification of pathogenic Candida spp. 37,38
Identification of Mycobacterium spp. 39
Detection of rifampin resistance in Mycobacterium tuberculosis 40
Identification of Staphylococcus aureus directly from blood cultures 41
Detection of rabies virus genome in brain tissues from mice 42

opposed to two between A and T. Therefore, double-stranded DNA rich in G and C has a higher
T,, (more energy required to separate the strands) than A-T rich DNA. For oligonucleotide
probes bound to immobilized DNA, the dissociation temperature, Ty, is concentration depen-
dent. Stahl and Amman (17) discussed in detail the empirical formulas used to estimate T, and
Td.

Following the hybridization, the unhybridized probe is removed by a series of washes. The
stringency of the washes must be adjusted for the specific probe used. Low-stringency washing
conditions (higher salt and lower temperature) increases sensitivity; however, these conditions
can give nonspecific hybridization signals and high background. High-stringency washing condi-
tions (lower salt and higher temperature, closer to the hybridization temperature) can reduce back-
ground and only the specific signal will remain. The hybridization signal and background can also
be affected by probe length, purity, concentration, sequence, and target contamination (1).

In aqueous solution, RNA—RNA hybrids are more stable than RNA-DNA hybrids, which
are, in turn, more stable than DNA-DNA ones. This results in a difference in T, of approx
10°C between RNA-RNA and DNA-DNA hybrids. Consequently, more stringent conditions
should be used with RNA probes (8).

In general, the hybridization rate increases with probe concentration. Also, within narrow
limits, sensitivity increases with increasing probe concentration. The concentration limit is not
determined by any inherent physical property of nucleic acid probes, but by the type of label
and nonspecific binding properties of the immobilization medium involved.

6. Applications in Medical Research

At least three basic applications of nucleic acid probes in medical research can be men-
tioned: (1) detection of pathogenic microorganisms, (2) detection of changes to nucleic acid
sequences, and (3) detection of tandem repeat sequences. Table 2 presents only a few examples
of recently published literature on applications of nucleic acid probes in medical research.
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6.1. Detection of Pathogenic Microorganisms

The application of nucleic acid probes has particularly been evident in microbial ecology,
where probes can be used to detect unculturable microorganisms and pathogens in the environ-
ment or simply provide rapid identification of species and group levels. Through the develop-
ment of DNA-DNA and RNA-DNA hybridization procedures and recombinant DNA
methodology, the isolation of species-specific gene sequences is readily achieved (18,19). Oli-
gonucleotide hybridization probes complementing either small ribosomal subunits, large ribo-
somal subunits, or internal transcribed spacer regions have now been developed for a wide
variety of microorganisms (20), such as Actinomyces, Bacteriodes, Borrelia, Clostridium,
Campylobacter, Candida, Haemophilus, Helicobacter, Lactococcus, Mycoplasma, Neisseria,
Proteus, Rickettsia, Vibrio, Streptococcus, Plasmodium, Pneumocystis, Trichomonas,
Desulfovibrio, Streptomyces, including some uncultivated species such as marine proteobacteria
and thermophilic cyanobacterium, and Chlamydia species, Rickettsia species, Trypanosoma
species, Treponema pallidum, Pneumocystis carinii, and Mycobacterium species to mention
only a few examples with medical relevance. Detection of a nucleic acid sequence unique to a
particular microorganism would demonstrate its presence in a specimen and, perhaps, confirm
an infectious disease.

6.2. Detection of Changes to Nucleic Acid Sequences

A change to the DNA sequence is a mutation, which could involve deletion, insertion, or
substitution. Changes in certain gene sequences can cause inherited diseases such as cystic
fibrosis, muscular dystrophies, phenylketonuria, apolipoprotein variants, and sickle cell ane-
mia, and they can be diagnosed by probe detection. Nucleic acid probes have successfully been
used to detect those mutations. With some inherited diseases, more than one type of mutation
can cause the disease, in which case, a probe might have to be used under low stringency (to
allow hybridization to a range of sequences) or several probes might be used to ensure hybrid-
ization to all target sequences.

6.3. Detection of Tandem Repeat Sequences

Tandem repeat sequences are usually 30-50 bp in length. Their size and distribution are dis-
tinctive for an individual. They can be detected using nucleic acid probes and PCR. They are the
basis of so-called “DNA fingerprinting,” which can be used in forensic science to confirm the
identity of a suspect from specimens (any body fluid, skin, and hair) left at the scene of a crime.
This technique can also be used for paternity tests, sibling confirmation, and tissue typing.
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Restriction Enzymes
Tools in Clinical Research

Gareth ). S. Jenkins

1. Restriction Enzymes

Restriction enzymes (or restriction endonucleases) are bacterial enzymes capable of cleav-
ing double-stranded DNA. Even though the enzymes are bacterial in origin, because of the
universal nature of DNA they can digest DNA from any species, including humans. Impor-
tantly, restriction enzymes (REs) carry out this cleavage at specific sites in DNA governed by
the sequence context (so-called recognition sequences). Hence, REs are known to be extremely
sequence-specific; subtle alterations in the recognition sequence render the sites indigestible.
This fact is the basis of their usefulness in clinical research and diagnostics. Table 1 is a list of
a few of the common REs showing their sequence specificities. Fign1l shows the interaction
of a RE with DNA. The RE interacts with DNA via multiple hydrogen bonds (typically 10-15)
plus numerous van der Waals interactions. Only when the RE-DNA complex is tightly bound
does the catalytic domain cause DNA cleavage (2).

Restriction enzymes were first discovered in the 1950s and their subsequent isolation in the
1970s paved the way for modern recombinant DNA technologies (3). In fact, without REs,
gene cloning technologies (e.g., the construction of genetically modified organisms) would not
have become as ubiquitous as they currently are. Therefore, REs have a central place in current
DNA manipulation methodologies, but as will be seen here, they are also being used to answer
questions about the integrity of DNA in clinical specimens. The clinical use of REs relies on
their extreme sequence specificity.

Restriction enzymes can be grouped into three main groups, known as type I, type II, and
type III. This chapter focuses on the role of the type II REs, which are the most commonly used
REs in DNA manipulation. Type II REs cleave DNA within the same sequences that are recog-
nized by the enzyme, hence an internal digestion. The other two types of RE are more complex
(e.g., type I REs cleave DNA outside of this recognition sequence). There are currently well
over 1000 type II REs characterized, with over 200 commercially available. A searchable data-
base exists online (rebase.neb.com) containing the specific details of a large number of avail-
able RE’s and the companies that sell them (4).

2. Function of REs

Restriction enzymes were first identified in bacterial strains that were shown to be resistant
to certain bacteriophages (virus equivalents in bacteria). This phenomenon was termed “host-
controlled restriction” and was later shown to be caused by the presence of specific REs within
these bacteria, which destroyed the bacteriophage DNA before it could insert itself into the
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Table 1
List of Six Commonly Used Restriction Enzymes
Recognition Digestion
Name Host bacteria sequence temperature
Haelll Haemophilis GGCC 37°C
parainfluenzae
Pvull Proteus vulgaris CAGCTG 37°C
EcoRI Escherichia coli GGATCC 37°C
Hhal Haemophilus GCGC 37°C
haemolyticus
Mspl Moraxella species CCGG 37°C
Taql Thermus aquaticus TCGA 65°C

B :Included are details of the bacteria from which they were isolated and some of their
reaction characteristics, including their recognition sequences.

bacterial genome. Obviously, the bacteria’s own DNA would normally be susceptible to simi-
lar digestion, but for the presence of DNA-modifying enzymes, which modify the bacterial
genome and protect it. Hence, particular species of bacteria produce REs and modifying
enzymes (actually DNA methylases) that recognize the same DNA sequences. The bacterial
DNA is methylated by the methylase enzyme, protecting it from RE-mediated digestion while
incoming unmethylated bacteriophage DNA is destroyed.

3. Sequence Specificity of REs

Restriction enzymes usually recognize four to six basepair sequences, often in the form of
palindromes (read same sequence in the 5' to 3' direction on both strands). Each species of
bacteria produces a different RE recognizing a different DNA sequence. In fact, REs are named
after the bacterial species from which they were isolated (see Table 1). Where bacteria produce
more than one RE, they are known as Pvul, Pvull, and so forth. REs produced by different
bacteria but with the same recognition sequence are known as isoschizomers.

If one assumes that the human genome contains a random sequence of the A, C, G, and T
bases and that all four bases are present at the same frequencys, it can be estimated that REs cut
human DNA every 256—4096 bp (4-bp cutters, 6-bp cutters, respectively). Hence, in the 3 bil-
lion bases of the human genome, there would be, on average, 10 million sites for a 4-base
cutting RE and on average 700,000 sites for a 6-base cutting RE. Given the availability of over
200 different REs, it is easy to see how frequent RE sites are in human DNA; in fact, RE sites
are estimated to cover 50% of the genome (5).

4. Role of REs in Clinical Research and Diagnostics

It is the sequence specificity of REs that is exploited in clinical research. Alteration of a
single base within a RE site removes the ability of the RE to digest that particular stretch of
DNA. Hence, DNA sequence changes can be inferred by the loss of corresponding RE sites.
Given that up to 50% of the genome is covered by 1 or another of the 200 available REs, it is
relatively straightforward to monitor the integrity of these RE sites for the presence of clini-
cally related DNA alterations (mutation, deletion). The alteration of known RE sites can be
readily examined in large numbers of clinical specimens simultaneously, allowing the study of
DNA alterations linked to a particular clinical condition. For example, if mutation of a single
base leads to loss of a particular RE site and this is linked to the occurrence of a disease as a
result of the altered protein produced by this gene, then RE analysis is able to rapidly screen
large numbers of samples for this particular sequence change. In the following subsections are
listed several molecular approaches involving REs currently used for the analysis of clinical
specimens.
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Fig. 1. Restriction enzyme (Pvull) interaction with DNA. (Taken from the nucleic acid data-
base [http://ndbserver.rutgers.edu/] deposited by the authors of ef 1.)

4.1. Restriction Fragment Length Polymorphism

Restriction fragment length polymorphism (RFLP) analysis is widely used to examine the
sequences of large numbers of samples simultaneously. RFLP involves the digestion of indi-
vidual DNA samples with a particular RE, followed by separation of the daughter products by
electrophoresis. This allows the study of the integrity of the recognition sites of one particular
RE at a time and, thereby, the integrity of the DNA sequence contained within the RE site.
Hence, alterations in the distribution of the RE sites for each RE in turn can be assessed in large
numbers of samples. This process has been particularly useful in studying population differ-
ences in individuals of many species, not just humans.

In the past, RFLP analysis was carried out as follows: Genomic DNA was initially digested
with each RE in turn; the DNA was then electrophoresed and probed for specific sequences by
Southern blotting. However, more recently, with the advent of polymerase chain reaction
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Fig. 2. RFLP analysis. PCR-amplified DNA is digested with a RE. Left lane shows undi-
gested PCR product. Right lane shows DNA size ladder. Patient 1 shows a heterozygous indi-
vidual (one sequence digests, one sequence does not digest). Patient 2 shows individual
homozygous for the RE site sequence (both sequences digest).

(PCR), a simpler approach has become available. Currently, the gene of interest (or gene re-
gion) is initially PCR-amplified from the genomic DNA; this PCR product is then digested
with the RE and the RE fragments are separated and visualized by electrophoresis. Fign 2
shows the result of this process. In Fig. 2, the digested PCR products from two different indi-
viduals are shown. It should be borne in mind that every human somatic cell contains two
copies of every gene. Hence, analysis of the integrity of a particular gene sequence is actually
carried out in duplicate each time. In Fig. 2 the right-hand digested PCR product is from an
individual who is homozygous for the RE site sequence (both DNA sequences digest, hence
both RE sites intact), whereas the left-hand digested PCR product is from an individual who is
heterozygous for the sequence of this particular RE site (one copy digests, one copy does not).
RFLP patterns can be easily produced for many RE sites (up to 50% of genome) within a gene
of interest and these patterns of digestion can be compared among large numbers of clinical
samples for differences. By this method, mutations at particular RE sites that lead to loss of RE
sites and are important in clinical conditions have been identified.

Such RFLP analysis can actually detect two separate molecular events in the clinical samples,
namely, mutations and deletions. Point mutations within the particular RE site under study will
be detected by the loss of digestion at one site leading to loss of two daughter strands post
electrophoresis. As was seen above, this process is monitored in both copies of each gene si-
multaneously (heterozygous vs homozygous changes). Conversely, the development of a new
RE site within a particular PCR product by mutation can lead to an extra pair of daughter
fragments on the gel. These new RE sites are identified by the presence of smaller than expected
digestion fragments. Furthermore, deletions of DNA tracts will be detected by the loss of spe-
cific RE sites. These deletions can also sometimes be seen by the size of the amplified PCR
product changing. RE analysis can also be used to study specific deletions in heterozygous
individuals. This is particularly useful in cancer research, where tumor suppressor genes are
often deleted during tumor evolution. Where heterozygosity (one cut band, one uncut band) is
present in the normal tissue but is lost in the tumor (either cut band or uncut band alone), this
indicates that one copy of the particular sequence has been deleted. Therefore, choosing RE
sites in tumor suppressor genes for which the individual is heterozygous is the key for this type
of analysis.

In both cases (mutation and deletion), RFLP analysis is used as an initial screen for alter-
ations in large numbers of samples. The alterations are always confirmed by DNA sequencing.

The use of DNA sequencing provides important information on the type of mutation (G to
A, A to G, etc.) present in the DNA and the position of such mutations (base and codon prefer-
ence). In the case of deletion events, sequencing can identify the size of the deleted region and
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Table 2
Some of the Polymorphisms Present in Cancer-Related Genes
that Have Been Studied by RE Analysis

Cancer
Gene type Region RE Ref.
DCC gene Colon Codon 201 Sall 6
pS53 gene All Intron 7 Apal 7
CYPIALI All 3'UTR Mspl 8
H-ras Bladder Intron 4 BstEII 9
CYP17 Breast 5' Promoter Mspl 10

® : UTR = untranslated region.

the points at which the deletion occurred. In terms of mutations, much can be gained from
studying the actual mutation types in clinical tissues as a result of the fact that chemical mu-
tagens that lead to the mutation being induced produce a characteristic pattern of mutations
(types and position). Therefore, causative mutagens can be retrospectively identified from the
pattern of mutations seen in clinical tissues. This can provide important information on mutagen
exposures, potentially leading to a reduction in such exposures in the future.

The advantage of RFLP analysis lies in its simplicity, high-throughput nature, and low cost.
Sequencing the gene of interest from a large number of individuals would be the ideal way of
looking for sequence changes that might be clinically important. However, this would be an
extremely time consuming and expensive process. Hence, we use alternative screening meth-
ods like RFLP to reduce the amount of sequencing necessary.

There are two research areas in which RFLP analysis can be particularly useful in clinical
research. These are the study of DNA polymorphisms and the study of tumor mutations.

4.1.1. DNA polymorphisms

Polymorphisms are natural sequence variations that can lead to interindividual phenotypic
differences. These polymorphisms (p/ms) occur on average once in every 1000 bp. Most p/ms
do not produce profound phenotypic differences, as selection has acted during evolution to rid
our gene pool of these disadvantageous changes. However, many p/ms do modulate an
individual’s risk of developing certain diseases, hence the current focus on mapping large num-
bers of p/ms in large numbers of individuals in order to study their effect on disease etiology.
For example, cytochrome P450 enzymes (P450s) metabolize exogenous chemicals that enter
the body in an effort to detoxify them, occasionally, this metabolism increases the toxicity or
carcinogenicity of the parent compound. Hence, overactivity or underactivity of particular
P450s can be linked to cancer risk if the metabolic product or the parent compound is carcino-
genic, respectively. Therefore, p/ms that affect P450 activity can modulate cancer risks in indi-
viduals (see Table 2). RFLP analysis is a very suitable methodology for scanning a large
number of p/ms in cancer-modulating genes in large numbers of individuals. Examples of gene
p/ms important in increasing cancer risks are shown in Table 2.

4.1.2. Tumour Mutations

Tumors result from genetic damage accumulated in normal tissue during an individual’s
life-span. This genetic damage often occurs in genes involved in the control of cell division,
such that mutant clones are produced that divide uncontrollably. The cell division genes tar-
geted are known as oncogenes (promote division) and tumor suppressor genes (suppress divi-
sion). The genetic damage inflicted in these genes includes point mutations and deletions and
often occurs early in tumor development such that mature tumor tissue contains cells in which
the genetic damage (e.g., mutation) is ubiquitous. This means that the mutations are readily
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detectable in tumor tissue by methods such as RFLP and DNA sequencing. Indeed, REs have
been widely used to study the activation of oncogenes such as the K-ras oncogene, which is
activated through mutation at codon 12 (11,12). Furthermore, the p53 gene, commonly mutated
in tumor development, has been shown to acquire mutations most frequently at codon 248
(www.iarc.fr/p53), which contains a Mspl site (CCGG), hence allowing RE-based analysis to
provide information on tumor-specific p53 mutations. Rarer mutations (present in <10% of the
cells) such as those present in precancerous tissue would not be detectable by RFLP or se-
quencing. This is a consequence of the limited sensitivity of the detection step in RFLP analysis
(i.e., the identification of a band on a gel). For these rare mutations, more sensitive mutation
detection methods are needed.

4.2. Restriction Site Mutation

Restriction site mutation (RSM) employs REs to detect mutations, particularly those
involved in tumor formation. RSM has been developed to detect mutations when they occur
very infrequently, when RFLP is not suitable (for a review, see 13). RSM is capable of detect-
ing point mutations when they are present in a 10,000-fold excess of nonmutated DNA (14,15).
Therefore, RSM is highly suited to detecting cancer-causing mutations early in tumor evolu-
tion (i.e. in pre-malignant tissue). RSM is able to detect such rare mutations because of a rever-
sal of the digestion and PCR steps compared to RFLP (see Fig. 3). With RSM, the DNA is
digested first in order to destroy nonmutated sequences, mutations arising in target RE sites
render those particular RE sites resistant to digestion. Subsequent PCR amplification of digested
DNA ensures that only undigested (i.e., mutated) sequences are amplified. This arrangement is
the basis of the sensitivity of RSM.

We developed RSM in our laboratory over 10 years ago (16) and have since been continually
validating and optimizing the methodology (13,15). We have used RSM to detect the action of
mutagenic chemicals through the analysis of induced mutations in tissues and cells exposed to
putative mutagens. In addition, we have recently studied a range of early premalignant tissues
for the presence of initiating mutations (e.g., of the p53 tumor suppressor gene). Table 3 is a
summary of some of the recent research carried out by ourselves and others, using RSM to
detect DNA mutations in chemically exposed cells or in premalignant tissue. Figa 4  illus-
trates the potential of RSM to detect p53 mutations in premalignant clinical samples. This RSM
approach has also been used by other groups looking at the presence of early cancer-causing
mutations in clinical tissue (20). Our aims in these clinical studies have been threefold. First,
how early are p53 mutations in these tumor types? Second, by comparison to in vitro studies on
putative mutagens, can we identify causative mutagens based on the mutation patterns? For
example, as shown in Table 3, we have recently identified a similarity between the premalig-
nant mutations present in esophageal and gastric tissue and those mutations induced experimen-
tally by reactive oxygen species (ROS), suggesting a role for ROS in gastrointestinal (GI) tract
carcinogenesis (14,17,19). Finally, as p53 is a key tumor suppressor in humans whose loss coin-
cides with tumor development, can early p53 mutations predict cancer progression in individual
cases? We have found early p53 mutations in a subset of premalignant clinical tissue samples by
use of RSM (esophageal, gastric, colon, and bladder). We are now following up these patients
closely in order to determine if the presence of an early p53 mutation predicts which patients
progress to cancer fastest. If this proves to be the case, then RSM analysis of early mutations in
genes such as p53 may be useful in assessing cancer risk on an individual basis.

4.3. DNA Methylation Analysis

DNA methylation is a frequent modification in the DNA of genomes (21). It is widely ac-
cepted that methylation (which occurs at 5' CG 3' sequences in mammals) is responsible for the
silencing of unwanted genes in specific cell types. The loss of this methylation pattern will,
therefore, switch on genes that should be silent, whereas de novo methylation will switch off
genes that should be switched on. The involvement of DNA methylation abnormalities in can-
cer development is now well established, often seen as the silencing of tumor suppressor genes
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Fig. 3. The principle of RSM. DNA is initially digested with the RE whose site is under
mutation analysis (Haelll in this case). This digestion cleaves the unmutated DNA copies (as
seen on the left), but leaves the mutated copies intact (as seen on the right). Subsequent PCR
amplifies the mutated DNA, producing a band after electrophoresis, digested DNA will not
PCR, hence no band on the gel. A second digestion step is often included to remove any ampli-
fied un-mutated DNA after PCR.

Table 3
A Summary of Published RSM Data Showing the Detection of Mutations in Both
Clinical Samples and In Vitro Mutagen Experiments

Mutation types

Subject analyzed Gene Codon identified Ref.

Fibroblasts treated with p53 248 GC to AT 17
oxidizing agent 4-NQO

Fibroblasts treated with reactive pS53 248 GCto TA, 18
oxygen species generator GCto AT

Fibroblasts treated with reactive p53 248 GC to AT 14
oxygen species generator

Premalignant esophageal tissue p53 248 GC to AT 15

Premalignant gastric tissue p53 248 GC to AT 19

® : These data show the similarity between the mutation induced in vitro by oxidative agents
and the mutations identified in upper gastrointestinal (GI) tract tissues, suggesting a role of oxygen
free radicals in upper GI tract cancer.
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Fig. 4. RSM analysis of premalignant esophageal tissue from 12 individuals for p53 muta-
tions at codon 248 (Mspl restriction site). On the right of the gel is a DNA size ladder and next
to this is a positive control for the PCR amplification, showing the expected band size. Lanes 1
and 2 show an undigested PCR product of the correct size as a result the presence of a p53
mutation at codon 248 in the Mspl restriction site. These two samples are actually from the
same individual.

by de novo methylation (22). Therefore, methods to study DNA methylation are being devel-
oped (23). REs are particularly useful in studying DNA methylation (24). This is the result of
the fortuitous existence of pairs of REs (isoschizomers) that are differentially sensitive to DNA
methylation. For example, Hpall and Mspl both recognize the CCGG sequence, but Hpall will
not digest this sequence if the internal C is methylated. MspI will digest both methylated and
unmethylated sequences. This feature of pairs of REs can be exploited to monitor the methyla-
tion status of tumor suppressor genes in clinical samples. Because CG sites are methylated in
mammals, RE sites containing CG sequences such as Hpall are particularly useful. Figa$5 is
the outline of how RE analysis can measure DNA methylation.

5. Concluding Remarks

In conclusion, REs are remarkable enzymes that have been exploited in molecular biology
for over 30 yr. In that time, REs have played a paramount role in genetic manipulation (cloning,
etc.) as well as in clinical research. The basis of the usefulness of REs is their sequence speci-
ficity. The fact that each RE stringently digests only its own recognition sequence and fails to
recognize this sequence even if only 1-bp changes has led to their widespread use with clinical
samples. In fact, the sequence specificity of REs is such that they can also recognize chemical
modifications of normal DNA bases (so-called DNA adducts). Hence, REs can be employed to
detect modified DNA after exposure to DNA-damaging chemicals resulting from the failure of
REs to digest these modified sequences (25,26).

As has been seen here, the use of REs in clinical research is widespread. REs are regularly
used to analyze the DNA of clinical samples for the presence of mutations, deletions, and me-
thylation abnormalities. RFLP analysis of human pathogens (bacteria, viruses, and other mi-
cro-organisms) has also been important in the study of human disease, through the
identification, at the DNA level, of virulent strains and strains resistant to drug therapy.

Importantly, hundreds of REs are now available with different sequence combinations, thus
allowing their application to many different DNA sequences. Furthermore, in an effort to in-
crease the application of REs in mutational analysis, PCR-based methods have been developed
that artificially create RE sites at specific sequences. These methods employ mismatched prim-
ers during the PCR step, hence producing PCR products containing unique RE sites for muta-
tion analysis (11,12). It is hoped that future research involving REs will benefit from new RE’s
being discovered, with new recognition sequences. Importantly, advances in protein engineer-
ing can also, in the near future, allow the design of new REs with tailor made recognition
sequences not currently available.
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Fig. 5. Mammalian DNA is methylated at the 5 carbon position of the cytosine base in a CG

sequence context, as shown. To detect this methylation, DNA is initially digested with a me-
thylation sensitive RE (Hpall in this case). This RE cuts unmethylated DNA, but fails to cut
methylated DNA (marked Me). Subsequent PCR amplification allows the methylated (undi-
gested) DNA to be amplified. Hence, methylation is ultimately detected by the presence of a
PCR band on a gel.
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Southern Blotting as a Diagnostic Method

Bronwen Harvey and Pirkko Soundy

1. Introduction

Nucleic acid hybridization is a process in which complementary single strands of nucleic
acids combine to achieve a stable double-stranded nucleic acid molecule. This action has been
utilized to establish a molecular or genetic relatedness between organisms and to characterize
their genomes. Furthermore, this technique is one of several diagnostic tools useful for detect-
ing a wide variety of conditions. Since the determination of the basic principles of duplex
formation and stability in the 1950s, many variations of the hybridization techniques have been
developed. Southern first transferred DNA fragments from agarose, after electrophoretic sepa-
ration, onto nitrocellulose (7). The technique is known as Southern blotting. Alwine et al. (2)
described shortly afterward a similar Northern blotting technique in which separated RNA
strands are transferred from an agarose gel to a suitable solid support. A logical extension of
these blotting techniques has been the dot or slot blot in which the sample is applied directly to
the solid support without prior size separation (3). Over the years, these techniques have been
further developed and modified extensively by many researchers across the world. The applica-
tion of these methods is as varied as the procedures used (e.g., to determine the changes in the
nutritional state of an environment, to establish taxa genetically, to distinguish pathogenic from
nonpathogenic viruses, to analyze gene structure).

This chapter restricts itself to the application of Southern blotting to provide information
relating to genetic diseases. The DNA sample, which can include blood, tissue biopsies, buccal
scraps, amniotic fluid, cultured cells, and so forth, is generally digested using a restriction
endonuclease and then subjected to electrophoresis in a horizontal agarose gel. After sufficient
time has elapse to achieve adequate separation of the required fragments, the gel is soaked in an
alkali solution to achieve denaturation of the double-stranded nucleic acid, then neutralized and
prepared for transfer. Transfer to a nitrocellulose, polyvinylidene (PVDF), or Nylon membrane
is achieved by a process of blotting in which buffer is drawn through the gel and the membrane.
The fragments carried with the buffer are retained on the surface of the membrane. The reten-
tion is made more permanent through a fixation process. The blot can then be used in a hybrid-
ization with labeled probes to identify the fragments of interest.

There are many variations on this basic theme (4,5). Those procedures requiring the identi-
fication of fragments in excess of 10,000 bases advocate the use of a depurination step to im-
prove the efficiency of large-fragment transfer. Methodologies using positively charged Nylon
membranes often omit the neutralization step and advocate the use of alkaline transfer buffer,
which can also serve as a fixative. There are many ways to achieve the transfer of DNA from
the gel to the solid support. Southern’s original method (1) describes the use of a capillary
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Fig. 1. Diagrammatic representation of capillary transfer apparatus; suitable for the transfer
of DNA or RNA fragments separated by gel electrophoresis to a suitable Nylon or nitrocellu-
lose membrane for example. Hybond is available from GE Healthcare Bio-Sciences.

Plastic tray

transfer procedure, and this remains the most widely used technique by far because of its low
cost and convenience, transfer is often an overnight step (see Fig. 1). If speed is a requirement,
the transfer process can be shortened by using specialized vacuum blotting apparatus or
electroblotting devices. Such techniques allow transfer in 30-60 min compared to several hours
for capillary transfer.

The membrane of choice is determined by the sensitivity required and the detection method
to be used. The quantity of sample has a significant effect on both of these. The use of nitrocel-
lulose usually results in low backgrounds and is recommended when the level of target is high.
Nitrocellulose membrane is available in supported and unsupported forms, depending on the
manufacturing method employed; however, the handling characteristics of the latter can be poor.
Unsupported membranes are produced when the active substrate is cast as a pure sheet. Because
of their fragile nature, unsupported membranes should be handled with care. Supported mem-
branes are those for which the active substrate is cast onto an inert “web” or support.

Nitrocellulose membrane can bind 80-125 ug nucleic acid/cm?, which is significantly less
than the binding capacity of 400-600 pg/cm? for a Nylon membrane. Its ability to bind small
molecules (<400 nts) is also poor, and transfer buffers must contain high salt concentrations to
ensure efficient nucleic acid binding. Nylon membranes are available in uncharged and posi-
tively charged supported forms. Charged Nylon has a higher binding capacity and is particu-
larly useful when working with low-molecular-weight nucleic acid. Binding to a Nylon
membrane is independent of the ionic strength of the transfer buffer. However, backgrounds
can be elevated. Where repeated use of a membrane in hybridization assays is needed, the use
of Nylon membranes is strongly advised. Nylon is also recommended for use with medium- or
low-abundance targets and is, in general, the membrane of choice when working with nucleic
acids. PVDF membranes behave similarly to uncharged Nylon, but because of its hydrophobic
nature, use in nucleic acid blotting is limited.
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Table 1

Factors Affecting Hybridization Rate and Stringency

Factor How hybridization is affected
Temperature High temperature increases hybridization

stringency; temperatures below 7, are
recommended (for RNA long probe, 10-15°C
below T,,; for DNA long probe, approx 25°C
below Ty, )

Ionic strength Optimal hybridization in the presence
of 1.5 M Na*; lowering ionic strength
increases stringency.

Destabilizing agents (or T\, modifiers) For example, formamide and urea; used
to lower the effective hybridization
temperature

Mismatched basepairs Mismatches lower hybridization rate

Duplex length Hybridization rate increases with increased probe
length

Viscosity Increases rate of filter hybridization

Fixation bonds the target nucleic acid to the membrane. Suboptimal fixation will lower sen-
sitivity by reducing target concentration and is particularly harmful if the blot is to be used
more than once. The principal fixation methods of heat and ultraviolet (UV) light can be used
with all types of membrane. Heat fixation is very reproducible but requires a vacuum oven for
nitrocellulose. UV crosslinking, performed using an UV crosslinker (constant energy setting),
is faster than heat. Alkali provides a third alternative method when charged Nylon membranes
are used

Original methods describe the use of a DNA probe radioactively labelled by random prim-
ing or nick translation with [3?P]dCTP to detect specific nucleic acid fragments immobilized on
nitrocellulose membrane. Since then, many different methods for labeling nucleic acid probes
ranging from short oligonucleotides to longer DNA or RNA fragments have been developed
(6,7). Nonradioactive labeling kits and reagents are also available, finding favor in a number of
niche areas (8). The role of the hybridization buffer is to provide conditions that promote hy-
bridization between the labeled probe molecules and its complementary sequence immobilized
on the membrane, and to simultaneously limit hybridization between sequences that are not
perfectly matched (6). Table 1 lists factors affecting the hybridization rate and stringency (4—
6). Many different formulations of hybridization buffers have been developed, containing inor-
ganic salts and blocking agents such as Denhardt’s solution (mixture of bovine serum albumin
[BSA], Ficoll 400, and polyvinyl pyrrolidone), denatured DNA from salmon sperm (or other
species), and heparin (4-6). A short prehybridization step in hybridization buffer is usually
carried out to reduce nonspecific background hybridization before adding the labeled probe.
This is especially important in genomic Southern blots that contain all genomic sequences on
the membrane. Hybridization with the probe is usually carried out for several hours to allow
hybridization between low-abundance sequences. Although various rapid-hybridization buff-
ers containing volume excluders are available to speed up this step. After hybridization, the
blot is washed to remove unhybridized probe. The stringency of washing is usually controlled
by stepwise reductions in the ionic strength of wash buffer and/or by temperature (4-6). The
replacement of the old plastic bag technology with specialized temperature-controlled rotis-
serie devices for performing hybridization and washes has resulted in more consistent results
and safer handing of radioactivity. After washing, the blot is subjected to autoradiography with
X-ray film to visualize the bound probe (9).
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2. Southern Blotting in the Diagnosis of Human Disease

Southern blotting has been applied to the diagnosis of many human diseases at the molecular
level. These genetic diseases are caused by point mutations, gene rearrangements, or the ampli-
fication of genes or specific sequences within the genome. These methods have in common that
restriction-digested genomic DNA is size-separated in agarose gel electrophoresis, transferred
onto the membrane, and hybridized with gene-specific probes.

Restriction fragment length polymorphism (RFLP) analysis was one of the early methods
to diagnose point mutations implicated in genetic diseases (see Chapter 3). This method was
based on the observation that if a point mutation changes a restriction fragment recognition
sequence, it is possible to detect this change by Southern blotting analysis in which the af-
fected restriction enzyme is used to cut genomic DNA prior to analysis. The change in the size
of detected fragments with a gene-specific probe signals the presence of mutation in the ana-
lyzed gene. For example, this method has been applied to the diagnosis of hemophilia A,
which is the most common inherited bleeding disorder, affecting approx 1 in 5000 males world-
wide. Hemophilia A is an X-linked, recessively inherited bleeding disorder that results from a
deficiency of procoagulant factor VIII (FVIII). Affected males suffer from joint and muscle
bleeds and easy bruising, the severity of which is closely correlated with the level of activity
of coagulation factor VIII (FVIII:C) in their blood. Gitschier et al. demonstrated using South-
ern blotting that it was possible to diagnose the disease in 42% of affected families (10).
Having identified the Bcll polymorphism, X-linked inheritance was demonstrated in three
generations of a Utah family. DNA from a family member was restricted with Bcll, electro-
phoresed on a 0.8% agarose gel, and blotted on to Nylon membrane and probe with a comple-
mentary sequence within the factor VIII gene labeled with radioactivity. Twelve bands were
observed by autoradiography. Eleven hybridizing bands remained constant, and one varied in
position at either approx 0.9 or 1.1 kb in size.

The presence of gene point mutations has also been diagnosed with Southern blotting using
allele-specific probes. These are usually short oligonucleotides in which the mismatched
sequence is situated in the middle. By carefully controlling the hybridization and wash condi-
tions (temperature and ionic strength of wash buffers), it is possible to distinguish between the
binding of oligonucleotides differing by only one nucleotide. This method has been applied, for
example, to distinguish between the normal human 3-globin gene and the sickle cell B-globin
gene (11,12). Sickle cell anemia is caused by a single base change, resulting in the replacement
of glutamic acid residue at position 6 of the protein (hemoglobin) by a valine residue.

Gene rearrangements can be diagnosed with Southern blotting if a probe hybridizing to the
affected areas is used. Rearrangement is detected by observing change in the size and pattern of
hybridized genomic restriction fragments. This type of analysis has been applied to the diagno-
sis of acute promyelocytic leukemia (APL), a subtype of the cancer acute myeloid leukemia.
The disease is characterized by abnormal, heavily granulated promyelocytes, a form of white
blood cells. APL results in the accumulation of these atypical promyelocytes in the bone mar-
row and peripheral blood, and they replace normal blood cells. At the molecular level, the
disease involves translocation between the retinoic acid receptor-o. (RAR-0.) on chromosome
17 and the promyelocytic leukemia locus (PML) on chromosome 15. This results in the tran-
scription of novel fusion messenger RNAs. By separating restriction-digested genomic DNA in
pulse field gel electrophoresis followed by hybridization with probes derived from PML and
RAR-o. genes, it was possible to detect translocation events that correlated with disease pro-
gression (13).

Gene amplifications are implicated in many diseases. Charcot—-Marie-Tooth (CMT) syn-
drome is a common autosomal-dominant neuromuscular disorder. The disease is characterized
by a slowly progressive degeneration of the muscles in the foot, lower leg, hand, and forearm
and a mild loss of sensation in the limbs, fingers, and toes. The first sign of CMT is generally a
high arched foot or gait disturbances. Other symptoms of the disorder may include foot bone
abnormalities such as high arches and hammer toes, problems with hand function and balance,
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occasional lower leg and forearm muscle cramping, loss of some normal reflexes, occasional
partial sight and/or hearing loss, and, in some patients, scoliosis (curvature of the spine).
Genetically, the disorder is usually characterized by duplication of a region on chromosome 17
through unequal crossover. As a result, affected patients carry three copies of this region. One
diagnostic approach to CMT, type 1A exploits Southern blot hybridization and the relative
intensity for three polymorphic Mspl RFLP bands within the duplicated area to judge whether
patients have two or three copies of this region using a region-specific probe. In order to nor-
malize the observed intensity of the signal resulting from the CMT gene probe, another probe
derived from unconnected sequences is used (14).

The most significant changes in the use of Southern blotting in diagnosis have been seen
since the introduction of primer-specific polymerase chain reaction (PCR) and automated non-
radioactive sequencing techniques. Mutation and gene deletions once detected via Southern
blot analysis are now routinely analyzed with these rapid and inexpensive methods, which are
often fully automated. Cystic fibrosis, Duchenne muscular dystrophy, sickle cell anemia and
thalassaemia, to name a few, are now diagnosed by polymerase chain reaction (PCR). PCR
methods can be completed in as little as 4 h, whereas Southern blotting can take up to 5 d to
achieve the same result. More important, the amount of DNA required for analysis is signifi-
cantly less with PCR amplification methods. The Southern blotting diagnosis method generally
requires 5—10 pg of genomic DNA. The introduction of a PCR-based method is generally only
achieved once the gene defect has been characterized at the molecular level. Hence, research
into disorders where the defect is unknown or further information is required still utilizes South-
ern blot analysis as an important research tool. In the routine laboratory, the use of Southern
blotting is restricted to those diseases that require additional information the Southern blot can
provide. One such disease is Fragile X; however prescreening using PCR analysis is common.

2.1. Fragile X Syndrome

Fragile X syndrome is a common genetic disease. This inherited form of mental retardation
affects 1 in 4000 males and 1 in 8000 females (15). Males with fragile X often exhibit character-
istic physical features and accompanying autistic and attention-deficit behaviors. Individual IQs
are in the range 35-70 (16-18). Approximately 30% of females with full mutations are mentally
retarded, and their level of retardation is, on average, less severe than that seen in males.

In 1943, Martin and Bell (19) were able to link the cognitive disorder to an unidentified
mode of X-linked inheritance. In 1967, Lubs (20) discovered excessive genetic material
extending beyond the low arm of the X chromosome in affected males. Diagnosis was origi-
nally based on cytogenetic analysis of metaphase spreads, but less than 60% of the affected
cells in affected individuals showed a positive result. With this variability in the test, the carrier
status of individuals could not be determined. Interpretation of the result is further complicated
by the presence of other fragile sites in the same region of the X chromosome.

The fragile X gene (FMRI) is located in chromosomal band Xq27.3 and encodes an RNA-
binding protein, which was initially characterized in 1991 (21-23) and contains a tandemly
repeated trinucleotide sequence (CGG) end at its 5' end. The disease is caused by the absence of
a functional FMRI gene product (24). A small number of individuals classified as fragile X
cytogentically have expansion at the nearby FRAXE locus, which also contains an unstable
CGG repeat (25-28). The normal distribution of the repeat in the unaffected population varies
from 6 to 50. Affected individuals are classified into one of two major groups; premutations of
approx 50-200 repeats and full mutations with more than 200 repeats. Some alleles with approx
45-55 copies of the repeat are unstable and expand from generation to generation; others are
stably inherited (29-31).The larger the size of the female premutation, the greater the risk of
expansion during meiosis (32). Individual male or females carrying a premutation are unaf-
fected (20,29,30). Males pass on the mutation relatively unchanged to all their daughters, all of
whom are unaffected.

In some cases of premutation, an accurate estimate of the size of the expansion is required,
most especially in family studies. This increase in resolution is achieved by Southern blot assay,
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using Pstl digestion of genomic DNA and detection with a probe close to the repeat array.
Characteristic of the full mutation is methylation of the promotor region of the gene (CpG island)
(33); this correlates directly to gene inactivation. This is an important event in the disease patho-
genesis, its effect on clinical severity is, however, unpredictable, especially in females.

Today, two main approaches are used in diagnosis of fragile X syndrome: PCR (36-39) and
Southern blot analysis (40). The use of flanking primers allows the amplification of the region
of DNA containing the repeats. The size of the PCR product is therefore indicative of the
number of repeats present. However, the efficiency of the PCR reactions inversely relates to the
number of repeats; hence, large mutations are more difficult to amplify and can fail to yield a
PCR product. False negatives by PCR can also be an issue caused by the presence of normal
and full mutations in some male patients (41). No information as to the extent of methylation
can be determine by a PCR-based assay. Southern blotting allows both the size of the repeat
segment and methylation status to be assayed simultaneously. Methylation-sensitive restriction
enzymes such as Eagl or Nrul can be used to distinguish between methylated and unmethylated
alleles. When combined with EcoRI, these enzymes give fragment sizes of 2.6 kb from normal
unmethylated FMR-I genes. Methylated normal genes are not cut by these enzymes and yield
5.1-kb EcoRI fragments. Methylated and unmethylated expansions are indicated by the pres-
ence of bands or smears above the 5.1-kb and 2.6-kb fragments, respectively.

It is common practice in diagnosis laboratories to use PCR for prescreening and only to
proceed to Southern blotting for those samples that fail to amplify (males) or show a single
normal allele (females). If the etiology of mental impairment is unknown, DNA analysis for
fragile X syndrome should be performed as part of a comprehensive genetic evaluation, which
includes routine cytogenetic analysis. Cytogenetic studies are critical because constitutional
chromosome abnormalities have been identified as frequent or more frequently than fragile X
mutations in mentally retarded individuals referred for fragile X testing. For individuals who
are at risk because of an established family history of fragile X syndrome, DNA testing alone is
sufficient. If the diagnosis of the affected relative was based on previous cytogenetic testing for
fragile X syndrome, then it is advised that at least one affected relative should be included in
the DNA testing profile. Prenatal testing (42) of a fetus is indicated following a positive carrier
test in the mother. When the mother is a known carrier, DNA testing can be offered to deter-
mine whether the foetus inherited the normal or mutant FMRI gene. Results must be inter-
preted with caution because the methylation status of the FMR1 gene is often not yet established
in chorionic villi at the time of sampling. Follow-up amniocentesis might be necessary to resolve
an ambiguous result. In a very small number of patients, deletions or point mutations (43-48)
rather than trinucleotide expansion are responsible for the syndrome. In these cases, linkage
(31,49,50) or rare mutation studies are more useful.
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Western Blotting as a Diagnostic Method

Pirkko Soundy and Bronwen Harvey

1. Introduction

Protein blotting, the transfer of proteins from a separating gel onto a thin uniform support
matrix, first appeared in 1979. Continuing the geographic theme following Southern’s publica-
tion of his method for the identification of specific DNA fragments (1) in 1975 and the intro-
duction of Northern blotting (2) not long after, the technique became known as Western blotting.
Today, the original article by Towbin et al. (3) is cited many thousands of times a year. The
technique itself has been modified and extended over the years (4). Once on a solid support,
procedures that would otherwise proved difficult or impossible in the gel can be undertaken. A
blot allows for rapid staining and destaining protocols of the separated proteins. Low concen-
trations of sample are more easily detected because they are not spread throughout the thick-
ness of the gel but are “concentrated” on the surface; also, membranes are easier to handle and
manipulate.

2. Protein Blotting Techniques

In a classic Western blotting (3), protein samples are separated in an electrophoretic gel
(5,6) and then electroblotted onto a support matrix. Once retained, proteins can be probed with
almost anything that can selectively bind peptide motifs in order to identify the presence or
absence of particular entities. Commonly, detection is achieved via an enzyme suitable for use
with a variety of colorimetric, fluorescent, or chemiluminescent substrates. Not unexpectedly,
there is substantial commercial interest in the technique.

2.1. Transfer Techniques

Electroblotting is by far the most widely used Western blotting technique. Capillary blotting
and diffusion blotting provide alternative techniques; however, these are relatively slow proce-
dures. The basic equipment for the separation and transfer of proteins using polyacrylamide gel
electrophoresis is commercially available from several companies. There are two basic types of
transfer systems: (1) semidry and (2) tank buffer apparatus. By far the most widely used are the
latter tank buffer systems (for reviews, see refs. 7-9). The transfer of protein from the gel is
achieved by applying an electric potential across the gel and the membrane, which are in con-
tact. The membrane, nitrocellulose, polyvinylidene difluoride (PVDF), or Nylon, provides a
more stable matrix than the gel, making subsequent manipulations much easier. In tank sys-
tems, an arrangement of sponge pad, filter paper, gel, membrane, filter paper, and sponge pad
soaked in transfer buffer are held together, in that order, by a ridge plastic cassette. This cas-
sette is place into a vertical tank filled with transfer buffer between platinum electrodes (see
Fig. 1). The arrangement of these electrodes ensures a uniform voltage gradient over the whole
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Fig. 1. Diagrammatic representation of electroblotting.

gel. The cassette must be placed in such a way to ensure that the membrane is between the gel
and the anode. With semidry blotting apparatus, a similar arrangement of buffer-soaked filter
paper, gel, membrane, and filter paper is placed between two large graphite electrodes. However,
in this case, no additional liquid is present; hence the term semidry. Again, the membrane layer
should be between the gel and the anode. In both cases, transfer times are short, varying from 30
min to a few hours. Modifications to the composition of the transfer buffer (3,10,11) and the
use of cooling and circulation devices in the case of tank systems improve the effectiveness and
reproducibility of the process. The transfer conditions required depend on the nature of the
experiment and are dependent on factors such as the type of gel matrix, the nature of the proteins
to be transferred, the type of membrane used, and so forth. A review of these criteria influencing
this key step is provided in Table 1.

A critical factor in achieving successful protein blotting is the quality of the sample. Pro-
teolysis leads to the appearance of smears, producing erroneous molecular-weight determina-
tion and/or false negatives. Proteolysis is the fragmentation of intact protein and can commonly
be caused by proteolytic enzymes (proteasease) and/or physical forces such as shearing to which
the protein is exposed during the extraction process. Key factors to consider in sample prepara-
tion include temperature, avoidance of freeze/thaw cycles (which subject the protein to exces-
sive physical forces), the use of nonionic detergents (which can disrupt the protein
conformation), use of protease inhibitors (which prevent proteolysis), and the use of subcellu-
lar fractionation of the sample. The latter assists in a more effective separation of the protein
mixture by reducing its complexity.

Traditionally, proteins were transferred onto nitrocellulose sheets. In 1986, Millipore Cor-
poration introduced PVDF (12), which is now widely used. This membrane offers the advan-
tages of a higher mechanical strength than unsupported nitrocellulose, a high protein-binding
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Table 1

Factors Influencing Protein Transfer

Parameter Comments

Gel composition The larger the pore size (low concentrations of monomer),
the faster the transfer (10). The larger the protein
the slower the transfer. Gradient gels are more effective
at resolving protein mixtures, containing a wide range
of molecular weights.

Membrane selection The properties of the membrane must be considered
when determining transfer conditions.

Tonic strength Dilute buffers allow the use of high transfer voltages,
minimizing heating. Reuse of transfer buffers is not advised.

Buffer type Different buffers lead to different transfer efficiency.
Tris buffers are more efficient that phosphate
or acetate buffers. Proteins near their isoelectric point
will transfer poorly.

pH Effects buffer conductivity; alternation can lead to initial
current drain and decreased resistance.

Methanol Methanol is essential to improve binding

of proteins to nitrocellulose. Its presence
can reduce protein mobility because of fixation
of the protein within the gel.
SDS Sodium dodecyl sulfate (SDS) improves transfer
by increasing protein mobility; however, resulting
denaturation can reduce recognition via antibodies.
SDS can lead to reduced binding to the nitrocellulose
membrane. Its use depends on the nature of the proteins
requiring detection.
Physical parameters Poor contact between gel and membrane reduces
the efficacy of transfer. Uniform conductivity and temperature
within the transfer tank improve transfer.
Temperature Temperature can alter buffer resistance
and, subsequently, the power delivered, as well as the state
of denaturation of the protein being transferred.
Transfer time Heating should be minimized during long transfer times.
Power Use of high currents achieves rapid elution
of the proteins out of the gel.

capacity (125-160 pg/cm?), and chemical stability. Nylon membranes have found favor with
some users; there are examples indicating that groups of proteins only bind to Nylon (13) or
more strongly to Nylon than nitrocellulose (14). The high background associated with this type
of membrane in this application is probably responsible for its intermittent use. Nitrocellulose
with its good binding capacity and low background is probably the most popular membrane
and is available as a pure ester in both supported and unsupported forms. Unsupported mem-
branes are produced when the active substrate is cast as a pure sheet. Because of their fragile
nature, unsupported membranes should be handled with care. In supported membranes, the
active substrate is cast on either side of an inert “web” or support, usually a polyester. Mem-
branes with this type of internal support have a greater tensile strength, improving the handling
characteristics of the membrane. Mixed membranes containing cellulose acetate and other cel-
lulose derivatives as well as nitrocellulose are also available, but these types of membrane have
a lower binding capacity than pure nitrocellulose. Most methods utilize a 0.45-um pore size
membrane. However not all proteins/peptides with a molecular weight less than 20 kDa are
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retained by nitrocellulose of this pore size (15,16). Membranes with 0.2 or even 0.1 um are
available for this application. PVDF is a Teflon-type polymer composed of repeating (—CH,—
CF,-)n; it offers high mechanical strength and a high protein-binding capacity. Most PVDF
membranes on the market are hydrophobic and unsupported. The membrane needs to be prewet
in methanol prior to use. Proteins interact noncovalently through dipolar and hydrophobic in-
teractions. The high binding capacity is the result of its open, porous polymeric structure and
large surface area. The membrane is stable in many solvents, making it a more suitable mem-
brane than nitrocellulose in some applications. For example, this characteristic has led to the
use of PVDF in the harsh conditions employed in protein and peptide sequencing (17-19).
Separated proteins are blotted onto PVDF, their positions are identified using a total protein
stain such as Coomassie blue or Ponceau red, and the portion of the blot carrying the protein of
interest is excised and further analyzed to determine its sequence. The protein is subjected to
N-terminal sequencing in an appropriate instrument or, alternatively, subjected to internal
sequencing. In this latter case, the protein immobilized on the membrane is first digested with
specific proteases (such as trypsin, thermolysin, endoproteinase Lys-C, endoproteinase Glu-C,
endoproteinase Asp-N clostripain). Hydrophilic peptides are released from the membrane into
the digestion mixture and is then be separated by reverse-phase high-performance liquid chro-
matography (HPLC). Each peptide can then be individually sequenced. In both of these
examples, sequencing is achieved using Edman chemistry, which removes amino acid residues
from the N-terminus of the protein or peptide, one at a time in sequence. Each cycle consists of
the following steps:

1. Coupling with phenyl isothiocynate (PITC) under mild alkaline conditions, forming a
phenylthiocarbamyl peptide.

2. Cleavage of the residue as a anilinothiazolinone (ATZ), an amino acid derivative.

3. Conversion of the cleaved ATZ derivative to a stable phenylthiohydantoin (PTH) derivative.

This stabilized PTH amino acid derivative is then identified by reverse-phase HPLC. With
direct sequencing, the membrane on which the target protein is retained is subjected directly to
Edman chemistry within the instrument. The methodology is limited to the identification of
approx 30 residues. In addition, gaps in the sequence often result, particularly when the level of
target protein is low. Often, the proteins are also blocked at the N-termini in the course of the
process, leading to a reduction in the target available for sequencing. The frequency of block-
age increase with time, suggesting that other processes are at work (20,21).

2.2. Detection of Proteins/Peptides

In Western blotting following transfer, detection of target proteins is general achieved using
a specific antibody. The attachment of specific antibodies to their targets can be readily visual-
ized by using methods based on direct or indirect immunoassays. These methods involve the
use of various labels conjugated to an antibody (see Fig. 2). Some of these labels can directly
produce a detectable signal (e.g., fluorescent molecules, such as fluorescein, or an radioisotope
such as iodine-125), but more commonly, today, indirect immunoassay systems based on en-
zymes such as horseradish peroxidase (HRP) or alkaline phosphatase (AP) are used. In this
case, the detectable signal is generated by the action of the enzyme on a particular substrate;
hence, the systems are described as indirect. Chromogenic, chemiluminescent, or fluorescent
enzyme substrates are available. Some of the more commonly used substrates with some useful
websites are given in Table 2. Chromogenic substrates result in the deposition of a colored
product at the site of the conjugated enzyme and, hence, the protein of interest. Chemilumines-
cent and fluorescent substrates both produce light that can be detected as appropriate via X-ray
film, charge-coupled device (CCD) cameras, or scanners. At present, the most widely used
signal generation system in Western blotting is chemiluminescence. This has several advan-
tages, including the ability to achieve high levels of sensitivity and fast processing times.
Chemiluminescence is the generation of electromagnetic radiation, as light through the release
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Fig. 3. Oxidation of luminol.

of energy from a chemical reaction. Usually, these reactions involve the cleavage of a relatively
weak O-O bond, which liberates a large amount of energy. HRP systems generally are based on
the oxidation of the cyclic diacylhydrazide luminol in the presence of hydrogen peroxide (see
Fig. 3) (22). Immediately following oxidation the luminol is an excited state, which decays
back to the ground state via a light-emitting pathway. The presence of phenolic enhancers
cause the light emission to be increased 1000-fold (23). Often, the process is referred to as
enhanced chemiluminescence. AP systems are almost exclusively based on the use of 1,2-
dioxetane substrates (24) (see Fig. 4).

Key to any methodology is efficient blocking of the membrane. This will minimize back-
ground or nonspecific binding of the antibodies and reagents used for detection and, therefore,
maximize the specific signal-to-noise ratio. A number of protein and detergent solutions are
routinely used for this purpose. These include nonfat dried milk, Tween-20®, bovine serum
albumin (BSA), whole serum, and gelatine. Care must be taken to ensure that the blocking
agent is compatible with the detection reagents used. The most common in use today are nonfat
dried milk and BSA (3,25) Figure 5 outlines a few of the available detection methodologies in
Western blotting; many variations on these themes exist in the reagents and kits that are avail-
able from suppliers. In a single-layer system, the primary (or recognition) antibody is conju-
gated either to an enzyme or a direct label. A double-layer system involves the use of an
anti-immunogobulin capable of recognizing the primary antibody. This anti-immunogobulin is
conjugated to an enzyme or a direct label. Another method utilizes a biotin-tagged anti-
immunogobulin to introduce a third layer. The biotin molecule binds a streptavidin or avidin
molecule which is conjugated to a suitable label, usually an enzyme. Increasing the number of
layers within the detection procedure increases the sensitivity of the system. However, the label
itself and the type of substrate employed also contribute the sensitivity of the system.

3. Western Blot Assays in the Diagnosis of Viral Infections

Western blotting has mostly found use in detecting immunogenic responses elicited by
infectious agents, such as bacteria, viruses, and parasites, where the presence of these agents is
difficult to detect with methods that aim to isolate and culture the infectious agent from patient
samples. Other diagnostic uses for Western blot assays include detection of the presence of
abnormal cellular proteins such as the prion protein. In general, Western blot assays do not
provide truly quantitative information. In these applications, the technique is usually used as a
secondary method to confirm initial results obtained with enzyme immunoassays (EIAs) or
enzyme-linked immunosorbent assays (ELISAs) or provides additional information not obtain-
able with these procedures. Often, many different antigens can be assayed together, thus pro-
viding a wider picture of the antigenic response being studied.
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In addition to many in-house-developed diagnostic Western blot systems, several compa-
nies are manufacturing commercial kits for use in serological diagnostics of different infec-
tious diseases. Confirmation of human immunodeficiency virus (HIV) infections is an important
application area in viral diagnosis. Detection of immunological responses in Lyme disease is a
major application for bacterial diagnosis. Cysticercosis represents a parasitic disease where the
Western blot technique demonstrates the presence of the parasite Taelia cysticercosis, which is
difficult to prove by other means. Western blotting methods have proved useful for showing
the presence of disease-related human proteins in autoimmune diseases. How Western blot
assays are currently applied to these clinical areas will now be discussed.

3.1. Western Blot Assays in the Diagnosis of Viral Infection
3.1.1. HIV-I Diagnostics

HIV-1 and HIV-2 are the two causative agents of autoimmune deficiency disease (AIDS).
Whereas HIV-2 infections are mostly restricted to Africa, HIV-1 has spread worldwide. Fol-
lowing infection by either virus, the patient develops antibodies against viral proteins. Detec-
tion of these antibodies with EIAs is used in the routine detection of HIV infection in patients
and screening of blood donors. Western blotting is recommended for use as a secondary confir-
matory test to further analyze samples that have repeatedly produced positive EIA results (26,
and references therein). Anti-HIV antibodies can be found in most body fluids, including serum,
saliva, and urea. All of these can be used as samples for testing for the disease. These Western
blot kits contain specific HIV proteins fractionated according to their molecular weight by
electrophoresis on a polyacrylamide gel in the presence of sodium dodecylsufate (SDS). These
separated proteins are electrotransferred from the gel to a nitrocellulose membrane, which is
then washed, blocked, and packaged. In the clinical laboratory, these nitrocellulose strips are
incubated with HIV antibodies present in the patients serum (or other body fluid). These are the
primary antibodies of our description in Fig. 5. The strips are washed to remove unbound
material. Visualization of the human immunoglobulins specifically bound to the HIV pro-
teins is achieved using a series of incubations in, for example, goat anti-human IgG conjugated
with biotin, followed by streptavidin conjugated with HRP and then the HRP substrate 4-chloro-
1-naphthol (see Fig. 5C). If antibodies to any of the target HIV proteins or antigens are present,
bands corresponding to the positions of one or more of the HIV proteins result. The kit will
contain suitable control material to ensure that the nitrocellulose strip and other reagents are
performing correctly.

The structure and protein composition of HIV-1 and 2 viruses are well characterized, allow-
ing identification of antigens acting in the immunological response. Following HIV infection,
the earliest antibodies are against group-specific antigen (GAG) protein p24 and its precursor
p55, but with later progression of the disease, these antibodies can decrease in quantity and be
difficult to detect. Antibodies against envelope protein (ENV) precursor protein gp160 and its
precursors gp120 and gp41 are usually found in most HIV-infected patients. Multimeric forms
of gp41 can give rise to bands of 120 and/or 160 kDa (27). Antibodies against HIV polymerase
(POL) enzyme proteins p31, pS1, and p66 can also be detected in patient samples (27-31).
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Fig. 5. Diagrammatic representation of some immunodetection regimes used in Western
blotting.

In addition to the complexities in antigen patterns arising from the HIV viruses, the interpre-
tation of blotting results is complicated by the different combinations of antibodies that may be
found in patients. Antibody patterns may change during the progression of the infection (27—
31). This biological variation has resulted in different guidelines being put forward for scoring
Western blot results as positive for detecting HIV-1/2 virus infection. The requirement for
detecting antibodies against all three major protein groups (ENV, GAG, and POL) for a posi-
tive score results in a relatively high number of indeterminate results, as only 72—79% of posi-
tive samples type contained antibodies against all three different groups of HIV proteins (32).
The World Health Organisation (WHO) has recommended using the presence of at least two
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bands, including those corresponding to gp41, gp120, or gp160 (33), as a criteria for a positive
finding. A negative test result is the absence of any reactive bands on Western blot. Although
detection of anti-HIV antibodies can indicate the presence of viral infection, final diagnosis
should only be based on clinical examination.

Saliva and urine have been established as alternatives to serum samples for testing for HIV
antibodies. These fluids offer the advantage of easy collection. Although the antibody concen-
tration is lower than in serum, it is still suitable for detection with sensitive immunological
methods such as Western blotting. Factors such as increase in urine volume following con-
sumption of large quantities of liquids or the use of diuretics (34) further reduce antibody con-
centrations. Saliva contains secretions from salivary glands, oral microorganisms, cells, and
gingival-crevicular transudate, which has been shown to contain immonoglobulin G against
HIV proteins in infected individuals (34).

The Federal Drug Administration (FDA) has approved three different kits for HIV testing.
The Western Blot HIV-1 kits from Cambridge Biotech and Genetic Systems (Bio-Rad Labora-
tories) can be used with serum/plasma samples for confirmatory testing of blood donors. The
Cambridge Biotech kit can also be used with urine samples and the Genetic Systems kit with
dried blood spots. Organon Teknika’s OraSure HIV-1Western blot kit is exclusive for use with
oral fluid samples. Many other diagnostic kits exist for detecting HIV antibodies using the
technique; see Table 3 for details.

All of the kits for HIV diagnosis are based on the same principal design. The kit contains
several identical test nitrocellulose strips to which size-separated HIV proteins have been trans-
ferred and immobilized. These strips are stable for several months if stored at cold room tem-
peratures. The viral proteins have been obtained from virus purified from infected H-9/
HTLV-IIB, T-lymphocyte cell line with ultracentrifugation (OraSure), or partially purified and
inactivated by treatment with psoralen and ultraviolet (UV) light (Cambridge Biotech). In addi-
tion to HIV antigens, the blotted membrane can also contain control bands such as the staphy-
lococcal protein (JN HIV-1/2 Kit). These controls are for detecting the presence of general IgG
proteins in a sample and act as positive confirmation for correct functioning of the kit.

Before the individual membrane strips are incubated with a patient samples, they are blocked
to inhibit nonspecific binding. The patient sample is diluted in sample buffer. The extent of
dilution required depends on the test kit used and the sample. For example, the OraSure kit
requires 150 pL of saliva diluted 1 : 7 for use; the Genelabs HIV-1 blot 1.3 kit requires 20 uL
of serum diluted 1:100 for use. If anti-HIV antibodies are present in the patient sample, they
bind to their cognate antigen on the test strip. After washing, the bound antibodies are detected
with a secondary anti-human IgG antibody—alkaline phosphatase conjugate (OraSure), which
catalyzes the conversion of nitroblue tetrazolium (NBT) into a colored deposited product in the
presence of 5-bromo-4-chloro-2-indolyl-phosphate (BCIP). Alternatively, the Cambridge
Biotech HIV-1 kit uses a biotin-labeled goat anti-human IgG and an avidin conjugated to HRP.
Color reaction is achieved using the substrate 4-chloro-1-naphthol. All of the HIV-test Kkits
contain negative control serum, as well as low- and high-positive control serums, which help in
assessing the patient test results.

The actual protocol for scoring the bands present on membranes reacted with patient sera
vary from one manufacturer to other. With the OraSure kit, the intensity of bands on the patient
test strip are compared to the intensity of the gp41 band on the low-positive test strip. If bands
of equal or higher intensity are detected, the band is scored as present. In the Cambridge Biotech
kit, the intensity of the p24 band, seen with a weakly reactive serum, is used as reference for
scoring. The overall test with both kits is considered positive only if at least two of the major
bands (gp160, gp41, gp120, or p24) are present, according to the recommendations by WHO.

Antibodies against HIV-2 proteins can give positive reaction on Western blot containing
HIV-1 antibodies, however, often the results are indeterminate. This is why some of the HIV-1
Western blot kits contain additional antigens derived from HIV-2. The JN HIV-1/2 Kit con-
tains a recombinant HIV-2 membrane protein, Genelabs HIV-1 blot 2.4 contains a line of gp46
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from HTLV-II, and the Bioblot HIV-1 plus kit contains a synthetic HIV-2 peptide. Native HIV-
2 antigens are immobilized on BioRad products and Genelabs HIV blot 2.4.

3.1.2. Detection of Other Viral Diseases

Western blotting can be used for differentiation between related causative agents that cause
different diseases. Herpes simplex virus 1 and 2, the causative agents of oral and genital herpes,
respectively, are 95% similar genetically. Most antibodies raised against one species react with
the other. The Western blotting assay of glycoprotein G is able to differentiate between the two
viruses (35). In the ParvoBlot Western Blot Biotrin kit, IgM molecules against parvovirus anti-
gens VP1 and VP2 are detected. In this assay, IgG molecules present in the patient sample are
absorbed with sample buffer and removed with centrifugation. Membrane-bound IgM antibod-
ies are detected with HRP-conjugated anti-human IgM followed by diaminobenzidine sub-
strate detection (ParvoBlot kit Biotrin).

3.2. Western Blot Assays in the Diagnosis of Bacterial Infections

Compared with viruses, bacteria are more complex organisms with a large number of pro-
teins that can elicit immunological reactions. Similarities between closely and distantly related
species can complicate detection of antibodies. Lyme disease is an example of a bacterial dis-
ease for which Western blotting has been widely used for diagnosis, but it is not without tech-
nical problems. Other bacteria that are currently detected with Western blot assays are listed in
Table 4.

3.2.1. Diagnosis of Lyme borreliosis

The spirochete Borrelia burgdorferi causes Lyme disease. Several subspecies of the bacte-
ria have been isolated in different parts of world. Borrelia burgdorferi sensu stricto, Borrelia
afzelii, and Borrelia garinii are the three genospecies responsible. These bacteria are carried by
ticks and transmitted following a bite. Typically, the disease has three stages: a circular skin
rash reaction with virus like symptoms 7-10 d after infection, followed several weeks later
with problems with nervous system and heart, and, finally, months or years later with arthritic
and neurological symptoms (36). Diagnosis can be achieved by demonstrating of the presence
of B. burgdorferi in patient samples with bacterial culture, tissue examination, or polymerase
chain reaction (PCR), but these methods are not always feasible. Serological methods for
detecting antibodies against B. burgdorferi proteins are used for routine analysis.

These Western blot kits contain specific bacterial proteins fractionated according to their
molecular weight by electrophoresis, electrotransfered onto a membrane such as nitrocellulose.
In some cases, purified bacterial protein are applied directly to a membrane, as so-called dot
blot. The membrane is then blocked. In the laboratory, the membrane is incubated with bacte-
rial (primary) antibodies present in the patients serum (or other body fluid). The membranes are
washed to remove unbound material. Visualization of the human immunoglobulins specifically
bound to the bacterial proteins is achieved using a series of incubations. The nature of the
disease progression (see below) means that these secondary antibodies can be either anti-human
IgM or IgG conjugates. If antibodies to any of the target proteins or antigens are present, a band
corresponding to the positions of one or more of the bacterial proteins result. The kit will con-
tain suitable control material to ensure that the Western blot or dot blot, and other reagents are
performing correctly.

Detection of antibodies in Lyme disease is hampered by biological variability in the immuno-
logical responses. The first response following exposure to B. burgdorferi is the appearance of
type M immunoglobulins against the outer surface protein C (22-25 kDa), p39, and flagellin
protein of 41 kDa. The IgM levels usually peak 3—6 wk after exposure. IgG antibodies are gen-
erally detectable after several weeks and can persist for years. Three antigens eliciting IgM
antibodies, Osp A (31 kDa), Osp B (34 kDa), and p18, p28, p30, p45, p58, p66, and p93, can be
detected by IgG antibodies found in patient sera (37). Patient-to-patient variations in the timing
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Table 4
Commercial Western Blot Assay Kits for Detecting Bacterial Infections
Bacteria Test kit Manufacturer
Borrelia burgdorferi Lyme IgG Western Blot Quest Biomedical
Borrelia burgdorferi Lyme IgM Western Blot Quest Biomedical
Borrelia burgdorferi Borrelia burgdorferi sl IgM/IgG
immunoblots KMI Diagnostics
Borrelia burgdorferi QualiCode™ Borrelia burgdorferi IgG Immunetics, Inc.
and IgM Western Blot
Borrelia burgdorferi Lyme IgG Western Blot IgeneX, Inc.
Lyme IgM Western Blot
Borrelia burgdorferi Lyme disease Western Blot Kit JN-International
Medical Corp.
Borrelia afzelii, Borrelia garinii  EU Lyme IgG MarBlot™ Trinity Biotech
EU Lyme IgM MarBlot™
Borrelia burgdorferi Lyme IgG MarBlot™ Trinity Biotech
Lyme IgM MarBlot™
Ehrlichia. phagocytophila, HE IgG and IgM Western Blot Imugen
or E. ewingii
Ehrlichia. phagocytophila, Human Granulocytic Ehrlichiosis (HE) ~ JN-International
or E. ewingii Western Blot Kit Medical Corp.
Ehrlichia. Phagocytophila, HE Ehrlichia IgG MarBlot™ Trinity Biotech
or E. ewingii
Helicobacter pylori Helico Blot 2.1 Genelabs Diagnostics

and extent of the serological response to B. burgdorferi exposures exist. Patients with persistent
infection may produce IgM antibodies longer than expected or lack IgG response (38). This
poses the problem for accurate diagnosis of the disease status based on antibodies against B.
burgdorferi antigens. A negative test result may be obtained if testing is performed shortly after
infection and, conversely, positive results may indicate the presence of past infection, which
could be unconnected to current disease (39). Treatment of tick borreliosis can also abrogate
immune response, despite the continued presence of the bacteria in patient tissues (40,41).

Decorin-binding protein A (DpbA) is 43—-63% similar among B. burgdorferi sensu stricto,
B. afzelii, and B. garinii. The sequence diversity is reflected in that most patient sera only
recognized DbpA from one species. Whereas most patients with neuroborreliosis and Lyme
arthritis contained antibodies against DbpA, patients with an earlier stage of Lyme disease
failed to do so (42). Similarly, sequence variation in OspC protein from different Borrelia
species has been shown to result in the presence of different epitopes and variation in detection
with polyclonal antisera (43). Further complications to accurate diagnosis is contributed by
crossreactivity between antibodies against B. burgdorferi antigens and antigens derived from
other spirochetes, rickettsia, ehrlichia, or bacteria such as Helicobacter pylori (44), and the
Epstein—Barr virus (45) resulting in false positives.

It is not surprising that against this complicated background of biological variation and
crossreactivity it has been difficult to determine a simple set of rules according to which a
positive test is scored. The US Center for Disease Control (CDC) recommends that IgM West-
ern blot tests for B. burgdorferi antibodies be scored positive if two or three bands correspond-
ing to 23- to 25-kDa OspC or 39-kDa or 41-kDa antigens are detected on the blot. The
recommendation for a positive test result of an IgG Western blot is the presence of 5 out of 10
antigen bands (46). European recommendations for IgG require the presence of two bands for
B. afzelii subtype (PKo) and at least one band for B. garinii subtype (Pbi). Positive IgM result
for pKo requires that p39, OspC, and p17 be detected or that a strong band is observed for p41.
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For pBi, the requirement for the p17 band is omitted (47). Despite these measures, the contro-
versy surrounding the accuracy and specificity of serological tests for Lyme borreliosis has not
subsided (39,48-50). A list of currently available kits is given in Table 4. The immunoblot
assay can, however, provide a wider analysis of the extent of immunological response and
increase the sensitivity of detection and accuracy of testing (48). However, ELISA and West-
ern blot assays are not independent tests, as both detect the same antibodies. Western blot
should, therefore, be considered as a supplemental rather than confirmatory test for Lyme dis-
ease and is recommended as a secondary test to corroborate positive or indeterminate results
obtained by EIA or ELISA. The interpretation of commercial Western blot assays is hampered
by the finding that the templates for band patterns provided in test kits and the patterns obtained
with positive control samples do not always align. Hence, assignment of detected bands to
correct antigens is made difficult and subjective and can lead to a false conclusion or indetermi-
nate results (49). These limitations mean that immunological testing should be only used in
conjunction with clinical diagnosis (39).

Several groups have started to address the technical problems associated with Lyme
borreliosos Western blot assays by preparing synthetic antigens for testing. This approach
allows the possibility for choosing unique regions of antigens that are not conserved between
the different species. Adding recombinant VISE and PbpA antigens to whole-cell lysates of
Borrelia proteins has been shown to improve detection (51). Gomer-Solecki and co-workers
(52) have developed an immunoblotting assay in which recombinant proteins containing key
parts of Borrelia antigens are used. This assay improved detection specificity and identification
and facilitated the detection of early disease. By using p83/100, p39, OspC, p41 Flagellin,
Osp7, and p58 antigens, the diagnosis of later-stage arthritic and neuroborreliosis was improved
(53). By combining the use of a dot blot assay where antigens are present at fixed positions with
the use of recombinant antigens improved the specificity of detection over a Western blot, but
also made scoring of the test much simpler (49). These developments are likely to result in a
new generation of more accurate and specific serological tests for Lyme borreliosis.

3.2.2. Diagnosis of Human Ehrlichiosis

The group of human ehrlichiosis are caused by tick-borne gram-negative Ehrlichia bacteria.
Monocytic ehrlichiosis is attributable to Ehrlichia chaffeensis; granulocytic ehrlichiosis is
caused by E. phagocytophila or E. ewingii (54-56). The relatedness of these causative agents
makes immunodiagnostics difficult because of antibody crossreactivity with antigens derived
from other species. Unver and co-workers (57) have demonstrated that in Western blot analy-
sis, outer membrane protein of 30 kDa was only recognized by antibodies raised against E.
chaffeensis and a protein of 44 kDa was specific to E. phagocytophila.

3.3. Western Blot Assays in the Diagnosis of Parasite Infections

The generation of a diagnostic test for parasite infections has the complication that the native
antigens needed for preparing immunoblots may not be easily available. This is the case in
cysticercosis, which is endemic in many parts of the world. It is caused by the pork tapeworm
Taenia solium. This parasite transfers from pigs to humans in infected meat containing eggs.
The larvae hatch inside the small intestine of the human host and enter the bloodstream through
the intestinal wall. Once in circulation, the worms can migrate to target tissues, including the
central nervous system, where they will encyst and develop into a cysticercus. Clinical symp-
toms include migraines and resemble epilepsy. In order to overcome the limitations of obtain-
ing target antigen, molecular cloning strategies have been applied to obtaining recombinant 7.
solium antigens.

Taenia solium infections are diagnosed currently with Western blot assays in which lentil-
lectin purified glycoproteins are used as antigens. These antigens detect antibodies against seven
major 7. solium glycoproteins (58). Saline extraction can also be used to prepare antigens from
T. solium cysts for analysis. However, the lentil-lectin purification remains the more sensitive
method (59). The primary source of 7. solium antigens is from cysts found in naturally infected
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pigs, which limits the availability of these antigens for testing. Whatever the source, antigen
mixtures are prepared and fractionated according to their molecular weight by electrophoresis,
then electrotransferred onto a membrane and blocked. In the clinical laboratory, the membrane
is incubated in the patient’s serum for example, which contains primary antibodies against some
or all of the target proteins. The membrane is washed to remove unbound material. Visualization
of the human immunoglobulins specifically bound to the parasite proteins is achieved using a
series of incubations in an anti-human immunoglobulin conjugated with an indirect label and
subsequent incubation to allow for visualization. If antibodies to any of the target proteins or
antigens are present, bands corresponding to the positions of one or more of the parasite proteins
result. The kit will contain suitable control material to ensure that the performance of the re-
agents is as expected and that identification of the specific parasite protein is possible.

Greene and co-workers (60) used degenerate oligonucleotides derived from the amino acid
sequence of purified 14- to 18-kDa polypeptides, corresponding to major 7. solium antigens, to
amplify cDNAs for related antigens from the 7. solium cDNA library. One of the cDNAs,
sTs14, showed promise as a specific diagnostic marker. Further research has shown that the 7.
solium diagnostic antigens of 14, 18, and 21 kDa are members of 8-kDa antigen family for
which 18 unique genes have been characterized. One out of nine 8-kDa gene-coded proteins
(TsRS1) was shown to be a 100% specific and sensitive as an antigen for detection of antibod-
ies against 7. solium in cysticercosis (61). Hubert and co-workers (62) screened a T. solium
metacestode cDNA expression library with patient sera and identified antigen NC-3, which
showed high sensitivity and specificity in serodiagnostics. Table 5 lists other human parasite
infections that are currently diagnosed with the aid of Western blot assays.

3.4. Detection of Human Proteins in Disease States
3.4.1. Detection of Circulating Autoantibodies

Autoimmune diseases are characterized by the production of antibodies against normal
human proteins or other cellular molecules. Western blotting can be used with other immuno-
logical methods for detecting these antibodies. The presence of autoantibodies is included in
the diagnostic criteria for systemic lupus erythematosus (anti-Smith antigen and anti-double-
strand DNA antibodies), mixed connective tissue disease (anti-Ui-nuclear riboprobtein anti-
bodies), and Sjogrens’s syndrome (anti-SS-A/Ro and anti-SS-B/RoLa antibodies) (63). A
limitation of the Western blot method in detecting autoantibodies is that not all antibodies can
recognize the denatured and immobilized antigens presented on immunoblots. This may ex-
plain findings that ELISA methods with the same antigens can be more sensitive in detecting
autoantibodies in patient sera (64,65).

Typical Western blot protocol for detecting autoantibodies involves preparation of antigens
from the tissue affected. For example, solubilized cell extracts prepared from the lung adeno-
carcinoma cell line or lung tumors have been used to detect circulating autoantibodies in tumor
patients (66). Decreased opportunity for detecting crossreacting antibodies with complex anti-
gen preparations is achieved by further purification of the principal antigens that present main
targets for autoantibodies in different diseases. Purification of SS-A and SS-B antigens with
ion-exchange chromatography and differential salt extraction result in preparations that allowed
further characterization of the antigens and their use in diagnostic tests (67). With the use of
gene technology, diagnostic tests for autoantibodies have been further refined by creating and
expressing recombinant antigens for use in tests. For example, Vitozzi and co-workers (65)
combined the two major antigens of autoimmune hepatitis (cytochrome P450 2D6 and
formiminotransferase cyclodeaminase) into a recombinant protein and used this expressed chi-
mera for detecting autoantibodies directed against both proteins in one assay. Regardless of
their source, the test antigens are detected via a Western blot using anti-human antibodies linked
to either HRP or AP with autoantibodies from the patient’s serum. Hu and co-workers (68)
performed systematic optimization of the method improving all steps of the protocol. They
concluded that using protein G coupled to HRP reduced false-positive reactions and increased
detection of correct antibodies. Furthermore, inclusion of CHAPS (3-[3-cholamidopropyl-
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Table 5

Commercial Western Blot Assays for Detecting Antibodies Against Human Parasites
Disease/causative agent Kit Manufacturer
Cysticercosis/Taelia solium  QualiCode Cysticercosis Immunetics

Western Blot
Cysticercosis/Taelia solium  Cysticercosis Western Blot ~ JN-International Medical Corp.

Hydatid disease/parasite QualiCode Hydatid Immunetics
Echinococcus granulosus Western Blot

Hydatid disease/parasite Hydatid Western Blot JN-International Medical Corp.
Echinococcus granulosus

Babesiosis/parasite QualiCode Babesiosis IgG Immunetics
Babesia microti or IgM Western Blot

Babesiosis/parasite Babesiosis Western Blot JN-International Medical Corp.

Babesia microti

dimethylammonio]- 1-propanesulfonate) increased binding of protein G to antibodies and the
inclusion of Tween-20 reduced background on membrane and eliminated the need to use pro-
tein-blocking agents in incubation buffers. Finally, PVDF produced higher-quality blots with
lower backgrounds than a nitrocellulose membrane.

With developments in proteomics, Western blot assays have found use in elucidating the
antigens that are responsible for eliciting antigenic response in various diseases. Brichory and
colleagues (66) have used two-dimensional gel electrophoresis coupled with Western blotting
to investigate the targets of circulating autoantibodies found in the sera of lung cancer patients.
Tumor cell extracts were separated and then blotted onto the PVDF membrane and detected
with the patient’s sera. Two major groups of antigen spots were detected. Subsequent excision
of these spots and mass spectrometry analysis revealed that these antigen spots corresponded to
annexin I and II. This approach is currently being used to identify further cancer markers for
use in diagnostics and aiding evaluation of disease prognosis (69).

3.4.2. Diagnosis of Prion Diseases

Western blot assays can also be used to demonstrate the presence of variant forms of normal
cellular proteins. Creutzfeld—Jacob disease (CJD) is a neurodegenerative disease with aberrant
metabolism of the 3375 sialoglycoprotein, prion protein (Pr), whose exact function is not yet
know. Normal cellular forms of the protein, found in neurons and other tissues, is sensitive to
protease digestion. In prion diseases, a variant form of the protein, PrS¢, which is derived from
the native protein by post-translational modification and conformational change, accumulates
in cells, eventually resulting in the death of the affected neurons. This variant form is partially
resistant to protease digestion and insoluble in detergent solutions (70). Several different PrS¢
protein isoforms differing in their sensitivity to protease K digestion have been identified (71).
Variant CJD also contains Pr®¢ protein, although the pathogenenis and clinical course of this
disease is different. A Western blot assay for detecting PrS¢ protein isoforms involves the con-
centration of the protein from brain extracts (71). Before separation, the precipitate containing
PrS¢ protein is digested with protease K. Protease-resistant PrS¢ protein is detected with a mono-
clonal antibody against Pr protein, followed by a secondary antibody linked to HRP or AP.
Using sensitive, enhanced chemifluorescent detection methods, Wadsworth and co-workers
(72) were able to detect PrS¢ protein in the tonsils, spleen, and lymph nodes, where concentra-
tions were significantly lower than in the brain. In addition to the Prion protein, other proteins
have been shown to be altered in CJD. One such protein is an isoform of 14-3-3 abundant brain
protein. Cerebrospinal fluid of CJD patients contains different isoforms than normal brain or
brains affected with other dementias. By using Western blot analysis, the presence of the CJD-
associated isoforms can be diagnosed (73).
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Principles and Medical Applications of the Polymerase Chain Reaction

Bimal D. M. Theophilus

1. Introduction

The polymerase chain reaction (PCR) is currently one of the mainstays of medical molecu-
lar biology. One of the reasons for the wide adoption of PCR is the elegant simplicity of the
way in which the reaction proceeds and the relative ease of the practical manipulation steps.
Indeed, combined with the relevant bioinformatics resources for the practical design and for the
determination of the required experimental conditions, it provides a rapid means for DNA diag-
nostic identification and analysis. It has also opened up the investigation of cellular and mo-
lecular processes to those outside the field of molecular biology and also contributed in part to
the successful sequencing of the human genome project. Polymerase chain reaction is an in
vitro amplification method able to generate a relatively large quantity (about 10° copies, or
approx 0.25-0.5 ng) of a specific DNA sequence from a small amount of a heterogeneous DNA
target, often comprising the total cellular genome. The sensitivity of PCR is such that success-
ful amplification can be achieved from a single cell, as in single-sperm typing and preimplanta-
tion diagnosis, or from a minority DNA population that is present among an excess of
background DNA (e.g.. from viruses infecting only a few cells, or from low levels of “leaky”
RNA transcription from nonexpressing tissues). The PCR process consists of incubating a re-
action sample containing the DNA substrate and required reactants repeatedly between three
different temperature incubations: denaturation, annealing, and extension. Many current inves-
tigators, the author included, recall their initial introduction to PCR as comprising the laborious
transfer of sample tubes between three water baths heated to different temperatures represent-
ing the three incubations. Fortunately and no doubt instrumental to the wide implementation of
PCR in numerous areas of fundamental research and applications is the automation of the pro-
cess. This was the result of the development of programmable thermal cylcers that were devel-
oped only a few years subsequent to the invention of PCR by Mullis in 1983. Today, the
technology has advanced to modern thermal cyclers that use Peltier heating and cooling ele-
ments to produce fast temperature changes or ramp rates of around 3°C/s and that maintain
accurate temperature control across the entire sample block. In addition PCR undertaken in 96-
well microtiter plate systems is now possible, which is useful for high-throughput analysis of
clinical samples.

2. Elements of PCR
2.1. PCR Practical Procedures

Polymerase chain reaction achieves near-exponential amplification of a DNA sequence, the
length of which is defined by a pair of oligonucleotide primers, complementary to 20-25 bp of
sequences at the 5' and 3' ends of the target molecule, respectively. It is relatively straightfor-
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Fig. 1. Simplified scheme of one PCR cycle that involves denaturation, annealing and
extension.

ward for the PCR to amplify up to approx 2 kb of sequences, but special modifications such as
the use of a cocktail of enzymes are required to amplify larger sequences of up to 40 kb in a
process termed “long-range PCR.” Typical sources of target DNA include blood, mouthwashes
or buccal scrapes, chorionic villus (for antenatal diagnosis), one to two cells from an eight-cell
embryo (for preimplantation diagnosis), hair, and Guthrie spots. Extracted DNA does not need
to be particularly pure and could even be partially fragmented, as in the case of archival mate-
rial such as that derived from paraffin-embedded tissues. In the case of blood samples, simple
boiling releases enough DNA for successful amplification. A PCR reaction mix is usually 5—
50 uL in volume and is set up in 0.2-mL or 0.5-mL thin-walled reaction tubes or, as indicated,
in 96-well microtiter plates. It comprises reaction buffer (optimized for magnesium chloride),
deoxynucleotide triphospates (AINTPs), the oligonucleotide primers, a thermostable DNA poly-
merase (usually 7ag DNA polymerase), which synthesizes DNA by incorporating dNTPs and
extending the annealed primers, and, finally, the template to be amplified.

2.2. Steps Involved in a PCR Cycle

The initial step of PCR involves incubation of around 94°C for 5 min to denature the target
genomic DNA into single strands. This step is not usually necessary when using cDNA derived
from RNA as the template. The subsequent and main part of the process comprises the sequen-
tial incubation of the sample at three different temperatures, which together constitute one PCR
cycle (see Fig. 1). The first step in a cycle involves incubation at 94-96°C for 10 s to 1 min to
denature newly synthesized template DNA. Subsequent incubation is at a temperature deter-
mined by the melting properties of the primers, ideally around 56°C, optimized to allow them
to anneal only to their specific target sequences. The third incubation is usually 72°C for 20 s to
2 min, during which Tag DNA polymerase extends the primers mediating the synthesis of
DNA using the target sequence as the template. Normally, 30-35 such cycles are performed to
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comprise a PCR reaction, which typically takes about 3 h to complete. In the first cycle of PCR,
primers can only anneal to the original target DNA. In this case, the primer defines the 5' end of
each newly synthesized strand, but the 3' end is undefined and variable. However, in subse-
quent cycles, as newly synthesized DNA from one cycle becomes a template in the next cycle,
the synthesized DNA will be defined at both ends by each primer. Because the synthesis of the
latter species increases exponentially while DNA synthesized from the original target only
increases linearly, the predominant product (termed amplicon) resulting from PCR will be de-
fined by the location of the forward and reverse primers (see Fig. 2). Whereas amplification is
exponential in the earlier cycles, it plateaus out in later cycles because of the exhaustion of
reaction components. For this reason, quantitative comparisons or estimates of PCR products
should be based on the exponential phase of the reaction using “real time PCR” (see Chapters
23 and 25). It is safe to leave the finished reaction in the thermal cycler at room temperature for
several hours or overnight, although, typically, a final incubation “hold” temperature of 4—
12°C is programmed after the final PCR cycle.

2.3. Primer Design and PCR

The specificity of PCR lies in the design of the two oligonucleotide primers. These not only
have to be complementary to sequences flanking the target DNA but must not be self-comple-
mentary or bind each other to form dimers because both prevent DNA amplification (see Fig.
3). They also have to be matched in their GC content and have similar annealing temperatures.
The increasing use of bioinformatics resources such as Oligo, Generunner, and Genefisher in
the design of primers makes the design and the selection of reaction conditions much more
straightforward. These resources allow the sequences to be amplified and the primer length,
product size, GC content, and so forth, to be input, and, following analysis, they provide a
choice of matched primer sequences. Indeed, the initial selection and design of primers without
the aid of bioinformatics would now be unnecessarily time-consuming. With careful consider-
ation of primer sequences and reaction conditions, it is possible to amplify more than one region
in a single PCR. This process is termed multiplex PCR and is used extensively in molecular-
based diagnostics, although it does require a degree of optimization.

2.4. Sensitivity and Contamination in PCR

The enormous sensitivity of the PCR is also one of its main drawbacks because the very
large degree of amplification makes the reaction vulnerable to contamination. Even a trace of
foreign DNA, such as that contained in dust particles, may be amplified to significant levels
and may give false-positive results. Hence, cleanliness is paramount when carrying out PCR,
and dedicated equipment and, in some cases, laboratory areas and even laboratories are used. It
is possible that previously amplified products may also contaminate PCR. However, this may
be overcome by a number of methods including ultraviolet (UV) irradiation to damage the
already amplified products so that they cannot be used as templates. A further interesting solu-
tion is to incorporate uracil into PCR and then treat the products with the enzyme uracil-N-
glycosylase (UNG), which degrades any PCR amplicons with incorporated uracil, rendering
them useless as templates. In addition, most PCRs are now undertaken using hotstart. Here, the
reaction mixture is physically separated from the template or the enzyme. When the reaction
begins, mixing occurs and thus avoids any mispriming that might have arisen.

3. Medical Applications and PCR

The main areas of medical diagnosis to which PCR is applied are the detection of infectious
pathogens (e.g., associated with sexually transmitted diseases or respiratory tract infections)
and the identification of mutations in genes that are either responsible or constitute risk factors
for human disease. In some tests, the result is simply found in the presence, size, or color of the
PCR product, whereas in other situations, PCR is used to generate sufficient specific starting
material on which to perform a number of post-PCR manipulations to obtain the result.
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Fig. 2. Representation of further cycles in the PCR. Note the original template strands can
also be copied, whereas newly synthesised PCR products are amplified exponentially.



Principles and Medical Applications of PCR 67

Complex genomic ‘template’ DNA

Region to be amplified ‘target” DNA
expanded view of DNA region

5 -4 I I 3

3 T T 4 5

PCR primers designed to each DNA strand that flanks region to be amplified

5 - I I 43
¥ —<m—>5
Primerl1
Primer2
S>3
3 I | 45

Primers are complementary to existing sequences necessitating
that some flanking sequence information is known

Fig. 3. The location of PCR primers. PCR primers designed to sequences adjacent to the
region to be amplified, allowing a region of DNA (e.g., a gene) to be amplified from a complex
starting material of genomic template DNA

3.1. Polymorphism Detection: RFLPs, VNTRs, and STRs

Before specific genes and associated mutations were fully characterized, genetic diagnosis
was often carried out using restriction fragment length polymorphisms (RFLPs) (see Chapter
3). RFLPs are variations in the length of restriction fragments between alleles arising from the
presence or absence of specific restriction enzyme sites. RFLPs within or closely linked to an
affected gene were therefore used as markers to track inheritance of a faulty gene through a
family pedigree. VNTRs (variable number of tandem repeat sequences) and STRs (short tan-
dem repeats) are polymorphic sequences applied in a manner similar to RFLPs, but arise from
variations in the number of tandem repeat sequences at a given locus between different alleles.
They are performed by PCR using primers flanking the polymorphic region, incubation with a
restriction enzyme (in the case of RFLPs), and analysis of the fragment sizes following gel
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electrophoresis. Subsequent research and the completion of the human genome project means
that the underlying basis of most common single-gene disorders is now understood and so these
methodologies are less widely used. However, they are still of use where the causative muta-
tion in a particular family or disease remains elusive or where limited facilities or expertise
prevents complete screening of a gene to identify a mutation.

3.2. PCR-Based Mutation Screening

One of the major clinical applications of PCR that has spawned numerous diagnostic labora-
tories is the screening of multiexon genes, without clearly defined founder mutations, and
where, therefore, a significant number of heterogeneous mutations may be responsible for the
disease phenotype in different families or populations (e.g., hemophilia, Gaucher disease, cer-
tain breast and ovarian cancers [which arise from mutations in the BRCAI and BRCA2 genes],
and colon cancer. Unfortunately, there is no single, quick, inexpensive, and reliable mutation
screening method of universal application. The majority of techniques can only analyze 200—
500 nucleotides at a time for maximum sensitivity, which corresponds to the size of most exons.
Individual exons and their intron/exon boundaries (which may be the site of exon splice site
mutations) are amplified using PCR primers complementary to flanking intronic sequence.
Large exons are usually amplified as several overlapping segments.

3.2.1. Reverse Transcriptase PCR

A number of screening methods are able to analyze 1 kb or more at a time, in which case,
PCR-amplified complementary or cDNA may be used. This is DNA synthesized using messen-
ger RNA (mRNA) as a template mediated by the enzyme reverse transcriptase (see Fig. 4). This
procedure, referred to as RT-PCR, enables the screening of multiple contiguous exons in a single
analysis, which enables the identification of gene rearrangements and splicing defects that may
remain undetected by analysis of the genomic DNA coding sequence. However, RNA has a
short half-life and is easily degraded; therefore, great care must be exercised in handling it. In
addition, there is evidence that mutation-containing RNA may be less stable than normal RNA,
therefore, the mutant allele may be underrepresented, or absent, in the RT-PCR product from a
heterozygous sample. Finally, the gene under analysis may not be expressed in tissues that are
readily accessible for analysis (e.g., blood), although sufficient “ectopic” RNA may be expressed
by the so-called “leaky” transcription for successful PCR and analysis. Although mutation
screening and detection methods are able to identify sequence differences between a normal and
a patient sample, they do not indicate whether the change is pathogenic or simply a sequence
polymorphism. This distinction usually depends on the nature of the change, the location of the
change with regard to functional domains of the encoded protein, conservation of the affected
amino acid residue among homologous proteins, and whether the change has been observed
previously (by reference to mutation databases). Many mutation-detection methods depend on
differences in the melting properties of DNA during gel electrophoresis. Single-strand confor-
mation polymorphism (SSCP) analysis (1) is based on differences in the electrophoretic mobil-
ity of single-stranded DNA conformers in a nondenaturing gel system. It is a popular choice
because it is simple to perform, but it is only able to analyze PCR products up to about 200 bp
and it has limited sensitivity. Conformation-sensitive gel electrophoresis (CSGE) (see Chapter
13) (2) is based on the electrophoretic mobility of DNA heteroduplexes under mildly denaturing
conditions. It is only slightly more demanding to perform than SSCP, but has close to 100%
detection efficiency. Denaturing gradient gel electrophoresis (DGGE) (3) identifies mismatch-
containing heteroduplexes based on an abnormal denaturing profile on electrophoresis through
a gradient of increasing denaturant concentration. Denaturing high-performance liquid chroma-
tography (dHPLC) is a recently introduced method that is rapidly gaining in popularity. dHPLC
distinguishes heteroduplexes from homoduplexes by ion-pair reverse-phase liquid chromatog-
raphy according to differences in their melting behavior (4) (see Chapter 24). Positive ions in a
buffer coat DNA in a hydrophobic layer, which interacts with a hydrophobic polystyrene matrix
in a length- and sequence-specific manner. DNA is eluted from the matrix by a linear acetoni-
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Fig. 4. Reverse-transcriptase PCR (RT-PCR). In RT-PCR, mRNA is converted to comple-
mentary DNA (cDNA) using the enzyme reverse transcriptase. The cDNA is then used directly
in PCR.

trile gradient. Although preliminary work is required to optimize the conditions for each PCR
product, once established it is a rapid, highly automated, and sensitive technique able to detect
close to 100% of mutations.

3.2.2. PCR-Based Mismatch Detection

Some other methods are based on chemical or enzymatic cleavage of mismatches in DNA
heteroduplexes (56) . The protein truncation test (PTT) (7) (see Chapter 17) identifies frame
shift, splice site, and nonsense mutations by virtue of their ability to result in premature protein
truncation, and it is applied to diseases where these types of mutation predominate, such as
adenomatous polyposis coli (APC). Mutation-screening methods merely indicate that a muta-
tion is present, which must then be characterized by DNA sequencing. With the development
of automated fluorescent sequencers, many laboratories now sequence the complete coding
sequence of a gene in order to identify mutations without the prior application of a mutation-
screening method. Although the most laborious part of this process is often visual analysis of
the sequence generated, there has been significant progress in the development of sequence
analysis software, which is able to highlight sequence differences between two aligned se-
quences. However, these programs are not perfect, and it is often necessary to check sequences
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manually, especially in the case of heterozygous mutations. Also, although often considered
the gold standard method of mutation detection, sequencing technology itself is not 100% ac-
curate and may miss mutations or produce artifacts that must be investigated further.

3.3. PCR-Based Mutation Detection

Some conditions arise from one or a few clearly defined mutations. In these cases, one of a
number of methods can be applied that detect the presence or absence of a defined sequence
change. These are generally technically simpler and more rapid tests than those used for muta-
tion screening described in Subheading 3.2.

3.3.1. Restriction Enzyme Analysis

If, fortuitously, a mutation creates or destroys a restriction site, then it may be identified sim-
ply by restriction enzyme analysis as described for RFLPs. For example, PCR followed by diges-
tion with the restriction enzyme Mnll is used to detect factor V Leiden, which arises from a point
mutation in exon 13 of the factor V gene and constitutes the most frequent genetic risk factor for
venous thrombosis. Alternatively, for mutations that do not alter a site for a restriction enzyme, a
diagnostic site may be “engineered” into a PCR product using mutagenic primers.

3.3.2. Deletion Analysis

The most common cystic fibrosis (CFTR) allele is a three-nucleotide deletion, F508del.
Simply amplifying the region by PCR using flanking primers and distinguishing the normal
and mutant alleles by size on gel electrophoresis can identify this allele. Similarly, 60-65% of
mutations causing Duchenne muscular dystrophy (DMD) are deletions of one or more exons
within the dystrophin gene, 98% of which can be identified by two multiplex PCR reactions.

3.3.3. Analysis of Gene Rearrangements

Gene rearrangements are a feature of hematological malignancies, as well as certain nonma-
lignant diseases, such as the intron 1 and intron 22 inversion mutations responsible for approx
50% of severe hemophilia A. In the case of hematological malignancies, the novel chimeric
transcripts arising from rearrangements are identified by RT-PCR (8). In hemophilia A, the
intron I inversion mutation is detected by a standard PCR reaction, whereas the intron 22 inver-
sion requires long-range PCR or Southern blotting for identification (see Chapter 14).

3.3.4. Allele-Specific PCR

Allele-specific oligo PCR (ASO-PCR, also known as the amplification refractory mutation
system, ARMS) involves the hybridization of three primers in a single reaction (see Chapter 14).
These comprise normal and mutant forward primers in which the final (3') base of the primer is
homologous to either the normal or mutant sequences, respectively, together with a common
reverse primer. The primer annealing temperature is optimized to ensure that primers only an-
neal to a perfectly matched template sequence, which is a requirement for subsequent extension
by Tag DNA polymerase. Separate PCR reactions may be performed with the normal and mu-
tant primers, respectively or a single reaction may be performed if the normal and mutant prim-
ers are distinguishable (e.g., with different fluorescent labels). Clearly, in order to design specific
primers, the nature of the mutation to be detected must be known. An example of its use is to
screen for a G to A transition at position 20210 in the 3' untranslated region of the prothrombin
gene (9). The A allele is associated with elevated plasma prothrombin levels and carriers have a
2.8-fold increased risk of venous thrombosis. In addition, a multiplex ARMS test has been
designed and marketed in kit form to test for a panel of common cystic fibrosis mutations.

3.3.5. 5'Nuclease/TagMan™ Assay

The 5' Nuclease or TagMan™ assay also involves the use of three primers: two allele-spe-
cific forward primers and a common reverse primer, which in this case is labeled with a
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“reporter” fluorophore at its 5' end and a “quencher” fluorophore at its 3' end (see Chapter 23).
As with the allele-specific PCR, only the perfectly matched primer is extended by 7Tag DNA
polymerase. On encountering the labeled reverse primer, the latter will be degraded by the
5'=3' exonuclease activity of Tag DNA polymerase. This will result in the separation of the
reporter and quencher fluorophores and a consequent increase in fluorescence. TagMan is used
for mutation detection and for screening specific subtypes of microbial pathogens. It is also
used for association studies, which involve the correlation of single-nucleotide polymorphisms
(SNPs) with complex disorders such as diabetes, heart disease, cancer, and mental disorders
(10). SNPs are also of interest in the rapidly emerging field of pharmacogenetics, where they
are analyzed for their role in determining variations between individuals in their responses to
specific drugs or drug toxicity (e.g., in the cytochrome P450 genes) (11). It is anticipated that
this will lead to the identification of novel drug targets and aid in the production of individually
tailored “designer” drugs.

3.3.6. Quantitative and Real-Time PCR

Real-time PCR (see Chapter 23) requires the use of special DNA cyclers such as the Roche
Lightcycler that couples PCR with fluorescent detection, thereby enabling the detection of PCR
product as it is synthesized. In its simplist form, a DNA-binding dye such as SYBR green is
included in the reaction. As amplicons accumulate, SYBR green binds the dsDNA. This binding
is proportional although nonspecific and fluorescence emission is detected following excitation.
Diagnostically, real-time PCR enables the determination of a viral load in infectious diseases by
comparing the amount of virus-specific product to a standard curve generated from samples
containing known concentrations of DNA. Real-time PCR also has many research applications
such as comparisons of gene expression between different tissues or at different stages of
development. Although relatively expensive in comparison to other methods for determining
expression levels, it is simple, rapid, and reliable. In addition to the quantitative nature, real-
time PCR systems may also be used for genotyping and for accurate determination of the
amplicon melting temperature using a so-called melting curve analysis. PCR has also been ex-
tended to further developments such as sequencing by minisequencing or pyrosequencing
(12,13). In addition, the new technology of microarrays uses, in some cases, PCR-derived
material (/4). It is this area that may form the future of rapid nucleic acid diagnostic; however,
PCR is still and no doubt will continue to be a mainstay of genetic-based diagnostics.

References

1. Orita, M., Iwahana, H., Kanazawa, H., Hayashi, K., and Sekiya, T. (1989) Detection of polymor-
phisms of human DNA by gel electrophoresis as single-strand conformation polymorphisms. Proc.
Natl. Acad. Sci. USA 86, 2766-2770.

2. Williams, I. J. and Goodeve, A. C. (2002) Conformation-sensitive gel electrophoresis, in PCR
Mutation Detection Protocols (Theophilus, B. D. M. and Rapley, R., eds.), Humana, Totowa, NJ

3. Fischer, S. G. and Lerman, L. S. (1983) DNA fragments differing by a single base-pair substitution
are separated in denaturing gradient gels: correspondence with melting theory. Proc. Natl. Acad. Sci
USA 80, 1579-1583.

4. Huber, C. G., Oefner, P. J., and Bonn, G. K. (1995) Rapid and accurate sizing of DNA fragments by
ion-pair chromatography on alkylated nonporous poly(styrenedivinylbenzene) particles. Anal. Chem.
67, 578-585.

5. Cotton, R. G. H., Rodrigues, N. R., and Campbell, R. D. (1988) Reactivity of cytosine and thymine
in single base-pair mismatches with hydroxylamine and osmium tetroxide and its application to the
study of mutations. Proc. Natl. Acad. Sci. USA 85,4397-4401.

6. Heisler, L. and Lee, C-H. (2002) Cleavase® fragment length polymorphism analysis for genotyping
and mutation detection, in PCR Mutation Detection Protocols (Theophilus, B. D. M. and Rapley, R.,
eds.), Humana, Totowa, NJ.

7. Roest, P. A. M., Roberts, R. G., Sugino, S., van Ommen, G-J. B., and den Dunnen, J. T. (1993)
Protein truncation test (PTT) for rapid detection of translation-terminating mutations. Hum. Mol.
Genet. 2, 1719-1721.



72

10.
11.

12.

13.

14.

Theophilus

Cotter, F. E. (1996) Molecular Diagnosis of Cancer, Humana, Totowa, NJ.

Poort, S. R., Bertina, R. M., and Vos, H. L. (1997) Rapid detection of the prothrombin 20210 varia-
tion by allele specific PCR. Thromb. Haemost. 78, 11,157-11,163.

Chakravarti, A. (1999) Population genetics—making sense out of sequence. Nature Genet. 21, 56—60.
McCarthy, J. J. and Hilfiker, R. (2000) The use of single-nucleotide polymorphism maps in
pharmacogenomics. Nature Biotechnol. 18, 505-508.

Hacia, J. G. (1999) Resequencing and mutational analysis using oligonucleotide microarrays. Nature
Genet. 21, 42-47.

Syvanen, A. C. (1999) From gels to chips: “minisequencing” primer extension for analysis of point
mutations and single nucleotide polymorphisms. Hum. Mutat. 13, 1-10.

Ronaghi, M., Uhlen, M., and Nyren, P. (1998) A sequencing method based on real-time pyrophos-
phate. Science 281, 363-365.



7

Single-Strand Conformation Polymorphism (SSCP) Analysis

Igor Vorechovsky

1. Introduction

The identification of a large number of disease genes in recent years has led to a consider-
able improvement in clinical diagnostic procedures, therapeutic interventions, and prognostic
projections and provided carrier or presymptomatic testing to family members of affected indi-
viduals. Because the number of gene alterations known to be linked to genetic disorders has
risen dramatically over the last decade, the availability of technically simple, cost-effective,
and reliable methods to detect changes in the nucleotide sequence has become increasingly
important. Although we have recently seen a considerable improvement in our ability to detect
DNA alterations, costly mutation analysis using nucleotide sequencing has driven a search for
less expensive scanning methods.

In addition to the costs, the choice of a suitable method of mutation analysis is governed not
only by the experimental sensitivity, expected mutation pattern in the target sequence, and
functional consequences of these changes, but also by staff expertise, personal experience, and
preference. However, the primary selection criterion for such a method is the ability of a tech-
nique to detect the presence of unknown mutations in the analyzed regions (“scanning meth-
ods”) as opposed to identifying known mutations already characterized at the nucleotide level.
Scanning procedures represent a cost-effective alternative to nucleotide sequencing, but usu-
ally at a price of an inferior detection rate. The former group of techniques includes procedures
based on conformation polymorphism changes, denaturing gradient gel electrophoresis, con-
stant denaturant capillary electrophoresis, mismatch repair, and RNAse cleavage methods. The
latter group, exemplified by allele-specific hybridization or amplification, primer extension,
oligonucleotide ligation assay, and ligase chain reaction is specific for previously identified
mutations/polymorphisms or a set of nucleotide alterations.

2. Single-Strand Conformation Polymorphism Analysis

Single-strand conformation polymorphism (SSCP) analysis (1,2) is one of the simplest scan-
ning techniques for detecting unknown mutations. Variation in a DNA sequence is detected by
alterations in the conformation of denatured DNA fragments. Denatured DNA fragments are
allowed to renature under conditions that prevent the formation of double-stranded DNA and
allow higher-order structures to form in single-stranded fragments. These fragments are then
run through nondenaturing polyacrylamide gels to detect variations in these structures that are
manifested as mobility shifts (3) (see Fig. 1). The term PCR-SSCP refers to a polymerase chain
reaction (PCR)-amplified product analyzed by SSCP.

The SSCP analysis is useful for detecting microlesions, such as single-base substitutions,
small deletions, small insertions, or microinversions. These changes constitute the majority of
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Fig. 1. Single-strand conformation polymorphism analysis.

disease-causing mutations, and this has undoubtedly contributed to the popularity of SSCP
analysis among the mutation-screening methods. SSCP requires no special equipment, is simple
to use, and mutant DNA fragments can be isolated for further analysis. However, the efficient
mutation detection is limited to shorter fragments, and some mutations, such as large, heterozy-
gous insertions or deletions encompassing the amplified region, are likely to go undetected.

3. Sensitivity of PCR-SSCP

Unlike denaturing gradient gel electrophoresis, there is no adequate theoretical model for
predicting the three-dimensional structure of single-stranded DNA under a given set of condi-
tions (3). Is it still possible to determine how sensitive SSCP analysis is for a sequence of
interest?
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As a rule of thumb, the detection rate of microlesions should be more than 85% for frag-
ments shorter than 300 bp using a single SSCP run (4). The sensitivity of PCR-SSCP depends
on the following factors:

The mutation pattern in the target sequence.
Size of DNA fragments and its GC content.
Gel temperature.

Gel matrix composition.

Buffer composition (ionic strength and pH).
DNA concentration.

Nk L=

Disease genes containing small insertions/deletions and single-base substitutions perform
generally better in SSCP analysis than those with a mutation pattern dominated by large dele-
tions (5). The examination of -globin, TP53, and rhodopsin mutations suggested that the type
of mutation (transition vs transversion) did not play a major role in SSCP sensitivity (6).
Although the position/type of base substitution does not seem to significantly contribute to the
detection rate either (6,7), the sequence flanking mutated residues is likely to influence sensi-
tivity (8). In tumor samples, SSCP is able to identify mutations against the background of 85—
95% of the wild-type allele (9), a figure sufficient to identify clonal changes in solid tumors
that contain a substantial proportion of normal cells.

Single-strand conformation polymorphism sensitivity was found to vary dramatically with
the size of the DNA fragments analyzed, with the optimal size at about 150 bp and a substantial
decline of sensitivity for fragments larger than 300 bp (4,6,7,10). However, the extent of such a
decrease of the detection rate has been difficult to measure, because sensitivity is influenced by
multiple factors. A blind quality control study of fragments larger than 450 bp reported a detec-
tion rate of 84% (10), and an even higher proportion of mutations was found by running
amplicons sized between 300 and 800 bp in low-pH buffer systems (11). Because a single base
change contributes less to the tertiary structure in a larger fragment than in a small one, the
probability of detecting a base substitution in amplicons larger than 300 bp is generally lower
than for optimally sized fragments. A restriction endonuclease digestion may help achieve a
suitable fragment size if the initial amplicon is too large, but this extra step may be costly when
analyzing multiple samples.

The sensitivity of SSCP detection was found to be greater in templates with high GC
content, which might be the result of an intricately folded strand resulting from more hydro-
gen bonds in such DNA (12). The ratio cytosine/adenosine was reported to correlate with the
optimal electrophoretic temperature (13), with a suggested formula for optimal gel tempera-
ture ([80°C/(A+1)]/{k+[C/(A+1)]}), in which the coefficient k may need to be experimentally
derived. The use of a temperature gradient in the 15-25°C interval may favor conformational
transitions in mutated samples and increase the detection rate (14). Temperature should be
controlled during electrophoresis, as an excessive current may generate heat, resulting in the
disappearance of mobility shifts (8). Multiple gels run at different temperatures are likely to
increase sensitivity, and room and cold temperatures around 5°C have been recommended
most commonly (4,15).

Optimized polyacrylamide concentrations and crosslinking should be used for SSCP gels
(4,8). The most suitable matrix appears to be a crosslinked acrylamide polymer with low
crosslinking values (%C, mass of the cross-linkers/mass of all monomers and crosslinkers per
100 mL volume), ranging between 1.3% and 2.6% (8). Adding glycerol to SSCP gels was
found to improve the detection rate, probably by reducing the pH of the Tris-borate buffer
through the reaction of glycerol and the borate ion or weakening electrostatic repulsion between
the negatively charged phosphates in the DNA backbone, leading to a greater stabilization of
the tertiary structure (11). The sensitivity of SSCP analysis might also be increased using low-
viscosity hydroxyethylcellulose and neutral pH of the running buffer (14).

As the higher-order structure of nucleic acids depends on the entire sequence of the am-
plified DNA, the sensitivity of SSCP analysis is likely to vary from one fragment to another.
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The finding that a shift of a mutated fragment is detected only under certain physical condi-
tions has led to the use of multiple gels with varying running parameters to increase sensitiv-
ity (4,16). It is also convenient to combine SSCP with other methods of mutation detection,
particularly heteroduplex analysis (HA) (17). HA detects mutations by virtue of the altered
electrophoretic mobility of a DNA fragment containing one or more mismatched bases (het-
eroduplex) vs a fragment of identical sequence consisting of two complementary DNA
strands (homoduplex). Not only do both techniques require similar equipment and gels, but,
unlike for SSCP, the nature of the mismatched basepairs appears to be the overriding deter-
minant for the ability to detect mutations, with the magnitude of separation G:G/C:C > A:C/
T:G = A:G/T:C > A:A/T:T (12).

In practice, the most commonly altered variables are polyacrylamide and buffer concentra-
tions, use of an alternative gel matrix such as the MDE gels, gel temperature (5-25°C), and
glycerol concentration (0—10%) in the gel matrix. All of these variables are likely to interact to
determine the final detection rate and should be controlled (12). Excessive amounts of loaded
DNA (e.g., because of insufficient labeling of fragments), inappropriate pH of the gel, a high
voltage leading to gel overheating, and PCR products with spurious bands are among the most
common mistakes of inexperienced users.

Polymerase chain reaction may involve the incorporation of a label, either directly into the
product or via an isotopically or nonisotopically labeled oligonucleotide primer. Alternatively,
DNA fragments can be visualized after electrophoresis (e.g., by silver staining). PCR should be
tested using an agarose gel before running SSCP gels to see if the product is clean. PCR prod-
ucts with spurious bands, particularly those larger than the amplicon, may interfere with the gel
interpretation and should be avoided. A meticulous computer-assisted oligonucleotide primer
design (http://www.hgmp.mrc.ac.uk/GenomeWeb/nuc-primer.html) for PCR will pay off.

Loading different amounts of PCR products may result in altered mobilities of DNA frag-
ments and this may lead to difficulties in evaluating SSCP patterns. Differential signal intensi-
ties from individual samples are generally associated with a suboptimal detection rate and every
effort should be made to normalize the well-to-well signal. If the efficiency of PCR is markedly
different from sample to sample (e.g., because of the presence of enzyme inhibitors following
DNA extraction from some paraffin-embedded tissues), the initial amount of the template can
be further adjusted.

The absence of any shifts does not automatically translate into the absence of mutations/
polymorphisms in the analyzed sample. Because SSCP does not have a very high exclusion
power, negative results of PCR-SSCP mutation screening need cautious interpretation.

4. Clinical Significance of SSCP

The PCR-SSCP is a rapid, simple, and cost-effective scanning method for mutation detec-
tion. It is particularly useful for the initial screening of optimally sized PCR-amplified frag-
ments for point mutations, small deletions, and insertions. It serves well as an inexpensive
method of choice in situations in which the detection rate is not required to be absolute and in
laboratories with no special equipment for identifying nucleotide alterations. SSCP has been
used to detect mutations in DNA or reverse-transcribed RNA (complementary DNA) samples
in a large number of human disease genes as well as in tumor-derived material. The method can
be applied to both Mendelian and complex diseases and is suitable for use in prenatal diagnosis.
It has been successfully used for genotyping not only human samples but also microbial and
parasitic pathogens. In combination with other techniques for mutation detection discussed in
this book, SSCP provides a sensitive and specific tool for testing any nucleotide sequence for
mutations and polymorphisms. The wise choice of the most appropriate procedures is a crucial
step for the successful identification of molecular changes underlying genetic disorders, carrier
status, pathogen genotypes and susceptibility to complex traits including cancer.
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Denaturing Gradient Gel Electrophoresis (DGGE)

Jeroen H. Roelfsema and Dorien J. M. Peters

1. Introduction

Denaturing gradient gel electrophoresis (DGGE) is a robust method for point mutation
detection that has been widely used for many years (1). It is a polymerase chain reaction (PCR)-
based method, the principle being the altered denaturing temperature of a PCR product with a
mutation compared to the wild-type product (see Chapter 6). PCR performed on DNA of an
individual with a point mutation in one of two genes will lead to a mixture of different products.
PCR products from both the wild-type gene and the mutated gene will be formed. These are
known as the homoduplex products. The difference in melting temperature between these two
products, however, is subtle. Another type of product, heteroduplexes, consisting of a wild-
type strand combined with a mutant strand of DNA, will also be formed during the last cycles
of the reaction. The real strength of DGGE lies in the fact that the heteroduplex PCR products
will have much lower melting temperatures compared to the homoduplex PCR products, be-
cause the heteroduplexes have a mismatch (see Fig. 1).

To visualize the different melting temperatures of these homoduplexes and heteroduplexes,
the products should be run on an acrylamide gel with a gradient of denaturing agents: urea and
formamide. These denaturing agents alone are not sufficient. In addition, the gel should be run
at a high temperature, usually 60°C. During electrophoresis, the PCR products will run through
the gel as double-stranded DNA until they reach the point where they start to denature. Once
denatured, the PCR products could continue running through the gel as single-stranded DNA,
but the fragments have to remain precisely where they denatured. To achieve this, a so-called
GC clamp is attached, to prevent complete denaturing. This GC clamp is a string of 40-60
nucleotides composed only of guanine and cytosine and is attached to one of the PCR primers.
PCR with a GC clamp results in a product with one end having a very high denaturing tempera-
ture. A PCR product running through a DGGE gel will, therefore, denature partially. The GC
clamp remains double stranded. The fragment will form a Y-shaped piece of DNA that will
stick firmly at its position on the gel.

2. Practical Steps
2.1. Designing the PCR Products

The melting characteristics of PCR products screened for point mutations are crucial for
DGGE. It is important that the fragment, when it reaches the critical point in the gel, denatures
immediately, instead of slowly denaturing at one end and progressing with this process as the
product runs deeper in the gel. Such a slow-melting process will result in fuzzy bands or smears,
rendering mutation detection impossible. Because the melting characteristics are vital for suc-

From: Medical Biomethods Handbook
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HETERO-
DUPLEXES

HOMO-
DUPLEXES

Fig. 1. Diagram of a DGGE gel and the actual result. During PCR, two homoduplex and two
heteroduplex PCR products will be formed, as shown in the diagram. All four types of product
will have different melting temperatures and will, therefore, melt at different positions in a
gradient gel. The two heteroduplex products will melt earlier than the two homoduplex prod-
ucts because of their mismatch. On the gel, an example of a mutation resulting in four bands on
a DGGE is visible. This is a de novo mutation in the gene coding for CREB-binding protein in
a patient with Rubinstein—Taybi syndrome. The two adjacent lanes contain the wild-type prod-
ucts from the parents of the patient.

cess, primers to amplify the target should be chosen with great care. With this aim, special
software that analyzes the melting curves of possible PCR products is used for primer selec-
tion. A number of programs are available for various platforms, either commercially (e.g.,
Winmelt from Bio-Rad Laboratories and Meltingeny from Ingeny International) or for free.
There are websites where a sequence can be analyzed online as well. The experimenter will
usually see a rather irregular melting curve when analyzing a target sequence. Attachment of a
GC clamp of 40-60 nucleotides most often flattens this curve dramatically (see Fig. 2). The
curve should be flat within a range of 1°C. Of course, the melting temperature around the GC
clamp is very high. If attaching a GC clamp at one side does not flatten the curve, one should
try attaching it to the other side, because for DGGE, it does not matter whether the GC clamp is
attached to the forward or to the reverse primer. The selection process involves trying various
combinations of forward and reverse primers to find products with a good flat curve and prim-
ers that will work well together in a PCR. DGGE products typically range from 200 to 400 bp.
It is difficult to find the correct melting curve for products longer than 400 bp.

The length of the GC clamp also alters the melting behavior of the entire product. A GC
clamp of 55 nucleotides (nt) is routinely used but sometimes 60 nt are necessary, especially
with GC-rich sequences. Eventually, most target sequences will produce a good, flat curve in
the computer analysis. However, there are troublesome sequences for which one has to use
some tricks (2). For instance, if the melting curve of a product goes down at the end without a
GC-clamp, one can attach a second, smaller GC clamp. This is known as bipolar clamping.
Strings of 8-20 nt are used in the rare cases where this is needed. Special attention is also
required for GC-rich sequences for which the melting curve does not make a sharp turn where
the GC clamp starts, but climbs to a higher melting temperature as it gets closer to the GC
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Fig. 2. Melt maps made with the program Meltingeny (Ingeny International): (A) The melt
map of the PCR product without the attachment of a GC clamp. (B) The melt map with the GC
clamp attached to the right side (cgcccgecgegeccegegeccggeccgecgeccccgeccgegeeceeeggeccggg).
The curve reveals a number of different melt domains. It is unlikely that this product would be
successful in DGGE analysis. (C) The map with the GC clamp attached at the left side of the
product. Now, only two melt domains remain: the high-melt domain of the sequence of the GC
clamp and the lower-melt domain of the target sequence. Note that the curve is completely flat.
Obviously, the GC clamp at the left side should be chosen.
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clamp. Here, the addition of a few A’s and T’s between the GC clamp and the annealing part of
the primer may cause a sharp turn in the curve.

As mentioned above, a GC clamp consists of 40—60 guanines and cytosines. Using a GC
clamp with a sequence that has been proven to work in practice is recommended. Designing
your own GC clamp may prove difficult, perhaps resulting in a GC clamp that forms a very
stable hairpin structure during PCR. Several melting prediction programs offer a sequence of a
GC clamp. Performing a PCR using primers with a GC-clamp does not require special arrange-
ments. The protocol is the same as any other PCR and there are no changes in annealing or
denaturing temperatures.

Denaturing gradient gel electrophoresis is a very suitable method for mutation screening on
genomic DNA, because the majority of exons are shorter than 400 bp and can be analyzed as
one fragment. Methods that can screen larger fragments thus offer little advantage for small
exons. Over the years, mutation analysis in many genes has revealed a large number of muta-
tions affecting the consensus splice sites (3). Primers in the intronic sequences flanking the
exons are, therefore, selected in such a way that the splice sites are screened as well as the
exonic sequence. The remainder of the intron is much less likely to harbor deleterious muta-
tions, but is more likely to contain harmless polymorphisms when compared to coding
sequences. Therefore, it is wise not to include too much intronic sequence within the DGGE
fragment.

2.2. Visualization of Mutations

To separate the homoduplexes and heteroduplexes, DGGE fragments are run on acrylamide
gels. Gels with 9% acrylamide ensure sharp bands and are easy to handle. To pour these gradi-
ent gels, two types of stock solution are used: 9% 37.5 : 1 acrylamide/bisacrylamide in 0.5X
TAE and the same stock solution with 7 M urea and 40% formamide. The former is called 0%
denaturant and the latter is called 100% denaturant.

Gradients from 100% to 0% are rarely used because, in such a broad gradient, the denaturing
points of the homoduplexes and heteroduplexes would probably be very close to each other;
therefore, a range of 30% for the gradients is recommended. To select a urea/formamide gradi-
ent, the predicted melting temperature (7},,) of a product as obtained from the computer analysis
is used in the empirical formula 7,, X 3.2—182.4 = % denaturant. The melting point is posi-
tioned approximately in the center of the gel by simply adding and subtracting 15% from this
calculated urea/formamide concentration to obtain the desired 30% gradient. Acrylamide gels
with gradients of urea and formamide are poured using a simple gradient mixer that consists of
two reservoirs that are connected at the base with a short tube. Such a system is widely used for
pouring all types of gradient.

The first electrophoresis run for a product is on a so-called time-travel gel on which the
DGGE products are loaded at 15- to 20-min time intervals in consecutive lanes of the gel. After
the electrophoresis run, the denatured products in all lanes should be at the same height in the
gel, regardless of what time they were loaded. If this is not the case, then the system probably
has to be redesigned (see Fig. 3). If a product does not result in sharp bands or gets stuck at a
position too high or too low in the gel, the gradient used should be adjusted.

Technically, the most challenging problem with DGGE experiments is performing the elec-
trophoresis at 60°C. There are various possible methods to achieve a temperature of 60°C, but
usually the glass plates, with the acrylamide gel in between, are submerged in a tank of water
that is heated to a constant temperature with the help of a thermostat. There are a number of
commercially available systems with total equipment kits suitable for DGGE, in which the
lower buffer chamber forms the water bath that is heated. The electrophoresis is usually per-
formed overnight at 90 V in 0.5X TAE buffer, but shorter runs during the day with higher
voltages are possible. After electrophoresis, the gels are soaked in a 0.5X TAE solution con-
taining ethidium bromide to visualize the DNA fragments.
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Fig. 3. Time travel gels for two different PCR products. In each gel, the same product is
loaded at four different time-points. A good result is shown in (A). In (B), however, the bands
do not stay at the same position in the gel. Note the fuzzy bands. This is a clear example of a
product that denatures slowly and is, therefore, probably not suitable for DGGE analysis.

3. Applications of DGGE

Denaturing gradient gel electrophoresis is a method to identify small mutations (e.g., point
mutations). The definition of a point mutation is the transition or transversion of one nucleotide
into another. However, there are more types of small mutation such as deletions or insertions of
one or more nucleotides that can be identified by DGGE as well. In fact, these mutations will
cause a large difference in melting temperatures in both the homoduplexes and the heterodu-
plexes and can therefore be seen quite clearly on the gels.

As mentioned earlier, DGGE products typically range from 200 to 400 bp, making DGGE
well suited for analyzing exons in genomic DNA, although DGGE can be applied to RNA
screening as well. However, RNA is more vulnerable to degradation than DNA and requires
conversion into complementary (cDNA). Scanning for mutations in genes involved in heredi-
tary disorders is therefore often done on genomic DNA for both diagnostic purposes and for
research. For instance, DGGE is widely applied in the analysis of the various genes involved in
hereditary colorectal cancer such as APC, MSH2, MSH6, MLHI1, and so forth (4-6).
Presymptomatic diagnosis is particularly important with a potentially lethal disease such as
colorectal cancer that can be treated. Mutation analysis has revealed that in families with
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colorectal cancer, the mutation is often unique. Obviously, screening a family for an unknown
mutation requires a technique, such as DGGE, that is tried and proven, particularly when the
stakes are very high. However, for research purposes, reliability is important as well. Investiga-
tion into types of mutation requires that the screening will reveal almost all point mutations so
that an unbiased analysis of the mutation spectrum can be made.

Duchenne muscular dystrophy is caused by mutations in a huge gene, coding for dystrophin,
on chromosome X. Most of these mutations are large deletions or duplications, but approx 30%
of the mutations are point mutations somewhere in 1 of the more than 70 exons, or their flank-
ing splice sites (7). To increase the speed of the screening procedure, the PCR products are
grouped together, ranging from three to six fragments and run in one lane. Of course, this
multiplexing technique is not limited to the large genes. An example is the o-1-antitrypsin
gene. The entire gene can be screened using two multiplex amplification reactions. The prod-
ucts of both reactions can be analyzed on the same gel, thus allowing the rapid screening of a
large number of individuals (8).

The primary strength of DGGE is its ability to easily detect the heteroduplexes that will be
formed if a mutation is present. During the screening for mutations in genes that are involved in
dominant hereditary diseases, the heteroduplexes will be formed during PCR. However, is
DGGE applicable to recessive hereditary diseases? Cystic fibrosis is one of the most frequently
inherited recessive diseases known. Mutation detection performed since the identification of the
CFTR gene in 1989 has revealed that a few mutations are frequent, most notably the A508
mutation, a deletion of three nucleotides causing an in-frame deletion of amino acid
phenylanaline on position 508 (9). Such a frequent mutation is often analyzed by other methods,
designed to screen for specific mutations that are known. For the remainder of the mutations that
are rare and may never have been identified previously, DGGE is very well suited. The fact that
cystic fibrosis is a recessive gene does not hamper screening for the simple reason that DNA
obtained from the parents of an affected child will usually be screened. These parents are het-
erozygote carriers of a mutation. Nevertheless, screening patients can be done without many
problems, because rare mutations are seldom found in both genes. However, one has to be aware
that homozygosity of rare mutations will be found much more frequently in communities that
are isolated by geographical or cultural conditions. Even then, careful analysis of DGGE gels
will also reveal the homozygote mutations in the majority of cases. It is, however, possible to
mix the DNA that is screened with DNA from unaffected individuals in order to create heterodu-
plexes. From a technical point of view, there is no difference between a recessive disorder and
an X-linked disorder. Again, it is often the heterozygote mothers who are screened.

Point mutation detection is not limited to genetic disorders. It is also applied to tumor
samples. Cancer is caused by a series of mutations in genes and these mutations vary from the
loss of whole chromosome arms to point mutations. The amount of DNA from a surgically
removed tumor may not be great and, depending on the tumor and the DNA isolation method,
DNA may be degraded into relatively small fragments. In general, this will not be a problem for
DGGE because the PCR fragments are usually small anyway. Another problem is the fact that
tumor samples do not solely consist of tumor cells. Blood vessels and connective tissue may be
present as well. Especially, malignant invasive tumors may lead to samples with a high per-
centage of unaffected cells. In our experience, and that of others, DGGE is sensitive enough to
find mutations when present. Typical genes that are often screened in this type of research are
TP53 and K-, N-, and H-RAS (10,11). Mutation detection on the 7P53 gene is often limited to
exons 5-8 that are thought to harbor the majority of mutations. However, mutation analysis of
the entire gene has shown that this leads to a neglect of many mutations (12). Immunohis-
tochemistry is often used to investigate the p53 status in tumors. The researcher should be
aware that immunohistochemistry cannot replace DGGE and that DGGE cannot replace immu-
nohistochemistry. Both ways of looking at p53 in tumors are complementary.

An entirely different application for DGGE is to assess the number and types of different
bacteria species. The genes encoding for ribosomal RNA are used as a target because these
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genes are highly conserved among different species. Primers that anneal in the most conserved
parts can be used to amplify the genes in completely different species. Sequence variations in
the less conserved parts of the fragments can be revealed by DGGE and used to identify differ-
ent species. This technique was developed first in microbiological ecology to investigate the
number of species living in soil or water. The method is now also used to assess species of
bacteria living in or on the human body (13,14). One application, for instance, is monitoring
patients treated with antibiotics (15).

Point mutation detection is often performed using either single-strand conformation poly-
morphism (SSCP) analysis or DGGE (16). Both methods have been around for more than a
decade and are relatively inexpensive compared to new, state-of-the-art technologies that usu-
ally require very expensive equipment. Therefore, when does one decide to use SSCP or to use
DGGE? DGGE is a robust method; once optimized for a product, it will work. The results are
very easy to score, because a quick glance on an ultraviolet (UV) illuminator will reveal muta-
tions immediately. The clarity of the results is a very strong advantage of DGGE. Another
strong advantage is the fact that radioactive labels are not needed. SSCP needs radioactive
PCR, or silver staining, and the results are less clear. On the other hand, SSCP takes less time to
optimize compared to DGGE and can be done without an investment in expensive material. It
is also the number of samples that determines the method of choice. For instance, screening
candidate genes with a small number of samples typically calls for SSCP. DGGE is best suited
for screening a large number of samples over a longer period.

After finding an aberrant band on a gel, it is only clear that there is a sequence variation
present within that specific product from that specific sample. The nature or exact location of
the variation is not known. For this, sequencing the PCR product is needed. Why, if sequencing
is needed at the end, is mutation screening not performed using sequencing rather than DGGE?
The answer is twofold. First, DGGE results are very clear. Mutations present in DGGE prod-
ucts can be seen immediately, whereas sequencing requires either very sophisticated software
or very tedious scrutinizing behind the computer. Second, and often the deciding factor, when
large numbers of samples have to be screened, DGGE is less expensive.

Primers are selected in the intronic sequences flanking the exons to screen the entire coding
region and the flanking splice sites as well. Screening exons from genomic DNA with DGGE
products that encompass relatively large pieces of intronic DNA can be cumbersome with some
genes because of the large amount of polymorphisms found in the intronic sequences. Screen-
ing those genes by DGGE will result in samples showing aberrant bands on a gel of which the
majority turns out to be polymorphisms after sequencing. Researchers working on those genes
usually resort to direct sequencing of their samples as a method for point mutation detection.

Denaturing gradient gel electrophoresis is the method of choice if one wants to screen a
large number of samples for unknown mutations. Because radioactive markers are not needed,
it is considered a user-friendly technique. This together with the reliability and the cost-effec-
tiveness are the strong points for DGGE.
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Quantitative Analysis of DNA Sequences by PCR and Solid-Phase
Minisequencing

Anu Suomalainen and Ann-Christine Syvdnen

1. Introduction

The PCR technique provides a highly specific and sensitive means for analyzing nucleic
acids, but it does not allow their direct quantification. This limitation is because the efficiency
of PCR depends on the amount of template sequence present in the sample, and the amplifica-
tion is exponential only at low template concentrations (1). Owing to this plateau effect of PCR,
the amount of amplification product does not directly reflect the original amount of template.
Moreover, subtle differences in reaction conditions, such as material from biological samples,
may cause significant sample-to-sample variation in the final yield of the PCR product.

The problem of performing accurate quantitative PCR analyses has been addressed by two
principal approaches. A quantitative PCR result can be obtained by “kinetic PCR,” in which the
amplification process is monitored at numerous times or concentration points (2,3) (see Chap-
ter 25). Most conveniently, the amplification process can be monitored in real time by, for
example, the homogeneous TagMan 5' nuclease assay or molecular beacon probes using a fluo-
rescence detection instrument (4,5). The other approach, known as competitive PCR, utilizes
an internal quantification standard sequence that is coamplified in the same reaction as the
target sequence (6-8). The efficiency of the amplification is affected by the sequence of the
PCR primers as well as the size and sequence of the template. Therefore, the internal standard
should be as similar to the target sequence as possible to ensure that the ratio of the two se-
quences remains constant throughout the amplification. An ideal PCR quantification standard
differs from the target sequence only at one nucleotide position, by which the two sequences
can be identified and quantified after the amplification. Determination of the relative amounts
of PCR products originating from the target and standard sequences allows calculation of the
initial amount of the target sequence. If two target sequences are present as a mixture in a
sample, it is easy and often sufficient to measure their relative amounts. To determine the
absolute amount of a target sequence, it is necessary to add a known amount of standard se-
quence to the sample before amplification. In this case, a measure of the amount of the ana-
lyzed sample, such as the number of cells or the total amount of DNA, RNA, or protein, is
needed.

We have developed a solid-phase minisequencing method for the identification of point
mutations or nucleotide variations in human genes (9). This method is based on the distinct
detection of two sequences that differ from each other only at a single nucleotide, making the
method an ideal tool for quantitative analysis of DNA (10) and RNA (11) sequences by com-
petitive PCR. In the solid-phase minisequencing method, a DNA fragment containing the vari-
able nucleotide is first amplified using one biotinylated and one unbiotinylated PCR primer.

From: Medical Biomethods Handbook
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Fig. 1. Principle of the solid-phase minisequencing method. Analyses for two nucleotides
performed in separate wells are shown on the left and right. Top panel: one PCR primer is
biotinylated at its 5' end, resulting in a PCR product carrying biotin at the 5' end of one of its
strands (filled circle). The product is captured in a streptavidin-coated microtiter well and
denatured. Lower panel: A detection step primer hybridizes to the single-stranded template, 3'
adjacent to the variant nucleotide. The DNA polymerase extends the primer with the [*H]-
labeled dNTP if it is complementary to the nucleotide present at the variable site. After wash-
ing, the sample is denatured and the eluted radioactivity expressing the amount of incorporated
label is measured.

The PCR product carrying a biotin residue at the 5' end of one of its strands is captured on an
avidin-coated solid support and denatured. The nucleotides at the variable site in the immobi-
lized DNA strand are then identified by two separate primer extension reactions, in which a
DNA polymerase incorporates a single-labeled deoxynucleotide triphosphate (INTP) (see Fig.
1). Our first-generation assay format utilizes [*H]dNTPs as labels and streptavidin-coated
microtiter plates as a solid support (12). The results of the assay are numeric counts per minute
(cpm) values expressing the amount of [PH]dNTP incorporated in the minisequencing reac-
tions. The ratio between the cpm values obtained in the minisequencing assay (R value) directly
reflects the ratio between the two sequences in the original sample (see Fig. 2). The method
allows quantitative determination of a sequence that represents less than 1% of a mixed sample;
that is, the dynamic range for the quantitative analysis spans five orders of magnitude (10,14).
Furthermore, because the two sequences differ from each other by a single nucleotide, they are
amplified with equal efficiency during PCR, and the R value obtained is not affected by the
amount of template present in the reaction (see Fig. 3). Consequently, the quantitative analysis
can be performed irrespective of the phase of the PCR process. If two sequences are not present
in the sample itself, quantitation by minisequencing can be done relative to a standard added to
the sample, as described above.

2. Practical Steps

The basic materials and equipment needed for solid-phase minisequencing are available in
most molecular genetics laboratories. Routine contamination-free PCR facilities are needed, as
well as a PCR machine. In addition, microtiter plates with streptavidin-coated wells (e.g.,
BioBind assembly strip; Thermo-Labsystems, Finland) are required, and use of a multichannel
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Fig. 2. Solid-phase minisequencing standard curve prepared by analyzing mixtures of two
63-mer oligonucleotides differing from each other at one nucleotide in the mitochondrial
tRNAMUUUR) gene (16). The Cepy/Tepr ratio obtained from the minisequencing reactions is
plotted as a function of the original ratio between two oligonucleotides in the mixtures. (From
ref. 13.)

pipet and microtiter plate washer speed up the procedure, but are optional. A shaker at 37°C
and a water bath or incubator at 50°C, as well as a liquid scintillation counter are needed. Exact
descriptions of the materials and methods are in given in ref. 14.

2.1. PCR Primer Design

Initially, PCR primers are designed so that one PCR primer is biotinylated at its 5' end
during its synthesis, using a biotin—phosphoramidite reagent. If oligonucleotides are to be used
as quantification standards (see Subheading 2.2.), the length of oligonucleotides that can be
synthesized with acceptable yields sets an upper limit for the length of the PCR product at
about 80-100 bp. The detection step primer for the minisequencing reaction is an oligonucle-
otide complementary to the biotinylated strand of the PCR product designed to hybridize with
its 3' end immediately adjacent to the variant nucleotide to be detected (see Fig. 1). The detec-
tion step primer should be at least five nucleotides nested in relation to the unbiotinylated PCR
primer.

2.2. Quantification Standards

To accurately quantify a sequence in a sample that contains only one sequence type, a stan-
dard should be designed to differ from the target sequence at the nucleotide to be detected in the
minisequencing reaction (see Fig. 1). To construct a standard curve, a second standard identical
to the target sequence is required. Oligonucleotide standards can be synthesized using a DNA
synthesizer; PCR products or cloned DNA fragments also can be used. First, the molecular
concentrations of the standards have to be determined. The optimal amount of the standard
added to a sample depends on the abundance of the target sequence in the original sample. The
ratio of the target-to-standard sequence should preferably be between 0.1 and 10. If no estimate
of the target sequence is available, it might be necessary to initially titrate the optimal amount
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Fig. 3. Result of the solid-phase minisequencing assay obtained at different PCR cycles and
amounts of template. Mixtures of equal amounts (103 107, or 10'! molecules) of the same
oligonucleotide as in Fig. 2 were analyzed. The upper panel shows the cpm values obtained in
the minisequencing assay at different PCR cycles, and the lower panel shows the correspond-
ing Copn/Tpy 1atios.

of the standard in the analysis (e.g., 102, 10%, or 10° molecules). For accurate quantification,
standards representing both sequence variants should be available, and analysis of mixtures of
known amounts of the two standards should be analyzed to construct a standard curve, as dem-
onstrated in Figs. 1 and 2 and Table 3.

2.3. PCR

Polymerase chain reaction follows routine protocols except that the amount of biotin-labeled
primer should be reduced, not to exceed the biotin-binding capacity of the microtiter well. If
high binding capacity is required, avidin-coated polystyrene beads can also be used. The PCR
should be optimized so that one-tenth of the PCR product produces a single visible band after
agarose gel electrophoresis and staining with ethidium bromide.

2.4. Solid-Phase Minisequencing (see Fig. 1)

The detection of biotin-labeled PCR product starts with affinity capture: The PCR product
binds from its 5' biotin to the streptavidin-coated microtiter well. Each nucleotide to be detected
at the variant site needs to be analyzed in a separate well. Thus, minimally two wells are needed
per PCR product. After capture, the wells are washed carefully to remove PCR-derived dNTPs.
Then, the PCR product is denatured in the wells, after which only the biotin-labeled DNA strand
of the PCR product remains attached to the well wall and the complementary strand is washed
off. Next, the minisequencing solution is added. This consists of a thermostable DNA poly-
merase, such as Tag polymerase, in its buffer, supplemented with [*H]-labeled dNTP specific to
the mutation to be detected, as well as a detection step primer, which hybridizes its 3' end adja-
cent to the nucleotide to be detected. If the labeled dNTP matches the variant site, the poly-
merase extends the detection primer with this nucleotide, and the primer becomes [*H] labeled.
After denaturation of the primer, the amount of incorporated nucleotide is measured by a liquid
scintillation counter. The ratio between the cpm values for the two nucleotides detected in sepa-
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Table 1
Example of the Determination of the Allele Frequencies of a Polymorphism
in the PROS1 Gene by Quantitative Analysis of Pooled DNA Samples

[*H]dNTP incorporated (cpm)” R value Allele frequency®

(Acpm/chm)
Sample® Areaction G reaction Aallele G allele
Pool 1390 2750 1280 2.14 0.59 0.41
Pool 860 2240 1048 2.15 0.59 0.41
Pool 920 2510 1190 2.11 0.58 0.42
Control (AA) 2100 52 40 — —
Control (GG) 96 1930 0.050 — —

Control (AG) 2480 1660 1.49 — —
No DNA 64 39 —

“The numeral gives the number of individuals in each pool. AA, GG, and AG indicate the
genotype of the individual control samples.

bMean values of five (pools) or two (individual controls) parallel assays. The specific activi-
ties of [*H]dATP and [*’H]dGTP were 58 and 32 Ci/mmol, respectively.

“The allele frequencies determined