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Preface

During the past fifteen years, DNA technology has advanced at an astounding
pace. The pioneering papers on the use of fluorescence in sequencing appeared in
19861987, resulting in publication of the human genome sequence in February of
2001. Fluorescence detection has played a dominant role not only in sequencing,
but in genetics research and diagnostics. In addition to sequencing, fluorescence is
used in essentially all measurements of DNA amplification by PCR and other
methods. Molecular beacons are used to light up specific sequences in mixtures of
DNA, even at the intracellular level. In the past several years, DNA arrays or gene
chips have become an important research tool in developmental biology, and drug
discovery, and targeted treatments. It is now possible to place an excess of 30,000
DNA sequences on a single microscope slide, and to identify the amounts of
complimentary DNA by fluorescence ratiometric measurements. In this volume,
we attempted to provide an overview of the fundamental principles associated
with these modern applications of fluorescence to nucleic acids. Because of the
rapid rate of development in this field, it is not possible for any volume to be
completely up to date on the latest details. Hopefully the fundamental principles
will remain useful to scientists using modern DNA methodology.

Joseph R. Lakowicz
Center for Fluorescence Spectroscopy
March 2002
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DNA Sequencing Using Fluorescence
Detection

Steven A. Soper, Clyde Owens, Suzanne Lassiter,
Yichuan Xu, and Emanuel Waddell

1.1. General Considerations
1.1.1. What Is DNA?

1.1.1.1. Organization of Genome

The blueprint for all cellular structures and functions is encoded in the genome of
any organism. The genome consists of deoxyribonucleic acid (DNA) which is
tightly coiled into narrow threads that, when completely stretched, reach a length
of approximately 1.5 m yet possesses a width of only ~2.0 nm (2 x 10™9 m). The
threads of DNA are typically associated with many different types of proteins and
are organized into structures called chromosomes that are housed within the
nucleus of cells in most eukaryotic organisms. Within the human genome, there
are 23 pairs of chromosomes.

DNA is comprised of several different chemical units, which are a deoxy-
ribose sugar unit, a phosphate group and one of four different nucleotide bases
(adenine (A), guanine (G), cytosine (C), or thymine (T)). At amolecular level, it is
the order of these bases which carries the code to build proteins within the cell that
inevitably control the function of various cells and also determine the organism’s
physical characteristics. In the human genome, 3 billion bases are contained
within the 23 pairs of chromosomes. The length of the chromosomes (in base
pairs) varies greatly, with the smallest chromosome containing 50 million bases
(chromosome Y) and the longest containing 250 million bases (chromosome 1). It
is the primary function of DNA sequencing to determine the order of these
nucleotide bases.

Steven A. Soper, Clyde Owens, Suzanne Lassiter, Yichuan Xu, and Emanuel Waddell
Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana, 70803.

Topics in Fluorescence Spectroscopy, Volume 7: DNA Technology, edited by Joseph R. Lakowicz,
Kluwer Academic/Plenum Publishers, New York, 2003
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2 Steven A. Soper et al.

1.1.1.2. Functions of Genes

It should be noted that the coding regions (regions which carry the informa-
tion for the construction of proteins) of the genome are contained within genes.
Each gene consists of a specific sequence of nucleotide bases, with three nucleo-
tide bases (codon) directing the cells’ protein-synthesizing machinery to add a
specific amino acid to the target protein. It is estimated that within the human
genome, there are approximately 30,000 genes, with the length of the genes highly
variable. However, only approximately 10% of the human genome is thought to
contain protein-coding sequences.

1.1.2. What Is DNA Sequencing?

A flow chart depicting the important steps involved in the process of DNA
sequencing is shown in Figure 1.1. As can be seen, there are three primary steps:
mapping, sequencing, and finally, assembly. Within each of these three general
steps are a number of sub-steps, which include such processes as cloning and sub-
cloning (mapping), template preparation and gel electrophoresis (sequencing),
and the computer algorithms required to assemble the small bits of sequencing
data into contiguous strings which comprise the intact chromosome. Each chro-
mosome may consist of hundreds of millions of nucleotide bases and, unfortu-
nately, the sequencing phase of the intricate process can only handle pieces of
DNA that vary from 1000 base pairs (bp) to 2000 bp in length. Therefore, the
chromosome must typically be broken down into manageable pieces using either
restriction enzymes or mechanical shearing, and, then cloned into bacterium in
order to increase the copy number of the individual pieces of DNA. Following
sequencing of each cloned fragment, the individual pieces must be reassembled
into a contiguous strand representing the entire chromosome. This process typ-
ically involves sophisticated computer algorithms to look for commonalties in the
small fragments and overlap them to build the sequence of the entire chromosome.

1.1.2.1. DNA Sequencing Factories

In order to accomplish the lofty goal of sequencing the entire human genome,
sequencing factories have been assembled to produce large amounts of data and
deposit this data into public databases for easy accessibility by the general
scientific and medical communities. One such production-scale sequencing center
is located at the Baylor College of Medicine (www.hgsc.bcm.tmc.edu). To put the
sequencing demands into perspective, it is informative to give some statistics on
this particular sequencing center. As of May, 1999, the Baylor sequencing center
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Figure 1.1. Flow chart showing the processing steps typically involved in sequencing DNA
starting with isolating genomic DNA from cells.

had deposited over 26 Mbp (26 x 10° base pairs, 0.7% of the human genome) of
sequence data into the public data bases and typically runs approximately 14
automated fluorescence-based DNA sequencing machines 12 hours a day. This
amounts to performing 50,000 sequencing reactions a month.

In this chapter, we will focus on the sequencing phase of the genome
processing steps. It is in this particular step that fluorescence—both hardware and
probe development—has had a profound impact on augmenting the throughput of
acquiring sequencing data. We will begin by briefly introducing (or refreshing) the
reader on the molecular and geometrical structure of DNA and review the com-
mon schemes used to sequence DNA. In addition, we will discuss the various
electrophoretic modes for fractionating DNA based on size, an integral compo-
nent in high throughput sequencing. We will then discuss common strategies of
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DNA Sequencing Using Fluorescence Detection 5

fluorescence detection used in many sequencing machines and include in this
discussion, hardware developments as well as probe (labeling dye) developments.

1.1.3. Structure of DNA

1.1.3.1. Nucleotide Bases

As stated in the previous section, the basic building blocks of DNA are a
deoxyribose sugar unit, a phosphate group, and the nucleotide base, of which there
are four, and when combined chemically they form an individual nucleotide. In
Figure 1.2 is shown the chemical structure of the four nucleotide units which
comprise DNA. The bases are grouped into two different classes: the pyrimidines
(T, C) and the purines (A, G). In the case of RNA (ribonucleic acid) the structural
differences include the incorporation of a ribose sugar (inclusion of a hydroxyl
group at the 2’ position) and also the substitution of uracil for thymine.

Since DNA, more specifically chromosomes, are composed of many of these
individual nucleotide units strung together, the nucleotides are covalently attached
via phosphodiester linkages, which occur between the phosphate group on the 5’
site of one sugar unit and the 3" hydroxyl group on another nucleotide (see Figure
1.2). Therefore, DNA exists as a biopolymer, with the repeating units being
deoxyribose and phosphate residues that are always linked together by the same
type of linkage and form the backbone of the DNA molecule. However, the order
of bases along the biopolymer backbone can vary greatly and impart a high degree
of individuality to any particular DNA molecule.

1.1.3.2. Watson—Crick Base Pairing

The three-dimensional structure of DNA is known to differ greatly from that
of proteins, which are also biopolymers composed of different amino acid resi-
dues. It was discovered by James Watson and Francis Crick in 1953 that DNA
exists in a double helical structure (see Figure 1.2) with the sugar—phosphate
backbone oriented on the outside of the molecule and the bases positioned on the
inside of the double helix.' They also surmised that the two strands of the double-
stranded molecule were held together via hydrogen bonds between a pair of bases
on opposing strands. From modeling, they found that A could pair only with T and
C with G (see Figure 1.2). Each of these base pairs possesses a symmetry that
permits it to be placed into the double helix in two different ways (A to T and T

Figure 1.2. Chemical structures of deoxyribose nucleic acid (DNA). The computer image shows the
double helical nature of DNA. Also shown are the hydrogen bonding between nucleotide bases
(Watson—Crick base pairing) and the structures of the nucleotide building blocks.
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to A; C to G and G to C). Thus, all possible permutations (4) of sequence can exist
for all four bases. In spite of the irregular sequence of bases along each strand, the
sugar—phosphate backbone assumes a very regular helical structure, with each
turn of the double helix comprised of 10 nucleotide units.

1.1.4. Methods for Determining the Primary Structure of DNA

The important factor to consider when developing a sequencing strategy for
whole genomes is to remember that one can sequence only small sections of DNA
(10002000 bp) and that entire chromosomes are comprised of well over I x 106
bp. The actual process of generating DNAs that can be handled by sequencing
machines is typically involved and requires a number of cloning and purification
steps followed by actual sequencing and then assembly of the pieces into contig-
uous regions of the target chromosome. While these specific processes will not be
covered in this chapter, Figure 1.3 gives a schematic diagram of a typical strategy
that is used in many sequencing laboratories. This strategy is termed an ordered
shotgun approach and starts with the mechanical shearing (breaking apart) of

High Resolution Physical Map
of Sorted Chromaosome
Isolation af Chromosomal DNA ! Sequencing Ends of M13 Clones !

Random Hydrodynamic Shearing

(100-500 kbp)

| i ! l Assembly of Map from Sequence
1 Sequencing of Selected M13 Clones Overlaps
| Random Cloning into YACs I \f

Hydrodynamic Shearing YAC Filling Gaps to Complete Sequence
clones (1-5 kbp) of YAC Clone

Figure 1.3. Processing flow chart of ordered shotgun sequencing of DNA.

Subcloning into M13 vectors
(Produce ss sequencing templates)

Y
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intact chromosomes into pieces composed of 100,000 to 200,000 bp.2 These
sheared DNAs are then cloned into yeast artificial chromosomes (YACs), one
sheared section per YAC that allows amplification of the number of copies of the
insert. Cloning provides an unlimited amount of material for sequencing and
serves as the basis for construction of libraries, which are random sets of cloned
DNA fragments. Genomic libraries are sets of overlapping fragments encompass-
ing an entire genome. Once these libraries have been constructed, single inserts
are extracted from the library and further sheared into fragments ranging from
1000-2000 bp. These fragments are then sub-cloned into M13 vectors to produce
high quality single-stranded DNAs appropriate for actual sequencing. Typically,
M13 sub-clones are sequenced from both ends to allow construction of maps of the
single YAC inserts, which are then used to provide a scaffold for the complete se-
quence analysis of the YAC insert. The important procedures that will be the focus
of this chapter will be the procedures that are actually used to produce the se-
quence data of the M13 sub-clones. The two most common procedures used are the
Maxam-Gilbert chemical degradation method and the Sanger dideoxy-chain ter-
mination method.>* The commonality in both of these methods is the production
of a nested set of fragments that are all terminated (cleaved) at a common base(s).

1.1.4.1. Maxam—Gilbert Sequencing

The Maxam—Gilbert sequencing method uses chemical cleavage methods to
break single-stranded DNA molecules at either one or two bases, which is followed
by a size fractionation step to sort the cleaved products. The cleavage reaction
involves two different reactions; one that cleaves at G and A (purine) residues and
the other that cleaves at C and T (pyrimidine) residues. The first reaction can be
slightly modified to cleave at G only and the second at T only. Therefore, one can
run four separate cleavage reactions, G only, A + G, T only, T + C, from which
the sequence can be deduced. In each cleavage reaction, the general process
involves chemically modifying a single base, removing the modified base from its
sugar, and finally breaking the bond of the exposed sugar in the DNA backbone.

The chemical steps involved in G cleavage are shown in Figure 1.4a. In this
step, dimethylsulfate is used to methylate G. After eviction of the modified base
via heating, the strand is broken at the exposed sugar by subjecting the DNA to
alkaline conditions. To cleave at both A and G residues, the procedure is identical
to the G cleavage reaction except that a dilute acid is added after the methylation
step (see Figure 1.4b). The reaction that cleaves at either a C or C and T residue is
carried out by subjecting the DNA to hydrazine to remove the base and piperidine
to cleave the sugar—phosphate backbone. The extent of each reaction can be
carefully limited so that each strand is cleaved at only one site.

The entire Maxam—Gilbert process is depicted in Figure 1.4c. As can be seen,
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(a) Cleavage Reaction for Guanine

P = phosphate group

DMA
template
strand

3 p

—-—

Strand cleavage

Dimethylsulfate is used to methylate guanine. After eviction of the modified
base, the exposed sugar, deoxyribose, is then removed from the backbone.
Thus the strand is cleaved in two.

(b) Fragments from Single Cleavage at G

5-32P-ATGACCGATTTGC-3 ——  — Labeled template strand
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Figure 1.4. Maxam-—Gilbert chemical degradation method for DNA sequencing. In (a) is shown the
chemical cleavage method for a guanine residue using dimethylsulfate to methylate the G residue. In
(b), the fragments generated from chemical cleavage at only G are shown, while in (c) the entire
Maxam-—Gilbert process is displayed. (continued on next page.)
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four cleavage reactions are run: G, G + A, T, T + C. Prior to chemical cleavage,
the intact DNA strand is labeled (typically with a 32P radiolabel for detection at the
5" end). Following chemical cleavage, the reactions are run in an electrophoresis
gel (polyacrylamide) and separated based on size. The actual sequence of the
strand is then deduced from the generated gel pattern.

1.1.4.2. Sanger Chain Termination Method

Contrary to the Maxam—Gilbert method, the Sanger procedure is an enzy-
matic method and involves construction of a DNA complement to the template
whose sequence is to be determined. The complement is a strand of DNA that is
constructed with a polymerase enzyme, which incorporates single nucleotide
bases according to Watson—Crick base pairing rules (A-T; G—C) (see Figure 1.5).
The nested set of fragments is produced by interrupting the polymerization by
inserting into the reaction cocktail a base that has a structural modification, that
modification being the lack of a hydroxyl group at the 3’ position of the deoxy-
ribose sugar (dideoxy nucleotide, ddNTP). Figure 1.5A shows the chemical struc-
ture of a ddNTP. When mixed with the deoxynucleotides (ANTP), the polymeriza-
tion proceeds until the ddNTP is incorporated.

The entire Sanger, chain-termination protocol is shown in Figure 1.5C. The
process is typically carried out by adding to the template DNA a primer which
has a known sequence and which anneals (binds) to a complementary site on the
unknown template. This primer can carry some type of label, for example a
covalently attached fluorochrome. However, situating the fluorescent label on the
ddNTP can be done as well. Following annealing of the primer to the template, the
reaction is carried out by the addition of a polymerase enzyme, all four dNTPs,
and one particular ddNTP. Therefore, four reactions are carried out, each contain-
ing a particular ddNTP. Following polymerization, the reactions are loaded onto
an electrophoresis gel and size fractionated. The final step involves reading the
sequence from the gel.

The Sanger method has been the preferred sequencing method for most
large-scale sequencing projects due to its ease in preparing the nested set of
fragments. Many times reactions can be run under standard conditions, without
the need for chemical additions at timed intervals. In addition, the process is very
conducive to automation.

1.1.5. Modes of Electrophoresis

Whatever fluorescence detection protocol is used for calling bases, the
important analytical technique that is required is a fractionation step, in which the
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DNA molecules are sorted by size. While the focus of this chapter is on
fluorescence-based detection in sequencing applications, it is informative to
briefly discuss some of the common gel electrophoresis platforms that are used,
since the fluorescence detector is integrated with the sizing step to provide on-line
detection.

The commonality in all electrophoresis formats is the use of an electric field
to shuttle the DNAs through a maze which consists of a polymer, either static or
dynamic, that possesses pores of various sizes. In all electrophoresis experiments,
the mobility of the molecule (p, cm?/Vs, defined as the steady state velocity per
unit electric field strength) in an electric field is determined by

p= (1)

|

where ¢ is the net charge on the molecule and fis the frictional property of the
molecule and is related to its conformational state as well as the molecular weight
(MW) of the molecule. For example, proteins can be considered solid spheres and
thus, f~ (MW)¥3, Irthe case of DNASs, either single stranded or double stranded, f
~ (MW)! because the DNA molecule acts as a free-draining coil. Since ¢ is also
related to the length of the DNA molecule, one finds that p ~ N,°, where N,°
indicates that the mobility (in free solution) is independent of the number of bases
comprising the DNA molecule. Because of this property of DNAs, the electro-
phoresis step must include some type of sieving medium, which can be a polymer
consisting of pores with a definitive size.

For any type of analytical separation, resolution is a key parameter which is
optimized to improve the performance of the separation. The resolution (R) for
electrophoretic separations can be calculated from the simple relationship

— lﬂl’_ 12 (1.2)

4 “‘app,avg
where ., is the difference in mobility between two neighboring bands, p,,, ..., is
the average electrophoretic mobility for the same neighboring bands, and N is the
plate number which represents the efficiency (bandwidth) for the electrophoresis.
As can be seen from this equation, the resolution can be improved by increasing
the difference in the mobility of the two bands (increase selectivity, gel property)
or increasing the plate numbers (narrower bands). As a matter of reference, when
R = 0.75, two bands are baseline resolved. For DNA sequencing, the accuracy in
the base call depends intimately on the resolution obtained during gel fraction-
ation.

Common polymers used for DNA sequencing are linear or crosslinked poly-
acry lamides or polyethylene oxides, both of which possess the appropriate pore
size for sorting single-stranded DNAs. Polyacrylamides are prepared from the acryl-
amide monomer (—CH,=CHCONH,), which is copolymerized with a certain per-
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Figure 1.5. Sanger chain termination DNA sequencing method. (a) Chemical structures of a INTP and
also a ddNTP, which lacks a hydroxyl group on the 3’ site of the deoxyribose sugar. (b) Chain
termination reaction with ddATP. Also shown is primer annealing to the template, which is directed by
Watson—Crick base paring rules. (¢) Entire Sanger chain termination process showing primer anneal-
ing, chain extension and termination and finally, gel fractionation.
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centage of crosslinker, N,N'-methylenebisacrylamide (—CH2(CHCOCH=CH2)2—),
in the presence of a catalyst accelerator-chain initiator mixture. The porosity of the
gel is determined by the relative proportion of acrylamide monomer to crosslink-
ing agent. For reproducible fractionation of DNAs, they must be maintained in a
single-strand conformation, which is accomplished by adding denaturants, such as
urea or formamide, to the sieving gel.

The existence of a gel network contributes significantly to the electrophoretic
migration pattern (i.e., electrophoretic mobility) observed in the sequencing pro-
cess. Any DNA fragments to be fractionated will inevitably encounter the gel
network of polymer threads. This encounter increases the effective friction and
consequently lowers the velocity of movement of the molecules. It is obvious that
the retardation will be most pronounced when the mean diameter of gel pores is
comparable to the size of the DNA fragments. Size therefore plays a critical role in
determining the relative electrophoresis mobility and the degree of separation of
different DNA fragments. It is this sieving effect that partly determines the
resolution obtained with polyacrylamide gels. The gel network also minimizes
convection currents caused by small temperature gradients.

The main characteristic property of DNA is that the value of the negative
charge on the molecule is almost independent of the pH of the medium. Therefore,
their electrophoretic mobility is due mainly to differences in molecular size, not in
charge. For a particular gel, the electrophoretic mobility of a DNA fragment is
inversely proportional to the logarithm of the number of bases up to a certain limit.
Since each DNA fragment is expected to possess a unique size, its electrophoretic
mobility is unique and it migrates to a unique position within the electric field in
a given length of time. Therefore, if a mixture of DNA fragments is subjected to
electrophoresis, each of the fragments would be expected to concentrate into a
tight migrating band at unique positions in the electric field.

1.1.5.1. Slab Gel Electrophoresis

DNA sequencing is usually performed with slab gels. In slab gel electro-
phoresis, polymerization of acrylamide as well as the electrophoresis are con-
ducted in a mold formed by two glass plates with a thin spacer. When analytical
electrophoresis is performed, several samples are usually run simultaneously in
the same slab. Since all samples are present in the same gel, the conditions of
electrophoresis are quite constant from sample to sample. In slab gel electro-
phoresis, the sample is loaded using a pipette into wells formed into the gel during
polymerization. A loading volume of 1-10 nL is typical for slab gel electro-
phoresis. The field strength that can be applied to these types of gels range from
50-80 V/cm, with the upper limit determined by heating (Joule) caused by current
flow through the gel. Due to the thick nature of the gel, this heat is not efficiently
dissipated, causing convective mixing and thus, zone broadening, which limits
the upper level on the electric field strength that can be effectively used.
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1.1.5.2. Capillary Gel Electrophoresis

In order to reduce the development time in the electrophoresis, many se-
quencing applications now use capillary gel electrophoresis, in which a glass tube
(i.d. = 50-100 wm; length = 30-50 cm) contains the gel sieving matrix and an
electric field is applied to this capillary column. Due to the higher surface-to-
volume ratio afforded by the thin glass capillary, large electric fields can be
applied (~300 V/cm), which results in shorter electrophoresis development times
(2-3 hrs) and also enhanced plate numbers compared to slab gel electrophoresis.
The glass capillary contains silanol groups on its surface, which at high pH are
deprotonated. As such, the glass capillary is negatively charged above pH = 7.0.
Cations in the electrolyte solution build up at the wall of the glass tube, producing
an electrical double layer. When a voltage is applied across the capillary, the
cations migrate to the wall and exert a force on the surrounding fluid causing a
bulk flow of solution toward the cathode (negative terminal). This electrically
induced flow is called an electroosmotic flow and, unfortunately, it can interfere
with the electrophoresis of the DNAs. Therefore, in DNA separations using glass
capillaries, the wall is coated with some type of polymer (for example a linear
polyacrylamide) to suppress this electroosmostic flow. After coating the wall, the
capillary can then be filled with the sieving gel, which can be a linear polyacryl-
amide (no crosslinking) or some other type of gel, such as a hydroxyl cellulose of
poly (ethylene oxide).” In addition, crosslinked gels may also be used in these
small capillaries, but since crosslinked gels are not free flowing like their non-
crosslinked counterparts, they must be polymerized directly within the capillary
tube. Most capillary-based DNA sequencers use linear gels, since they can be
easily replaced using high pressure pumping allowing the capillary to be used for
multiple sequencing runs. The crosslinked gels cannot be removed from the
capillary once polymerized.

The electrophoresis is performed following filling the column with the gel by
inserting one end of the capillary into a sample containing the sequencing mix and
applying an electric field to the capillary tube. The injection end is typically
cathodic (negative), with the opposite end being anodic (positive). By applying a
fixed voltage for a certain time period, a controlled amount of sample can be
inserted into the column with the injection volume ranging from 1 to 10 nL. Since
the capillary is made of fused silica, fluorescence detection can be performed
directly from within the capillary tube. In most cases, the capillary column is
coated with a polyimide coating (non-transparent) to give it strength and the
optical detection window can be produced by simply burning off a section of the
polymer using a low temperature flame.

The higher plate numbers (i.e., better resolution) that is obtained in capillary
gel electrophoresis compared to slab gel is a direct consequence of the ability to
use higher electric fields. Since the development time is significantly shorter in
capillary gel electrophoresis due to the ability to apply higher electric fields, band
spreading due to longitudinal diffusion is reduced resulting in higher plate num-
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bers. The ability to use higher electric fields in capillary gel electrophoresis results
from the fact that Joule heating is suppressed since the heat can be effectively
dissipated by the high surface-to-volume ratio capillary.

1.1.6. Detection Methods for DNA Sequencing

1.1.6.1. Autoradiographic Detection

Following electrophoresis, the individual DNA bands separated on the gel
must be detected and subsequently analyzed. One of the earlier methods imple-
mented to detect DNA bands in gels was autoradiography. In this mode, one of the
phosphates of an individual nucleotide is replaced with a radioisotope, typically
32P (1,,, = 14 days) or 338 (7, , = 87 days), both or which are radioprobes that emit
B-particles. When Sanger methods are used to prepare the sequencing reactions,
either the primer or the dideoxynucleotide can contain the radiolabel. The labeling
is done using an enzyme (T4 polynucleotide kinase), which catalyzes the transfer
of a y-phosphate group from ATP to the 5'-hydroxy terminus of a sequencing
primer. After the electrophoresis has been run, the gel is dried and then situated on
an X-ray film. The film is developed (exposure to radiation from radioprobes) and
dark bands are produced on the film where the DNA was resident. This is then
followed by reading the sequence from the gel manually.

The primary advantage of this approach is the inexpensive nature of the
required equipment to perform the measurement. It basically requires only a gel
dryer, film holder, and film. The difficulties associated with this approach are
numerous. One important issue is the fact that radioisotopes are used, and there-
fore waste disposal becomes a difficult problem to contend with. Throughput
issues (data production rates) are also a primary concern when using auto-
radiographic detection. For example, radiography can sometimes require several
days to expose the film in order to get strong signals to read the bases from the gel.
In addition, the detection is done after the electrophoresis and not during the
electrophoretic run. Also, since there is no means to identify the individual bases
using radioprobes, each base must be analyzed in a different lane of the gel. And
finally, the bases must be called manually, which many times leads to frequent
errors in the sequence reconstruction. Therefore, the inability to obtain data
production rates sufficient to accommodate large sequencing projects has made
radiographic detection obsolete for high throughput applications.

1.1.6.2. Fluorescence Detection

For most DNA sequencing applications, irrespective of the separation plat-
form used, fluorescence is the accepted detection protocol for several important
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reasons. Fluorescence allows one to perform the base calling and detection in an
automated fashion and alleviates the need for manual base calling. In addition,
fluorescence can be carried out during the separation, eliminating long film
development times. More importantly, due to the ability to implement multiple
probes possessing unique spectral properties, the four bases comprising the DNA
molecule can be identified in a single gel lane, potentially increasing throughput
by a factor of four compared to radiographic detection. All of these important
advantages associated with fluorescence allow for higher throughputs in DNA
sequencing applications. As such, fluorescence can be considered as one of the
most important recent technical innovations in DNA sequencing and has made it
feasible to consider tackling large genome sequencing projects, such as the human
genome.

The first demonstrations on the use of fluorescence in DNA sequencing came
with the work of Smith et al.,® Prober et al.,7 and Ansorge et al® In these works,
slab gels or large gel tubes were used to fractionate the DNA ladders produced
during enzymatic polymerization using Sanger sequencing strategies. The fluores-
cence detection was accomplished using four spectroscopically unique probes,
which allowed the DNA sequence reconstruction to be done in a single electro-
phoresis lane of the gel. The chemical structures of the dye labels used in the
Smith er al.® and Prober ef al.” experiments are shown in Figures 1.6 and 1.7,

NOy

Fluorescein NED

Relative absarbance units

X = DNA primer

Aelative Hluoresconce units

Tetramethylrhodamine Texas Red vavelength tnm}

Figure 1.6. Chemical structures and absorbance and emission spectra of the dyes used for labeling
primers. (Adapted with permission from reference 6.)



18 Steven A. Soper et al.

CH, €H, Hy oy

o, « 0 0, Q. o
X
HiC CHy e
i ‘ \>/\/L‘, NH,

13
l':.\fl, | A gLn: o [ ,L\

NT To Hop0— N0
0,

AENHY (“7 AEGNH Q

'OI \Io o, %uivo
"’ qnx MI,\. E:\Il‘lx ilkw
=8 A

; N'A“‘N g
HO5PO—; 7 HOY P O
AEIZNH" VO‘? 4ELFNH* (0

A-512 G-505

ARSONBANCE

FLUORESCENCE

NH;

WAVELEMGTH jami

Figure 1.7. Chemical structures and the absorption and emission spectra of dyes conjugated to
ddNTPs. Also shown in the figure are the excitation laser wavelength (488 nm) and the filter set used to
isolate the fluorescence onto the two detection channels, (Adapted with permission from reference 7.)

respectively. As can be seen, the dyes were either attached (covalently) to the
sequencing primer or to the dideoxynucleotides. The advantage of using dye-
labeled dideoxynucleotides is that the sequencing reactions can be performed in a
single reaction tube, whereas the dye-labeled primer reactions must be performed
in four separate tubes and pooled prior to electrophoresis. In the case of the dye-
labeled terminators, succinylfluorescein analogs were used with slight structural
modifications to alter the absorption/emission maxima. The dyes were attached
either to the 5 position of the pyrimidine bases or the 7 position of the 7-deaza-
purines, both of which are non-hydrogen bonding sites on the nucleotide base. The
linker structure is also important, which in this case was a propargylamine, since
the presence of the dye onto the terminator radically affects its ability to be
incorporated by the polymerase enzyme. For dye-labeled primers, the oli-
gonucleotides possessing the appropriate sequence were prepared on a standard
DNA synthesizer. For Smith ez al.,® a thymidine derivative was prepared, which
contained a phosphoramidite at the 3' carbon and a protected alkyl amino group at
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the 5’ carbon (typically a 6-carbon linker structure). During the final addition
cycle of the oligonucleotide prepared via solid-phase synthesis using phospho-
ramidite chemistry the thymidine residue is added and, following deprotection of
the alkyl amino group and cleavage from the support, a free primary amine group
results which can be reacted with any amino-reactive fluorescent dye to produce
the oligonucleotide derivative.

Also shown in Figures 1.6 and 1.7 are the absorption and emission profiles
for the dye sets used in these experiments. The major attributes of the dye sets are
that they can be efficiently excited with either 488 and/or 514.5 nm lines of the
Ar ion laser. In addition, there is minimal separation between the emission
maxima of the dyes, which allows processing of the fluorescence on as few
detection channels as possible. However, there is significant overlap in the emis-
sion spectra of the four dyes, producing severe spectral leakage into other detec-
tion channels, which must be corrected by software.

The optical hardware used to process the four-color fluorescence for both
systems are depicted in Figure 1.8. For the Smith ef al. experiment,” a single laser
was used as well as a single detection channel, which in this case consisted of a
multiline Ar ion laser and a conventional photomultiplier tube (PMT). Placed in
front of the laser and PMT were filter wheels to select the appropriate excitation
wavelength (488 or 514.5 nm) and emission color. The filter pairs used during
fluorescence readout were 488/520 nm; 488/550 nm; 514/580 nm; 514/610 nm.
In the case of the Prober et al. experiment,7 due to the narrow distribution between
the excitation maxima of the dyes, only excitation using the 488 nm line from the
Ar ion laser was required as well as two PMT tubes to process the emission from
the four colors. Discrimination of the four colors was accomplished by monitoring
the intensity of each dye on both detectors simultaneously. By histograming the
ratio of the fluorescence intensity of each dye (produced from an electrophoresis
band) on the two detection channels, a discrete value was obtained that allowed
facile discrimination of the four different fluorescent dyes (i.e., terminal base).
In order to determine the limit of detection of these fluorescence systems, injec-
tions of known concentrations of dye labeled sequencing primers were electro-
phoresed. In both cases, the mass detection limit was estimated to be 10~7—10~18
moles.

In Figure 1.9 is shown the data output from these systems. Unfortunately,
reading the sequence directly from the raw gel data becomes problematic due to
several non-idealities, including signal from a single dye appearing on multiple
detection channels due to the broad and closely spaced emission bands, dye-
dependent electrophoretic mobility shifts, and non-uniformity in the intensity of
the electrophoresis bands due to the enzymatic reaction used to construct the
individual DNA size-ladders. As such, several post-electrophoresis processing
steps were required to augment sequence reconstruction of the test template. In the
case of the Smith er al. example,® these steps involved:
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1. High frequency noise removal using a low-pass Fourier filter.

2. A time-delay between measurements at different wavelengths corrected
by linear interpolation between successive measurements.

3. A multicomponent analysis performed on each set of four data points,
which produced the amount of the four dyes present in the detector as a
function of time.

4. The peaks present in the data stream located.

5. The mobility corrected for the dye attached to each DNA fragment. In this
case, it was empirically determined that fluorescein and rhodamine-
labeled DNA fragments moved as if they were 1 base longer than the
NBD-labeled fragments and the Texas Red fragments moved as if they
were 1Y bases longer.

The important performance criteria in any type of automated DNA sequencer is its
throughput, the number of bases it can process in a single gel read and its accuracy
in calling bases. In terms of base calling accuracy, these early instruments demon-
strated an error rate of approximately 1% with a read length approaching 500
bases. The throughput of the instrument described by Prober ef al.” was estimated
to give a raw throughput of 600 bases per hour (12 electrophoresis lanes). Inter-
estingly, many present-day commercial automated sequencers still use similar
technology in their machines and the throughput can be as high as 16,000 bases per
hour (96 electrophoresis lanes).

1.2. Fluorescent Dyes for DNA Labeling and Sequencing

As stated above, fluorescence detection has had a tremendous impact in the
area of DNA sequencing because of the speed of the readout process as well as the
ability to discriminate amongst the four nucleotide bases in a single gel lane due to
the unique spectral properties of the target dye molecules. There are a variety of
dye sets (typically four dyes per set, one for each nucleotide base) that have been
developed for DNA sequencing applications and whichever dye set one wishes to

Figure 1.8. Fluorescence detector systems for DNA sequencing. (A) The laser consisted of an Ar ion
laser operating at 488 and 514 nm. The wavelength was selected using a rotating filter wheel. The
emission was collected by a lens and sent through a filter wheel that contained four different filters, one
for each of the multi-color dyes used to label the sequencing primers (see Figure 1.6 for their structures
and fluorescence properties). (Adapted with permission from reference 6.) (B) The laser used for
excitation is an Ar ion laser operated at 488 nm only. The beam was rastered over the slab gel plate
using scanning optics. The emission was then processed on one of two elongated, stationary photo-
multiplier tubes (PMTs) (see Figure 1.7 for dye set used with this fluorescence detector). (Adapted with
permission from reference 7.)
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consider, certain properties associated with the dyes for DNA sequencing applica-
tions are important. These properties are listed below:

1. Each dye in the set must be spectroscopically distinct. The ideal situation
from a throughput point of view, is to identify each base in a single gel
lane instead of four gel lanes. In most cases, the discrimination is based on
differences in the emission properties of each dye (distinct emission
maxima), however, other fluorescence properties can be used as well, such
as fluorescence lifetimes.

2. The dye set should preferably be excited by a single laser source. It
becomes instrumentally difficult to implement multiple excitation sources
since lasers are typically used as the source of excitation to improve the
limit of detection in the measurement and the upkeep on multiple lasers
becomes problematic.

3. The dye set should possess high extinction at the excitationfrequency and
also large quantum yields in the gel matrix used tofractionate the DNAs.
Good photophysical properties are necessary in order to improve detec-
tability. In addition, the dye set should show reasonable quantum yields in
denaturing gels, which consist of high concentrations of urea and/or
formamide.

4. The dye set should show favorable chemical stability at high tempera-
tures. A common procedure in most Sanger sequencing strategies is to
implement a thermostable polymerase and then subject the sequencing
reactions to multiple temperature cycles (55°C-95°C) in order to amplify
the amount of product generated (cycle sequencing). Therefore, the dyes
must be able to withstand high temperature conditions for extended
periods of time.

Figure 1.9. Fluorescence sequencing data obtained from the two fluorescence systems described
in Figure 1.8. (A) The dyes (see Figure 1.6) were conjugated to a primer with a sequence,
5'-CCCAGTCACGACGTT-3’, complementary to a site on the M13 phage vector. The reactions were
run using Sanger chain termination methods and run in four different vessels, one for each terminator.
The polymerase enzyme was a T7 polymerase and the reactions were pooled prior to electrophoresis.
(Adapted with permission from reference 6.) (B) Sequence of the M13mp8 template using the dye-
labeled terminator set shown in Figure 1.7. The base assignment is given as a letter above each
electrophoretic peak. The reactions were prepared using Sanger chain termination methods and
prepared in a two-stage fashion. In the first stage, the template (M13mpl8) was added to a reaction tube
along with the primer, heated to 95°C for 2 mins and then cooled in ice water for 5 mins. In the second
stage, dNTPs and the dye-labeled ddNTPs were added along with an AMV reverse transcriptase
enzyme. Following chain extension, the reactions were purified (removal of excess terminators) using
gel filtration (Sephadex spin column) and loaded onto the gel. The gel was 8% polyacrylamide
containing 7 M urea as the denaturant. In these traces, the solid line represents the fluorescence signal
from PMT A and the dashed line is from PMT B. (Adapted with permission from reference 7.)
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5. The dyes must induce minimal mobility shifts during the electrophoresis
analysis of the sequencing ladders. Many times, the mobility shifts in-
duced by individual dyes can cause misordering of the individual bases
during sequence reconstruction. As such, post-electrophoresis corrections
are many times employed to rectify this perturbation in the DNA’s mo-
bility.

6. The dyes must not significantly perturb the activity of the polymerase
enzyme. This is especially true in dye-terminator chemistry, since the
proximity of the dye to the polymerase enzyme can dramatically influence
the ability of the enzyme to incorporate that dye-ddNTP conjugate into
the polymerized DNA molecule.

1.2.1. Visible Fluorescence Dyes for DNA Labeling

The common dye set that is frequently used in many automated, fluorescence-
based DNA sequencers is the FAM, JOE, TAMRA, and ROX series (see Figure
1.10), which consist of fluorescein and rhodamine analogs containing a suc-
cinimidyl ester for facile conjugation to amine terminated sequencing primers or
terminators. These dyes can be efficiently excited by the 488 and 514.5 nm lines
from an Ar ion laser and also possess emission profiles that are fairly well
resolved. Many of the Applied Biosystems automated DNA sequencers use this
particular dye set (for example, ABI 373 and 377 series, see www2.perkin-
elmer.com). Shown in Figure 1.10 are emission spectra for this dye set as well as
the filter set that is used to isolate the emission from the dyes onto the appropriate
detection channel. While this dye set is fairly robust and works well with typical
DNA cycle sequencing conditions, there are some difficulties in using this series,
namely the broad emission profiles, dye dependent mobility shifts, and inefficient
excitation of TAMRA and ROX with the 514.5 nm line from the Ar ion laser.

In order to eliminate dye-dependent mobility shifts and to minimize cross-
talk between detection channels using four-color processing, a bodipy dye set
(4,4-difluoro-4-bora-3,4a-diaza-s-indacene-3-proprionic acid) have been used for
DNA sequencing applications.” The structures of the dyes are presented in Figure
I.11. Inspection of the fluorescence emission profiles for this particular dye set
indicated that the bandwidths were less than those associated with the FAM/JOE/
TAMRA/ROX dye set, which resulted in less spectral leakage between detection
channels in the fluorescence readout hardware. Inspection of Figure 1.11 reveals
that all of these dyes are neutral and have very similar molecular structures,
thereby minimizing dye-dependent mobility shifts. In order to fully compensate
for any mobility shift differences within the dye set, a modified linker structure
was synthesized to account for this difference (see Figure 1.11).
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Figure 1.10. Common fluorescence dye set used for labeling primers for DNA sequencing applica-
tions. The functional group on each dye is a succinimidyl ester, which readily conjugates to primary
amine groups. Also shown in this figure are the emission spectra of this dye set as well as the filters
used to select the appropriate dye color processed by each detection channel.

A particular shortcoming associated with this dye set is the chemical insta-
bilities they display when subjected to extended heating at high temperatures. An
example of this is shown in Figure 1.12, in which Bodipy-labeled primers were
used with cycle sequencing conditions. In cycle sequencing, a linear amplification
of the ddNTP terminated fragments can be generated by subjecting the reaction
cocktail to multiple temperature cycles consisting of 95°C (thermal denaturation
of the double-stranded DNA molecule); 55°C (annealing the sequencing primer to
the DNA template); and finally 72°C (chain extension using a thermostable
polymerase enzyme, such as Tag polymerase). The difficulty arises during the
95 °C temperature step, where significant dye decomposition can result. In Figure
1.12 is shown fluorescence traces of sequencing ladders prepared using either a
95°C step time of 30 s or 5 s. As can be seen, there is a significant loss in signal
when the cycling time (at 95°C) is 30 s, but the signal is partially restored when
this cycling time is reduced to 5 s.

Many of the dyes discussed above have been employed in dye-primer se-
quencing applications, in which the primer used for selecting the DNA polymer-
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Figure 1.11. Bodipy dye set used for DNA sequencing applications. Below each structure is shown the
absorption/emission maxima (nm) of the particular dye. Also shown is the universal sequencing primer
and the modification required to attach the dye to the primer. The linkers were either 3 or 6 carbon
linkers with primary amine groups. The linkers are designated as R865 (C-6 linker, U-C), R930 (C-3
linker, U*-C;) or R931 (C-6 linker, U*-C,). (Adapted with permission from reference 9.)
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Figure 1.12. Cycle sequencing effects on bodipy-labeled DNA sequencing primers. The sequencing
reactions were prepared using Sanger chain termination methods and a Tag DNA polymerase. The
cycling conditions consisted of 25 cycles with 95°C for 30 or 5 s; 55°C for 10 s; 72°C for 60 s. The
reactions were run with a single terminator (ddGTP, ddTTP) and an M13mpl8 template. The sequenc-
ing reactions were analyzed in a capillary gel electrophoresis DNA sequencer using laser excitation at
532 nm. The dyes were Bodipy 564/570 (ddGTP) and Bodipy 581/591 (ddTTP) (see Figure 1.1] for
structures of dyes). The large peak at ~28 mins is unextended dye-labeled primer.

ization site on the unknown template is determined by Watson—Crick base pairing.
An alternative is dye-terminator chemistry, where the fluorescent dyes are co-
valently attached to the ddNTP used in Sanger sequencing strategies. The advan-
tages of this are twofold: (1) The sequencing reactions can be carried out in a
single tube. In dye-primer chemistry, the sequencing reactions are carried out in
four separate tubes and then pooled prior to the electrophoresis step. If one
implements four spectroscopically unique fluorescent probes attached to the
ddNTP, then the reactions can be carried out in a single tube, which reduces
reagent consumption and also minimizes sample transfer steps. (2) Primers of
known sequence do not need to be synthesized. In primer sequencing, making
oligonucleotides of 17-23 bases in length can be costly and time consuming,
especially if the dye must be chemically tethered to the primer. The use of dye-
terminator chemistry eliminates the need for synthesizing dye-labeled primers.
Unfortunately, dye-terminators themselves can be quite expensive, and many
polymerase enzymes are very sensitive to the type of dye attached to the ddNTP.



%*%3
$

ddT-EO-6dROX " p_kj’ku ddC-EO-5dTMR -

-+ Tii g MH hn“,,ﬂ

ddA-PA-5dR6G kj

ey

ddG-EO-5dR110

TGTTGAT GAAGTAGTGTTG
Dichlororhodamine Terminators

o A

TGTTGT TAG TTGT TGATGAAGT AGTGT TGGT T

8 Tenminators
ddT-EO-6CFB-dTMR igDye

8¢

‘e 19 1adog 'y uanalg



DNA Sequencing Using Fluorescence Detection 29

For example, fluorescein dyes are poor labels for terminators when using the Tag
polymerase due to its incompatibility with the binding pocket of Tagq, while the
rhodamine dyes are more hydrophobic and as such, are more suitable for use with
Taq polymerase. The result is that the peak heights for the electrophoresis bands
can vary tremendously due to differences in incorporation of the dye-modified
ddNTPs by the particular polymerase enzyme. In dye-primer chemistry, this
disparity is absent due to the large displacement of the dye from the polymeriza-
tion site."” It is interesting to note that several mutant forms of Tag polymerase
have been prepared to allow more facile incorporation of dye-labeled termina-
tors."" For example Tag Pol I (AmpliTaq FS ) has two modifications in it, a
substitution which eliminates the 3'—5' nuclease activity and also a substitution
that improves 2',3-ddNTP incorporation.

The nature of the dye on the terminator can also influence the mobility of the
polymerized DNA fragment as well. For example, rhodamine dyes are typically
zwitterionic and, as such, appear to stabilize hairpin (secondary) structures in the
DNA fragment causing compressions in the electrophoresis data, especially in
GC-rich regions of the template. On the other hand, the fluorescein dyes, which
are negatively charged, do not suffer from such anomalies."’

Slight structural modifications on the base chromophore can influence its
incorporation during DNA polymerization. Also, the linker structure can influence
the incorporation efficiency as well. A set of dye-labeled terminators that have
been found to give fairly even peak heights in sequencing patterns and produce
minimal mobility shifts are shown in Figure 1.13 along with the sequencing
patterns that were generated with both the rhodamine dyes and the dichlo-
rorhodamine (d-rhodamine) analogs.12 The linker structures chosen for this set
were either the propargylamine linker developed by Prober et al.” or a propargyl
ethoxyamino linker. The choice of linker was selected to accommodate the
polymerase enzyme and to minimize the mobility differences within the dye set.
For the rhodamine terminators, very weak G-peaks which appeared after A-peaks
were observed. However, for the d-rhodamine terminators, this disparity in peak

Figure 1.13. Chemical structures of the d-rhodamine dyes used for labeling terminators. Also shown is
the structure of an energy transfer terminator (BigDye terminator). The accompanying panels show a
comparison of sequencing data obtained using rhodamine (A), d-rhodamine (B), and BigDye (C)
labeled terminators. The arrows in (A) are G-peaks with weak signal. In (C), the arrows indicate
weaker T-peaks following G-peaks. The sequencing reactions were run with an AmpliTaq DNA
polymerase and cycle sequencing conditions (30 cycles with a temperature program of 95°C for 30 s;
55°C for 20 s; 60°C for 4 mins). The DNA template was isolated from a bacterial artificial chromosome
(BAC). Following chain extension, the reactions were purified using a Centri-Sep spin column to
remove excess terminators and then dried in a vacuum and resuspended in 2—4 L of formamide. The
reactions were electrophoresed in a slab gel with laser-induced fluorescence detection. (Adapted with
permission from reference 12.)
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intensity was alleviated, with the peak heights in the pattern being much more
uniform.

1.2.2 ET Dyes for DNA Sequencing

One of the major problems associated with many of the single dye sets
mentioned previously is that their absorption spectra are dispersed over a rela-
tively large spectral range, which provides poor excitation efficiency even for dual
laser (488 and 514 or 543) systems. As such, the red-dyes are used at higher
concentrations during DNA polymerization to circumvent poor excitation. To
overcome this problem without sacrificing spectral dispersion in the emission
profiles, the phenomena of Forster energy transfer has been used to design
sequencing primers, which can be efficiently excited with a single laser line.'*'®
While the focus of a subsequent chapter in this book will deal with this topic, it is
informative to briefly introduce these energy transfer (ET) primers at this time in
the context of DNA sequencing.

The chemical structures of the ET primers developed by Richard Mathies and
his group'® are shown in Figure 1.14. The donor dye in this case was FAM, which
could be excited with the 488 nm line of an Ar ion laser. The acceptor dyes were
either FAM, JOE, TAMRA, or ROX. The donor (FAM) was attached to the
sequencing primer on the 5’ end during the solid-phase DNA synthetic prepara-
tion of the M13 (-40) sequencing primer using phosphoramidite chemistry. The
sequencing primer also contained a modified base (T*) that possessed a linker
structure with a primary amine. The appropriate acceptor was conjugated to the
primary amine group off the modified base following cleavage from the solid
support via a succinimidyl ester functional group. The spacer distance between the
donor and acceptor was selected by positioning T* within the M13 (-40) primer
sequence during solid phase synthesis. The naming of these ET primers followed
the convention, donor-spacer (bp)-acceptor. In the case of the FAM and JOE ET
primers, a 10 base spacer was used and for TAMRA and ROX, a 3 base spacer was
selected. The choice of spacer size was primarily determined by producing ET
primers, which showed uniform electrophoretic mobilities.

The absorption and emission profiles of the ET primer series are showin in
Figure 1.14. While the absorption spectra show bands from both the acceptor and
donor dyes, the emission profiles are dominated by fluorescence from the acceptor
dyes. In fact, the energy transfer efficiency has been determined to be 65% for
F10J, 96% for F3R, and 97% for F3T." As can be seen from the emission profiles
displayed in Figure 1.14, the emission intensity was found to be significantly
higher for the ET primers compared to their single dye primer partners when
excited with 488 nm laser light from the Ar ion laser due to higher efficiency in
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excitation. This translates into improved fluorescence sensitivity of these ET
primers during electrophoresis.

Using these ET primers does offer some advantages due to their improved
detection sensitivities, namely eliminating the need for adjusting the concentra-
tions of the dye primers used during polymerization and also the need for smaller
amounts of template in the sequence analysis. In fact, the use of ET primers re-
quired about one quarter the amount of template compared to the single dye primers.

Energy transfer dye pairs can also be situated on terminators and an example
is shown in Figure 1.13."* In this example, d-rhodamine and rhodamine dyes are
used with a propargyl ethoxyamino linker. This dye set has been called Big Dye
terminators. Again, the dyes were selected so as to provide fairly uniform peak
heights in the electrophoresis, and also uniform mobility shifts within the series.
A sample of a sequence run using these Big Dye terminators is also shown in
Figure 1.13.

1.2.3. Near-Infrared Dyes for DNA Sequencing

The attractive feature associated with fluorescence in the near-IR (A,, > 700
nm) includes smaller backgrounds observed during signal collection and the
rather simple instrumentation required for carrying out ultrasensitive detection. In
most cases, the limit of detection for fluorescence measurements is determined
primarily by the magnitude of the background produced from scattering and/or
impurity fluorescence. This is particularly true in DNA sequencing since detection
occurs within the gel matrix, which can be a significant contributor of scattering
photons. In addition, the use of denaturants in the gel matrix, such as urea (7 M) or
formamide, can produce large amounts of background fluorescence. The lower
background that is typically observed in the near-IR can be attributed to the fact
that few species fluoresce in the near-IR. In addition, the 1/A* dependence of the
Raman cross section also provides a lower scattering contribution at these longer
excitation wavelengths.

An added advantage of near-IR fluorescence is the fact that the instrumenta-
tion required for detection can be rather simple and easy to use. A typical near-IR
fluorescence detection apparatus can consist of an inexpensive diode laser and
single photon avalanche diode (SPAD). These components are solid-state allow-
ing the detector to be run for extended periods of time requiring little maintenance
or operator expertise.

Near-IR fluorescence can be a very attractive detection strategy in gel se-
quencing because of the highly scattering medium that the separation must be
performed in. Due to the intrinsically lower backgrounds that are expected in the
near-IR compared to the visible, on-column detection can be performed without
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sacrificing detection sensitivity. To highlight the intrinsic advantages associated
with the use of near-IR fluorescence detection in capillary gel DNA sequencing
applications, a direct comparison between laser-induced fluorescence detection at
488 nm excitation and 780 nm excitation has been reported.” In this study, a
sequencing primer labeled with FAM or a near-IR dye were electrophoresed in a
capillary gel column and the detection limits calculated for both systems. The
results indicated that the limits of detection for the near-IR case were found to be
3.4 x 10720 moles, while for 488 nm excitation the limit of detection was 1.5 x
10~'8 moles. The improvement in the limit of detection for the near-IR case was
observed in spite of the fact that the fluorescence quantum yield associated with
the near-IR dye was only 0.07, while the quantum yield for the FAM dye was ~0.9.
The improved detection limit resulted primarily from the significantly lower
background observed in the near-IR. Near-IR has also been demonstrated in
sequencing applications using slab gel electrophoresis where the detection sensi-
tivity has been reported to be ~2000 molecules.***'

The fluorophores that are typically used in the near-IR include the tricarbo-
cyanine (heptamethine) dyes, which consist of heteroaromatic fragments linked
by a polymethine chain (see Table 1.1). The absorption maxima can be altered by
changing the length of this polymethine chain or changing the heteroatom within
the heteroaromatic fragments. These near-IR dyes typically possess large extinc-
tion coefficients and relatively low quantum yields in aqueous solvents.” The low
fluorescence quantum yields result primarily from high rates of internal conver-
sion. An additional disadvantage associated with these dyes are their poor water
solubility. These dyes show a high propensity toward aggregation forming aggre-
gates with poor fluorescence properties. This aggregation can be alleviated to a
certain degree by inserting charged groups within the molecular framework of the
fluorophore, for example alkyl-sulfonate groups. In addition, these dyes have
short fluorescence lifetimes and are very susceptible to photobleaching compared
to the visible dyes typically used in DNA sequencing applications. In most cases,
the near-IR chromophore is covalently attached to either a sequencing primer or
ddNTP via an isothiocyanate functional group. As can be seen in Table 1.1, this
functional group can be placed on the heteroatom (N in this case) or in the para-
position of the bridging phenyl ring. When situating the isothiocyanate group on
the heteroatom, the net charge on the dye becomes neutral and as such, has limited
water solubility. In the case of placing the isothiocyanate group on the bridging
phenyl ring, this gives anet —1 charge to the dye and improves its water solubility.
Unfortunately, the ether linkage is susceptible to nucleophilic attack, especially by
dithiothriotol (DTT), which can release the dye from the moiety (sequencing
primer or ddNTP) to which it is attached. This can produce a large peak in the
electropherogram which can mask some of the sequencing fragments that comi-
grate with the free dye. This problem can be alleviate to a certain extent using an
ethanol precipitation step following DNA polymerization.



34

Table 1.1. Chemical Structures of Some Typical Near-IR Fluocrescent Dyes
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and Their Photophyiscal Properties?

Sulfonated, heavy-atom

£

modified near-IR dyes (X = Dye Absorbance  Emission (M1 Te
I, Br, Cl, F) substitution (nm) (nm) cm™1) b (ps)
I 766 796 216,000 0.15 947
Br 768 798 254,000 0.14 912
Cl 768 797 239,000 0.14 880
F 768 796 221,000 0.14 843
Absorbance  Emission
IRD 41 (nm) (nm) s (M~1em 1)
787 807 0.16 200,000

4In the first panel of this table, the dyes were modified with an intramolecular heavy atom so as to produce a set of dyes
with four distinct lifetime values. In both cases, the dyes contained an isothiocyanate to allow conjugation to amine-

containing molecules.

1.3. Instrumental Formats for Fluorescence Detection in DNA

Sequencing

The ability to read the fluorescence during the electrophoresis fractionation
of the DNA ladders and also, accurately identify the terminal base (Sanger
sequencing) is a challenging task due to a number of technical issues. As such, a
number of fluorescence readout devices have been developed for reading such
data. When considering the design of a fluorescence detector for sequencing
applications, several instrumental constraints must be enveloped into the design,

including:

. High sensitivity. As pointed out previously, the amount of material
(fluorescently-labeled DNA) loaded onto the gel can be in the low atto-
mole range (10718 moles) and the detector must be able to read this
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fluorescence signature with reasonably high signal-to-noise in order to
accurately call the base. Therefore, in most cases the source of excitation,
irrespective of the separation platform, is a laser that is well matched to
the excitation maxima of the dye set used in the sequencing experiment.

2. Identify the bases using a spectral marker. The instrument must be able to
identify one of the four bases terminating the sequencing fragments by
accurately processing the fluorescence via spectral discrimination (wave-
length) or some other fluorescence property, such as the lifetime. For
spectral discrimination, this would require sorting the fluorescence by
wavelength using either filters or gratings. In addition, multiple detection
channels would be required.

3. Process the fluorescence from many electrophoresis lanes. In most se-
quencing instruments the fluorescence must be read from multiple gel
lanes (slab gel electrophoresis) or multiple capillaries (capillary gel elec-
trophoresis). This can be done by either using a scanning system, in which
the relay optic (collection optic) is rastered over the gel lanes or capillaries
or an imaging system, in which the fluorescence from the multiple gel
lanes or capillaries are imaged onto some type of multichannel detector,
such as a charge coupled device (CCD) or image intensified photodiode
array.

4. Robust instrumentation. Since many sequencing devices are run by nov-
ice operators and are run for extended periods of time, the detector format
must be able to operate on a dependable basis and be turn-key in operation.

This short list of requirements for any type of fluorescence readout device
appropriate for sequencing presents itself with many challenges that often times
are non-complementary with the sequencing requirements. For example, high
sensitivity is particularly demanding since the separation platforms used to frac-
tionate the DNA are becoming smaller and therefore, smaller amounts of material
must be inserted into the device. In addition, detecting material directly within the
gel matrix (typically a polyacrylamide gel) can be problematic due to the intense
scattering photons that it produces. Also, the signal is transitory in that the DNA
fragment resides within the probing volume (defined by the laser beam size) for a
few seconds. Another issue is that many separation channels or lanes must be
interrogated for high throughput applications. On top of these considerations, high
signal-to-noise is required to obtain high accuracy in the base-calling phases of
the readout process. As such, significant design considerations go into fabricating
a fluorescence detector system for DNA sequencing applications.

There are two general types of fluorescence detector formats: scanning and
imaging type devices. In most high throughput sequencing devices, multiple lanes
of the slab gel or multiple capillaries are run in parallel to increase system
throughput. For example, many machines run in a 96-lane format since micro-titer
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plates, standard plates used to prepare sequencing reactions, come in a 96-well
format. In the scanning systems, the excitation beam is tightly focused and
irradiates only a single lane, while the relay optic is rastered over the lanes of the
gel or the capillary array and the fluorescence from each lane processed sequen-
tially on one set of detection channels. For the imaging systems, all of the
electrophoresis lanes are irradiated by a laser(s) simultaneously, with the fluores-
cence readout accomplished using a multichannel detector, such as a CCD.

1.3.1. Fluorescence Scanning Instruments

A typical example of a scanning system is depicted in Figure 1.15.2** In this
system, a confocal geometry with epi-illumination is used, in which the objective
used to collect the emitted fluorescence also serves to focus the laser beam into
individual capillaries (or lanes of the slab gel) used for the electrophoresis.
Following collection, the emission is focused onto a spatial filter at the secondary
image plan of the collection objective. The laser light (488 nm, Arion laser, 1 mW)
is directed into the objective using a dichroic filter. The capillaries are held into a
linear array and, in this particular example, the capillary array is translated beneath
the microscope objective. As can be seen, the laser only irradiates one capillary at
a time, but since the beam is tightly focused (diameter = 10 w) the electronic
transition can be saturated at relatively low laser powers, improving signal-to-
noise in the fluorescence measurement.” In addition, the noise can be significantly
suppressed in this system, since a pinhole is used in the secondary image plane of
the collection microscope objective preventing scattered out-of-focus light gener-
ated at the walls of the capillary from passing through the optical system. The
capillary array is scanned at a rate of 20 mm/s with the fluorescence sampled at
1500 Hz/channel (color channel) resulting in a pixel image size of 13.3 w. The
fluorescence is collected by a 32x microscope objective (numerical aperture = 0.4)
resulting in a geometrical collection efficiency of approximately 12%. Once the
fluorescence has been collected by the objective, it is passed through a series of
dichroics to sort the color and then processed on one of four different PMTs, with
each PMT sampling a different color (spectral discrimination). While the present
system is configured with four color channels, the system could easily be config-
ured to do two-color processing as well by removing the last dichroic filter in the
optical train and two of the PMTs. The concentration limit of detection of this
system has been estimated to be 2 x 107!2 M (SNR = 3), which was determined by
flowing a solution of fluorescein through an open capillary.”® The detection limit
would be expected to degrade in a gel filled capillary due to the higher background
that would be generated by the gel matrix.
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Figure 1.15. Four-color, laser scanning fluorescence system for DNA sequencing applications using
capillary gel electrophoresis. The excitation source was an air-cooled Ar ion laser operating at 488 nm
(1 mW average power). The collection and focusing optic consisted of a microscope objective (20x,
NA =0.5). The emission was directed onto one of four different PMTs using dichroic filters and further
isolated from background photons using a bandpass filter. The fluorescence was sampled at 2 Hz with
output filtered using a low-pass filter with a time-constant of 1 s. (Adapted with permission from
reference 14.)

1.3.2. Fluorescence Imaging Systems for DNA Sequencing

An example of an imaging system for reading fluorescence from multichannel
capillary systems for DNA sequencing is shown in Figure 1.16A.%*" In this
example, a sheath flow cell is used with the laser beam(s) traversing the sheath
flow and the capillary output dumping into the sheath stream (see Figure 1.16C).
This geometry allows simultaneous irradiation of all the material migrating from
the capillaries without requiring the laser beam to travel through each capillary,
which would cause significant scattering and reduce the intensity of the beam as it
travels through the array. The sheath flow cell also causes contraction of the fluid



38 Steven A. Soper et al.

) gelfilled capillary Aru%saern; }

buffer vessel

image splitting prism

optical filters O

(B)

(b)

100

i
[=]

flugrescence intensity
T

position (mm) e

Figure 1.16. (A) Schematic of an imaging laser-induced fluorescence detector for reading four-color
fluorescence from capillary gel arrays. The lasers used for excitation were an Ar ion (488 nm) and a
YAG laser (532 nm). The lasers were allowed to traverse below the output of the gel columns and the
fluorescence collected with a lens system. The fluorescence line image was split into four different
color images using a polyhedral image-splitting prism coupled to optical filters. The filtered fluores-
cence was detected using a 2-dimensional CCD. (B) Fluorescence image in the one-color mode across
an array of 20 capillaries. On the bottom panel, the integrated fluorescence intensity is shown.
(C) Schematic view of the multiple sheath flow cell using gravity feed for the sheath flow. Twenty-gel
filled capillaries were aligned at a 0.35 mm pitch in an optical cell (26 mm x 26 mm x 4 mm).
(D) Photograph of the capillary array aligned in the sheath flow cell. (Adapted with permission from

reference 26.) (continued)
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output of the capillary since the sheath flow runs at a greater linear velocity
compared to the sample (capillary) stream. A fluorescence image of the output
from the capillary array is shown in Figure 1.16B, indicating that the sample
stream diameter at the probing point was ~0.18 mm and also demonstrating
minimal cross-talk between individual capillaries in the array. The laser beams
(488 nm from Arion, 6 mW; 532 nm from frequency doubled YAG, 6 mW) were
positioned slightly below the exit end of the capillaries (see Figure 1.16A) with the
beams brought colinear using a dichroic filter. The collection optic and focusing
optic produced a total magnification of 1 and resulted in a geometrical collection
efficiency of 1%. In order to achieve multicolor processing capabilities, the
collected radiation was sent through an image-splitting prism to produce four
separated (spectrally) line images on the array detector (one for each dye used to
label the terminal bases). In addition, a series of narrow bandpass filters were
placed in front of the image-splitting prism to assist in isolating the appropriate
colors for data processing. The detector that was used for this system was a
2-dimensional CCD camera with a cooled image intensifier. Interestingly, the
detection limit reported for this system was found to be 2 x 10~12M when operated
in the four-color mode, comparable to that seen for the scanning system discussed
above. However, it should be pointed out that the presence or absence of the gel
matrix will not affect the sensitivity of the fluorescence measurement in this case,
since the fluorescence interrogation is done off column in the sheath flow. In fact,
researchers have reported that the implementation of the sheath flow geometry in
gel electrophoresis can offer a significant improvement in limits of detection by
minimizing scattering contributions to the background.”

When comparing these two fluorescence readout systems, several issues
should be highlighted. One is the duty cycle, which takes into account the loss in
signal due to multiple lane sampling. For any type of scanning system, the
sampling of the electrophoresis lanes is done in a sequential fashion. For a
scanning system sampling 96 capillaries, the duty cycle is approximately 1%.
However, in the imaging system, all capillaries are sampled continuously and the
duty cycle is nearly 100%. Therefore, comparisons of detection limits for any
system must include a term for the duty cycle, since lower duty cycles will degrade
the limit of detection.

1.4. Dye Primer/Terminator Chemistry and Fluorescence
Detection Formats

In most sequencing applications, dye-labeled primers are used for accu-
mulating sequencing data using automated instruments. This stems from the fact
that dye-labeled primers are typically less expensive to use compared to their dye-
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labeled terminator counterparts. Also, in most applications, small pieces of DNA
(1-2 kbp in length) are cloned into bacterial vectors for propagation (to increase
copy number), such as M13s, which have a known sequence and serve as ideal
priming sites. However, dye-labeled primers do present one with problems, for
example, the sequencing reactions must be run in four separate tubes during
polymerization and then pooled prior to the gel electrophoresis. In addition,
unextended primer can result in a large electrophoretic peak (i.e., high intensity)
which can often times mask the ability to call bases close to the primer annealing
site.

Dye-labeled terminators can be appealing to use in certain applications, for
example, cases where high quality sequencing data is required and in primer
walking strategies. In primer walking, the sequence of the DNA template is
initiated at a common priming site using a primer that is complementary to that
site. After reading the sequence at that site, the template is subjected to another
round of sequencing, with the priming site occurring at the end of the first read. In
this way, a long DNA can be sequenced by walking in a systematic fashion down
the template. Dye terminators are particularly attractive since primers need to be
synthesized frequently in primer-walking strategies and the need for non-labeled
primers simplifies the synthetic preparation of these primers. Dye terminators
improve the quality of sequencing data in many cases since the excess terminators
are removed prior to electrophoresis (using size exclusion chromatography) and
as such, give clean gel reads free from intense primer peaks. However, it should be
noted that in most cases terminators can produce uneven peak heights (broad
distribution of fluorescence intensities) due to the poor incorporation efficiency of
dye-terminators by polymerase enzymes.

When dye-labeled primers are used, several different formats can be imple-
mented to reconstruct the sequence of the template when using fluorescence
detection. In the case of spectral discrimination, these formats may vary in terms
of the number of dyes used, the number of detection channels required, or the need
for running 1-4 parallel electrophoresis lanes. For example, if the sequencing
instrument possesses no spectral discrimination capabilities, the electrophoresis
must be run in four different lanes, one for each base comprising the DNA
molecule. However, if four different dyes are used the electrophoresis can be
reduced to one lane and as a consequence, the production rate of the instrument
goes up by a factor of 4. The fluorescence-based formats that will be discussed
here includes (# dyes/# electrophoresis lanes) single dye/four lane; single dye/
single lane; two color/single lane, and four color/single lane strategies.

The most pressing issue in any type of DNA sequencing format is the
accuracy associated with the base call, which is intimately related to a number of
experimental details, for example the number of spectral channels used in the
instrument as well as the signal-to-noise ratio in the measurement. The informa-
tion content of a signal, /, can be determined from the simple relation”
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I = nlog, (SNR) (1.3)

where n is the number of spectral channels and SNR is the signal-to-noise ratio
associated with the measurement. The term 7 is expressed in bits and typically 2
bits are necessary to distinguish between four different signals, but only if there is
no spectral overlap between the dyes used for identifying the bases. Unfortu-
nately, in most multicolor systems, the spectra of the dyes used in the sequencing
device show significant overlap and as such, many more bits will be required to
call bases during the sequencing run.

While the above equation can provide information on how to improve the
accuracy of the base call, it does not provide the sequencer with information on the
identity of the individual electrophoretic peaks (base call) nor the quality of a base
call within a single gel read. For example, if four color sequencing is used with
dye-primer chemistry, how should one process the data and what is the confidence
to which an electrophoretic peak is called an A, T, G or C? In order to provide such
information, an algorithm has been developed to not only correct for anomalies
associated with fluorescence-based sequencing but also to assign a quality score to
each called base. The typical algorithm that is used is called the Phred scale and it
uses several steps to process the sequencing data obtained from fluorescence-
based, automated DNA sequencers.30

The data input into Phred consists of a trace, which is electrophoretic data
processed into four spectral channels, one for each base. The algorithm consists of
four basic steps:

1. Idealized electrophoretic peak locations (predicted peaks) are deter-
mined. This is based on the premise that most peaks are evenly spaced
throughout the gel. In regions where this is not the case, typically during
the early and late phases of the electrophoresis, predictions are made as to
the number of correct bases and their idealized locations. This step is
carried out using Fourier methods as well as the peak spacing criterion and
helps to discriminate noise peaks from true peaks.

2. Observed peaks are identified in the trace. Peaks are identified by sum-
ming trace values to estimate the area in regions which satisfy the crite-
rion, 2 x v(i) = v(i + 1) + v(i — 1), where v(i) is the intensity value at point
i. If the peak area exceeds 10% of the average area of the preceding 10
accepted peaks, and 5% of the area of the immediate preceding peak, it is
accepted as a true peak.

3. Observed peaks are matched to the predicted peak locations, omitting
some peaks and splitting others. In this phase of the algorithm, the
observed peak arises from one of four spectral channels, and thus, can be
associated with one of the four bases. It is this ordered list of matched
observed peaks which determines a base sequence for the DNA template
in question.

4. Observed peaks that are uncalled (unmatched to predicted peaks) are
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processed. In this step, an observed peak that did not have a complement
in the predicted trace is called and assigned a base and finally inserted into
the read sequence.

As can be seen, this algorithm mainly deals with sorting out difficulties
associated with the electrophoresis by identifying peaks in the gel traces, espe-
cially in areas where the peaks are compressed (poor resolving power) or where
multiple peaks are convolved due to significant band broadening produced by
diffusional artifacts.

Many times, pre-processing of the traces is carried out prior to Phred analysis
to correct for dye-dependent mobility shifts. In most cases, these mobility shifts
are empirically determined by running an electropherogram of a single dye-
labeled DNA ladder (for example, T-terminated ladder), and comparing the mo-
bilities to the same ladder, but labeled with another dye of the set. This type of
analysis can be very complex and involved, since the mobility shift is not only
dependent upon the dye and linker structure, but also upon the separation platform
used. For example, dyes which show uniform mobility shifts in slab gel electro-
phoresis may not show the same effect in capillary gel electrophoresis. In addition,
these mobility shifts can be dependent upon the length of the DNA to which the
dye is attached.”’ An example of this phenomenon is shown in Figure 1.17. In this
particular example, cyanine dyes were covalently anchored to an M13 (-40)
sequencing primer and annealed to an M13 template followed by extension with a
single terminator (ddT). The tracts were electrophoresed using capillary gel
electrophoresis. In Figure 1.17A, comparison between a Cy5T7 (-2 charge) and
Cy5.5T (-1 charge) tracts indicate that the Cy5T7-labeled fragments migrate
faster in the beginning of the run (smaller DNA fragments), but after 300 bp the
two dye-labeled fragments co-migrate. In Figure 1.17B, one notices that for the
dyes Sq5T4 (neutral charge) and Cy5.5T12 (-2 charge), a mobility crossover
occurs at ~125 bp, with the shorter fragments migrating faster with the Cy5.5T12
label and after this, the Sq5T4 labeled fragments migrate faster. These types of
mobility shifts have been ascribed to not only differences in the net charge of the
dye-label but also potential dye-DNA base interactions. These interactions, pre-
dominately driven by hydrophobic interactions, may cause loops or hairpin struc-
tures on the 5’ end of the dye-DNA complex. These structures would cause a
faster migration rate compared to fully extended structures produced by most
dye-DNA complexes.

1.4.1. Single Color/Four Lane

In this processing format, only a single fluorescence detection channel is
required to analyze the signal from the labeling dye since only a single dye is used
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to detect the sequencing fragments produced following chain extension. However,
since no color discrimination is implemented, the electrophoresis must be run in
four lanes, one for each base, similar to the format used in traditional auto-
radiographic detection. While this is a reasonable approach for slab gel separa-
tions, it is not a viable strategy in capillary gel applications due to the poor run-to-
run reproducibility in the migration rates of the fragments traveling through the
different capillaries. This is due to differences in the gel from capillary to capillary
as well as differences in the integrity of the wall coatings used to suppress the
electroosmotic flow. In the slab gel format, reproducibility in the migration times
becomes less of a problem since all of the lanes are run in the same gel matrix.
The output of a typical, single color/four lane sequencing device is shown in
Figure 1.18 along with the called bases. In this example, each different color trace
represents an electropherogram from an individual lane of the slab gel, which are
overlaid to allow reconstruction of the sequence of the template. In this case, the
device used a single microscope head containing the collection optics, a diode
laser, filters and avalanche photodiode to read the fluorescence from the gel.** The
microscope scanner is rastered over the gel at a rate of ~0.15 cm/s and monitors
fluorescence along a single axis of the gel. The gel is approximately 20 cm in
width and 42 cm in length and can accommodate 48 separate lanes. The time
required to secure this data was 6 hours, with the extended time due primarily to
the limited electric field that can be applied to the thick slab gel.

1.4.2. Single Color/Single Lane

In this sequencing approach, only a single fluor is used and as such, only a
single laser is required to excite the fluorescence and only a single detection
channel is needed to process the fluorescence. The advantage of this approach is
that instrumentally it is very simple since the hardware required for detection is
simple. In addition, since the sequence is reconstructed from a single electro-
phoresis lane and not four, the throughput can be substantially higher compared to
a single fluor/four lane method.

The bases are identified by adjusting the concentration ratio of the termina-
tors used during DNA enzymatic polymerization to alter the intensity of the

Figure 1.17. Electrophoresis traces and chemical structures of four different cyanine dyes used to end-
label DNA sequencing primers. (A) Gel trace of Cy5.5T5 (red trace) and Cy5T7 (blue trace). (B) Gel
trace of Cy5.5T12 (red trace) and Sq5T4 (blue trace). In all cases, the ladders were prepared using a
single terminator (ddT) and an M13mpl8 template. The electrophoresis was carried out in a capillary
gel column (field strength = 185 V/em) using a hydroxyethyl cellulose sieving buffer. (Adapted with
permission from reference 31.)
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resulting electrophoretic bands.'****** Therefore, if the concentration of the
terminators used during DNA polymerization was 4:2:1:0 (A:C:G:T), a series of
fluorescence peaks would be generated following electrophoretic sizing with an
intensity ratio of 4:2:1:0, and the identification of the terminal bases would be
carried out by categorizing the peaks according to their heights. In order to
accomplish this with some degree of accuracy in the base calling, the ability of the
DNA polymerase enzyme to incorporate the terminators must be nearly uniform.
This can be achieved using a special DNA polymerase, which in this case is a
modified T7 DNA polymerase.”>® This enzyme has been modified so as to
remove its proof reading capabilities by eliminating its 3’5" exonuclease activ-
ity. Since this method requires uniform incorporation of the terminators, it is
restricted to the use of dye-primer chemistry. In addition, since the T7 enzyme is
not a thermostable enzyme, cycle sequencing cannot be used.

An example of sequencing data accumulated using this base-calling strategy
is presented in Figure 1.19, in which the terminator concentration was adjusted at
a concentration ratio of 4:2:1:0 (A:C:G:T).19 The accuracy in calling bases was
estimated to be 84% up to 250 bases from the primer annealing site, with readable
bases up to 400 but the accuracy deteriorating to 60%. This is a common artifact in
this approach; that being, poor base calling accuracy. The poor base calling results
from variations in the activity of the T7 DNA polymerase and in addition, the null
signal used to identify Ts. Ambiguities are present when one must identify
multiple null signals, which can lead to insertions or deletions.

1.4.3. Two Color/Single Lane

In order to improve on the base calling accuracy associated with the single
color/single lane strategy without having to increase the instrumental complexity
of the fluorescence readout device associated with sequencing instruments, one
may employ a two color format to identify the four terminal bases in sequencing
applications. In this approach, one or two lasers are used to excite one of two
spectrally distinct dyes used for labeling the sequencing primers, and the fluores-
cence is processed on one of two detection channels consisting of bandpass filters
and photon transducers.

A schematic of a two-color scanning instrument is shown in Figure 1.15 (last

Figure 1.18. Single-color/four-lane sequencing trace (called bases 1-480) of a PCR amplified
\-bacteriophage template. The sequencing was performed using an IRD-800 labeled primer (21mer)
and slab gel electrophoresis instrument (Li-COR 4000). The gel consisted of 8% polyacrylamide with
7 M urea. The dimensions of the gel were 25 cm (width) by 41 cm (length). The traces from the four
lanes were overlaid to reconstruct the sequence of the template.
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Figure 1.19. Single-color/single-lane capillary gel sequencing data. The template was an M13mpl8
phage and the primer was labeled with a near-IR fluorescent dye and detected using near-IR, laser-
induced fluorescence. The terminators were adjusted to a concentration ratio of 4:2:1:0 during exten-
sion to allow identification based on fluorescence intensities. The separation was performed at a field
strength of 250 V/cm and the gel column contained a 3% T/3% C crosslinked polyarcylamide gel.
(Adapted with permission from reference 19.)

dichroic was not used and two PMTs were removed). It was used to excite the
fluorescence of the labeling dyes, FAM and JOE. Due to their similar absorption
maxima, a single laser (488 nm) could efficiently excite the fluorophores. In
addition, this dye-pair was selected since they produced sequencing fragments
which co-migrated and thus, no mobility correction was required. The bases were
identified using a binary coding scheme, which is shown in Table 1.2 During
DNA polymerization, four separate reactions were run with the A-reaction con-
taining an equimolar mixture of the FAM and JOE labeled sequencing primers. In
the case of G, only the JOE labeled primer was present, while for T only the FAM
labeled primer was present, and for C no dye labeled primer was used. By ratioing
the signal in the red (JOE) to green (FAM) channel, a value was obtained which
could be used to identify the terminal base. The attractive feature associated with
this protocol is that while the absolute intensity of the bands present in the
electropherogram may vary by a factor of 20 due to sequence dependent termina-
tion, the ratio only varies by a factor of 1.7. The read length using this binary
coding system was up to approximately 350 bases, with the number of errors ~15
(accuracy = 95.7%). The majority of the errors were attributed to C determina-
tions, since a null signal was used to indicate the presence of this base.
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Table 1.2. Binary Coding
Scheme for Two-Color
DNA Sequencing?

FAM JOE
A 1 1
C 0 1
G 1 0
T 0 0

“l indicates the presence of the dye-
labeled primer during DNA polymer-
ization and 0 indicates the absence of
the dye label.

In order to alleviate the errors in the base calling associated with identifying
bases using a null signal, a two-dye, two-level approach can be implemented.””**
In this method, the bases using a common dye-label have the concentration of the
ddNTPs adjusted during chain extension to alter the intensity of the fluorescence
peaks developed during the electrophoresis. Also required in this approach is
uniform peak heights, requiring the use of the modified T7 DNA polymerase in the
presence of manganese ions. For example, Chen et al.”’ used a FAM-labeled
primer for marking Ts and Gs, with the concentration ratio of the ddN'TPs adjusted
to 2:1 (T:G). Likewise, the As and Cs were identified using a 2:1 concentration
ratio of the terminators with the labeling dye in this case being TAMRA. Sequenc-
ing data produced an effective read length of 350 bases, with an accuracy of
97.5%. When the concentration ratios of the terminators sharing a common
labeling dye was increased to 3:1, the read length was extended to 400 bases with a
base-calling accuracy 97%. As can be seen, the elimination of null signals to
identify bases can improve the base calling accuracy in these type of sequence
determinations.

While most fluorescence labeling strategies for DNA sequencing which
depend on differences in intensities of the electrophoretic peaks to identify bases
use dye-labeled primers, internal labeling, where the fluorescent dye is situated on
the ANTP, can also be used.” The advantages associated with using dye-labeled
dNTPs are: (1) ability to use a wide range of primers since no dye-labeled primer is
required, (2) incorporation of the dye-labeled dNTP can be much more uniform
than dye-labeled ddNTPs, and (3) dye-labeled dNTPs are much less expensive
compared to dye-labeled primers and terminators. Using a tetramethylrhodamine-
labeled dATP and a fluorescein labeled dATP, a two-color/single lane sequencing
assay has been reported.”® For internal labeling, a two step polymerization reac-
tion was used, in which the template was annealed to the sequencing primer
(unlabeled) along with the dye-dATP and the four unlabeled dNTPs, as well as the
polymerase enzyme. The extension reaction was incubated at 37°C for 10 mins,
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after which the appropriate terminator was added and the reaction allowed to
proceed for an additional 10 mins. The initial extension reaction extended 6-8
nucleotides to a quartet of As, with 80-90% of the fragments containing a single
dye-labeled dATP. Since only two dyes were used in this particular example, the
concentration ratio for a pair of terminators sharing a common dye was adjusted
(3:1) so as to allow discrimination based upon the intensity of the resulting
electrophoretic peaks. Analysis of the sequencing data indicated that the read
length was found to be 500 bases with an accuracy of 97%.

1.4.4. Four Color/Single Lane

The commonly used approach in most commercial DNA sequencing instru-
ments using fluorescence detection is the use of a four color/single lane strategy
for identifying the terminal bases in sequencing applications. The primary reasons
for using a four color/single lane approach is that it provides high accuracy in the
base calling, especially for long reads, and the throughput can be high due to the
fact that all bases comprising the template DNA can be called in a single gel tract.
Unfortunately, a four color detector requires extensive optical components to sort
the fluorescence and also, in some cases, multiple excitation sources are needed in
order to efficiently excite the fluorophores used to label the individual sequencing
ladders. In addition, post-electrophoresis software corrections may be required to
account for spectral leakage into detection channels.

Most dye-terminator reads are used with this four color strategy, since the
data analysis (base calling) does not depend on uniform incorporation efficiencies,
which are hard to achieve using dye-labeled teminators. The same type of instru-
mentation that is used for four color/dye-primer reads can also be used for four
color/dye-terminator reads as well. The only difference one finds is in terms of the
sample preparation protocols and the software corrections in the sequencing data,
such as different mobility correction factors. In most cases, a size exclusion step is
used following DNA polymerization to remove excess dye-labeled terminators
since they are negatively charged and can mask the sequencing data due to the
presence of a large dye-terminator band in the gel.

An example of a four-color detector for capillary gel electrophoresis is
shown in Figure 1.20A, in which two laser sources (Ar ion laser, 488 nm, and
green helium-neon laser, 543 nm) were used to excite the dye set: FAM, JOE,
TAMRA and ROX. In order to process the emission on a single detection channel,
a four stage filter wheel was used, which was synchronized to a sector wheel
situated in front of the two lasers. The synchronization was set so as to pass 488
nm excitation for FAM and JOE and simultaneously place the band pass filters for
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Figure 1.20. Laser-induced fluorescence detection apparati for processing DNA sequencing data
obtained using capillary gel electrophoresis. The formats are four-color/single lane (A), two-color/
single-lane (B) and one-color/single lane (C).

FAM and JOE in the optical path. Following this, the 543 nm laser light was
passed and the filters for TAMRA and ROX were situated within the optical path.
Typical traces produced from this system are shown in Figure 121, in which the
sequence of an M13mpl8 phage test template was analyzed. A read length
exceeding 550 bases was obtained at an accuracy of 97%.

1.4.5. So Which Sequencing Format Is Better?

With a variety of different fluorescence detection formats available, the
question becomes, which configuration is better in terms of base calling, both from
a read length and an accuracy point of view. In addition, what detection format
produces the best signal-to-noise ratio in the measurement. Other issues require
attention as well, namely the complexity of the instrumentation required for
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Figure 1.21. Four-color/single-lane sequencing of an M13mp18 template with a histidine tRNA insert.
The numbers along the top of the electropherogram represent cumulative bases from the primer
annealing site. The electrophoresis was performed in a capillary column with a length of 41 cm and an
i.d. of 50 w. The sieving gel consisted of a crosslinked polyarcylamide (6% T/5% C) and was run at a
field strength of 150 V/cm. The dyes used for the labeling of the sequencing primers were FAM, JOE,
TAMRA, and ROX. Each color represents fluorescence from a different wavelength region (blue—540
nm; green—>560 nm; yellow— 580 nm; red—610 nm). (Adapted with permission from reference 29.)
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Table 1.3. Comparison of Figures of Merit for Various Detector Formats
for Fluorescence-Based DNA Seguencing?

5 . Information content?
Noise Detection limit ~ Read Base calling

Detection mode (mass)© (moles) length? accuracy 10 amol 100 zmol
One color 700 ymol 2 zmol 400 85% 14 7
Two color 7 zmol 20 zmol 500 97% 21 8
Four color 70 zmol 200 zmol 550 97% 29 2

1The sequencing assays used capillary gel electrophoresis for fractionating the DNA ladders. The gel consisted of a
crosslinked polyacrylamide gel with with formamide or urea as the denaturant. In all cases, the template was an
M13mpl8 phage with dye-primer chemistry used for fluorescence labeling. In the four-color experiment, FAM, JOE,
TAMRA, and ROX were the labeling dyes, while for the two-color experiment, FAM and TAMRA were used, and
for the one-color example, only TAMRA was used. The sequencing primer was an M13 (—40) primer and the
polymerase was a Sequenase enzyme.

dCalculated from equation (1.3).

¢ymol = 10~24 moles; zmol = 1072 moles.

4The read lengths were determined from sequencing data with high signal-to-noise ratios that were comparable across
the series.

detection. A rigorous comparison between the various detector configurations for
sequencing applications has been carried out.”® In this study, three different de-
tector formats were used and they are shown in Figure 1.20. These consisted of a
four color/single lane format, a two color/single lane format, and finally a single
color/single lane format.

A summary of the data collected from this work is shown in Table 1.3. As can
be seen, the single color experiment, in which there is a single detection channel,
provides the lowest limits of detection, followed by the two color system, and
finally, the four color system. The significant improvement in the detection limit
for the two color and single color systems was partly due to the use of the sheath
flow detector that was employed in these formats. However, in spite of the use of
the sheath flow cell, the general trend is that the lower number of spectral channels
typically results in better signal-to-noise in the fluorescence measurement due to
the fact that spectral sorting is not required. Spectral sorting causes emission
losses due to reflection or inefficient filtering by the bandpass filters used in the
optical train. If a filter wheel is used, as in this particular example, a reduced duty
cycle will degrade the signal-to-noise ratio in the measurement. This does not
necessarily mean that the lower number of spectral channels will give better
sequencing data, however. As can be seen from the results of Table 1.3, the four
color format produced better read lengths and favorable base calling accuracies
compared to the other formats. This is a consequence of the fact that since one is
using four spectral channels, the information content in the signal goes up, but
only at reasonable loading levels of sample into the sequencing instrument. It is
clear that at low loading levels of DNA sequencing ladders, the one color or two
color approach may be better due to improved limits of detection.



54 Steven A. Soper et al.

1.4.6. Single Color/Four Lifetime Sequencing

While most sequencing applications using fluorescence require spectral dis-
crimination to identify the terminal base during electrophoretic sizing, an alterna-
tive approach is to use the fluorescence lifetime of the labeling dye to identify the
terminal base. In this method, either time-resolved or phase-resolved techniques
can be used to measure the fluorescence lifetime of the labeling dye during the gel
electrophoresis separation.

The monitoring and identification of multiple dyes by lifetime discrimination
during a gel separation can allow for improved identification efficiency when
compared to that of spectral wavelength discrimination. When the identity of the
terminal nucleotide base is accomplished through differences in spectral emission
wavelengths, errors in the base call can arise from broad, overlapping emission
profiles, which results in cross talk between detection channels. Lifetime discrimi-
nation eliminates the problem of cross talk between detection channels and also,
can potentially allow processing of the data on a single readout channel. Several
other advantages are associated with fluorescence lifetime identification proto-
cols, including:40

* The calculated lifetime is immune to concentration differences.

¢ The fluorescence lifetime can be determined with higher precision than
fluorescence intensities.

¢ Only one excitation source is required to efficiently excite the fluorescent
probes and only one detection channel is needed to process the fluores-
cence for appropriately selected dye sets.

One potential difficulty associated with this approach is the poor photon statistics
(limited number of photocounts) that can result when making such a measure-
ment. This results from the need to make a dynamic measurement (the chromo-
phore is resident in the excitation beam for only 1-5 s) and the low mass loading
levels associated with many DNA electrophoresis formats. Basically, the low
number of photocounts acquired to construct the decay profile from which the
lifetime is extracted can produce low precision in the measurement, which would
affect the accuracy in the base call. In addition, the high scattering medium in
which the fluorescence is measured (polyacrylamide gel) can produce large back-
grounds, again lowering the precision in the measurement. An additional concern
with lifetime measurements for calling bases in DNA sequencing applications is
the heavy demand on the instrumentation required for such a measurement.
However, the increased availability of pulsed diode lasers and simple avalanche
photodiode detectors have had a tremendous impact on the ability to assemble a
time-resolved instrument appropriate for sequencing applications.

There are two different formats for measuring fluorescence lifetimes: time-
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resolved”®™ and frequency-resolved.** ™ Since the time-resolved mode is a
digital (photon counting) method, it typically shows better signal-to-noise than a
frequency-resolved measurement, making it more attractive for separation plat-
forms that deal with minute amounts of sample. In addition, the use of time-
resolved methods allow for the use of time-gated detection in which background
photons, which are coincident with the laser pulse (scattered photons) can be gated
out electronically, improving the signal-to-noise ratio in the measurement.

A typical time-correlated single photon counting (TCSPC) device consists of
a pulsed excitation source, a fast detector, and timing electronics. A device that has
been used for making time-resolved measurements during capillary gel electro-
phoresis is shown in Figure 1.22. The light source consisted of an actively pulsed
solid-state GaAlAs diode laser with a repetition rate of 80 MHz and an average
power of 5.0 mW at a lasing wavelength of 780 nm. The pulse width of the laser
was determined to be ~50 ps (FWHM). The detector selected for this instrument
was a single photon avalanche diode (SPAD), which has an active area of 150 m
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Figure 1.22. Time-correlated single photon counting detector for capillary gel electrophoresis. The
laser source was a pulsed diode laser that operated at repetition rate of 80 MHz and lased at 780 nm
(average power = 5 mW). The laser was focused onto a capillary gel column with the emission
collected using a 40x microscope objective (NA = 0.85). The fluorescence was imaged onto a slit and
then spectrally filtered and finally focused onto the photoactive area of a single photon avalanche
diode. The electronics for processing the time-resolved data was situated on a single PC-board, which
was resident on the PC-bus. (Adapted with permission from reference 43.)
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and is actively cooled. In addition, the SPAD has a high single photon detection
efficiency (>60% above 700 nm). The counting electronics (constant fraction
discriminator (CFD), analog-to-digital converter (ADC), time-to-amplitude con-
verter (TAG), and pulse-height analyzer) are situated on a single TCSPC board.
The board plugs directly into a PC-bus and exhibits a dead time of <260 ns,
allowing efficient processing of single photon events at counting rates exceeding
2 x 108 counts/s. This set of electronics allows for the collection of 128 sequential
decay profiles with a timing resolution of 9.77 ps per channel. The instrument
possesses a response function of approximately 275 ps (FWHM), adequate for
measuring fluorescence lifetimes in the sub-nanosecond regime.

Probably the most important aspect associated with lifetime determinations
in sequencing applications is considerations of the processing or calculation
algorithms used to extract the lifetime value from the resulting decay. Since the
photon statistics are poor and the accuracy in the base call depends directly on the
lifetime differences between fluors in the dye set and the relative precision in the
measurement, algorithms which deal with this situation are required, as well as
those that can be performed on-line during the electrophoresis. Two algorithms for
on-the-fly fluorescence lifetime determinations have been used, namely the maxi-
mum likelihood estimator (MLE) and the rapid lifetime determination method
(RLD). MLE calculates the lifetime via the following relation™

m
L+ (e — D! — m(enTy — 1) = N L3N, (1.4)
i—1

where m is the number of time bins within the decay profile, N, is the number of
photocounts in the decay spectrum, N, is the number of photocounts in time bin ¢,
and T is the width of each time bin. A table of values using the left-hand side
(LHS) of the equation is calculated by setting m and T to experimental values and
using lifetime values (Tf) ranging over the anticipated values. The right-hand side
(RHS) of the equation is constructed from CE decay data over the appropriate time
range. The fluorescence lifetime may then be determined by matching the value of
the RHS obtained from the data with the table entry. The relative standard
deviation in the MLE may be determined from N2,

Fluorescence lifetimes calculated using the RLD method is performed by
integrating the number of counts within the decay profile over a specified time
interval and using the following relationship™

T = —At/In(D/D,) (1.5)
where At is the time range over which the counts are integrated and D, is the
integrated counts in the early time interval of the decay spectrum, while D,
represents the integrated number of counts in the later time interval. Both the
MLE and RLD methods can extract only a single lifetime value from the decay,
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which in the case of multiexponential profiles would represent a weighted average
of the various components comprising the decay.

Wolfrum and co-workers have also implemented a special pattern recogni-
tion technique.”” Basically, the method involves comparing a pattern to the
measured decay, and searches for a pattern that best fits the measurement. This
algorithm is equivalent to the minimization of a log-likelihood ratio where fluores-
cent decay profiles serve as the pattern. Since the pattern recognition algorithm
uses the full amount of information present in the data, it potentially has the lowest
error or misclassification probability.

To demonstrate the feasibility of acquiring lifetimes on-the-fly during the
capillary gel electrophoresis (CGE) separation of sequencing ladders, C-termi-
nated fragments produced from Sanger chain-terminating protocols and labeled
with a near-IR fluorophore on the 5' end of a sequencing primer were electro-
phoresed and the lifetimes of various components within the electropherogram
determined.” An example of the data produced from this detection format is
shown in Figure 1.23. The average lifetimes determined using the MLE method
was found to be 843 ps, with a standard deviation of +9 ps (RSD = 1.9%). The
lifetime values calculated here compared favorably to a static measurement per-
formed on the same dye.

Since the base calling is done with lifetime discrimination as opposed to
wavelength discrimination, new types of dye sets can and need to be used that suit
the identification method. For example, it is not necessary to use dyes with
discrete emission maxima and as such, structural variations in the dye set can be
relaxed. A dye set developed for lifetime discrimination has been prepared and
consists of a near-IR chromophore, which have unique fluorescence lifetimes,
with the lifetime altered via the addition of an intramolecular heavy atom.” Each
of these dyes possesses the same absorbance maximum and fluorescence emission
maximum, but different fluorescence lifetimes (see Table 1.1). Since these were
tricarbocyanine dyes, the lifetimes were found to be < 1.0 ns, with the lifetimes for
the dye set ranging from 947 ps to 843 ps when measured in a polyacrylamide gel
containing urea, with the observed lifetimes less than what was observed in
methanol but still exhibiting single exponential behavior.

A dye set appropriate for lifetime identification purposes has been prepared
and used in four lifetime DNA sequencing applications.*® The dyes absorb radia-
tion from 624 to 669 nm and possess lifetimes which range from 1.6 to 3.7 ns (see
Figure 1.24). Unfortunately, the dye set shows multiexponential behavior in
sequencing gels containing denaturants (urea, 7 M). In addition, to correct for
dye-dependent mobility shifts, unique linker structures were used. Using this dye
set (dye-primer chemistry) and a pulsed diode laser operating at 630 nm, the
sequence of a M13mp18 phage was evaluated. The lifetimes were extracted from
the decays using a pattern recognition algorithm. The read length was found to be
660 bases with a calling accuracy of 90%.
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Figure 1.23. Capillary gel electropherogram of C-terminated fragments produced from an M13mpl8
template with time-resolved fluorescence detection (A). The labeling dye (F-substituted, heavy atom
modified near-IR fluorescent label, see Table 1.1) was attached to the 5’ end of a sequencing primer. In
(B) is shown an expanded view of two peaks selected from the electropherogram showing the time area
(dashed lines) over which photoelectrons were used to construct the decay profiles. The decay profiles
shown in (C) consist of the gel blank (black) and the dye-labeled DNA fragment (blue). The dashed
line shows the start channel in which the calculation was initiated. The lifetime was calculated using
equation 3. The electrophoresis was carried at a field strength of 200 V/em using a crosslinked
polyacrylamide gel. (Adapted with permission from reference 40.)
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1.5. Single Molecule DNA Sequencing Using Fluorescence
Detection

The sequencing strategies discussed to this point depend on a fractionation
step (electrophoresis) to sort the DNAs by size. While much progress has been
made in reducing the time required to develop the electropherogram, resulting in
increases in the throughput of acquiring sequencing data, many problems arise
when using gel electrophoresis. These problems include: the ability to sequence
DNA pieces that are only 1000-2000 bps in length, the requirement of gels to
fractionate the DNA, the relatively slow speed associated with the process, and the
data processing requirements. The most pervasive problem is the ability to work
with only DNA pieces that are 1000-2000 bases in length. Since the chromosomes
exceed 1 x 109 bases, the assembly of the sequence of the entire chromosome with
extremely short pieces makes the task daunting. What would relieve some the
technical challenges associated with assembly is to directly sequence larger
strands of DNA. In addition to this, since YAC clones are ~100,000 bps, this
requires the shearing and then sub-cloning of these DNAs into M13s to produce
templates for sequencing. The ability to work with longer DNAs would eliminate
the need for this secondary cloning step.

A very attractive approach has been suggested to rapidly sequence DNA
strands that are >40,000 bp in length. The process is based upon the principle of
single molecule detection using fluorescence photon burst analysis.”® The process
is depicted in Figure 1.25. Basically, the process involves immobilizing a long
strand of DNA in a flow stream and then clipping the terminal base using an
exonuclease enzyme, releasing the nucleotide from the original strand. The single
nucleotide (either fluorescently labeled or non-labeled) is then carried to a laser
beam, which excites the fluorescence with the color used to identify the base
clipped from the DNA strand. As can be seen, the single molecule sequencing
approach does not involve a gel fractionation step, potentially significantly speed-
ing up the sequencing rate. In essence, the sequencing rate is determined by the
rate at which the enzyme clips nucleotide bases from the strand, which for many
exonuclease enzymes is on the order of 1000 bases per second. There are three key
technical challenges associated with utilizing this technique: (1) tethering the
DNA strand to a bead for holding it stationary within a flow stream, (2) creating a
complement of the original DNA strand using dye-labeled dNTPs, and (3) detect-
ing single dye-labeled nucleotides using laser-induced fluorescence detection.

Since the premise of this sequencing protocol is to analyze single DNA
molecules, it is necessary to select a single DNA molecule and then subsequently
trap it within a flow stream for processing. In order to accomplish this, a DNA
molecule can be prepared which contains a biotin molecule on its 5’ end. The
biotin-modified DNA molecule can then be attached to a microbead (i.d. = 1-10
m), which is coated with streptavidin. Streptavidin is a protein that contains
binding sites for biotin. The association of biotin to streptavidin is very strong
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Figure 1.24. Chemical structures of dyes used for multiplex, time-resolved DNA sequencing as well as
the fluorescence properties of this dye set. Also shown is the sequencing data obtained when using the
dye set shown above conjugated to sequencing primers. The sequencing was performed in a 5% linear
polyacrylamide gel containing 7 M urea at a field strength of 160 V/cm. The fluorescence detector
consisted of a pulsed diode laser (630 nm) with the optics configured in a confocal geometry. (Adapted
with permission from reference 46.) (continued)

Kgeoe. = 1015 M1, and in addition, is stable to heat and the reagents used in
most enzymatic reactions. In this case, it is necessary to select a bead that has one
DNA molecule attached to it, since a bead with multiple DNA strands would
create a registry problem because the exonucleases work at different rates. There-
fore, it is necessary to select conditions to produce a sufficient population of beads
containing a single DNA molecule. This can be done statistically by incubating

the biotinylated DNA with a large excess of microbeads. This produces a large
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Figure 1.24. (Continued)

number of beads that possess no DNA molecule and therefore, the appropriate
beads must be selected by staining the immobilized DNA with a fluorescent
intercalating dye and using fluorescence to identify a bead with the appropriate
number of DNAs attached.

The suspension of the bead containing the DNA molecule in the flow stream
can be accomplished using an optical trapping technique. In this case, one or two
tightly focused laser beams can be directed onto the bead. This generates an
optical trap, which can hold the bead in the flow stream. The size of the trap is
determined by the size of the focused laser beam(s) and is on the order of 5 wm.
Since the trap is generated by a momentum exchange between the photons and the
trapped bead, it does not depend on any type of electronic or vibrational transition.
As such, the trapping laser can be a far red or IR laser so that it does not bleach the
dyes incorporated into the target DNA molecule during polymerization.

The second technical challenge in this scheme is to produce a complement
that contains dye-modified oligonucleotides. Since the detection is accomplished
using fluorescence (typically visible fluorescence) single molecule detection, it is
necessary to covalently label each ANTP with a probe and then more importantly,
build a fluorescent complement of the target DNA using a polymerase enzyme.
Incorporation of dye-modified dNTPs is a challenge, as it is with dye-labeled
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Figure 1.25. (A) Schematic diagram of single molecule sequencing. (B) Block diagram of a dual color
single molecule detection apparatus. (C) Single molecule data of R6G and Texas Red using the
apparatus described in (B). The dye concentration used in these experiments was set at 50 fM, which
resulted in an arrival rate of ~1 molecule every 4 s. The dashed line represents the threshold, which
defined the detection of a single molecule when the observed signal (photon burst) exceeded this level.
(Adapted with permission from reference 60.) {(continued)
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ddNTPs, since the incorporation rate and fidelity of modified dNTPs by standard
polymerase enzymes is not facile. Therefore, mutants will have to be prepared to
accomplish this task. An alternative to using fluorescent dyes is to implement UV
single molecule detection, which require unmodified dNTPs. While this strategy
is much more forgiving in terms of the molecular biology, it places severe
challenges on the detection phases of the technique since the nucleotide bases
have absorption maxima around 260 nm and the fluorescence quantum yields of
the bases are low (~107%) at room temperature in solution.

The final challenge in this approach is the ability to detect single dye
molecules (nucleotides) in solution and additionally, identify the single molecules
via spectral discrimination. Since the DNA molecule is composed of four different
nucleotide bases, the bases as they are clipped by the exonuclease from the target
DNA must be spectrally identified. While several researchers have demonstrated
the ability to detect single molecules in flow streams,” > the ability to color
discriminate adds complexity to the instrumentation (multiple lasers, multiple
detection channels) and requires careful selection of the dyes. The dyes must not
only be well-resolved in terms of their emission maxima, but the photophysics of
the dye must be conducive to single molecule detection, namely a high quantum
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yield and favorable photochemical stability. An example of a dual color single
molecule detection apparatus is shown in Figure 1.25.% It consists of a mode-
locked Nd:YAG laser operating at 532 nm (second harmonic) and also, a syn-
chronously pumped dye laser (A, = 585 nm). These wavelengths were chosen to
match the absorption maxima of the two dyes selected for this experiment, R6G
(A =528 nm; A =555 nm) and Texas Red (A, =578 nm; A = 605 nm). The
fluorescence was processed on one of two photodetectors, which in this case
consisted of microchannel plates (MCPs). The fluorescence from each dye was
directed onto the appropriate MCP using a dichroic filter, with the emission further
isolated from background photons and fluorescence from the other dye using a
bandpass filter. The processing electronics consisted of conventional TCSPC
electronics, which were used along with the pulsed lasers to allow implementation
of time-gated detection. Time-gated detection reduces the amount of background
scattered photons into the data stream, improving the signal-to-noise in the single
molecule measurement. An example of the data output from this dual color single
molecule detector is shown in Figure 1.25 (raw data and processed data). The raw
data was filtered using a weight quadratic sum filter (S(¢)) given by the following
expression’’
k-1
S0 = 2 wmd( + 17 (1.6)
=

where k represents the time range covered by the molecular transit through the
laser beam, w(T) are weighting factors selected to best distinguish the signal from
noise and d(f) represents the raw data point at time (7). As can be seen from this
data, large amplitude bursts of photons are clearly evident for both dyes. The
detection efficiency was estimated to be 78% for R6G and 90% for Texas Red. In
both cases, the error rates (defined as identifying a molecule when one was not
present, false positive) was estimated to be <0.01 per second.
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Fluorescence in Nucleic Acid
Hybridization Assays

Larry E. Morrison

2.1. Introduction

Fluorescence has progressively been finding a place in nucleic acid hybridization
assays over the past two decades. At the beginning of the 1980s essentially all
hybridization assays were detected using radioactive labels. Through the 1980s
relatively few nonradioactive formats were investigated in much detail. This
changed in the 1990s, and now at the end of the decade a large array of fluorescent
hybridization assay formats have been reported. In this review, emphasis will be
placed on describing the variety of assay approaches emerging in the 1990s,
together with some of the key early developments from the previous decade.
Discussion of both heterogeneous assay formats and homogeneous assay formats
is included, as well as applications of these formats to amplified DNA and RNA
assays. The discussion will be limited, however, to assays of nucleic acids in vitro,
and will not include in sifu hybridization or physical studies of the hybridization
process. Particular attention will be placed on the full range of fluorescence char-
acteristics which have been utilized in developing the various assay approaches,
which includes fluorescence lifetimes, environmental sensitivity, quantum yields,
fluorescence quenching, resonance energy transfer, excited state complex forma-
tion, and fluorescence polarization.

The purpose of hybridization assays is to identify or quantify the presence of
particular nucleotide sequences within a specimen. These sequences may identify
organisms contained in the specimen, such as in infectious disease testing, or they
may identify particular genes, gene alterations, or transcription products. The
primary reagents are nucleic acid probes, either DNA, RNA, or some synthetic
analog of nucleic acid capable of specific base pairing and hybridization, such as
peptide nucleic acid (PNA). In the case of fluorescent hybridization assays, these
probes are modified to include a label that is fluorescent or that can bind fluores-
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cent material in later steps. In some applications the probe is not required to
hybridize with the analyte nucleic acid but may only need to differentiate double-
from single-stranded nucleic acid, or nucleic acid from non-nucleic acid. Exam-
ples of these probes are intercalating dyes and dyes which bind to the major or
minor grooves of the double helix. The analyte nucleic acid, or more specifically, a
nucleotide sequence therein, is the target of the assay reagents. This target is either
DNA or RNA that is released from cells within the specimen by lysis. It is the
formation of a complex between the target and probe that is detected in hybridiza-
tion assays, and indicates the presence of the target nucleic acid.

2.1.1. Heterogeneous Versus Homogeneous Hybridization Assays

Nucleic acid hybridization assays can be divided into the two broad catego-
ries of heterogeneous and homogeneous hybridization assays. Strictly speaking,
heterogeneous assays are assays which require more than one phase, typically a
solid phase and a liquid phase. The solid phase usually serves one of two purposes:
(1) to immobilize probes specifically bound to the target nucleic acid, thereby
providing a simple means for separating bound from unbound probes through
washing of the solid phase, or (2) to fractionate the specimen such that different
target nucleic acids are separated from one another and from other cellular
components.

Homogeneous hybridization assays are assays that are performed in a single
phase. Without the solid immobilization phase to facilitate physical separation of
probe bound to target from probe free in the solution phase, the detectable
characteristics of the probe label must change in response to hybridization,
permitting measurement of hybridized probe in the presence of unbound probe. It
is because of this requirement that fluorescence has become so popular in homoge-
neous assay development. No other class of labels has such a wealth of measurable
properties that are strongly affected by various molecular interactions.

Heterogeneous fluorescence hybridization assays have advantages that in-
clude: (1) bound and unbound reagents can be physically separated so that inten-
sity measurements can be used to quantify the amount of probe bound to target,
and (2) hybridization can be driven to completion faster by increasing probe
concentration. These advantages lead to the fact that lower amounts of target can
be detected by heterogeneous assays relative to homogeneous assays. The dis-
advantages of heterogeneous fluorescence assays include: (1) surface hybridiza-
tion rates are slower than solution hybridization rates (although this can be offset
by advantage 2 above), (2) probe reagents can adsorb nonspecifically to the solid
phase, increasing background fluorescence (probe adsorption increases with probe
concentration providing a practical limitation to advantage 2 above), (3) hetero-
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geneous assays require more steps including separation of phases and washing of
the solid phase, and (4) the presence of the solid phase increases background light
due to light scattering and fluorescent species contained within the solid phase.

Homogeneous fluorescence hybridization assays have advantages that in-
clude: (1) assays can be performed in a single step, (2) solution phase hybridiza-
tion kinetics are faster that hybridizations onto surfaces, and (3) there is no solid
phase that can scatter light, or contain endogenous luminescent compounds, or
adsorb labeled reagents. The primary disadvantage of homogeneous fluorescence
assays is that they are generally less sensitive than heterogeneous assays, as they
are limited by the extent to which the fluorescence properties of bound probe is
changed relative to the properties of unbound probe, as will be discussed later.

2.1.2. Amplified Hybridization Assays

Heterogeneous and homogeneous fluorescence hybridization assays use flu-
orescent probes to detect nucleic acid targets contained within the specimen. In
order to increase sensitivity, the hybridization assays can also employ either target
amplification or signal amplification. In target amplification the target nucleic acid
sequence is copied many times. If only the original target is used as the template
for making copies then the amplification is linear. If the copies can also serve as
templates then the amplification is exponential. The best known target amplifica-
tion method is the polymerase chain reaction (PCR) in which two primer DNA
oligomers hybridize to the two complementary target strands, flanking the se-
quence to be amplified." A DNA polymerase from a thermophilic organism is used
to synthesize new DNA strands starting at the 3'-termini of the primers, making
copies of the intervening sequence. After heating to denature the new stretches of
double stranded DNA, the temperature is lowered and the primers anneal to the
original target strands and the newly synthesized strands, and are extended again
by the polymerase. Repeating this series of events provides a near doubling of the
number of target strands on each cycle, easily providing millionfold and higher
amplification levels. RNA targets can also be amplified by PCR after a preliminary
copy of the RNA is made in DNA (cDNA) using the enzyme reverse transcriptase.
Amplification of RNA targets by this method is called RT-PCR. Other forms of
target amplification include the transcription based amplification system (TAS),”
the self sustained sequence replication reaction (3SR),* and the strand displace-
ment amplification (TDA).* 3SR and TDA have the advantage of being isothermal
amplification reactions that do not require the temperature cycling of PCR.

Signal amplification does not rely on copying the target sequence, but instead
increases assay sensitivity by either building probe structures containing large
numbers of labels, or by enzymatically generating a large amount of detectable
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material. An example of building large labeled probe structures is the branched
DNA (b-DNA) technique.5 By using enzymatic probe labels, such as alkaline
phosphatase (AP) or horseradish peroxidase (HRP), nonfluorescent compounds
can be converted to fluorescent compounds, generating hundreds or thousands of
fluorophores for each probe present. Other forms of signal amplification use
polynucleotide probe labels which are amplified by polymerases or replicases in
the reaction mixture. These include probes appended with a midivariant RNA
sequence which can be exponentially amplified by the enzyme Q-beta replicase,’
and so-called “padlock probes” which can be amplified by rolling circle ampli-
fication’ using DNA polymerase.

2.2. Heterogeneous Hybridization Assays
2.2.1. Non-Amplified Heterogeneous Hybridization Assays

Most heterogeneous assay designs have the objective of immobilizing the
target nucleic acid onto a solid support material. Any labeled probe that hybridizes
to the target nucleic acid also becomes immobilized, and subsequent washing of
the support material serves to remove labeled probe not hybridized to the target
nucleic acid. Labeled probe detected on the support, or detected after release from
the support, therefore, is a measure of the amount of target nucleic acid in the
original specimen.

Three basic approaches to immobilizing target and labeled probe on the solid
support are shown schematically in Figure 2.1. In the first approach (Figure 2.1A)
the target is adsorbed onto the solid support. This is the manner in which DNA or
RNA blots are prepared. The solid support is typically a thin membrane of
nitrocellulose or nylon. The nucleic acid is heated to dissociate the complementary
strands, referred to as denaturing the nucleic acid, and is then applied to the
membrane. The membrane is allowed to dry, and is often baked in an oven to
further adhere the nucleic acid. The membrane is then soaked in a solution
containing labeled single-stranded probe with a nucleotide sequence complemen-
tary to the targeted sequence. After hybridization, the membrane is washed
thoroughly to remove unhybridized probe, and the amount of label still bound to
the membrane is measured.

In the hybridization step the buffer salt concentration and the temperature are
selected to provide the most complete and rapid hybridization, the temperature
generally set to between 15° and 20° C below the T, of the probe-to-target
hybridization. The T, is the melting temperature, or more exactly, the temperature
at which half of the probe nucleotides are hybridized with the target nucleotides,
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Figure 2.1. Schematic representations of 3 general heterogeneous assay formats. Refer to the text for a
detailed description of each format. Nucleic acids are represented by comb structures in which the teeth
of the combs represent individual nucleotides. The letter “F” represents the fluorescent probe label,
solid circles represent an affinity-binding moiety, and Y-shaped structures represent the affinity
binding partner, such as antibody or avidin. Solid support material is represented by vertical lines with
appended diagonal lines.

for the particular buffer used (e.g., 50:50 formamide:water/2xSSC/pH 7.5, where
1xSSC = 0.15 M sodium chloride and 15 mM sodium citrate). Solvents such as
formamide are often added to lower the T, , thereby providing convenient assay
temperatures, for example, 37°C for hybridization and 75°C for denaturation.
Polymers such as dextran sulfate or polyethylene glycol are added to enhance the
rate of hybridization, presumably by volume exclusion. Other materials may be
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added to the hybridization solution to reduce nonspecific adsorption of the labeled
probe to the membrane (see reference 8 for a general review of solid phase
hybridization conditions).

A second approach to heterogeneous assays (Figure 2.1B) attaches to the
solid support a nucleic acid that contains a nucleotide sequence complementary to
aregion of sequence within the target nucleic acid. Instead of adsorbing the target
nucleic acid nonspecifically to the support, the target is specifically captured from
the solution by hybridization to the immobilized capture probe. Either before or
after capture of the target, a labeled probe nucleic acid is hybridized to a different
nucleotide sequence on the target nucleic acid, and the solid support is washed
thoroughly to remove unbound labeled probe. Solid support materials in this
“sandwich” assay format may be filters and membranes, as well as surfaces of
microtiter wells, macro- or microscopic beads, and glass surfaces, which can be
chemically derivatized to permit attachment of the capture probe. The sandwich
format avoids the additional steps of purifying the specimen DNA and attaching it
to the solid surface. Solid surfaces with immobilized capture probes can be made
in quantity ahead of time and stored until needed in assays.

In a third heterogeneous assay approach (Figure 2.1C), also a sandwich
format, all hybridizations take place in the solution phase. The hybridization step
is followed by capture of the target-capture probe-detection probe complex onto
the support material by an affinity reaction between a moiety attached to the
capture probe and its binding partner attached to the solid support. Again, solid
supports may be composed of a variety of materials which can be chemically
modified to attach the binding partner or which strongly adsorb the binding
partner, typically a protein such as antibody or avidin.

Long-lifetime fluorescent labels, such as the lanthanide ions, have been put to
particularly good use in heterogeneous assays (for reviews on lanthanides in
hybridization assays see references 9-11). Long lifetime emitters are valuable in
heterogeneous assays because they allow rejection of background light due to
scatter of the excitation light from the solid support surface and due to fluores-
cence of the support material itself. Since typical fluorescence occurs predom-
inately from relatively short-lived emitters, in the range of a fraction of a nano-
second to 200 nanoseconds, the lanthanides, with emission lifetimes of hundreds
of microseconds, can be easily isolated by time-resolved detection methods.

Lanthanide ions are coupled with nucleic acid probes via metal chelators
such as diethylenetriamine pentaacetic acid (DTPA). With simple chelators, how-
ever, lanthanide ions are only weakly emissive, having small extinction coeffi-
cients for light absorption and having low quantum yields in aqueous media. For
this reason, lanthanide ions are often released from the probe chelator with an
“enhancing solution” following hybridization and washing to remove unbound
probe. Chelators which have strongly absorbing substituents, and which can
completely coordinate the ion and shield the lanthanide from water molecules, are
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included in the enhancing solution. The chelator chromophore absorbs the excita-
tion light and efficiently transfers the excitation energy to the lanthanide ion,
which fluoresces with high quantum yield.

The lanthanide and chelator can be coupled to the nucleic acid probe by
either “indirect” attachment or “direct” attachment. In indirect attachment the
nucleic acid probe is covalently coupled with a hapten or biotin, and the chelator is
covalently attached to the affinity binding partner, either the antibody specific for
the hapten or a biotin-binding protein, either avidin or streptavidin. Using the
assay format shown in Figure 2.1A with indirect label attachment, 0.3 amol (8 pg)
of adenovirus DNA blotted onto nitrocellulose filters was detected with hapten
(sulfone and fluorene) labeled DNA probes.'? Two layers of antibodies were used
following hybridization, first sulfone or fluorene antibodies, followed by En3*-
labeled species-specific antibody against the first antibody. Europium fluores-
cence was measured after releasing the Eu* into the enhancing solution. In
another example, adenovirus DNA was adhered to polystyrene microtiter wells,
and probed with biotinylated DNA.!, After incubation with Eu3*-labeled strep-
tavidin the Eu* was released and measured in enhancing solution to provide
detection of 0.5 amol (10 pg) of the adenovirus target DNA. Hybridizations using
chelators directly attached to the DNA probes were used to detect 1 amol'* and 0.1
amol'® of an HBV target sequence adhered to nitrocellulose filters and polystyrene
microtiter wells, respectively.

A sandwich hybridization assay of the type shown in Figure 2.1B for adeno-
virus DNA, spiked into nasopharyngeal mucus, was shown to be 10-fold less
sensitive than the assay in which the adenovirus DNA was directly blotted onto
the nitrocellulose filter (approximately 3 amol).'”” However, purification of the
specimens to remove interfering materials in the crude specimen matrix was not
required, as would have been the case if the specimen DNA were directly blotted
onto the nitrocellulose. Sandwich assays of this type have also been carried out on
bead surfaces in which capture probe was synthesized directly on the bead surface
by phosphoramidite chemistry. With synthetic oligomer targets representing the
AF508 mutation in cystic fibrosis, and detection probe directly labeled with
chelators containing absorbing chromophores that funnel energy into Eu3*, two
amol of target oligonucleotides could be detected on a 50 wm diameter microparti-
cle (average over several beads).'® By using a chelator with an attached chromo-
phore, enhancing solution was not required for efficient detection of the target
molecules. In a similar experiment, point mutations could be distinguished and
0.05 amol of targets were detected in 20 hour hybridizations."”

The large majority of unamplified heterogeneous assay formats utilize the
long-lived lanthanide labels in order to reduce fluorescence background related to
the use of solid support materials. However, the shorter-lived organic fluorophores
have found application in fiber-optic-based sensors. The quartz fiber optics used in
these applications exhibited low background fluorescence, and transmission of
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excitation light down the length of the fiber optic by total internal reflection
avoided light scattering problems. In one fiber optic biosensor, a model capture
probe (dT,;) was synthesized directly on the fiber optic surface via phospho-
ramidite chemistry. The immobilized probe was used to capture model target
DNA or RNA (dA,; or rA,)) from the solution in which the fiber optic was
immersed.'® The intercalating dye, ethidium bromide, was added to indicate the
formation of double-stranded DNA. An epifluorescence microscope was used to
focus excitation light onto the end of the fiber optic within the collection angle of
the fiber, while simultaneously collecting the fluorescence transmitted towards the
objective due to total internal reflection down the length of the fiber optic. By this
method, detectable signal was obtained in 86 pg/liter solutions of the target
nucleic acid.

In another fiber optic application, a biotinylated capture probe (mixed based
oligonucleotide) was bound to a fiber-optic surface coated with streptavidin, and
unlabeled complementary oligonucleotide was detected by competitive hybridiza-
tion with fluorescein labeled oligonucleotide of the same sequence.'’ The un-
labeled target oligonucleotide was detectable at a concentration of 1.1 nM (132 pg).

By focussing the excitation light onto the end of an optical fiber, excitation
light is efficiently carried down the length of the fiber by total internal reflection.
The resulting evanescent wave penetrates the surrounding solution by only a
fraction of a wavelength of the excitation light, permitting excitation of fluores-
cent labels bound to the surface via the immobilized capture probes, while
excluding unbound labels in the bulk solution. Although not demonstrated in the
above examples, this forms the basis of a nonseparation assay in which the test
solution does not need to be washed from the surface of the fiber optic, For
maximum sensitivity, however, the fiber would still require washing since a small
amount of unbound detection probe would lie arbitrarily close enough to the fiber
surface to be excited by the evanescent wave.

2.2.2. Amplified Heterogeneous Hybridization Assays

Various amplification strategies have been applied to heterogeneous hybrid-
ization assays to increase sensitivity. Although unamplified heterogeneous assays
using lanthanide labels and time-resolved detection have shown sub-attomole
detection levels, amplification can improve assay reproducibility by increasing the
measurable signal above the variable levels of background fluorescence found in
clinical specimens. Amplification also allows the more common organic fluoro-
phores, such as fluorescein, to be used in highly sensitive assays. Depending upon
the type and extent of amplification, single molecule detection is feasible when
combined with even moderately sensitive detection systems.
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2.2.2.1. Signal Amplification in Heterogeneous Hybridization Assays

An example of signal amplification in heterogeneous assays is the use of
latex particles containing fluorophores entrapped during the polymerization pro-
cess. Latex beads of 1.8 wm diameter and containing on the order of 100,000
fluorescent pyronine G molecules per bead, were conjugated to streptavidin and
used to detect N-phage DNA immobilized on nylon or cellophane membranes.”
Denatured target DNA was adhered to the membranes, and allowed to hybridize
with denatured biotinylated DNA probe. After washing, the membranes were
incubated with the streptavidin coated beads, washed, and photographed under
ultraviolet light. In this manner 0.3 pg of target, or about 0.01 amol, were
detectable.

A protein complex containing a large number of chelated Eu3* has also been
used for signal amplification.'® This streptavidin-based macromolecular complex
(SMBC) is composed of thyroglobulin molecules conjugated to either the lantha-
nide chelator or chelator and streptavidin to give aggregates containing nearly 500
chelated Eu3* each,”" which can bind to biotinylated probes. The chelator in this
complex was 4,7-bis (chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic
acid (BCPDA) which provided a chromophoric group to absorb light and effi-
ciently transmit the energy to the Eu3*. One application of this label complex was
to detect DNA fragments on Southern blots.' The plasmid pBR328 was digested
with restriction endonucleases, and the resulting DNA fragments were separated
by agarose gel electrophoresis and transferred to a sheet of nitrocellulose. The
blotted DNA was then hybridized with biotinylated probes (linearized pBR328)
and incubated with the SBMC. A laser scanning system with a mechanical stage
and time-resolved detection was used to detect bands containing as little as 4 ng of
DNA fragments.

Instead of binding many fluorophores to probes, fluorophores can be created
from nonfluorescent molecules via reactions catalyzed by enzyme labels associ-
ated with probes.”? For this purpose, streptavidin or antibody conjugates of
enzymes such as AP can be bound to biotin- or hapten-labeled DNA probes post
hybridization. Alternatively, enzyme labels can be used to convert light-absorbing
molecules into chelators that can transfer their absorbed energy to lanthanide ions
following chelation.”® A phosphorylated salicylic acid substrate was used for this
purpose together with an AP-streptavidin conjugate.” Biotinylated probe was
hybridized to pBR322 target DNA adhered to polystyrene microwells or nylon
membranes. After washing, the wells or membranes were incubated with the
enzyme conjugate, washed again, and incubated with the substrate to generate
fluorescent terbium chelates. Southern blots were also detected by this enzyme-
amplified lanthanide luminescence (EALL) after separating pBR322 restriction
fragments on agarose gels and transferring the fragments to a nylon membrane. A
more water soluble substrate (5-fluorosalicyl phosphate) was used in the micro-
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well format while a more bulky and hydrophobic substrate (5-tert-octylsalicyl
phosphate) was used for the blots where localization of the signal was important.
Time-resolved detection of the long-lived terbium emission provided detection of
less than 4 pg of target DNA.

A sandwich hybridization format using EALL with AP-anti-digoxigenin
conjugate, and diflunisal phosphate to produce fluorescent terbium complexes,
was demonstrated in streptavidin-coated microtiter wells.”> Biotinylated capture
probe was bound to the streptavidin-coated wells, and then incubated with the
target DNA and detection probe labeled with the hapten. Following incubation
with the enzyme conjugate and substrate, time-resolved measurement of terbium
emission detected 0.2 fmol of the 200-base target DNA strand.

Two sequential rounds of signal amplification have been applied in a hybrid-
ization assay to further increase sensitivity.?® The first round of amplification used
the tyramine amplification system (TAS) and the second round used EALL with
5’ -fluorosalicylic phosphate and Tb3*. Biotinylated detection probe, hybridized to
immobilized target, was incubated with a streptavidin-HRP conjugate and washed
to remove the unbound conjugate. Addition of the TAS substrate, consisting of
biotin covalently linked to tyramine, together with hydrogen peroxidase, led to the
HRP-catalyzed oxidation of the tyramine moiety. This produced a highly reactive
species that covalently attached to surrounding material on the surface of the
immobilization support. The resultant multiplicity of immobilized biotin moieties
then served to bind AP conjugates in a subsequent incubation step, and the AP was
used in the EALL reaction to generate the fluorescent Tb3* chelates. By combin-
ing TAS with EALL, a 10-fold enhancement in the signal-to-background ratio was
achieved relative to EALL used alone.

2.2.2.2. Target Amplification in Heterogeneous Hybridization Assays

By far, PCR has been the preferred method of amplification for hetero-
geneous assays. The simplest way to couple PCR amplification with hetero-
geneous detection is to use the sandwich hybridization format to capture and
detect the amplified target. No modifications to the PCR reagents or protocol are
required. As an example, a biotinylated capture probe was used to collect a PCR-
amplified region of HIV-1 DNA onto steptavidin-coated microtiter wells. Coupled
with a Bu3*-labeled detection probe, linear time-resolved fluorescence between 5
and 500 copies of original purified HIV-1 DNA was measured.”” The same method
was applied to detecting a specific point mutation for diagnosis of familial
defective apolipoprotein B-100.*® Sandwich hybridizations with unlabeled PCR
products were also used in HLA typing.”

PCR assays can be performed with either or both of the primers labeled,
using the 5'-terminus to attach substituents that facilitate capture or detection.
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Biotinylated forward and reverse primers were used to immobilize resulting PCR
products onto streptavidin-coated microtiter wells in an application which de-
tected mitochondrial DNA point mutations to diagnose Leber hereditary optic
neuroretinopathy.™ After immobilization of the PCR products, the product strands
were denatured with alkali, neutralized, and hybridized with allele specific detec-
tion probes labeled with chelated Eu*. Measurement of time-resolved fluores-
cence in enhancing solution identified the mutation in patient samples.

Instead of using labeled primers to facilitate immobilization, BCPDA-
chelator-labeled primers have been used to provide time-resolved detection of
products.’’ Agarose gel electrophoresis was used to separate the amplified product
from unincorporated labeled primer. Eu3* was introduced later by soaking the gel
in EuCl,, and the lanthanide fluorescence was measured with a scanning time-
resolving fluorometer. A similar format was used with fluorescein-labeled primer
to detect genomic ribosomal RNA targets of pathogenic bacteria.’> By separating
PCR products on a clear agarose gel, the light scattering and background fluores-
cence problems were greatly reduced relative to solid support materials such as
nitrocellulose. This permitted the use of steady state fluorescence measurements,
thereby allowing the more common shorter-lived organic fluorescent dyes to be
used as labels. The amplified assay could detect a single lysed Listeria cell and
could detect as few as 20 Mycobacterium tuberculosis cells spiked into sputum.

Inclusion of both a biotinylated primer for capture and a hapten-labeled
reverse primer for detection was used for identifying HPV-16 sequences in cervi-
cal smears.” The hapten substituent was dinitrophenol (DNP) which was incu-
bated with lanthanide-labeled anti-DNP following immobilization of the PCR
products on streptavidin-coated microtiter wells. The lanthanide label consisted of
Eu?*-chelated by trisbipyridine cryptate [TBP(Eu3*)]. The TBP(Eu3*) provided
both strong chelation and light absorption, allowing the direct measurement of
time-resolved europium emission without the need for enhancing solution. The
fluorescence results in 14 clinical specimens correlated well with analyses using
1251, This format, however, may be susceptible to false positives and high back-
ground since primer dimer formation, initiated by the partial hybridization of the
forward primer to the reverse primer, would also give a positive signal.

Multiple PCR-amplified target sequences can be detected simultaneously
using spectrally distinguishable fluorescent labels attached to primers or detection
probes. Up to five different mutations and genes were detected simultaneously
using the organic dyes 7-amino-4-methylcoumarin-3-acetic acid, 5'-carboxyfluo-
rescein, 4',5'-dichloro-2',7"-dimethoxy-6-carboxyfluorescein, 6-carboxytetra-
methylrhodamine, and 6-carboxy-X-rhodamine attached to five different primer
pairs.* The resulting amplified products could be detected in the same reaction
mixture after removing the unincorporated primers by centrifugal filtration
through a size selective membrane. Fluorescence in the resulting solution was
recorded at 5 different pairs of excitation and emission wavelengths, each selec-
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tive for a different fluorophore. Similarly, two different fluorophores attached to
different primer pairs were used to detect homozygous and heterozygous alleles,
as well as to detect translocations, and CMV infection.>

Multiplex assays were also achieved using biotinylated primers and capture
of amplified products onto streptavidin coated supports. The captured DNA was
denatured with alkali and incubated with multiple detection probes specific for
different alleles and labeled with each of three different chelated lanthanide ions,
Eu3*, Tb3*, and Sm3*. After washing, the ions were released with enhancing
solution and detected by time-resolved fluorescence at wavelengths selective for
each ion. Three diabetes related HLA alleles were simultaneously detected with
sensitivities of about 20 amol, 500 amol, and 500 amol for the Eu3*, Tb3*, and
Sm3* labels, respectively,” and cystic fibrosis mutations were detected sim-
ilarly.*® Combinations of the three lanthanide labels were attached to seven
different allele-specific probes and used to type HPV infections.”” Note that
ambiguous results would be obtained if more than one of the seven different HPV
organism types could be present within the same specimen.

Despite the high sensitivity PCR provides for detecting specific DNA se-
quences, PCR was not originally used for quantitative analysis. Variations to the
PCR protocols, however, have lead to more quantitative assays. The use of
internal standards and the reduction in the number of PCR cycles to keep the
reaction in its exponential phase are such variations. Quantitative PCR using an
internal standard and detected by EALL has been described.®® The assay was
found to be linear between 1000 and 200,000 molecules of target DNA. Quantita-
tive PCR for determining chromosome aneuploidies has been implemented by a
different strategy, however, in which chromosome-specific primer sets are used
which encompass highly polymorphic small tandem repeat sequences.*®*' When
primers were labeled with 5-carboxyfluorescein, and the PCR products separated
by electrophoresis on an automated DNA sequencer, fluorescence scans of the gel
identified amplification products of different lengths corresponding to the differ-
ent numbers of repeats. The high degree of polymorphism assures that most
trisomic specimens will show three different length amplification products in 1:1:1
intensity ratios, or two products in a 1:2 intensity ratio. The few specimens
showing a single peak were uninformative. The number of uninformative analyses
could be reduced by amplifying two or three polymorphic loci per chromo-
some.”* Alternatively, primers labeled with a different fluorophore and flanking
anonpolymorphic sequence could be included as a reference intensity for compar-
ison to homozygous products.*’

A variety of other approaches to fluorescence detection of PCR-generated
products have also been tested. Flow cytometric detection of streptavidin-coated
magnetic beads has been reported in which biotinylated PCR primers permitted
collection of the amplification products after hybridization to digoxigenin-labeled
detection probe.*” Fluorescein-labeled anti-digoxigenin antibodies rendered the
complexes fluorescent and magnetic collection simplified the washing procedures
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to remove unbound detection probes and antibodies. In another approach, PCR
and primer extension with fluorescein-labeled primers detected point mutations by
mobility shifts of the products separated by polyacrylamide gel electrophoresis.*®
The mobility shifts resulted from differential incorporation of a biotinylated
nucleoside triphosphate, containing a long-linker arm, which was complementary
to the nucleotide at the site of the mutation. Single base changes were also detected
by endonuclease VII digestion at sites of mismatch created by heteroduplex
formation between amplified reference and amplified sample DNA.* Fluorescein-
labeled primers were used in the PCR amplifications, and gel electrophoresis in a
DNA sequencer with automated fluorescence detection was used to distinguish
the digested from undigested DNA fragments. PCR products have also been
detected by the enzymatic ligation of two DNA probes that hybridize adjacent to
one another on the amplified product strands.*> When one of the two probes was
labeled with a fluorescein derivative, the ligated product could be separated from
unligated probes and detected using an automated DNA sequencer to perform the
electrophoretic separation and fluorescence monitoring. This method proved par-
ticularly useful to detect point mutations at the 3'-terminal nucleotide of the
5'-probe. Detection of two different alleles was achieved simultaneously using
two different 5'-probes labeled with different spectrally distinct fluorophores.
Similar multiplex variations on this format have been reported,%A8 as have
related formats using lanthanide labels and timeresolved detection.*”™

Target amplification and signal amplification have been combined to detect
RNA targets. Transcripts of the BCR-ABL translocation product were amplified
using RT-PCR in which digoxigenin-dUTP was incorporated into the amplifica-
tion products.’’ Biotinylated probe was bound to streptavidin-coated microtiter
wells, and was used to capture the amplified products, which were in turn bound
by AP-conjugated anti-digoxigenin. Detection using EALL and time-resolved
fluorescence could identify BCR-ABL transcripts from one leukemia cell in a
background of mRNA from 500,000 normal granulocytes. Similarly, prostate-
specific antigen mRNA could be detected at a level of 160 molecules.™

Fluorescence hybridization assays using target amplification other than PCR
have included use of 3SR and LCR. In LCR, two pairs of probes are used, the
members of each pair hybridizing to contiguous regions of the same sequence, one
pair to one strand of the target and the other pair to the complementary strand.™ As
such, the probes are complementary to each other, and more importantly, to the
products of enzymatic ligation. For this purpose a thermostable DNA ligase is
added to covalently join each pair of probes together when hybridized to the target
strands. After denaturation, both the original target and the ligated pairs then serve
to bring new pairs of probes together for ligation in a second round of target
amplification, and so forth. In a variation on LCR, the probe pairs are separated
from each other by several nucleotides when hybridized to the target strands and a
DNA polymerase is used to incorporate nucleoside triphosphates to fill the
“gaps,” after which ligase joins the two probes. This Gap-LCR reduces the
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amount of ligation that occurs between probes in the absence of target. For
heterogeneous detection of the amplified product, one member of each adjacent
hybridizing probe pair was labeled with adamantane and the other member was
labeled with carbazole.® The ligation products were captured onto microparticles
coated with anti-carbazole, and after washing were detected with anti-adamantane
conjugated to AP. The AP converted the substrate methylumbelliferone phosphate
into a fluorescent product, thereby combining both target and signal amplification.
DNA containing point mutations could be detected in a 10,000-fold excess of
wild-type DNA.

3SR amplification uses reverse transcriptase to make copies of RNA targets,
primed with a DNA oligonucleotide. Ribonuclease H degrades the RNA portion
of the resulting RNA-DNA duplex leaving the newly synthesized DNA strand.
The new DNA strand is primed by the reverse oligonucleotide primer and reverse
transcriptase extends the primer to form double-stranded DNA. Both primers
contain the T7 RNA polymerase promoter sequence so the resulting double-
stranded DNA also contains this sequence and serves as a template for transcrip-
tion by T7 RNA polymerase. The transcribed RNA is primed, extended, and the
RNA degraded by ribonuclease H as the process begins to cycle isothermally. For
heterogeneous sandwich format detection, the amplification product was captured
onto polystyrene beads via an immobilized oligonucleotide complementary to a
region within the product strands, and hybridized to a detection oligonucleotide
labeled with a lanthanide chelator.”® After incubation with Tb3*, time-resolved
fluorescence measurements could detect 100 molecules of purified E. coli ribo-
somal RNA, or one cell in a spiked sample.

2.3. Homogeneous Hybridization Assays
2.3.1. Non-Amplified Homogeneous Hybridization Assays

In homogeneous hybridization assays, a measurable property of the label
must change upon hybridization of the probe to the target nucleic acid. This has
led to a full exploitation of fluorescence properties in designing the variety of
homogeneous assay formats, including the use of fluorescence quenching, reso-
nance energy transfer, excimer formation, rotational diffusion, translational diffu-
sion, and photon coincidence.

2.3.1.1. Dual Label Formats

The most common sequence-specific homogeneous formats have employed
two labels, at least one of which is fluorescent. The two labels interact to varying
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degrees in a hybridization-dependent manner. In general, the assays are designed
such that the two labels, and their appended nucleic acid probes, are free to diffuse
in solution in one state and are bound close to one another in a second state. When
bound near each other, the two labels can interact in a variety of ways. If the
interactions result in radiationless loss of energy from an excited fluorophore, then
a lowered light intensity is observed relative to the noninteracting state. The
various radiationless processes compete with the emissive decay of the fluoro-
phore as described in Equation 2.1:

© = kJ(k, + ke + ki, + kO] + k) @.1)

where @ is the quantum yield for light emission (photons emitted per photons
absorbed), k, is the intrinsic emissive rate constant of the fluorophore, &, is the rate
constant for internal conversion of energy from the excited state to the ground
state, kiSC is the rate constant for intersystem crossing, kq is the bimolecular rate
constant for collisional quenching, [(Q] is the concentration of a quencher mole-
cule, and &, is the rate constant for resonance energy transfer. Internal conversion
degrades the fluorophore excitation energy to heat via transitions through vibra-
tional levels, while intersystem crossing usually creates an excited triplet state
from the excited singlet state of the fluorophore, which at room temperature in
solution typically leads to radiationless de-excitation instead of phosphorescence.
Resonance energy transfer (also known as long-range, dipole-coupled, or Forster
energy transfer) occurs between the energy donating fluorophore and an energy
acceptor molecule which may be fluorescent or nonfluorescent. The rate constant
for resonance energy transfer is proportional to the inverse sixth power of the
distance separating two molecules (R, in cm), as shown in Equation 2.2:

k., = 8.79 x 10725K20 k= *R=6 [ Fy(\e, (WNN 2.2)
0

where K is an orientation factor (k% = 2/3 for randomly oriented donor and acceptor
molecules in solution), @ is the donor fluorescence quantum yield, &, is the first-
order rate constant for de-excitation of the donor in the absence of energy transfer,
v is the refractive index of the medium, Fp(A) is the normalized emission
spectrum of the energy donor (integrated intensity =1), and &,(\) is the spectrum
of the acceptor’s molar extinction coefficients for absorption, both expressed as
functions of the wavelength, A.56 Efficient energy transfer requires overlap of the
donor’s emission spectrum and the acceptor’s absorption spectrum, as indicated
by the integral term, requiring transitions of comparable energy through which the
energy transfer can occur.

In donor acceptor label pairs selected for good energy transfer, the values
of R, at which energy transfer is as likely as de-excitation in the absence of energy
transfer, are in the range of 30 to 100 angstroms. This may be compared to the 3.4
angstroms spacing between base pairs in the DNA double helix. Therefore, energy
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transfer can occur between label molecules that cannot contact one another, unlike
collisional quenching which requires actual contact between labels. The length of
the linkage between label molecules and DNA, the position of attachment, and
interactions between the labels and DNA must also be considered when estimating
the average separations distance between labels and whether labels may actually
collide with one another.

Collisional quenching and resonance energy transfer both depend upon the
presence of a second molecule and are the basis for several dual label interaction
formats.””*® Figure 2.2 shows assay formats that have taken advantage of label
interactions. The “adjacent probe” format, shown in Figure 2.2A, utilizes two
nucleic acid probes, one labeled with a fluorophore (F) and the other labeled with a
quencher or energy acceptor (Q), that are complementary to adjacent positions on
the target nucleic acid.”* The labels are placed near the 3'-terminus of one probe
and the 5'-terminus of the other probe to assure close proximity of the two labels.
In the case of collisional quenching, hybridization of the two probes to the target
effectively confines the two labels to a very small volume, making [Q] large
enough that kq[Q] dominates the other terms in Equation 2.1, measurably decreas-
ing the fluorescence quantum yield. In the case of resonance energy transfer, R
becomes small enough that &, dominates Equation 2.1 and quenching of the donor
fluorescence is observed. If the acceptor label is also fluorescent, then characteris-
tic emission from the acceptor can accompany donor quenching.

The adjacent label format was first demonstrated using a chemiluminescent
isoluminol label attached to the 5'-terminus of one probe, serving as the energy

Figure 2.2. Dual label probe formats used in homogeneous hybridization assays. Refer to the text for a
detailed description of each format. Vertical lines represent complementary base pairs joined to the
sugar/phosphate backbones (horizontal lines) of polynucleotide strands. *‘F”* represents the primary or
energy donor fluorescent label, and “Q” represents the quencher or energy acceptor label.
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donor, and tetramethylrhodamine serving as the fluorescent acceptor label on the
3'-terminus of the other probe.”’ In the presence of target polynucleotide the
rhodamine fluorescence was found to increase 24%. Similarly, using fluorescein
and tetramethylrhodamine labels, a 71% quenching of the fluorescein emission
was observed in the presence of target.®’ A variation on the adjacent probe format
used two triple helix-forming probes hybridizing to adjacent positions on a
double-stranded DNA target.”*

It may be noted that the response of quenching and energy transfer to target
concentration in the adjacent probe format is maximal when the target concentra-
tion equals that of the probes.™ At higher concentrations the interaction decreases
since the adjacent probes become hybridized to different target strands. This
response characteristic can lead to ambiguity in assessing target concentration
unless two or more target dilutions are tested in order to determine on which side
of the maximum the target concentration lays.

A second interacting label format, shown in Figure 2.2B, uses one labeled
probe and a double-helix-specific nucleic acid binding dye. The dye is added at a
concentration that assures a dye molecule will be bound within several base pairs
of the probe label when the probe is hybridized to the target. This approach was
demonstrated with an energy donating isoluminol-labeled probe and the intercala-
tor, ethidium bromide.*’ Correspondence between absorbance hypochromicity
measurements at 260 nm and ethidium bromide fluorescence proved that the
energy transfer from the isoluminol to the intercalator was a direct result of the
probe hybridizing to the target. In a similar experiment, the binding dye, acridine
orange, served as the energy donor to a tetramethylrhodamine probe label, and
melting curves were again used to verify the sensitivity of the energy transfer to
hybridization.®"

Figure 2.2C shows the “complementary probe pair” format in which two
labeled probes have complementary sequences.”’ Following denaturation of target
and probes, the complementary probes strands compete for hybridization to each
other and to the target strands. At high target concentrations the probes are
hybridized primarily to target strands and the labels are prevented from interact-
ing. Atlow target concentrations the probes are primarily hybridized to each other,
thereby allowing their labels to interact. The competitive assay format was dem-
onstrated with a variety of labels on the 3'-terminus of one probe and the
5'-terminus of the other probe.””® This labeling arrangement allows the two
labels to collide. Both energy transfer and collisional quenching were observed,
depending upon the label combination and the manner in which the labels were
attached to the DNA probes, although collisional quenching was more com-
mon.”™® Work with adjacent probes has indicated that the two labels should be
separated by a several nucleotide distance in order to favor the energy transfer
mechanism.*

Unlike the adjacent probes format, in the complementary probe pair format
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quenching and energy transfer decrease steadily as target concentration increases,
with a midpoint in the response occurring at a target concentration equal to the
probe concentration. Measured fluorescence values were fit well by the predicted
relationship in Equation 2.3:

[T1-P2J/[P1-P2], = [T1-T2]/([P1-P2], + [T1-T2],) (2.3)

where [P1-P2], and [T1-T2], are the initial concentrations of complementary
probes and target prior to denaturation, respectively, and [T1 - P2] is the concentra-
tion of probe-target hybrids following competitive hybridization.”®** Plasmids
containing an E. coli enterotoxin gene target could be distinguished from back-
ground fluorescence at concentrations down to 4 pM when 5 probe pairs comple-
mentary to different portions of the target were each present at a concentration of
20 pM.*

Energy transfer between 5'- and 3'-labels was also demonstrated using
lumazine donor labels and a ruthenium II metal complex as the energy acceptor
label.®® Ru IT emission increased 110% when the probes were allowed to hybridize
to one another. Sixty-three percent quenching of a 5'-fluorescein label on one
probe by a 5'-tetramethylrhodamine label on a complementary probe was also
reported.m It should be noted, though, that use of two 5"-labels restricts the assay
to fairly short probes in order to obtain effective label interaction.

A variation on the complementary probe pair is the so called “molecular
beacon” in which one end of the complementary probe pair has been joined
together to form a hairpin, as shown in Figure 2.2D.%” The region of the hairpin
complementary to the target nucleic acid forms the loop and is accessible for
hybridization. The stem and loop size and base compositions are selected so that
the hairpin structure predominates in the absence of target, but in the presence of
target hybridization of the loop region to target predominates. In the closed
hairpin, the 3'- and 5'-terminal labels interact to quench fluorescence, as in
complementary probe pairs. Hybridization to target serves to open the hairpin
structure and separate the terminal labels. The rapid intramolecular rate of hairpin
closure might appear to offer advantages over two probe formats. At the concen-
trations beacons are generally used (e.g., 0.3 uM), however, the rate of linear
probe-to-probe hybridization is also fast (e.g., 2 x 107 M~! s~1 at 37°C)™® and
would be essentially complete in several seconds. Probe-to-target hybridization
rates should be similar for both hairpin and complementary linear probes at the
same concentration. The added structure of the hairpin probe, however, has been
shown to be important in detecting point mutations.®*® While hairpin probes and
linear probe pairs showed similar melting temperatures with perfectly base-paired
targets, the hairpin probe displayed a lower melting temperature with targets
containing a single base mismatch, relative to linear probes.

Assays based on fluorescence quenching can produce a false positive result if
the specimen contains sufficiently high levels of an endogenous quencher species.
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Assays based on energy transfer can identify the presence of endogenous
quenchers if both donor and acceptor fluorescence are measured. This is because
quenching of the donor fluorescence must be accompanied by a corresponding
increase in acceptor fluorescence if the intended energy transfer reaction is the
only process occurring. Unfortunately, energy transfer is monitored often by
measuring the donor fluorescence alone, either because the acceptor label is
nonfluorescent, or because the acceptor fluorescence resulting from energy trans-
fer is small compared to background acceptor fluorescence resulting from direct
absorption of the excitation light. A method for discriminating against this back-
ground acceptor fluorescence was demonstrated in an immunoassay format, and
combined the use of a long-lifetime donor fluorophore with a short-lifetime
acceptor fluorophore.” In this situation, the decay of excited acceptor molecules
following a short pulse of excitation light is given by Equation 2.4:

A% = k Dok, — ky — k) "exp{—(ky + k)i}
—exp{—k,}] + A *exp{—k,t}

where A* is the number of excited acceptor fluorophores present at time, f,
following the light pulse, A,* and D* are the numbers of excited acceptors and
donors initially formed (¢ = 0), k, and k, are the respective rate constants of
acceptor and donor de-excitation in the absence of energy transfer, and exp {x}
= ¢*. The terms in this equation have been grouped to reflect excited acceptor
fluorophores formed by direct absorption of the excitation light pulse, in the last
term, and the excited acceptor fluorophores formed by energy transfer, in the
preceding term. Following the excitation pulse, excited acceptor molecules pro-
duced by absorption of the excitation light decay rapidly and the last term
becomes small compared to the preceding term. New excited acceptor fluoro-
phores are generated from the longer-lived donor fluorophores, providing the
appearance of long-lived acceptor fluorescence. By gating the fluorescence detec-
tor, emission from the acceptor fluorophores at short times following the excita-
tion pulse can be ignored, and only the longer-lived acceptor fluorescence is
integrated, thereby providing the needed discrimination against the background
acceptor fluorescence. A variation on this time-resolved energy transfer method
uses a long-lived donor fluorophore, with a low quantum yield, and a short-lived
acceptor fluorophore, with a high quantum yield, such that energy transfer pro-
duces an increase in total light emission, in addition to allowing discrimination
against directly excited acceptor fluorescence.”’

Interactions between labels other than quenching and energy transfer have
been proposed as the basis of homogeneous assays. Excimers, complexes formed
between an excited state molecule and a ground state molecule of the same
compound, were applied to the adjacent probe format using 3'-pyrene and
5'-pyrene-labeled probes.”>7® In the absence of the target nucleic acid, the two
probes exhibited fluorescence characteristic of the pyrene monomer (3 narrow

2.4)
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emission peaks between 370 and 430 nm) since few pyrene labels would collide
within the lifetime of the pyrene excited state. In the presence of target, the pyrene
labels were brought together, and excimer fluorescence was observed (broad
emission centered near 490 nm). Exciplexes, formed between an excited state
molecule and ground state molecule of two different compounds, could similarly
form the basis of an assay.

Another form of label interaction was demonstrated using a lanthanide label
and time-resolved fluorescence,” again in the adjacent probe format. A strong
metal chelator was used as the 5'-label of one probe, and a weaker but light
absorbing chelator was used as the 3'-label of the second probe. The strong
chelator held the Th3* ion tightly in single- and double-stranded forms, while the
weaker light-absorbing chelator only bound the Tb** when the two were brought
together by the presence of the target nucleic acid. Once complexed, light ab-
sorbed by the one chelator could efficiently excite the Tb3*+ producing the charac-
teristic lanthanide emission.

A dual label assay format that does not require label interactions has been
demonstrated using the coincidence of photons detected from the two different
probe labels.” Since interaction is not utilized, the two labeled probes are not
restricted to hybridizing at adjacent positions on the target strand, but can hybrid-
ize at any two positions on the same strand. A flow system, similar to those used
for single molecule detection, was modified with two detection channels for
coincidence detection of the two different probe labels. Pulsed laser light (70 ps
pulse width at 82 MHz) was focussed to a 10 pm spot on a flow cell through which
the assay solution was pumped at a rate of 87 wm/s. The probe concentration was
such that there was a very low probability that two probes free in solution would
traverse the 10 wm excitation region simultaneously. Under these conditions, only
target molecules would be detected by the coincidence of photons emitted from
the two different fluorophores, as they passed through the light beam together.
Using rhodamine 6G and Bodipy-TR labels on probes specific for a B. thuringien-
sis toxin trans gene, one transgene per maize genome (3 billion base pairs) could
be detected.

2.3.1.2. Single Label Formats

Several single label homogeneous assay formats have been described in the
literature. Without the presence of a second label, single label assays rely solely on
the ability of the target DNA to substantially alter a property of the label fluores-
cence. Some fluorescent labels have been shown to exhibit large fluorescence
quantum yield changes upon hybridization to target nucleic acid. Pyrene labels
have exhibited both fluorescence increases and decreases depending upon where
the label is attached and the length and flexibility of the linker arm.”® In some cases



Fluorescence in Nucleic Acid Hybridization Assays 89

this may be due to intercalation of the pyrene into double-stranded nucleic acids.
In other cases it may be due to interaction with specific nucleic acid bases, for
example, through electron transfer via the pyrene excited state, or due to changes
in the polarity of the pyrene environment. Two studies reported quenching of
pyrene fluorescence when a pyrene labeled probe was hybridized to target poly-
nucleotide. In one of the studies, pyrene label fluorescence was reduced 75% by
probe-to-target hybridization.”” In the other study, pyrene fluorescence was re-
duced 81% to 99% by hybridization to target, depending upon the particular probe
sequence and length.”® In this latter work, the pyrene label was particularly
sensitive to quenching by thymidine bases, in either the probe strand or target
strand. To take advantage of this, probes should be selected to be as short as
possible with adenosine nucleotides located near the position of pyrene attach-
ment in order to maximize the pyrene quantum yield of the single-stranded probe
and maximize quenching in the hybridized state. Quenching of fluorescein emis-
sion upon hybridization of labeled probes to complementary DNA has also been
reported.”” Similarly, an intercalator dye, oxazole yellow, which shows en-
hanced fluorescence efficiency upon intercalation, has been used as a covalently
attached probe label to provide enhanced fluorescence intensity in response to
hybridization.®’

Another fluorescence property that can respond to hybridization is fluores-
cence polarization. In a fluorescence polarization experiment, polarized light is
used to preferentially excite molecules that have their absorption transition mo-
ments aligned with the electric vector of the polarized excitation light. If the
molecules are rotating slowly with respect to the lifetime of their excited states,
then fluorescence is expected to be polarized also. Polarization, p, is defined in
Equation 2.5:

p= (Ipar - Iperp)/(lpar + Iperp) 2.5)

where I, .is the fluorescence intensity measured at 90° to the excitation light path
through a polarizer oriented parallel to the polarization of the excitation light, and
e is the fluorescence intensity measured through the polarizer rotated 90°
relative to the first measurement. Rotation of the molecule within the lifetime of
the molecule’s excited state tends to depolarize the emission. This is because the
angular positions of the transition moments at the time of emission become rotated
relative to their positions at the time of light absorption. The faster the rotation of
the molecule, the lower the polarization of the emitted light, until Ipa P = Iperp, at
which point the fluorescence is completely depolarized and p = 0. Larger mole-
cules are expected to rotate slower than smaller molecules, and the relationship
between the effective molecular volume, V, and the fluorescence polarization is

described by Equation 2.6:
lp = Vs =(ip, = M1 + (RT1)/(mV)] (2.6)
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where R is the gas constant, 7" is the absolute temperature, 7 is the solvent
viscosity, T, is the lifetime of the excited state, and p,, is the limiting value of the
label’s fluorescence polarization, determined in the absence of rotation.?’ The
value of p, depends upon the angle between the absorption and emission transition
moments and has a maximum value of 0.5 for colinear transition moments, and
—Vs for perpendicular transition moments.*?

Hybridization of probe to target can be viewed as increasing V, since the
entire hybridized complex is larger than the probe alone and, therefore, should
rotate at a slower rate. The freedom of the label to rotate about its linkage to the
probe, however, can reduce the effect of the slower overall rotation of the com-
plex. Therefore, more rigid linkages to the probe, or other restrictions to the label
motion, can accentuate the change in label rotational diffusion resulting from
hybridization.

The effect of probe-to-target hybridization on fluorescence polarization has
been demonstrated using fluorescein labels attached to DNA oligomers.**™ In one
study p increased from about 0.06 for probe alone to 0.09 in the presence of target
DNA.* It may be noted that these p values correspond to ratios of the two
polarization components, Ipmjl perp? of 1.13 and 1.20, respectively, which would
require a high degree of instrument precision and low levels of background
interference to accurately differentiate at low probe concentrations. With 1 nM
probe concentration, a detection limit of about 0.1 nM target was estimated.
Increased polarization has been obtained by incorporating a binding site into the
probe sequence for the double-strand-specific DNA binding protein, Eco R1.53
Polarization of the probe fluorescence went from about 0.054 in the absence of
target, to 0.082 in the presence of target, and to 0.105 in the presence of target and
protein (p values converted from anisotropy values in original article).

Probe translational diffusion rates are also sensitive to molecular size and this
sensitivity has been combined with autocorrelation measurements to detect the
presence of nucleic acid targets. Using focussed laser light on a droplet of
sample, translational diffusion rates of 0.166 and 0.181 ms were measured for
Bodipy and tetramethylrhodamine labeled DNA oligomers (18 nucleotide length),
respectively. These diffusion rates increased to 2.94 and 2.86 ms, respectively, in
the presence of M13mpl8(+) strand DNA (7.5 kb). Because of the extremely
small volume interrogated by the focused laser beam, single molecule detection is
possible, however, it should be noted that this corresponds to nanomolar target
concentrations. As with other microvolume techniques, the target must be concen-
trated into the microvolumes in order to fully realize the assay potential.

Homogeneous assays are generally less sensitive than heterogeneous assays.
This is because homogeneous assays require a detectable change in a fluorescence
property to signal the presence of the target nucleic acid. This change is never
100% complete. For example, in the complementary probe format, excellent
quenching levels of 90 to 99% have been achieved in fluorescence quenching
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assays, however, 10 to 1% of the unmodified signal still remains. At 1 nM probe
concentration, in the absence of target, the unmodified signal would be equivalent
to 100 to 10 pM target concentration. Reducing the probe concentration increases
the assay sensitivity, but also decreases the rate of hybridization. Assays of several
minutes at 1 nM probe concentration become hours at 10 pM probe concentration.
Practically speaking, homogeneous assays can provide femtomole or higher levels
of target sequence detection, assuming assay volumes of 0.1 to 1 ml. Of course,
very small assay volumes can be used to improve the detection limits, if efficient
methods of sample concentration are available. For clinical relevance in infectious
disease testing, however, attomole detection levels are desirable. In light of these
facts, it has been reasoned that homogeneous detection methods are best applied to
the detection of amplified polynucleotide targets.””*

2.3.2. Amplified Homogeneous Hybridization Assays

In general, target amplification reactions are homogeneous by nature and
coupling with a homogeneous hybridization system for detecting the amplified
target can provide a completely homogeneous amplified hybridization assay. The
higher sensitivity of heterogeneous detection systems for target amplification is
not often needed since target amplification can routinely produce million- to 100
millionfold amplification of target sequences. Signal amplification is not ad-
dressed here since it is by nature typically a heterogeneous process.

2.3.2.1. Dual Interacting Label Formats

Sequence-specific detection of amplified PCR products in a homogeneous
format was first performed with fluorescence quenching in complementary probe
pairs.** After completion of 25 cycles of PCR, the probe pair, 5-labeled with
fluorescein and 3'-labeled with quencher (pyrenebutyrate), was mixed with the
PCR solution, the solution heated to denature and then cooled to permit competi-
tive hybridization. Fluorescence intensity versus the input number of A phage
DNA target molecules showed a detection level below 100,000 molecules, in this
early example.

End point detection of PCR products, as was done in the competitive probe
assay and in heterogeneous detection assays, has the drawbacks that extra sample
manipulation is required and contamination of other reactions with the amplified
PCR product is possible. An assay format developed specifically for detecting
PCR products can potentially circumvent this problem by utilizing the 5'-to-3’
exonuclease activity of DNA polymerase, as shown in Figure 2.3A.% A dual
labeled probe, complementary to the amplified sequence and internal to the
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Figure 2.3. Dual label formats developed for use in amplified homogeneous hybridization assays
using DNA polymerases. Refer to the text and the caption to Figure 2.2 for a detailed description of the
assay formats.

priming sites, was added to the amplification mixture prior to temperature cycling.
One label was attached to the 5'-terminus of the probe and a second label was
attached several nucleotides internal to the 5-terminus. During the priming step,
primers and probe both hybridized to targets strands. When primer extension
began, the polymerase would extend the primer until it reached the probe. At this
point the polymerase would digest the probe using its 5'-to-3' exonuclease activ-
ity, thereby separating the two labels and relieving quenching of one label by the
other. By using two probes, each with a spectrally distinct fluorescing label, wild
type target or target containing a point mutation could be detected in the same
amplification reaction. Fluorescence could be measured at the end of the reaction,
or in later work, could be monitored continuously throughout PCR using a
thermocycling instrument with fluorescence excitation and detection capability. In
either situation, it is possible to measure fluorescence without opening the reaction
tube, thereby preventing possible contamination of other samples with the ampli-
fied product.

The 5'-to-3' nuclease format has been used in a variety of assays. Examples
of the 5'-to-3" nuclease format utilizing endpoint detection of fluorescence
quenching include sequence-specific priming for HLA typing,*” quantitative anal-
ysis of c-erbB-2 oncogene amplification,* detecting a single-base polymorphism
in Orthopoxvirus,” and detecting a number of human papillomavirus virus geno-
types in cervical specimens.” Measurement of fluorescence at each amplification
cycle has been used in quantitative PCR to quantify myc, ccndl, and erbB2 gene
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amplification in breast tumors,”’ and has been used in RT-PCR to quantify the
cystic fibrosis transmembrane receptor (CFTR) mRNA in support of a gene
therapy project.92 With fluorescence measured at each cycle, quantitative PCR can
be based on the cycle number at which fluorescence first starts to rise above
background fluorescence (kinetic PCR), before the PCR reagents become limit-
ing. Standard curves can be generated from plotting known amounts of input
target versus the cycle number at which the fluorescence rise is first detected.
DNA regions of known copy number can also be used as internal standards.

The molecular beacon hairpin probe was initially developed around PCR,
although it has also been applied to nonamplified assays, such as targeting 16S
ribosomal RNA from ruminal bacteria.”® In PCR applications, fluorescence
quenching is generally measured at each cycle. Examples of hairpin probes used
in PCR assays include detecting drug resistance in Mycobacterium tuberculosis,”
and the simultaneous detection of four different pathogenic retroviruses.” In the
latter study four different hairpin probes were labeled with four spectrally dis-
tinguishable fluorophores: fluorescein, tetrachloro-6-carboxyfluorescein, tetra-
methylrhodamine, and carboxyrhodamine 6G. The quencher label on all hairpin
probes was the nonfluorescent 4-(4'-dimethylaminophenylazo)benzoic acid. Ten
retroviral genomes could be detected and 10 copies of one retrovirus could be
detected in the presence of 100,000 copies of a second retrovirus.

The 5'-to-3' nuclease assay and the hairpin probe assay formats showed that
PCR could proceed effectively in the presence of hybridization probes. In fact, the
older adjacent probe assay format has since been used to continuously monitor
amplification during PCR.* Likewise, it should be possible to use the comple-
mentary probe pairs in the same manner.

Two other assay formats have been developed in conjunction with primer
extension by DNA polymerase that occurs during PCR or subsequent to PCR. In
one format, shown in Figure 2.3B, a primer labeled with Cy5 near the 3’ terminus
was used together with a 3'-fluorescein-labeled oligomer that was complementary
to the sequence of the extended primer adjacent to the primer sequence.”” Hybrid-
ization placed the two labels near one another, similar to the adjacent probe
format, and energy transfer from fluorescein to Cy5 was indicative of primer
extension. If the oligomer was complementary to a sequence that might contain a
single base change, a fluorescence melting curve served to differentiate the target
containing the mismatch from the perfectly matched target. In this manner,
patients homozygous and heterozygous for factor V Leiden were genotyped.
Similarly, patient samples were genotyped for the C677T base substitution in the
methylenetetrahydrofolate reductase gene.’®

In the second assay format, depicted in Figure 2.3C, a fluorescein-labeled
primer was complementary to a sequence adjacent to the location of a single
nucleotide polymorphism on an amplified target strand.”” Primer extension reac-
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tions run in different tubes, each labeled with a different 6-carboxy-x-rhodamine-
labeled dideoxynucleoside triphosphate, incorporated the energy acceptor label
only if the target contained the complementary nucleotide. Energy transfer from
fluorescein to rhodamine indicated which polymorphism was present. This assay
format was used to detect mutations in the CTFR gene, the human leukocyte
antigen H gene, and the tyrosine kinase receptor protooncogene.'®

Another approach to detecting amplified PCR products is to use dual interact-
ing labels on PCR primers. One such format used a primer strand that could form a
hairpin structure, shown in Figure 2.3D, placing two labels next to one another,
similar to the dual-labeled hairpin probe, resulting in quenching of the fluores-
cence of one label by the other.'®" The priming sequence extended beyond the stem
of the hairpin on the 3’-portion of the primer. The priming region of the probe
hybridized to the target and was extended by DNA polymerase. In the next cycle
of PCR, the opposite end of the newly synthesized fragment was primed and
extended by polymerase, eventually reaching the incorporated hairpin primer,
displacing the stem structure and opening up the hairpin. Primer incorporation into
product is signaled, therefore, by increased fluorescence. A related primer format
used two complementary oligomers, instead of a single hairpin-forming strand,
much like the complementary probe pair format.'”> Again the priming region
extended beyond the complementary probe, and primer extension eventually
resulted in displacement of the complementary labeled strand, thereby decreasing
energy transfer between fluorescein and Texas Red labels on the complementary
oligomers.

It should be noted that both of these labeled primer approaches only measure
incorporation of primer into a double-stranded product. The amplified sequence
between the primers is not being interrogated. As such, the labeled primer ap-
proaches may be susceptible to a higher level of false positive results, since
nonspecific priming of the specimen DNA, or primer-to-primer hybridization, will
result in primer incorporation that is not indicative of the intended target sequence.
An approach which combines a hairpin primer with interrogation of the amplified
sequence has been described.'” As in the molecular beacon, fluorophore and
quencher labels on opposite sides of the stem structure interact to reduce fluores-
cence in the absence of target. In this embodiment of the hairpin primer, a
polymerase-blocking linkage between the primer sequence region and the hairpin
stem region prevents opening of the hairpin structure due to second strand syn-
thesis. The loop region of the hairpin primer is selected to be complementary to a
region of the extended hairpin primer, just to the 3'-side of the priming sequence.
Thus, after synthesis of the new strand, and denaturation, the loop region under-
goes intramolecular hybridization to the newly synthesized region, forming a
larger hairpin loop structure and opening the original stem region. This separates
the fluorophore and quencher labels, thereby increasing fluorescence specifically
in response to the amplified sequence.



Fluorescence in Nucleic Acid Hybridization Assays 95
2.3.2.2. Single Label Formats

Isothermal SDA reactions have been developed using fluorescence polariza-
tion of single labels to detect the amplified target sequences. In SDA, copies of
target strands are continuously displaced from their templates by DNA poly-
merase extension of restriction enzyme-nicked sites.* Fluorophore-labeled oli-
gomers are added which are complementary to the amplified strands. As the
number of amplified strands increases, an increasing fraction of the fluorescent
oligomers hybridize to the larger targets, resulting in measurable increases in the
polarization of the label fluorescence, due the slower rotation of the target-probe
complex. Binding of protein to the target-probe complex, via introduction of an
EcoR1 restriction site and addition of a cleavage defective EcoR1 restriction
enzyme, was found to increase polarization further.'™ Examples of SDA ampli-
fication monitored by increases in fluorescence polarization include detection of
as few as 10 genomes of Mycobacterium tuberculosis,'">'* and detection of
Chlamydia trachomatis DNA.'"

Fluorescence polarization has also been applied to monitoring PCR ampli-
fication products.'® Fluorophore-labeled oligomers complementary to the ampli-
fied products were included in PCR solutions. As with SDA, increases in the
amplified product resulted in increased polarization of the label fluorescence. This
method was applied to genotyping with respect to the AF508 mutation in cystic
fibrosis.

A single label format using fluorescence correlation analysis has also been
reported for detecting amplification in PCR.'” A fluorophore-labeled DNA oli-
gomer that hybridized to the amplified product between the primer sequences was
included in the PCR solution at a fairly low concentration (nanomolar). When the
amplified product built up to a sufficient concentration, hybridization of the
labeled probe to amplified target became appreciable, and the DNA polymerase
also extended the labeled probe to form a higher molecular weight labeled
product. The presence of amplified target was then detected as the accumulation of
the slower diffusing fluorescent strands. In this manner Mycobacterium tuber-
culosis genomic DNA was detected down to 10 target molecules.

2.3.2.3. Nucleic Acid Binding Dyes

Nucleic acid binding dyes include dyes which bind to the major or minor
grooves of helical nucleic acids or intercalate between the nucleotide bases. Many
of these binding dyes show large increases in their fluorescence quantum yields
upon binding to nucleic acids, such as the double-strand-specific intercalator dye,
ethidium bromide. Dyes such as ethidium bromide have been used to measure
nucleic acid concentrations for decades, but although they often have some base
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composition specificities, they have not been useful for identifying the presence of
specific nucleic acid sequences. In PCR amplification, however, sequence speci-
ficity is provided by the oligonucleotide primers, and production of double-
stranded product can be monitored by double-strand specific DNA binding dyes.

By including ethidium bromide in a PCR reaction and continuously monitor-
ing fluorescence, the increase in amplified PCR product could be detected as a
function of PCR cycle number''® The cycle at which the intercalator fluorescence
became detectable above background fluorescence correlated with the input num-
ber of HIV template molecules over six orders of magnitude down to 100 target
strands. This not only provided a kinetic method of quantitative PCR, but also
provided a sealed system which minimized potential contamination problems
from release of amplified PCR products. Using the double-strand-specific dye
SYBR Green I, a human B-globin gene fragment could also be detected in a range
between one billion and 100 input target molecules.” Similarly, hepatitis ¢ viral
RNA was measured using RT-PCR in the presence of the intercalator, YO-
PRO-1.""" In a different approach, PCR was performed with primers that incorpo-
rated a T7 polymerase promoter into the amplified product, and the product was in
turn transcribed, producing a double-stranded RNA product detected by pro-
pidium iodide intercalation."? PCR using competitive PNA primers and SYBR
Green I to detect point mutations (PNA clamping) was reported in the identifica-
tion of hereditary hemochromatosis.'"

One major weakness in the use of double-strand-specific nucleic acid binding
dyes to detect PCR amplification products is that unintended amplifications of
nontarget sequences can occur, and double-stranded primer dimers often result
from partial hybridization of primers to one another. The binding dyes would not
discriminate between these nontarget products producing false positive results.
One approach to circumventing this problem was to perform DNA melting curves,
monitoring the dye fluorescence, to differentiate the amplified target sequences by
their characteristic melting temperatures.'' This also formed the basis of a multi-
plex PCR where multiple amplified products could be simultaneously distin-
guished by their individual melting temperatures.

2.4. Conclusions

Fluorescence has provided a large variety of DNA hybridization assay for-
mats, both heterogeneous and homogeneous. Heterogeneous formats offer high
sensitivity, with time-resolved lanthanide fluorescence providing detection down
to 0.01 amol, or about 6000 molecules of target nucleic acid. With amplification,
the detection limit drops to the tens or hundreds of molecules, or even the single
molecule level. For many applications amplification would not be necessary. The
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variety of environment-sensitive fluorescence properties available makes fluores-
cence particularly valuable to homogeneous assays where measurable properties
must change in response to hybridization. Homogeneous assays conserve time and
labor, but suffer in sensitivity due to fundamental constraints on probe concentra-
tion. Homogeneous assay detection levels are closer to the fmol or 0.1 fmol level.
Since homogeneous assay detection levels are limited by probe concentration,
sensitivity would increase tremendously if sample analytes could be concentrated
into microvolumes, thereby providing amol or lower detection levels. Combining
hybridization assays with amplification, however, provides 10 molecule or lower
detection levels to even homogeneous assays. Since target amplification methods
tend to be homogeneous, combination with a homogeneous detection system
provides a completely homogeneous high sensitivity assay that can be performed
in sealed vessels, thereby reducing the risk of sample cross contamination. Given
the wide range of assay formats already demonstrated in fluorescence approaches
to hybridization assays, it should be relatively easy to tailor either a heterogeneous
or homogeneous assay to any particular need.
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Energy Transfer Fluorescent Labels
for DNA Sequencing and Analysis

Jin Xie, Su-Chun Hung, Alexander N. Glazer,
and Richard A. Mathies

3.1. Introduction

Fluorescence resonance energy transfer (FRET) is a photophysical process where
the excited-state energy of a donor fluorophore is transferred to an acceptor
fluorophore through a resonance dipole—dipole interaction between the donor and
the acceptor. This form of sensitized fluorescence has been widely exploited as a
“spectroscopic ruler” to determine proximity relationships between donor and
acceptor labels bound to biological structures." FRET has been exploited for a
variety of labeling applications in polymer science, biochemistry, and structural
biology. In particular, the concept of FRET has been invaluable in the develop-
ment of a variety of new analytical methods, instruments, and reagents for high-
speed and high-throughput analyses of nucleic acids which has been driven by the
Human Genome Project.” A central challenge in this project has been the enhance-
ment of DNA sequencing capabilities to the gigabase-per-year level. Two key
technologies have contributed to the recent improvements that have made it
feasible to advance the target date for sequencing the human genome: capillary
array electrophoresis’ and energy-transfer (ET) sequencing reagents.” By ex-
ploiting the unique spectroscopic properties of FRET, Ju and coworkers® devel-
oped this new class of high-performance fluorescent labeling reagents, thereby
defining a new labeling paradigm for DNA sequencing and analysis. Their work
was the first to exploit energy transfer concepts in the design of fluorescent labeled
primers to overcome the limitations imposed by the use of single dye-labeled
primers and terminators.”® Since the initial conception of ET primers, several
alternative ET primers as well as ET terminators have been developed, including
cyanine-donor based ET primers,” dipyrrometheneboron (BODIPY) based ET
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primers,'® DYEnamic™ ET primers and terminators by Amersham Biosci-
ences,”'" and BigDye™ primers and terminators by PE Applied Biosystems.'>"?

This chapter will present an overview of recent advances in the design,
synthesis, and application of ET fluorescent primers and terminators for DNA
analyses, including sequencing, fragment sizing, and short tandem repeat (STR)-
based cancer diagnosis. Brief introductions of the design and synthesis of univer-
sal ET cassettes for facile construction of ET-labeled primers, as well as the
synthesis and potential applications of biotinylated ET cassettes for bioanalysis
will also be discussed. Finally, a new homogeneous DNA diagnostic assay based
on template-directed primer extension detected by FRET will also be presented.

3.2. Theory of Fluorescence Resonance Energy Transfer

FRET occurs when an excited donor moiety transfers energy nonradiatively
to an acceptor moiety by long-range resonance coupling between the transition
dipoles of the donor and the acceptor. No photons are “passed” between the donor
and the acceptor. Each dye moiety acts like a classical dipole antenna and the
energy is directly transferred. The fluorescence intensity of the donor emission is
reduced dramatically due to the energy transfer; the acceptor is promoted to its
excited state and emits sensitized emission.

According to the Férster theory,'* the rate of energy transfer (k;) from the
excited singlet state of a donor to an acceptor is described by the following
equation.

ky = (8.71 x 102)Jk%k n*R~6 (in s71) 3.D

Here, R is the distance between the centers of the donor and the acceptor, and
the energy transfer rate is dependent on 1/R6."> k2 is the orientation factor for
dipole—dipole interaction, the average value of k?is 2/3 for a random orientation
between the chromophores. The refractive index, n, of the medium between the
chromophores is generally taken as 1.33 in aqueous solution, & is the rate constant
for fluorescence emission ofthe donor, and J is the spectral overlap integral, which
is proportional to the overlap in the emission spectrum of the donor and the
absorption spectrum of the acceptor.

If the donor of the donor-acceptor pair is excited, three processes can occur
simultaneously: energy transfer from the donor to the acceptor (k;), donor fluores-
cence emission (k;), and nonradiative decay (k) as indicated in the scheme below,
where D is the donor, and A is the acceptor chromophore. In order to have efficient
energy transfer, k, needs to be much faster than the rates of other processes that
compete for the excited state of the donor. The power of FRET for the develop-
ment of new fluorescent reagents arises in large part from the ability to tune
independently the distance between the donor and the acceptor, and the absorption
and emission properties of the FRET-coupled dyes so that k,. can be optimized.
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3.3. Sanger Dideoxy Chain-Termination Sequencing

The Sanger dideoxy chain-termination method'® is the most popular method
used in large-scale DNA sequencing. Sanger sequencing methodology can employ
fluorescence detection by labeling either primers’ or terminators.® Fluorescence
detection is attractive because it eliminates the use of radioactive reagents and it
can be readily automated. Figure 3.1 presents the strategy of the Sanger dideoxy
chain-termination method for DNA sequencing using dye-labeled primers. Four
sequencing reactions are set up, one for each base. Each reaction mixture contains:
DNA template; one of the four dye-labeled primers; thermostable DNA poly-
merase; four deoxyribonucleoside triphosphates (dANTPs); and one of the four
2'3'-dideoxynucleoside triphosphates (ddNTPs). The synthesis starts at a specific
priming site by using a complementary dye-labeled primer. Extension of the new
complementary DNA chain ends with the incorporation of a ddNTP terminator,
since it lacks the 3-hydroxyl terminus needed to form the next phosphodiester
bond. By adjusting the ratio of ddNTP to dNTP, a random distribution of DNA
fragments of various lengths can be produced. At this point, the fragments can
either be pooled and sequenced, or they can be carried through another 20-30
cycles of thermal denaturation, annealing, and extension/termination to increase
signal levels. Four sets of chain-terminated reaction mixtures are then combined
and electrophoresed together through a sieving matrix. The DNA fragments
terminating with the four ddNTPs are identified by their four distinct fluorescence
emissions. The order of these fluorescence signals directly gives the base se-
quence.

3.4. Energy-Transfer Fluorescent Primers

For high-throughput and high-accuracy DNA sequencing, an “ideal” set of
four fluorophore labels would need to embody the following properties: (1) the
dyes should have similar, high molar absorbances at a common excitation wave-
length; (2) they should exhibit strong and well-separated fluorescence emissions
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Figure 3.1. The Sanger dideoxy chain termination method and cycle sequencing procedures.

with high fluorescence quantum yields; and (3) ideally, there should be minimal
differential mobility shift of the DNA sequencing fragments resulting from the
four dye labels.

Fluorescein and rhodamine derivatives (Figure 3.2) are the dyes traditionally
used for single-dye labeled primers: FAM (or F), 5-carboxyfluorescein; JOE (or J),
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Structure Dye Solvent Amax Emax Emax
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Figure 3.2. Spectroscopic properties of fluorescent dyes used for sequencing.
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Figure 3.3. Relative fluorescence emission spectra of FAM, R6G, TAMRA, and ROX. Emission
spectra were determined with equimolar solutions of dyes in 1 x TBE containing 7 M urea with
excitation at 488 nm.

2'7'-dimethoxy-4',5"-dichloro-6-carboxyfluorescein; TAMRA (or T) N,N,N'N"-
tetramethyl-6-carboxyrhodamine; and ROX (or R), 6-carboxy-X-rhodamine. Figure
3.3 presents the emission spectra of equimolar solutions of these four dyes follow-
ing the excitation at 488 nm. 6-carboxyrhodamine 6G (R6G or G) can be used in
place of JOE because it exhibits preferable spectroscopic and electrophoretic
properties.'” Even though these four dyes have high extinction coefficients, and
fluorescence quantum yields with well-separated emissions (wavelengths 525,
555, 580, and 605 nm for FAM, R6G, TAMRA, and ROX, respectively), they
poorly satisfy the two spectroscopic criteria mentioned above. The four dyes
cannot be excited efficiently at a common wavelength. When excited at 488 nm,
TAMRA and ROX exhibit very weak emission; the relative emission intensity of
ROX at its maximum wavelength is about 27-fold weaker than that of FAM. Many
researchers have been forced to employ dual wavelength excitation systems (488
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and 514 nm) to compensate this deficiency.'®!’ Nevertheless, TAMRA and ROX
are still excited much less efficiently at either wavelength than FAM or R6G
because of their very weak molar absorbances at 488 and 514 nm. Moreover,
fluorescein and rhodamine derivatives have different chemical structures with
different charges, which make it difficult to match the electrophoretic mobilities of
the DNA sequencing fragments.”*

The development of ET fluorescent primers successfully addressed all
the shortcomings imposed by the single dye-labeled primers. A schematic repre-
sentation of a set of ET primers is presented in Figure 3.4. Each primer can be
assembled by employing standard solid-phase phosphoramidite chemistry on a
DNA synthesizer.*'"?' Thus, the synthesis of ET primers is simple and practical.
The ET primers carry a FAM at the 5'-end as a common energy donor and a
fluorescein or a rhodamine derivative (F, G, T, and R) as an acceptor.'” The
acceptor is attached to a modified thymidine residue (T*) within the primer
sequence. The nomenclature used for these ET primers is D-N-A, where D is the
donor, A is the acceptor, and N is the number of nucleotides between D and A. A
primer with FAM at the 5-end and the acceptor ROX on a T* ten nucleobases
away is thus designated as F10R.

This set of ET primers produces nearly ideal labels for detection. First, the
acceptor fluorophore with poor absorbance at the excitation wavelength can still
be efficiently excited to give enhanced fluorescence emission through ET from the
donor to the acceptor. Second, FRET can result in higher signal-to-noise by
providing a large Stokes-shift of the emission maximum of acceptors. Third, the
presence of the common donor fluorophore allows the use of a single laser line at
488 nm to efficiently excite all four acceptor fluorophores, which simplifies the
instrumentation and makes multiplex detection convenient. Since the efficiency of
ET depends on the distance between the donor and the acceptor, the efficiency can
be easily adjusted through changes in the nucleotide spacing N between the donor
and the acceptor.

Systematic studies have shown that there is a complex dependence of energy
transfer efficiency, fluorescence quantum yield, and electrophoretic mobility on
the number of nucleotides between D and A.>** It is difficult to define a priori the
distance between the donor and the acceptor in ET primers, because both dyes are
linked to the oligonucleotide primer through flexible linkers, and because the
conformation of the oligonucleotide also plays a role in determining the mean
distance between the donor and the acceptor. Thus, the separation distance must be
optimized experimentally by adjusting N. If the two fluorophores within the ET
primer are too close to each other, the acceptor emission will be quenched through
direct interaction of the dye moieties. On the other hand, if they are too far away
the acceptor emission will decrease because of the inefficient energy transfer. Ju et
al.*" and Hung et al.” have systematically examined the fluorescence and electro-
phoretic properties of a library of up to 56 ET primers with different donor-

5,6,17,21
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Figure 3.4. Schematic representation of the structure and spectroscopic properties of ET primers

acceptor nucleotide spacing ranging from 1 to 12. Their studies show thatin F-N-A
series the strongest acceptor fluorescence intensity is obtained when the nucleo-
tide spacing N is 8-10. When excited at 488 nm, the fluorescence intensity of the
acceptor emission from this set of ET primers (F10F, F10G, F10T and F10R) is
from 2- to 14-fold higher than that of the corresponding single dye-labeled
primers. This set also generates extended DNA fragments with substantially
similar electrophoretic mobility.'” As a result, the four ET primers enable high-
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quality, four—color DNA sequencing on capillary electrophoresis DNA sequencers
using a single laser line at 488 nm for excitation.'” Furthermore, much less DNA
template is used in sample preparation (8-fold in this example). These ET primer
constructs are commercially available as DYEnamic™ ET primers from Amer-
sham Biosciences. A typical run with the F-10 ET primers on a commercial
capillary array electrophoresis sequencer (MegaBACE 1000 Sequencer, Molecu-
lar Dynamics, Sunnyvale, CA) provides DNA sequence with 99-100% accuracy
in the first 800 bases and extended to over 1000 bases (Figure 3.5).

The efficiency of ET primer technology tor DNA sequencing has been further
enhanced by the use of 3-(g-carboxypentyl)-3’-ethyl-5,5'-dimethyloxacarbo-
cyanine (CYA or C; € = 142,000 M~ cm~} at 488 nm) rather than FAM (g =
60,000 M~ cm~! at 488 nm) as a common energy donor.” A set of four C-10 ET
primers (C10F, C10G, C10T, and C10R) were synthesized and compared with the
F-10 ET primer set. For example, Figure 3.6 shows, as anticipated from the com-
parison of the extinction coefficients of the two donors, that the donor absorbance
of C10R is twice that of FIOR. Moreover, the acceptor emission intensity of CIOR
is nearly double that of FIOR. Since the fluorescence quantum yield of CYA is
about 10-fold lower than that of FAM, a very weak donor emission leakage is also
observed for C10R. This result shows that energy transfer competes successfully
with radiative and other nonradiative de-excitation pathways from the CYA
singlet excited state. This study has expanded the range of dyes that can be used as
donors in the construction of ET coupled systems by showing that a dye with low
fluorescence quantum yield but high absorption cross section can be exploited as
an effective donor in ET constructs. Also, the resulting ET primers will provide
higher spectral purity due to low residual donor emission. With 488-nm excitation,
the fluorescence emission intensity of C10F, C10G, C10T, and C10R is from 1.4- to
24-fold stronger than that of the corresponding primers labeled only with the
single acceptor dye, and from 0.8- to 1.7-fold stronger than that ofthe corresponding
ET primers with FAM as the donor. As expected, much less crosstalk among the
four detection channels was observed for the CY A-based ET primers (Figure 3.7).

Another ET primer set (C10R110, C10G, C10T, and C10R; where R110 is 5:6-
carboxyrhodamine-110), where only rhodamine dyes are used as acceptors, pro-
vides the best match in the electrophoretic mobility coupled with intense acceptor
emission. This set also gives outstanding results in cycle sequencing of double-
stranded DNA templates with long read-lengths and high base-calling accuracy.
This set of ET primers is by far the best for DNA sequencing.”® The unique
properties of this set of labels have been exploited to successfully perform high
speed DNA sequencing on microfabricated capillary electrophoresis channels.
Liu et al** have demonstrated that high-speed DNA sequencing can be achieved
in only 20 min with 99.4% accuracy to 500 base pairs. These results support the
feasibility of performing high-speed genomic sequencing with microfabricated
electrophoretic devices in conjunction with cyanine-based ET primers.
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Figure 3.6. Comparison of the absorbance and emission spectra of ET primers based on FI0R and

CIOR.

Based on the spectroscopic properties of 56 ET primers having different
donors, acceptors, or nucleotide spacings between donor and acceptor, Hung et
al.* found that alternative spacing combinations are valuable in multiplex genetic
analyses, such as forensic identification and short tandem repeat (STR) analysis.”’
They developed new optimized C-4 or C-6 ET primer sets (C4G/C4R, C6G/C6R)
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Figure 3.7. Normalized fluorescence emission spectra of the four CYA ET primers.

that offer excellent acceptor emission intensities and negligible donor emission.
An excellent match of the electrophoretic mobility of single-base extension DNA
fragments is also obtained with these two primer sets. Since these two primer sets
allow precise quantitation ofthe ratio of signals from DNA fragments labeled with
one or another oftwo different primers, these two primer sets have been applied to
bladder cancer diagnosis based on two-color electrophoretic analyses of PCR-
amplified STRs.”

3.5. ET Cassette for Construction of Energy-Transfer Fluorescent
Primers

In 1996, Ju and coworkers developed a general method to tag primers of any
sequence with ET coupled fluorophores using a universal ET cassette composed
of six 1',2"-dideoxyribose phosphate monomers (S,) as a spacer.”® The use of the
ET cassette is advantageous in several respects: the spacer maintains the natural
nucleic acid phosphate functionality to avoid possible anomalies in electrophore-
tic mobility; the spacer will not hybridize to the template, thus avoiding false
priming. The major advantages offered in this method are the elimination of the
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constraints imposed by the requirement of complementarity to a particular target
DNA sequence, and by the spacing between a 5'-terminal base and a modified
thymidine residue within the primer sequence.”® As presented in Figure 3.8A, the
designed primer containing a six ribose (S¢ = R-R-R-R-R-R-) spacer and a
modified base T* can be incorporated by conventional synthesis at the 5-end of
the oligonucleotide primer of interest. The donor is attached to the 5’ side of the
ribose spacer and the acceptor to the T*. The resulting four-color primers (FS¢F,
FSqJ, FS¢T, and FS¢R) display well-separated acceptor emission spectra with 2- to
12-fold enhancement in fluorescence intensity relative to that of the corresponding
single dye-labeled primers. The only drawback of this approach is that the
preparation of this ET cassette requires automated synthesis of the cassette on the
5" end of the desired Primer and then post-conjugation of dyes to the cassette.

Recently, a new ET cassette technology was developed by Berti et al.®’ that
can be used to label any PCR, sequencing, or other primer of interest. The new ET
cassette consists of a donor (3’ end) and an acceptor (5’ end) dye pair separated by
a 1'2'-dideoxyribose chain (Figure 3.8B). This new cassette also bears a key
component, a pyridyldisulfide group, that can be quantitatively coupled to a thiol-
activated target through a disulfide exchange reaction (Figure 3.8C). An example
of the two-step ET cassette primer conjugation reaction is shown is Figure 3.8D.
In order to optimize the energy transfer process, the length ofthe sugar chain in the
new cassette designs is selected to be seven or eight.” Berti ez al.?® and Medintz et
al®® have demonstrated the use of the new ET cassettes for four-color primer
sequencing, fragment sizing, and high-performance STR analysis with high accu-
racy and performance.

Other ET cassettes containing a succinimidyl ester for primer conjugation
were also developed. Lee and coworkers have synthesized an alternative set of ET
primers'? based on the same concept discussed above. This so-called BigDye™
cassette is not a single dye molecule, but a compound with two dye chromophores
linked together in a donor—acceptor relationship. A fluorescein derivative (4'-
aminomethyl-5-carboxyfluorescein) is chosen as the donor, and a set of four 4,7-
dichloro-substituted rhodamine dyes (d-rhodamine) are used as the acceptors. As
shown in Figure 3.9, a 4-aminomethylbenzoic acid backbone or linker is used to
conjugate both the donor and the acceptor and hold them at a particular distance to
facilitate ET. The entire dye complex is attached via an N-hydroxysuccinimide
ester to the 5'-end of the primer. Their results show that BigDye ET primers give a
2-fold increase in signal over the single dye-labeled primers, and the ET efficiency
is only 60% with the 4-aminomethylbenzoic acid linker.'? Furthermore, the accep-
tors in BigDye™ ET cassettes have both lower extinction coefficients and relative
quantum yields than the corresponding d-rhodamine dye alone. All these observa-
tions are consistent with the systematic results reported by Ju and Hung.>** The
use of the short spacer in these constructs increases self-quenching, and degrades
the overall signal strength compared with ET primers that use the optimal donor-
acceptor spacing.
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Figure 3.9. Chemical structure of the BigDye ET labeling cassette.

3.6. Energy-Transfer Fluorescent Terminators

Dye-labeled terminator sequencing has several advantages over sequencing
with labeled primers.*® The sequencing reactions are more simply performed
because the four base-specific terminations can be carried out in one tube. Only a
single extension reaction is required for each template, and the synthesis of a
labeled primer is unnecessary. Thus the “primer walking strategy” can be applied
to sequence a clone completely or to close gaps. A second significant advantage is
that false terminations, in which DNA fragments are terminated by a deoxy-
nucleotide rather than a dideoxynucleotide, are not observed as these products are
unlabeled. The major disadvantage of dye-labeled terminator chemistry is that
with every polymerase the intensity pattern has been found to be less uniform than
for dye-labeled primers. The presence of very small or very large peaks can result
in errors in automated base-calling. Nevertheless, the application of ET labeling
technology to dye-terminator chemistry would be very valuable for all the reasons
discussed above.

Prober and coworkers® first demonstrated that the dye-labeled alkynylamino-
dideoxynucleoside triphosphates can be used as terminators for DNA sequencing.
Thermo Sequenase’ has also facilitated the automation of dye-terminator cycle
sequencing reactions, because of its greater acceptance of dye-labeled terminators
compared to other DNA polymerases. In order to obtain higher peak intensities
and hence more accurate base-calling compared with single dye-labeled termina-
tors, Amersham Biosciences has developed the DYEnamic™ ET terminator kit,*?
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and PE Applied Biosystems has developed the BigDye™ terminator kit,'* both of
which are based on the ET-labeling concept. The DYEnamic™ ET terminator kit
features novel ET terminators and a new DNA polymerase (Thermo Sequenase™
II DNA polymerase). Fluorescein is chosen as the donor and the acceptor dyes are
standard rhodamine dyes (R110, R6G, TAMRA, and ROX). Thermo Sequenase™
II DNA polymerase has advantageous biochemical properties including tolerance
to high salt concentration, efficient utilization of dITP, high processivity, and
excellent performance on GC-rich templates. Most importantly, it performs well
with extension steps as short as 15 seconds at 70°C* while most of the other
polymerases call for a 60°C, 4 minutes extension step. The alternative BigDye
cassette is attached via an NHS ester through a propargylamino or propargyl-
ethoxyamino linker to dideoxynucleoside triphosphates. The BigDye™ terminator
set has mobility shifts within the half-base requirement for minimal artifacts, and
produces improved signal-to-noise ratios and more even peak heights compared to
the single dye-labeled terminators.!*> Both terminator sets make the Sanger di-
deoxy chain-termination method more efficient and robust. However, the signal
strength available from the DYEnamic™ ET terminator constructs is significantly
greater than that of the BigDye terminators because there is less self-quenching.

3.7. Short Tandem Repeat (STR) Analysis with Capillary Array
Electrophoresis and ET Labels

Microsatellite DNA sequences containing di-, tri-, tetra-, and pentanucleo-
tide repeats are characterized by a high degree of genetic polymorphism.**>¢
Because of their high abundance and relative ease of detection following ampli-
fication by the polymerase chain reaction (PCR), STRs have found widespread use
in gene mapping,’’”® especially as distinctive markers in health care diagnos-
tics.*** The development of sensitive, rapid, and accurate methods and apparatus
for high-throughput STR analysis will be critical for exploiting microsatellite
variation in cancer screening. Two-color sizing of multiplexed STRs on replace-
able hydroxyethyl cellulose (HEC) sieving matrices using ET primers gives
reproducible results with single base resolution.*'** Wang and coworkers have
also demonstrated the application of capillary array electrophoresis (CAE) and ET
primers in a two-color assay for rapid detection of chromosome alterations that are
used in the diagnosis of bladder cancer.”® Rapid separations (<35 min) are
achieved on capillary arrays using replaceable separation matrices, and the allelic
ratios are quantitatively determined with a precision of £10%. With this precision,
a variation of 20% is considered diagnostically significant.”’

In such a two-color STR assay, PCR amplicons from normal DNA are
labeled with one fluorescent ET primer, PCR amplicons from urine or tumor DNA
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Figure 3.10. Two-color LOH analyses with CAE using ET primers.
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are labeled with a second distinctive fluorescent ET primer, and both samples are
co-injected into the same capillary for separation. Using the C6G/C6R and C4G/
C4R ET primer pairs, labeled normal and urine or tumor PCR amplicons can be
excited at a common laser wavelength and the intense and nonoverlapping emis-
sions can be detected. These two ET primer sets are advantageous for multicolor
fragment sizing, because of the minimal crosstalk between the donor and the
acceptor, and the uniform mobility shift of the PCR products. Figure 3.10 presents
two-color electropherograms for samples from different bladder cancer patients
amplified at the D4S243 loci. A size change in one of the alleles detected in the
urine and/or tumor compared to the normal blood sample is used as an indication
of the extension or deletion of the microsatellite marker, and an allelic ratio
intensity change indicates the loss ofheterozygosity (LOH). The normal sample is
detected in the green channel while the urine or tumor samples are detected in the
red channel. The top set of traces acts as a control since this particular marker is
not altered in this patient. The near unity allelic ratios provide a measure of the
precision. Figure 3.10C presents analyses of the cells in the urine from a patient
where there is a significant LOH in the heavy D4S243 allele. The results are
consistent with the findings of Steiner ef al.*® based on the assays performed with
radioisotope labeling. This method provides a significant improvement in the
speed, ease, and precision of STR analyses.

3.8. Biotinylated Energy Transfer Cassettes

The biotin-streptavidin system is very attractive for in vitro labeling of
biotargets, because biotin has an extraordinarily high affinity for streptavidin with
a reported dissociation constant of ~10715 M.* For example, a streptavidin-
phycoerythrin-Cy5 conjugate has been used to stain biotinylated targets hybrid-
ized to high density oligonucleotide arrays in two-color mutational assays.” The
very strong binding affinity of the biotin-streptavidin system has also been ex-
ploited for DNA purification and DNA sequencing.***

In labeling applications, it would be useful to develop ET tags relevant to the
streptavidin-biotin system for the advantages noted above in connection with
sequencing. Most importantly, FRET can make the streptavidin-biotin system
robust for multicolor spectral analysis while allowing the use of a single line laser
excitation source. In 1999, Xie et al.*’ described the synthesis, characterization,
and application of biotinylated ET cassettes and fluorescent ET-labeled strep-
tavidins. The biotinylated ET cassette is made by using an oligonucleotide as a
“scaffold,” with the donor (CYA)-acceptor (TROX) fluorophore pairs separated by
10 intervening nucleobases: 5'-CYA-NNNNNNNNNTROXNNTENNNNNNN-3'.
Biotin-labeled thymidine (TB) is introduced by the use of biotin-dT phosphor-
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amidite at different locations in the oligonucleotides. In this example, T is
introduced two bases 3’ to the position of the base TROX, A systematic study
indicates that the spectroscopic properties of these cassettes are not sensitive to the
location of biotin as long as TB is not placed between the donor and the acceptor.
Biotinylated ET cassettes with an acceptor-biotin spacing of three nucleotides
(C10R3B) offer excellent acceptor emission intensity coupled with negligible
donor emission. With 488-nm excitation, the fluorescence emission intensity of
C10R3B is 18-fold stronger than that of the corresponding oligonucleotide labeled
with ROX alone.

Xie et al. have also developed a synthetic method that can be used to prepare
sets of fluorescent ET dye-labeled streptavidins for multiplex detection. ET-
labeled streptavidins can be prepared either by the covalent attachment of an
ET cassette to streptavidin through a thioether bond or by the noncovalent
streptavidin-biotin interaction between the ET cassette and streptavidin (Figure
3.11). For the noncovalent approach, streptavidin is first mixed with two or three
molar equivalents of the biotinylated ET cassette. Since the bound streptavidin
still has additional biotin binding sites available, the fluorescent ET label can still
interact with a biotinylated target to provide detection. By using this sandwich
detection format, up to three ET fluorescent dye pairs can be attached to strep-
tavidin to increase the assay sensitivity.

The biotinylated ET cassettes and fluorescent ET-labeled streptavidin re-
agents have a broad range of applications. The fluorescent ET dye-labeled strep-
tavidins have been used for cell-sorting analysis, which can directly detect any
specific cell surface antigen by using a biotinylated antibody. The fluorescent ET
dye-labeled streptavidins demonstrated high assay sensitivity. The ET dye-labeled
streptavidins should also find application in mutational analysis using oligo-
nucleotide arrays. The ET fluorescent streptavidins are advantageous compared to
phycoerythrin-conjugates in that they can provide more evenly matched signal
intensities while exhibiting strong and distinct fluorescent emissions in two-color
assays, and maintaining compatibility with 488-nm excitation.

3.9. Template-Directed Dye-Terminator Incorporation

Chen and Kwok’*>? have developed a homogeneous assay that allows the
rapid analysis of single nucleotide polymorphisms using FRET. Their approach
combines the specificity of enzymatic discrimination between the two alleles of a
single nucleotide polymorphism in a template-directed primer extension reaction
and the sensitivity of FRET. This method eliminates the need for product separa-
tion and the use of radioactivity. The DNA fragment containing a mutation site is
first amplified from genomic DNA by PCR followed by enzymatic degradation of
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Figure 3.11. Chemical structures of ET-labeled streptavidins.

excess primers and deoxyribonucleoside triphosphates before the primer exten-
sion reaction is performed. Then, amplified DNA fragments are incubated with a
5'-fluorescein-labeled primer, which is designed to hybridize to the DNA template
adjacent to the polymorphic site. Two dye-labeled terminators (ROX-ddNTP and
TAMRA-dANTP) are used, one for each allele. The dye-labeled primer is ex-
tended one base by the incorporation of a complementary dye-terminator specific
to the allele present on the template. FRET occurs when the dye-labeled ddNTP is
incorporated into the primer. Thus, the acceptor allelic status can be easily
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determined by monitoring which dye-labeled ddNTP is incorporated at the muta-
tion site. The method has proven to be highly sensitive, specific, and suitable for
automated genotyping of large numbers of samples.® This homogenous DNA
diagnostic method has been successfully used to detect mutations in the cystic
fibrosis transmembrane conductance regulator gene and in the human leukocyte
antigen H gene.”'

3.10. Conclusions

Fluorescence resonance energy transfer technology has done much to en-
hance DNA sequencing capabilities and the Human Genome Project. The en-
hanced emission intensities and improved spectral purity provided by ET primers
and terminators have led to a major improvement in the performance of automated
DNA sequencers. Fluorescent ET dye-labels should be equally valuable for the
analysis of PCR fragments, restriction fragments, single nucleotide polymor-
phisms, and microsatellites in research, pharmaceutical, and health care diagnos-
tic applications.
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On-the-Fly Fluorescence Lifetime
Detection in Capillary Electrophoresis
for DNA Analysis

Linda B. McGown

4.1. Introduction

Fluorescence detection for capillary electrophoresis (CE) has achieved wide-
spread use in the past decade for applications such as DNA sequencing and
fingerprinting. Fluorescent labels are a relatively safe alternative to the traditional
radioactive labels, providing similar detection limits, high sensitivity, and ease of
automation and on-line detection.'> Moreover, the selectivity of fluorescence
detection makes it suitable for multiplex detection, i.e., determination of multiple
analytes in a single lane or capillary in gel electrophoresis. Multiplex methods for
detection not only improve the throughput by a factor equal to the number of
multiplexed analytes but also eliminate the problem of capillary-to-capillary
misalignment.3

Multiplex methods generally have relied on the use of dye labels of different
emission and/or excitation spectra to distinguish among analytes. The dyes may be
attached to the analytes using covalent linkers or by physical association. In
relying on spectral (color) discrimination in multiplex schemes, it is necessary to
achieve wavelength selectivity in the fluorescence emission spectrum using one or
more excitation wavelengths. Detection using only filter selection of color may be
inadequate to resolve overlapping peaks, while the use of array detection to collect
a spectrum in order to better identify and resolve colors can decrease sensitivity
because of dispersion. Moreover, since multiplex detection relies on spectral
resolution of the different dye labels, broadly overlapping emission spectra may
result in crosstalk between detection channels. Dyes with narrow emission spectra
have been used to increase spectral resolution, * but some overlap is inevitable
due to the continuous nature of the spectra.
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Thus, it has been desirable to explore new approaches to fluorescence detec-
tion that have the potential to increase accuracy and resolution in on-the-fly,
multiplex detection. One such approach is to use fluorescence lifetime instead of
color to discriminate among the labeled analytes. Fluorescence lifetime is a
discrete function generally governed by the simple, exact relationships of first-
order kinetics for each decay component, and is therefore easier to model and
resolve than spectral color.’

Fluorescence lifetime detection can be achieved using either time-domain or
frequency-domain techniques.7 The time domain uses pulsed excitation to gener-
ate a decay curve, from which the fluorescence lifetime profile is extracted. The
frequency domain uses continuous (cw) excitation that is intensity modulated at a
high (MHz-GHz) frequency, producing a time-dependent intensity signal that is
comprised of a sinusoidal (a.c.) component superimposed on a time-independent
(d.c.) intensity component. The fluorescence emission is phased-shifted and de-
modulated relative to the exciting light and the fluorescence lifetime can be
calculated independently from the phase-shift ¢ and the extent of demodulation of
the excitation beam, expressed as the modulation ratio m.

In its earliest application to HPLC, on-the-fly frequency-domain fluores-
cence lifetime detection was limited by available instrumentation that could only
collect data at one modulation frequency per chromatogram and therefore re-
quired multiple injections of the sarnple.gf11 The resulting chromatograms had to
be perfectly overlaid and the data combined at each point along the chromato-
graphic peaks in order to determine fluorescence lifetimes and intensity at each of
the points.

The potential utility of fluorescence lifetime detection was greatly increased
by the introduction of a multiharmonic Fourier transform phase-modulation fluo-
rometer (MHF).12 In the MHF, the intensity of the exciting light, provided by a
continuous wave laser, is electrooptically modulated by a Pockels cell at as many
as 75 frequencies in the MHz range, simultaneously. The resulting emission is
modulated at the same multiple frequencies and is detected using cross-correlation
electronics.'® The data is then digitized and Fourier transformed into the resultant
phase and modulation information used to determine fluorescence lifetime.

The introduction of the MHF revolutionized on-the-fly fluorescence lifetime
detection in CE.'*!> An entire frequency response that contains sufficient informa-
tion to analyze multiexponential decays can be acquired on the order of milli-
seconds, providing many points per electrophoretic peak. This is a major advan-
tage over time-domain detection, which generally must assume monoexponential
decay for on-the-fly detection even when the actual decay is more complex.I6’17
Fluorescence intensity is simultaneously derived from the same measurement to
produce a lifetime-intensity electropherogram in no more time than is required for
an intensity-based electropherogram alone.
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Measuring Fluorescence Lifetime On-the-Fly in CE

In the frequency-domain, or phase-modulation, fluorescence lifetime mea-
surement,’ the excitation beam is intensity-modulated and the resulting a.c. com-
ponent of the fluorescence emission is phase-shifted and demodulated relative to
the a.c. component of the excitation beam. The phase shift (¢) and demodulation
factor (m) can be used to calculate the fluorescence lifetime as follows:

7, = 0 ltan ¢ (4.1)
T, = o (Vm?) — D]V 4.2)

where 7 and 7 are the lifetimes calculated from phase and demodulation,
respectively, and w is the angular modulation frequency (w = 2wF, where F is the
linear modulation frequency). For a single, exponential decay,

T =Ty =T 4.3)

where T is the true fluorescence lifetime. However, if the decay law is more
complex, then the observed lifetimes T and 7, are only apparent values and
measurements must be made at multiple modulation frequencies in order to
resolve the lifetimes and fractional intensity contributions of the individual life-
time components.

The first phase-modulation fluorescence lifetime instruments allowed mea-
surements of phase and modulation at only one modulation frequency at a time.
Measurements had to be made sequentially at a series of frequencies in order to
obtain the equivalent of an entire decay curve. This was changed with the
introduction of the multiharmonic Fourier transform instrument (MHF) for fluo-
rescence lifetime measurements.”” The MHF generates a base frequency (F) which
is then used by a comb generator to produce several harmonics (F, 2F, 3F,..., nF).
The sum of these harmonics is used by a Pockels cell to modulate the intensity of
the exciting laser beam. A cross-correlation frequency, f, is combined with the
base frequency (F + f, 2F + 2f, 3F + 3f, ..., nF + nf) to gate the PMTs, resulting
in low frequency (f, 2f, 3f, .... nf) signals which contain all of the high frequency
information. Conversion to low frequency allows the phase and modulation data
to be easily detected by commercial electronics. In the MHF, the cross-correlation
frequency determines the rate at which the lifetime measurements are made. For
example, a cross-correlation frequency of 10 Hz corresponds to 10 lifetime mea-
surements per second, or one lifetime measurement every 0.1 s.

A schematic diagram of the interfaced CE/MHF system is shown in Figure
4.1. The CE (Beckman P/ACE 5000) is equipped with a UV-visible detector. A
phase-modulation fluorescence lifetime instrument (Model 4850 MHF, Spec-
tronics Instruments) is interfaced to the CE for on-the-fly fluorescence lifetime
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Figure 4.1. Schematic diagram of model 4850MHF fluorescence lifetime instrument interfaced to a
model P/ACE 5000 CE system. SC: MHF sample chamber; HG: MHF harmonic generator; TCM:
translator command module; PC: 386 personal computer; SCU: sampling control unit; CC: capillary
column.

measurements. An air-cooled argon ion laser provides excitation at 488 nm or 514
nm that is purified by passing it through a bandpass filter. The capillary is routed
through the MHF sample chamber and terminates in the run buffer that is placed in
the MHF sample compartment. To complete the circuit, an electrical wire is used
to connect the ground of CE with the copper electrode in the run buffer in the
MHF. In this configuration, the capillary can be as short as 40 cm and the detection
window is free from loop strain. It is secured onto a specially designed capillary
mount to keep it motionless.

A Pockels cell is used in the MHF instrument to electronically modulate the
excitation beam intensity. The diameter of the excitation beam is reduced with a
focusing lens into a spot smaller than the diameter of the CE capillary. The
emission signal is collected by a microscope objective. The capillary is tilted by
approximately 30° relative to the vertical axis of the microscope objective to
reduce scattered light. The emission is selected through an appropriate long pass
filter combined with a holographic filter corresponding to the excitation wave-
length to further reduce the contribution from scattered laser light.

A scattering solution of kaolin generally is used as the lifetime reference for
on-the-fly detection. In batch experiments, the sample turret in MHF alternates
between the sample and the reference solutions. For on-the-fly detection in CE, the
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sample turret is removed, which disables the automatic reference lifetime acquisi-
tion. Instead, the reference is measured separately. This is done by placing neutral
density filters in the emission beam instead of wavelength selection optical filters
and measuring the capillary column filled with the run buffer. The neutral density
filters are necessary to reduce the intensity of the scattered light. After the
reference lifetime measurement is finished, the neutral density filters are replaced
with appropriate filters for wavelength selection of the sample emission.

4.2. Analysis of On-the-Fly Lifetime Data

Each electrophoretic run results in a large amount of data. For example, a 20
min run may result in as many as 12,000 phase-modulation multifrequency
profiles. Each profile is a Fourier-transformed, binary computer file containing
phase and modulation data for each of 20 or more modulation frequencies.
Software has been developed to extract the fluorescence intensity from the dy-
namic data to produce an intensity electropherogram that can be imported into
programs for data analysis and display.

The lifetime data is generally analyzed using nonlinear least-squares analysis
(NLLS) that fits the data using an a priori model in which the lifetimes are either
allowed to float or are fixed to predetermined values. The recovered lifetime
profile contains the lifetimes and the fractional contribution of each lifetime
component to the total intensity at that point in the electropherogram. Contribu-
tions from scattered light and background luminescence can be resolved as needed
by adding appropriate components to the model.

Resolution of overlapping electrophoretic peaks is achieved using NLLS in
which the lifetime components in the fitting models may be allowed to float or
may be fixed to values that were pre-determined for the individual components in
the mixture under identical experimental conditions. The recovered fractional
intensities at each point in the lifetime electropherogram are then multiplied by the
total intensity at that point to construct the electropherogram of each individual
component.

4 3. Lifetime Detection of Labeled DNA Primers

In the first studies of multiplex detection of DNA using fluorescence lifetime
in CE,"™ overlapping electrophoretic peaks were artificially generated using
sequential injections, in order to simulate actual sequencing results. On-the fly
fluorescence lifetime detection is shown for each of four different dye-labeled
M13 DNA primers in Figure 4.2. Recovered lifetimes for M13-forward primers
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Figure 4.2. Fluorescence intensity (solid line) and lifetime (dotted line) electropherograms of dye-
labeled M13 primers.!9
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(d(5-TGTAAAACGACGGCCAGT-3") that were labeled with the dyes Cy3,
BODIPY-FL-Br, (BBR), tetramethylrhodamine (TMR), and BODIPY530/550
(B530) were 1.3 ns, 2.1 ns, 3.7 ns, and 5.0 ns, respectively. Intensity and lifetime
electropherograms of the four dyes that were sequentially injected in a single run
are shown in Figure 4.3. Nonlinear least squares data analysis was used to recover
lifetime profiles at intervals of 1 s or 2 s across the electropherograms.

It has been reported that dyes may exhibit biexponential decay upon tethering
to DNA, which is attributed to electron transfer between the dye and guanosine
residues in the oligonucleotide. This results in two lifetimes, one longer and one
shorter than the lifetime of the free dye in solution.””*! Interestingly, biexponen-
tial decay has not been observed in frequency-domain lifetime detected CE of dye-
labeled primers that did show biexponential decay in batch lifetime measure-
ments. The absence of the dye—guanosine interaction may be due to the applica-
tion of the strong electric field in the CE experiment, which could overcome the
attraction between a positively charged dye such as TMR and the negatively
charged oligonucleotide and cause the dye to stretch away from the oligonucleo-
tide and towards the opposite electrode.
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Figure 4.3. Fluorescence intensity (solid line) and lifetime (dotted line) electropherograms of sequen-

tial injections of dye-labeled M13 primers. Injection sequence: M13-BBr, M13-B530, M13-TMR, and
MI13-Cy3.19
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Two- and three-component mixtures of dye-labeled primers were investi-
gated. For a two-component mixture of M13-BODIPY-FL (M13-BOD) and M13-
rhodamine green (M13-RG), five sequential injections were timed to artificially
generate four overlapping peaks. The first and the last peaks were pure M13-BOD
and M13-RG, respectively. The remaining peaks were resolved from the total
intensity electropherogram using NLLS analysis in which the lifetimes were fixed
to the lifetimes recovered for the peaks of the individual labeled primers. A third
lifetime component was fixed to zero to account for scattered light. Lifetime
resolution was able to recover the individual contributions of both labeled primers
even when overlap was almost complete (Figure 4.4). The recovered peak-to-
height ratio of the two labeled primers in each of the sequential injections was
consistent with the ratio for a single injection of the same mixture, for which
electrophoretic separation of the components was complete.

A three-component experiment was performed using the same approach as
for the two-component system. In this case, five sequential injections were made
of a mixture of M13-BOD, M13-NBD-aminohexanoic acid (M13-NBD), M13-
TMR, and M13-RG. The order of migration is M13-BOD, M13-NBD, and co-
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Figure 4.4. Lifetime-resolved intensity peaks of individual dye-labeled M13 primers from sequential
injections of a mixture of M13-BOD and M13-RG. Fine solid line: total intensity; dotted line: intensity
of M13-BOD; thick solid line: M13-RG.18
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Figure 4.5. Lifetime-resolved intensity peaks of individual dye-labeled M13 primers from five sequen-
tial injections of a mixture of M13-BOD, M13-RG, MI3-TMR, and M13-NBD. Fine solid line: total
intensity; dotted line: intensity of M13-BOD; dashed line: overlapping intensities of M13-RG and M13-
TMR,; thick solid line: intensity of M13-NBD. MI13-TMR and M13-RG labeled primers could not be
resolved since their lifetimes were indistinguishable.'8

migrating M13-RG and M13-TMR. M13-RG and M13-TMR are treated asa single
lifetime component in the NLLS analysis because they have unresolvable life-
times and migrate together. Results are shown in Figure 4.5 for identification and
resolution of peaks using NLLS with three fixed lifetime components for the dye-
labeled primers and a fourth component fixed to zero to account for scattered light.
The fifth electrophoretic peak contains all three lifetime components. These
components were successfully resolved by NLLS. Not surprisingly, the noise
level is higher than in the two-component experiment.

Run buffer composition can be used to modify fluorescence lifetimes of dye-
labeled primers.** In an attempt to resolve M13-RG and M13-TMR, 10% DMSO
was added to the run buffer. The observed lifetimes of M13-TMR and M13-RG
both decreased but to different extents (M13-TMR decreases to 3.5 (+ 0.03) ns
and M13-RG decreases to 3.3 (+ 0.03) ns), allowing them to be distinguished by a
separation of more than three standard deviations (Figure 4.6).
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Figure 4.6. Electropherogram of mixture of (in order of migration) M13-BOD, M13-NBD, MI3-RG,
and M13-TMR using run buffer containing 10% DMSO. Solid circles are lifetimes of major component
(fractional contribution >90%) and open circles are lifetimes of minor components, recovered from
NLLS fits to a two-component model. '8

4.4. DNA Sequencing

Fundamental to all DNA sequencing schemes is differentiation among the
four bases—adenine (A), guanine (G), cytosine (C) and thymine (T)—that com-
prise the DNA sequence. Automated sequencers have commonly employed two
approaches to this problem for real time detection. In the first, a single label is used
in four base-specific reactions and the products of each of these reactions are
separated along four different lanes. The sequence is then reconstructed by
comparison of the positions of the bands among the four base-specific lanes. This
approach offers the simplicity of a single label but is subject to inaccuracies and
uncertainties in the ordering of the fragments due to distortions and physical
irregularities along the individual lanes that make the necessary comparisons
among lanes difficult. The second approach is the multiplex approach, such as in a
“four-label, single-lane” scheme, in which each of the four bases is signaled by a
unique label and the separation is performed along a single separation lane. Since
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all of the fragments migrate along a single lane, the ordering uncertainties of the
four-lane approach are eliminated.

Radioactive labels were used in the earliest sequencing studies, but the
difficulties associated with their use and disposable, as well as their short shelf
lives, have encouraged the search for alternatives. Fluorescent labels are the most
successful alternative to radioactive labels in sequencing and numerous other
applications for several reasons. They are relatively innocuous, stable, and easy to
detect. The excellent sensitivity and low detection limits of fluorescence measure-
ments rival those of radioactive measurements. The multidimensional nature of
fluorescence allows selective detection in multiplex methods based on absorption
and emission characteristics, intensity changes, and fluorescence lifetime. Pro-
cesses such as energy transfer can be used to further refine or optimize detection
schemes.

Single-color, four-lane detection of FAM-labeled primer was used in high-
speed separations of DNA sequencing reactions by capillary gel electrophoresis™
and in capillary array gel electrophoresis using laser-excited confocal fluores-
cence detection.”*** FAM and JOE were similarly employed.” Four-color multi-
plex approaches initially used the dyes fluorescein, Texas Red, TMR and NBD-
fluoride."”” NBD-fluoride was later replaced with a more intense fluorescein dye
that has a narrower emission band.> Other four-dye sets that have been used
include four succinylfluorescein dyes,” the four Applied Biosystems dyes [FAM,
JOE, TAMRA, and x-rhodamine (ROX)], and four rhodamine dyes (rhodamine
110, rthodamine 6G, TAMRA, and ROX) which were used in sequencing by
ultrathin slab gel separations.”’

As discussed above, fluorescence lifetime offers advantages over color for
multiplex detection and analysis in CE. These advantages are particularly relevant
to the case of DNA sequencing in which an electropherogram is generated from a
series of DNA fragments that increase in length by one nucleotide at a time. In
concept, the analysis is purely qualitative since only the identity of the terminal
base of each fragment, and not the amount of the fragment, need be determined.
However, since there are four possible bases and a virtual continuum of CE peaks,
accurate base calling requires four different signals that can be readily distin-
guished from each other and resolved in regions of peak overlap. The discrete,
monoexponential nature of fluorescence decay is ideally suited to the task.

Fluorescence lifetime detection in DNA sequencing using time-domain mea-
surements and near-IR dyes has been described.'® Dye-labeled fragments were
identified by either pattern recognition of the decay profile or lifetime recovered
from monoexponential maximum likelihood estimator. Since a decay pattern in
on-the-fly, time-domain lifetime detection is constructed only from a small num-
ber of photon counts, it is difficult to extract multiple lifetimes from the decay
pattern even when the actual decay is more complex.'®!7?%33

Frequency-domain fluorescence lifetime detection in DNA sequencing, re-
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ferred to as “four-decay” detection, was recently demonstrated using a set of four
dyes that are excited at 488 nm.** The dyes include Cy3, fluorescein-dTMR, RG,
and BOD. Fluorescein-dTMR is an energy transfer BigDye*> ¢ that contains the
5-carboxy isomer of 4'-aminomethylfluorescein as the donor dye and dTMR as
the acceptor dye. The dTMR is 4,7-dichloro-substituted TMR that has a narrower
emission spectrum than TMR. A rigid amino acid linker, 4-aminomethylbenzoic
acid, separates the dyes in the BigDye molecule. Fluorescein-dTMR has high
energy transfer efficiency when excited at 488 nm. There was essentially no
interference from the donor in four-decay detection. However, mobility correction
is required for the fluorescein-dTMR-labeled fragments since the dye is much
larger than the three other dyes. This was achieved by using sequential injections
of the four sets of dye-labeled sequencing reaction products in which the
fluorescein-dTMR-labeled fragments were injected first and allowed to migrate
for a short time before sequentially injecting the other dye-labeled fragments. This
approach improves peak resolution since the injection time for each dye-labeled
fragment is shortened to about one fourth of that for the mixture, and intensity
matching among the four dye-labeled fragments could be done by controlling the
injection time for each set of fragments. However, since the proportional effect of
the dye on mobility decreases as fragment length increases, sequential injection
can only compensate for the mobility difference within a certain range of the
separation.

Two methods were used for base calling. In the first, bases were identified
directly from the lifetimes recovered from one-component NLLS analysis of the
lifetime data. The recovered lifetimes were compared to predetermined lifetimes
obtained for sequencing products of each individual base under identical condi-
tions. In the second method, lifetime-resolved electropherograms were obtained
for each terminal base using NLLS analysis of the on-the-fly lifetime data in
which the lifetime components in the fitting models were fixed to predetermined
values obtained for sequencing products of each individual base under identical
conditions. The recovered fractional intensity of each lifetime component at each
point in the electropherogram of the mixture was then multiplied by the total
intensity at that point to reconstruct the electropherogram for each of the individ-
ual bases in the mixture.

Before attempting the full four-dye system with sequential injection, se-
quencing of a mixture containing only Cy3-labeled T-terminated fragments, RG-
labeled C-terminated fragments, and BOD-labeled G-terminated fragments was
performed. The mixture was separated using linear polyacrylamide (LPA) gel.
The lifetime results recovered using one-component NLLS analysis are shown in
Figure 4.7. Figure 4.8 shows an expanded view from 2800 s to 3300 s. The base
calling of T, C, and G was based on the lifetimes of the peaks recovered from the
one-component fit. The Cy3-labeled T-terminated fragments have lifetimes of 0.9
ns, the RG-labeled C-terminated fragments have lifetimes of 2.3 ns, and BOD-
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Figure 4.7. Fluorescence lifetime (dotted line) and intensity (solid line) electropherograms of a
mixture of Cy3-labeled T-terminated fragments, RG-labeled C-terminated fragments, and BOD-
labeled G-terminated fragments.3*

labeled G-terminated fragments have lifetimes of 3.3 ns. From 51 to 300 bases, 19
base calling errors were found, equivalent to an accuracy of 90%. The gel gave
poor separation for DNA fragments shorter than 50 bases and longer than 300
bases.

Base calling was also performed using the lifetime-resolved intensity electro-
pherograms for each of the bases. Data smoothing was performed to remove high
frequency noise from the lifetime analysis. The use of resolved peaks extended the
base calling range to 320 bases. Base calling from the smoothed electrophero-
grams (shown in Figure 4.9) gave only 3 errors, equivalent to an accuracy of
98.5%. The improved read length and accuracy are due to improved base calling
for severely overlapping peaks.

A full, four-component sequencing run was then performed using sequential
injections of A (fluorescein-dTMR), C (RG), T (Cy3), and G (BOD) fragments
onto a 5% linear polyacrylamide gel-packed column. Results are shown in Figure
4.10. Figure 4.11 shows an expanded view of the results from 3500 s to 3900 s.
Mobility correction was successful within this range of fragment length. Cy3-
labeled T-terminated fragments have lifetimes of 1.7 ns, fluorescein-dTMR-
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Figure 4.8. Expanded scale of a section of the electropherograms in Figure 4.7.34

labeled A-terminated fragments have lifetimes of 2.5 ns, RG-labeled C-terminated
fragments have lifetimes of 2.9 ns, and BOD-labeled G-terminated fragments
have lifetimes of 3.5 ns.

Base calling from 41 to 220 bases was based directly on lifetimes of the
peaks. Eight errors occurred, equivalent to an accuracy of 96%. Base calling using
lifetime-resolved peaks was unsuccessful due to difficulties in four-component
NLLS analysis, even when the lifetimes were fixed to predetermined values.
Improved approaches are needed for data analysis of four-component systems,
which is generally problematic for any real system with noise and background.

Restriction Fragment Length Polymorphism Analysis

Another DNA application to which on-the-fly fluorescence lifetime detection
has been applied is restriction fragment length polymorphism (RFLP).*” In RFLP,
DNA is cut by restriction enzymes that recognize certain base sequences in the
DNA and clip it near the recognition site. When DNA from different sources is cut
using the same restriction enzyme, DNA from each source will be “digested” into
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Figure 4.9. Lifetime-resolved intensity peaks of individual dye-labeled DNA sequencing fragments
from a mixture of Cy3-labeled T-terminated fragments (dark gray), RG-labeled C-terminated frag-
ments (black), and BOD-labeled G-terminated fragments (light gray).3*

a series of fragments. The fragment pattern of the DNA depends upon the number
of bases between recognition sites and is therefore a unique characteristic, or
fingerprint, of DNA from that source.

Multiplex detection allows a dye-labeled digest and a dye-labeled ladder
(size standard) to be simultaneously run in the same capillary. The peaks of
different origin are distinguished using the fluorescence lifetimes of intercalating
dyes that bind by inserting between the base pairs in the fragments. Intercalation is
a simple alternative to the more labor intensive process of covalent attachment for
labeling DNA fragments.

Fluorescent intercalating dyes have been used as fluorescent indicators of
DNA fragments in CE.** For monomeric intercalating dyes such as TO and YO,
it often is necessary to include the dye in the run buffer in order to obtain adequate
signals due to the relative instability of the dye-DNA complex under electropho-
retic conditions.”” Unfortunately, free dye in solution may contribute significant
background signal despite its low quantum yield. Furthermore, addition of dyes to
the run buffer precludes multiplex analysis since it would not be possible to
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Figure 4.10. Fluorescence lifetime (dotted line) and intensity (solid line) electropherograms of se-
quential injections of A (fluorescein-dTMR), C (RG), T (Cy3), and G (BOD) fragments.*

selectively label DNA fragments from different sources. DNA complexes formed
with some dimeric dyes such as YOYO and TOTO are stable enough to allow
detection without addition of dye to the run buffer; however, multiplex analysis
can still be difficult due to exchange of dyes between fragments.***!

The dye-DNA complexes formed by the monomeric intercalating dyes that
were used for fluorescence lifetime detection are sufficiently stable to provide
measurable signals without adding dye to the run buffer. The dyes, including
oxazole yellow (YO) and three novel intercalating dyes (referred to as Dye 1, Dye
2, and Dye 4),”™* are shown in Figure 4.12. It was also necessary that dye
exchange among DNA fragments be slow enough to allow multiplex analysis
during a CE run. As shown in Figure 4.13, good separation and lifetime detection
were obtained for individual separations of Dye 1-labeled pBR322 DNA-BstNI
digest fragments and of a YO-labeled 100 bp ladder using modified polyacryl-
amide gel. Attempts at multiplex detection of a mixture of the digest fragments
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Figure 4.11. Expanded scale of one section of the electropherograms in Figure 4.10.34

and the ladder, however, indicated that one of the dyes was displacing the other
from the DNA in the mixtures. Fluorescence emission spectra of digest mixtures
in batch mode confirmed the occurrence of dye displacement.

In order to slow the rate of exchange of dyes between DNA fragments,
hydroxyethylcellulose (HEC) was used instead of modified polyacrylamide gel as
the sieving matrix. Both high molecular weight (HMW, 90,000-105,000) and low
molecular weight (LMW, 24,000-27,000)) HEC gels were investigated. Results
for separation ofa dye-labeled 100 bp DNA ladder using four different gel buffers
showed that the TBE/1% HMW HEC/0.3% LMW HEC provided the best peak
resolution. This gel buffer was then used for multiplex detection of Dye 4-labeled
pBR322DNA-BstNI digest and a reference fragment (Dye 2-labeled 200 bp).
Results are shown in Figure 4.14. The broad peak near 800 s (peak 1) is due to
unresolved fragments from the BstNI digest. Peaks 2, 4, 5, 6, and 7 are from the
digest, and peak 3 is from the Dye 2-labeled 200 bp fragment.

In Figure 4.14, only five contiguous lifetime points centered at the peak apex
are shown for each peak, in order to focus on the data that would be used for peak
identification. Due to the relatively high background contribution in this run, a
two-component model in which both lifetime components were allowed to vary in
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order to account for the background signal gave better results than a one-
component model. The recovered lifetimes of the peaks are the expected values
(1.0 for the digest peaks and 0.5 ns for the 200 bp fragment peak) and show no
indication of dye exchange between fragments.

4.5. Conclusions

The studies described in this chapter illustrate potential applications of on-
the-fly fluorescence lifetime detection in CE for DNA analysis. The combined
advantages of speed, high resolution, and small sample volume provided by CE
and the accuracy and signal resolution provided by fluorescence lifetime in no
more time than is needed for fluorescence intensity detection alone make
frequency-domain lifetime detection a promising approach to problems in DNA
analysis. Development of more dyes that offer a wider range of lifetimes and
reduction in background contributions to the fluorescence signal will help to fully
realize the potential of this approach.
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Fluorescent Nucleoside Analogues
as DNA Probes

Mary E. Hawkins

5.1. Introduction

The availability of a large selection of fluorescent probes has revolutionized our
approaches to studying biochemical reactions and interactions. These probes have
become so commonly used and important to many areas of research that it is hard
to imagine working without them. This chapter will focus on a more recently
developed subclass of DNA probes, nucleoside analogues, which are different
from conventional probes in ways that provide opportunities for much more direct
approaches in DNA research. In particular, the focus will be on these analogues
used as probes incorporated into DNA. The source oftheir behavioral differences
may not be apparent at first glance. An understanding of the differences between
the carbon linker type fluorophores and the nucleoside analogues, and their
physical relationships within the DNA will make this clear.

The value and usefulness of the rich variety of fluorescent probes currently
available is indisputable. They are, however, poorly suited for the type of experi-
ments defined in this chapter. Because the majority of fluorophores are larger than
and structurally dissimilar to purines or pyrimidines, they must be placed on a
linker arm at some distance from the site of interest on the DNA. While this
placement allows them to be used without perturbing the system, in many cases it
removes them from the subtle interactions which are often the target of such
investigations.

The nucleoside analogues discussed within this chapter include only those
probes that incorporate into an oligonucleotide through a deoxyribose linkage, are
formulated as phosphoramidites to allow site-selective insertion, and participate
in base-stacking (and sometimes base-pairing) interactions within the DNA. It is
the base-stacking and base-pairing features that allow us to monitor subtle
changes in DNA structure, binding, and composition. Probes that fit these require-

Mary E. Hawkins * Pharmacology and Experimental Therapeutics Section, National Can-
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ments exhibit dramatic fluorescence changes in part due to base-stacking or base-
pairing interactions. It has been demonstrated experimentally that subtle changes
that disrupt base stacking can clearly be monitored through changes in fluores-
cence intensity.'™ In many cases, the products of a reaction do not need to be
separated prior to analysis, a definite advantage over tagging methods.

In monitoring binding through anisotropy measurements, these analogues
display relatively little movement not associated with the motion of the DNA.® In
the case of conventionally attached probes, flexibility of linker arms allows
movement of the fluorophore in ways that are independent of the movement of the
DNA being studied. This higher level of independent motion leads to more
complex results.

The ideal is to have nucleoside analogues that are highly fluorescent and
structurally as similar as possible to native nucleosides. It is preferable to have a
probe with fluorescence properties, such as excitation and emission maxima, that
differ from that of native DNA. Additionally, the probe must be stable, soluble,
and fluorescent in an aqueous environment and at pH levels tolerated by enzyme
activities and DNA interactions. The ability to place the probe in an oligonucleo-
tide site-specifically using an automated DNA synthesizer is also very helpful.

A new group of nucleoside analogues based on pteridine structures is cur-
rently under development which will add to existing fluorescent nucleoside ana-
logues including 2-aminopurine and ethenoadenosine phosphoramidites. The
range of structure and fluorescence characteristics encompassed by these probes
will help to expand the different types of research that can be done utilizing them.
Examples are provided within this chapter detailing applications of fluorescent
nucleoside analogues using the pteridine probes. A brief discussion of 2-AP and
ethenoadenosine is also included. Some probes being offered commercially as
fluorescent nucleoside analogues will not be included, since in many cases the
fluorescent moiety is not positioned in the same relationship within the oligo-
nucleotide.

This chapter will define and give examples of the various ways that the subtle
relationship between the nucleoside analogue probes and the DNA can be used to
observe minute changes within the DNA, often in areal time format. Although some
information will be given about fluorescent analogues other than the pteridines,
this is by no means a complete listing or a comprehensive review of the subject.

5.2. Pteridine Nucleoside Analogues
5.2.1. Background

Pteridines are a class of bicyclic planar compounds, some of which are highly
fluorescent and structurally similar to purines. Initially 18 pteridine nucleosides
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Figure 5.1. Chemical structures of the 18 pteridine nucleoside analogues. Compounds are grouped
according to similarities in their chemical structures. The 7 pteridine compounds in the top row were
selected for more detailed study based on their favorable Q_, (Reprinted with permission from
reference 6.)

el

were screened in a search for potential nucleic acid analogues with the necessary
characteristics® (Figure 5.1). The pteridines in the lower half of Figure 5.1 were
ruled out for further studies since they were not fluorescent enough, not stable, not
soluble in aqueous media, or bore no resemblance to native bases.

The pteridines in the top portion of Figure 5.1 are organized according to
structural features. Probes 1, 2, and 25 are similar in structure to adenosine while
probes 4, 5, and 17 are similar to guanosine. Of the seven that were chosen for
further studies, probes 5 and 25 have proven to be quite unstable, while probes 1
and 2 are less favored because of structural disadvantages.

Table 5.1 lists fluorescence properties for the compounds shown in the top
portion of Figure 5.1. 3-MI (probe 4) and 6-MI (probe 17) exhibit similar Q
(0.88-0.70) and mean lifetimes (T, ranges 5.63-6.54 ns).

At this time two of the four compounds actively being investigated are
adenosine analogues, 6MAP and DMAP, which have been developed since the
initial screening, and two are guanosine analogues, 3-MI and 6-MI, probes 4 and

rel
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Table 5.1. Fluorescence Properties of Pteridine Nucleoside Analogues?

Probe Ex_ . Em_ Qg T, (ns) a; ol m (1)

1 354 444 0.41 T, =191 o, =019 Il =99 3.84 3.64
T, =405 «,=081 1,=909

2 358 440 016 7,=076 « =067 1,=596 087 085
T,=1.05 «,=033 [,=404

25 334 443 027 71,=237 « =019 I,=11.6 392 380
T, =4.13 a, = 0.81 I2 =884

4 348 430 088 1,=354 a,=002 I,=12 654 65I
T,=658 «,=098 I,=988

5 348 430 087 7,=181 o« =037 I,=146 563 465
T,=626 o,=063 1,=854

17 340 431 070 T,=545 ;=020 L,=175 638 635
T, =658 ao,=080 I,=825

10 336 400 054 7,=316 =097 1,=928 352 331
7,=814 a,=003 I,=72

a1, lifetime for each component of a multiexponential model; ¢;, preexponential for each component of a
multiexponential model; %I, percent fluorescence intensity for each component of a multiexponential
model; (1), species-concentration-weighted lifetime; 7, intensity-weighted lifetime. (Reprinted with
permission from reference 42.)

17 ofthe original set (Figure 5.2). 6MAP and DMAP are similar to probes 1 and 2
except that the phenyl groups are replaced by methyl groups.” The four com-
pounds shown in Figure 5.2 are highly fluorescent, Q,,; of these ranging from 0.39
to 0.88. The adenosine analogues, 6MAP and DMAP are at the beginning of their
development, but in initial studies they appear be quite similar to the guanosine
analogues with respect to stability and quenching effects. Q, for 6MAP and
DMAP are 0.39 and 0.48, respectively. 6MAP appears to participate in hydrogen
bonding with thymidine as evidenced by melting temperatures that are very
similar to those of controls. DMAP is currently under investigation.

The overlaid absorption spectra, corrected excitation spectra, and emission
spectra of 3-MI and 6-MI are shown in Figure 5.3.

5.2.1.1. Effect of pH on Fluorescence Emission

Emission spectra of 3-MI and 6-MI over a pH range from 5.0 to 8.0 are
shown in Figure 5.4. Varying the pH had little effect on the emission spectrum of
3-MI, whereas the emission spectrum of 6-MI shifted 10 nm to the red when the
pH was increased from 7.0 to 8.0.

Similar pH titrations of DAS on 3-MI and 6-MI were performed. The lifetime
components for 3-MI remained unchanged over the pH range from 7.0 to 9.0,
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Figure 5.2. Guanosine and adenosine analogues currently under development. (Reprinted with per-
mission from reference 42.)

while with 6-MI there is a blue shift in the longest lived DAS and a smaller
increase in the shorter lived component. These DAS demonstrate a pH-dependent
equilibrium between a minimum of two emitting species.

5.2.1.2. Fluorescence of Pteridine Analogue-Containing Oligonucleotides

3-MI and 6-MI were incorporated into the oligonucleotide strands shown in
Table 5.2 and examined in single-and double-stranded forms (paired to cytidine
in the complementary strand). Relative quantum yield (Q,,, ) measurements of
3-MI-containing oligonucleotides (21-mers) in which the fluorophore is substi-
tuted for guanosine at several positions are also listed in Table 5.2.

In PTERS the fluorophores are incorporated into a purine-rich segment of the
oligonucleotide (Tables 5.2 and 5.3) and fluorescence of both probes is substan-
tially quenched, whereas in PTER9 the fluorophores are surrounded by pyrimi-
dines resulting in less quenching of the fluorescence signal. These were found to
be the two extreme conditions for neighboring base quenching ofthe fluorophores.

With 3-MI, double strand formation led to less additional quench over that
seen in the single-stranded oligonucleotide. In the PTERY oligonucleotide, degree
of quench relative to unincorporated 3-MI was 64% and 68% in the single- and
double-stranded forms, respectively. For 6-MI, the degree of quench in PTER9
increased from 56% to 64% on going from the single- to the double-stranded form.
The emission spectrum of 6-MI shifts 7 nm to the red when it is incorporated into a
single- or double-stranded oligonucleotide compared to its unincorporated mono-
mer form. The emission spectrum of 3-MI shifts only 2 nm when incorporated into
an oligonucleotide.

The lifetimes, mean lifetimes, and amplitudes for 3-MI and 6-MI incorpo-
rated into single-stranded and double-stranded oligonucleotides are also listed in
Table 5.3. The dominant component of the intensity decay curves becomes more
complex and components of the decay curve with shorter lifetimes becomes more
prominent. For example, 3-MI in PTERS has a tri-exponential decay curve with
the predominant component having a lifetime of 0.21 ns.
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Figure 5.3. Overlay of absorption spectra, corrected excitation spectra, and emission spectra for
probes 4 (3-MI) and 17 (6-MI). Excitation and emission are expressed as a percent of maximum. Solid
line is absorption, dashed line is excitation, and dotted line is emission. (Adapted with permission from

reference 6.)

5.2.1.3. Melting Temperatures

Melting temperatures (T, ) were measured on a series of probe-containing
oligonucleotides as well as on the identical strands containing no probe and
strands containing a single-base pair mismatch at the identical position to the
fluorophore (Table 5.4). For 3-MlI-containing oligonucleotides, Tm depression
was approximately equivalent to a single base-pair mismatch in the same position.

These probes are quite stable and tolerate normal handling through synthesis
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Figure 5.4. Fluorescence emission spectra of Probe 4 (3-MI) and Probe 17 (6-MI) at pH 5.0 to 8.0.
(Adapted with permission from reference 6.)

as phosphoramidites and incorporation into oligonucleotides through the normal
phosphodiester linkage using a standard DNA synthesizer. 3-MI requires no
variations from standard de-blocking methods. 6-MI must be manually de-
blocked using a 1M solution of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) while
still attached to the column. Details are available on the website for TriLink
BioTechnologies, Inc. at www.trilinkbiotech.com or through the author. Typically,



158 Mary E. Hawkins

Table 5.2. Oligonucleotides Containing 3-Ml2

Name Sequence Quantum yield
PTER1  5'-GTF TGG AAA ATC TCT AGC AGT-3' 0.13
PTER2 5'-GTG TFG AAA ATC TCT AGC AGT-3' 0.10
PTER3 5'-GTG TGF AAA ATC TCT AGC AGT-3' 0.03
PTER4  5'-GTG TGG AAA ATC TCT AFC AGT-3' 0.06
PTERS 5'-GTG TGG AAA ATC TCT AGC AFT-3' 0.14
PTER7 5'-ACT GCT AGA FAT TTT CCA CAC-3’ 0.04
PTER8  5'-ACT GCT AFA GAT TTT CCA CAC-3' 0.05
PTER9  5'-ACT FCT AGA GAT TTT CCA CAC-3' 0.29

2Position of the fluorophore is denoted by the F. The relative quantum yield for those
containing 3-MI are listed at right. (Reprinted with permission from reference 42.)

Table 5.3. Fluorescence Properties of Probe-Containing
Oligonucleotides in Single and Double Strands?

Probe  Pter Q% T o, %l T

3-MI 8 s8 9 T7,=235 o =041 I =212 527
T, =606 o,=059 1,=788

3-MI 8 ds 96 T, =0.21 a, =0.70 I, =100 4.60

1,=288 o,=016 I,=325
7,=635 =013 L =575

3MI 9 s 64 7,=254 « =031 I,=178 474
7,=522 0,=069 I

3-MI 9 ds 68 T, =18 o =033 I, =145 4.81
T, =531 o,=067 I,=854

6MI 8 ss 9 7,=030 a =081 [=256 3.90
1,=221 a,=014 L,=313
=728 a,=006 I,=431

6-MI 8 ds — 71,=021 « =083 [,=330 259
7,=120 o, =013 I, =304
7,=589 «,=003 I, =36.6

6-MI 9 S8 56 7,=345 « =025 I, =141 6.51
17,=701 «,=075 I, =859

6MI 9 ds 64 7,026 « =088 [,=434 279
=104 a,=009 L =170
T, =630  «a,;=003 I, =396

“Measurements were taken in 10 mM Tris bufler, pH 7.5 at room temperature. Sce Table
5.2 for oligonucleotide sequence and position of fluorophore within the strand. Studies
were performed on single-stranded fluorophore-containing oligonucleotide (single) and
on the identical oligonucleotide annealed to its complementary strand (double). The
degree of quench of the fluorescence emission is relative to the deoxyribo-pteridine
nucleoside analogue (monomer) Q%. Quantum yields of probes 4 (3-MI) and 17 (6-MI)
are listed in Table 5.2. Abbreviations: 7, lifetime for each component of a multiexponen-
tial model; o;, preexponential for each component of a multicxponential model;
%], percent fluorescence intensity for each component of a multiexponential model;
7, intensity-weighted lifetime. (Reprinted with permission from reference 42.)
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Table 5.4. Effects of the Position
of the Fluorophore on the Melting
Temperatures for 3-Mi and 6-Mi#

Oligonucleotide 3-MI 6-MI Mismatch

PTERI 56.0°C

PTER2 55.6°C

PTER3 53.8°C  63.6°C 54.4°C
PTER4 52.0°C 54.4°C
PTERS 58.8°C  62.6°C

PTER7 58.4°C

PTERS 504°C  61.6°C

PTER9 54.6°C

“The site of fluorophore incorporation is shown in Table 5.2.
T s were measured in 10 mM Tris, pH 7.5 with 10 mM

m

NaClL The T, of the control double strand was 63.2°C.
(Reprinted with permission from reference 6.)

probe-containing oligonucleotides are purified through polyacrylamide gel elec-
trophoresis and ethanol precipitation. Although incorporation into DNA signifi-
cantly quenches the fluorescence signal, the selected fluorophores start with
quantum yields as high as 0.88 and can still be easily detected within oligonucleo-
tides. Changes in the local structure of fluorophore-containing oligonucleotides
can be monitored by measuring changes in fluorescence properties.

The significant quenching seen upon incorporation of 3-MI and 6-MI into
single-stranded oligonucleotides is related to the proximity of purines to the
fluorophore in the strand. The majority of quench is observed upon incorporation
into the oligonucleotide with a less severe additional quench upon annealing the
fluorophore-containing oligonucleotide to its complementary strand, suggesting
that quenching originates mostly in base stacking interactions rather than base
pairing. For PTERS, containing the fluorophore surrounded by purines, the fluo-
rescence signal is almost completely quenched (96%) in the single-stranded form,
and little additional quench is detected in the double-stranded form. For PTER9
containing 6-MI, quench increases from 56% to 64% with annealing, and for
PTERY containing 3-MI there is a smaller increase in quench from 64% to 68%
when the labeled strand is annealed to its complement.

The T,, studies suggest that 3-MI does not participate fully in base pairing in
double-stranded oligonucleotides because the T, depression in 3-MlI-containing
oligonucleotides is approximately equivalent to that of a single base pair mis-
match. In contrast, the T, s of double-stranded 6-MI -containing oligonucleotides
are very similar to the T s of the controls, suggesting that 6-MI may participate in
base pairing. The shift in emission spectra of 6-MI going from single-stranded to
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double-stranded form is also consistent with base pairing. A shift of this type was
not observed for double-stranded 3-MI (Figure 5.4).

The effects of quenchers or energy transfer interactions may also be mon-
itored through lifetimes. For example, ifa fluorophore within an oligonucleotide is
shielded because of an interaction between the oligonucleotide and a protein, the
lifetime will not be affected by the introduction of extrinsic dynamic quenchers
(e.g., Cs* or I7). However, if the probe is in a more exposed position within the
oligonucleotide, then the lifetime will be affected by the addition of dynamic
quenchers. Similarly, a probe may be dynamically quenched by collisions with
intrinsic quenchers, e.g., neighboring groups such as carbonyl oxygen.

In its monomer form, 3-MI has one major lifetime component of 6.58 ns
(99%) and a (1) of 6.51 ns. Upon incorporation into PTERS, the decay curve
becomes more complex and two distinct lifetimes of 2.35 ns (41%) and 6.06 ns
(59%) are required to describe the decay curve, resulting in a () of 4.54 ns.
Annealing this fluorophore-containing oligonucleotide to its complementary
strand forming the double-stranded PTERS increases the complexity even further,
requiring a third, dominant short-lived component (0.21 ns) to fit the decay curve
(Table 5.3), and the (T} drops to 145 ns. This latter change may provide a
convenient means of monitoring whether an oligonucleotide (or a segment of an
oligonucleotide) containing one of the fluorophores is in the single- or double-
stranded state. In PTER9 the degree of quench associated with incorporation of
3-MI into the oligonucleotide is less, and there is no increase in the complexity of
the decay curve and no substantial change in {t) in the double strand.

For 6-MI, incorporation into PTERS is also associated with substantial
quenching, an increase in the complexity of the decay curve from two to three
components, and a much shorter {t) (6.35 ns for the monomer and 0.95 ns in the
single-stranded oligonucleotide). The double-stranded, 6-MI-containing PTERS
oligonucleotide has a slightly shorter {r} (0.53 ns) than the single-stranded oligo-
nucleotide. The change in the shape of 6-MI’s decay curve and the decrease in ()
resulting from annealing the fluorophore-containing single-stranded PTERO to its
complementary strand is more dramatic (Table 5.3). Based on the Tm measure-
ments, 6-MI appears to participate in base-pairing interactions, while 3-MI does
not. This may in part explain the differences in the observed changes in fluores-
cence properties of 3-MI- and 6-MI-containing oligonucleotides.

Comparing changes in {t) and relative quantum yield (expressed as percent-
age quench in Table 5.3) in the monomer and the fluorophore-containing single-
and double-stranded oligonucleotide provides insight into the mechanism of the
quench resulting from incorporation of the pteridine nucleoside into an oligo-
nucleotide. Static quench should not be accompanied by a change in (), while
pure dynamic quench is associated with proportional changes in quantum yield
and (t). Disproportionate changes in quantum yield and {(7) suggest that quenching
is due to a combination of static and dynamic events. The tertiary structure of the
oligonucleotide could expose the fluorophore to collisional events from its sur-
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roundings (dynamic quenching) or could position the fluorophore in contact with
other bases or backbone quenchers within the oligonucleotide (static quenching).
In the 3-MI-containing PTERS single-stranded oligonucleotide, the fluorophore is
surrounded by purine bases and the Q,,; is 96% quenched compared with the
monomer. The {t) of 3-MI is also shorter in the single-stranded oligonucleotide,
but the change in {7} is only 30% (6.51 to 4.54 ns), suggesting that static quench
arising from the surrounding purines is the primary mechanism involved in the
quenching of the fluorescence signal. A more detailed analysis and discussion of
the quenching mechanisms of 3-MI containing single and double strands has been
done by Driscoll et al®

The pH titration of the emission spectra and DAS of 3-MI and 6-MI yielded a
shift in the emission spectrum of 6-MI between pHs of 7.0 to 8.0, and an increase
in one of 6-MI’s lifetime components over the pH range from 7.0 to 9.0. These
DAS also provide a clear signature of an excited state reaction.” This property of
6-MI could be exploited to measure local pH and buffering. The shift in the
emission spectrum of 6-MI was not seen with 3-MI and suggests that there is a
protonation at the 3-position, which is protected by the methyl group in 3-MIL. A
minimum of two emitting species (e.g., tautomers) would be needed to explain
these DAS.

In the following sections, we will demonstrate a number of applications that
utilize these highly fluorescent analogues in ways that take advantage of their
unique properties.

5.3. Applications Using Pteridines
5.3.1. Integrase Assay

One way to use these analogues is to simply monitor changes in fluorescence
intensity when some action physically removes them from base-stacking inter-
actions. The following example demonstrates this using the endonucleolytic
cleavage activity of a protein from HIV-1.!

Integrase is a retrovirally-encoded protein responsible for the integration of
viral DNA into the host cell’s genome, a critical step in the life cycle of a retro-
virus. This protein functions in a step-wise manner, the first step being cleavage of
a dinucleotide from both of the 3'-ends (3'-processing reaction). Cleavage is
followed by other steps, resulting in the integration of the HIV-1 genome into the
host cell’s DNA. The fluorescent pteridine nucleoside analogue based assay
focuses on the cleavage step of this reaction.

The integrase catalyzed 3'-processing (endonucleolytic cleavage) and strand
transfer reactions have previously been studied in vitro using recombinant protein
and short double-stranded oligonucleotides (21-mers) with sequences identical to
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either the U5 or U3 terminus of HIV-1 DNA as substrates.'®"* The substrate is 32P-
labeled and the reaction products are analyzed by polyacrylamide gel electro-
phoresis and autoradiography to detect cleavage (19-mer) or strand transfer ( 30-
mer) products.

In the fluorescence-based assay utilizing the pteridine nucleoside analogue,
3-MI, the probe is site-specifically inserted into the cleavage site of a double-
stranded oligonucleotide substrate. Cleavage of the 3'-terminal dinucleotide con-
taining 3-MI results in a measurable real time increase in fluorescence intensity.
Figure 5.5 shows a schematic of the integrase cleavage step with release of 3-MI
(F) from the oligonucleotide.

Fluorescence intensity changes resulting from the integrase 3'-processing
reaction are depicted in Figure 5.6. This assay is based on an in vitro cell-free and
virus-free system in which purified recombinant HIV-1 integrase protein is incu-
bated with a short duplex oligonucleotide (21-mer), with a sequence identical to
the U5 terminus of viral DNA.'"'*'* 3-MI is substituted for guanosine at the
cleavage site of the oligonuceotide substrate. As part of the 3 'processing reaction,
the terminal 3'-dinucleotide, containing 3-MlI, is cleaved from the oligonucleotide
and the quenching effect of the neighboring adenosine is abrogated resulting in a
marked increase in the fluorescence intensity of the reaction mixture.

The increase in fluorescence intensity was linear for up to 20 min. The rate of
the increase in fluorescence intensity is proportional to the rate of the integrase
3'"-processing reaction and, because the change in fluorescence intensity is depen-
dent on release of the 3-MI-containing dinucleotide, this assay is specific for the
integrase 3'-processing reaction. The potential increase in fluorescence intensity
from the release of the 3-MI-containing dinucleotide is also illustrated by the
marked difference in the fluorescence emission profiles of the 3-MI-containing
oligonucleotide and the 3-MI-containing dinucleotide shown in Figure 5.7.

GTGTGGAAAATCTCTAGCAFT - 3’
CACACCTTTTAGAGATCGTCA - 5’

Integrase

GTGTGGAAAATCTCTAGCA 3" + FT -3’
CACACCTTTTAGAGATCGTCA -5’

Figure 5.5. Integrase 3'-processing reaction with 3-MI-containing substrate. The cleavage reaction of
integrase releases the 3-MI containing 3'-terminal dinucleotide from the strand. 3-MI is denoted as F.
(Reprinted with permission from reference 42.)
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Figure 5.6. Change in fluorescence intensity over time during incubation of HIV-1 integrase with the
3-MlI-containing oligonucleotide substrate. The real time kinetic trace of fluorescence intensity depicts
the blank rate prior to addition of integrase to the reaction mixture (0 to 1700 s), the increase in
fluorescence intensity following addition of integrase to the reaction mixture (1700 to 2880 s), and
cessation of the reaction following the addition of EDTA (>2880 s) which chelates manganese, a
required cofactor. The fluorescence emission was measured at 400 nm following the excitation at 360
nm. (Reprinted with permission from reference 1).
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Figure 5.7. Comparison of the fluorescence emission spectra for the 3-Ml-containing substrate
oligonucleotide and the 3-MI-containing dinucleotide cleavage product. Excitation was at 360 nm. The

oligonucleotide and the dinucleotide solutions were analyzed at equimolar concentrations as measured
by absorbance of the solution at 360 nm. (Reprinted with permission from reference 1.)
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The removal of the fluorophore from a single- or double-stranded oligo-
nucleotide through the action of any endo- or exonuclease may be presumed to be
easily monitored through changes in fluorescence intensity as well. This increase
has also been demonstrated using other enzymes, including P1 nuclease and
Exonuclease III.

5.3.2. Bulge Hybridization Probes

The unique properties of the pteridine nucleoside analogues provide us with a
very convenient method for detection of hybridization of oligonucleotides. Since
the quench in fluorescence intensity is largely attributable to base stacking inter-
actions, it was assumed that any disruption in the base stacking arrangement
would have a direct influence on the fluorescence intensity. Disruption in the
helical arrangement of bases in an oligonucleotide can be caused by various
means. This application explores the effects of forcing a one, two, or three base
bulge within a double strand.

The application of the fluorophores as bulge hybridization probes utilizes the
probe incorporated into an oligonucleotide that is perfectly complementary to a
known target sequence, except for the addition of the fluorophore. When anneal-
ing occurs, the probe is squeezed out of the strand since it does not have a base-
pairing partner. Since this partially relieves fluorescence quenching induced by
interactions with neighboring bases, a direct increase in fluorescence intensity is
observed (Figure 5.8). This technique is used to determine the presence or absence
of specific DNA sequences in a mixture without the need for separation of
annealed or labeled products. Fluorescence increases upon bulge formation range
from —1.5-fold to 27-fold depending on the sequence. Although some increase in
fluorescence intensity is realized with 2 or 3 base bulges, the highest signal
increase is seen with the single base bulge.

The most productive bulges occur within a group of adenosines. Since this is
also the most quenched environment for 3-MI, it provides a very low background.

The degree of increase revealed by annealing the two strands is dependent on
the identity of the bases nearest to the fluorophore. The combination of selectivity
and the fact that the products do not need to be separated for analysis make this a
very rapid and attractive technique.

This bulge hybridization technique has been used to measure the products of
polymerase chain reactions (PCR) without the need for separation techniques
(Hawkins et al., unpublished). In this approach, we synthesized a probe-
containing strand that was complementary to a section of the region of product
between (but not overlapping) the primers. An investigation of the advantages and
disadvantages of using multiple probes per strand revealed that each 3-MI bulge
depresses the Tm of the double strand by 1-2°C. We designed a PCR probe strand
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Figure 5.8. Difference in fluorescence intensity resulting from bulge formation as measured by
integration of the area under each peak. The two 3-MI-containing strands are equimolar. Hybridization
was done by heating the strands to 95°C for two minutes and allowing them to cool to room
temperature. Excitation was at 350 nm. The larger peak is the scan of the double-stranded material of
the sequence 5’-agcagttgctaaagaaFaattgaacacgeteggacttge-3’. This is measured to be a 21-fold in-
crease.

containing two 3-MI molecules designed to form bulges when annealing occurs.
The probe strand is added to the PCR mixture prior to amplification at which time
no complementary strands are present. As new product is created in the process of
the amplification, complementary strands (targets) become available for the probe
to bind resulting in increasing fluorescence intensity. Products containing no
template (blank) and a series of known template concentrations were scanned at
the conclusion of 30 cycle. Positive PCR reactions exhibit up to threefold increase
in fluorescence intensity over the blank and showed a linear correlation between
the amount of template and the amount of fluorescence increase. Results were
confirmed using standard agarose gel electrophoresis.

5.3.3. Anisotropy

Studies done at Wesleyan University by Mukerji et al.’® have utilized steady

state fluorescence anisotropy using 3-MI fluorescence to monitor the binding of
the HU protein to duplex DNA. HU, a multifunctional histone-like protein found
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only in prokaryotes, does not recognize or bind to a particular sequence of DNA,
but does bind preferentially to supercoiled and bent DNA. This protein contains
no Trp or Tyr residues; therefore, to probe the binding interaction by fluorescence
spectroscopy it was necessary to label the DNA duplexes with 3-MI. This probe
was specifically incorporated at one site into a 13-bp and a 34-bp DNA duplex.
The binding affinity of the protein as well as the conformation of DNA were
addressed in these experiments.

Anisotropy measurements were performed at a constant concentration of
DNA with increasing concentrations of HU protein. Under these conditions the
binding curves (Figure 5.9) yielded a Kd value of 1.51 x 107 M for the 34-bp
duplex (3MI-34) and a value of 3.16 x 1076 M for the 13-bp duplex (3MI-13). As
shown by the fits, the interaction is well described by a binding equation that
assumes a l:1 interaction in both cases. The observed difference in binding
constants for the two duplexes is larger than the error associated with the fit and is
suggestive that the flanking regions are relevant for the interaction, since binding
to 3MI-34 is slightly stronger than binding to 3MI-13. Previous studies'® had
suggested that HU binds to 9 bp of DNA; however, fluorescence anisotropy
measurements are more consistent with a 1:1 interaction for both the 13- and 34-bp
duplexes. Interestingly, in gel mobility shift assays (GMSA) performed with
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Figure 5.9. The binding of HU to 13 bp and 34 bp duplex oligomers as monitored by fluorescence
anisotropy is shown, Excitation wavelength was 330 nm and anisotropy was monitored from 409 to
417 nm. Plotted values are an average with an error of == 0.0025. Samples were in a 15 mM KCl, 2 mM
spermidine, 0.1 mM EDTA, 10 mM Tris pH = 7.6 buffer. Temperature was maintained at 4°C. Kd(app)
values were determined by assuming a 1:1 binding interaction with the fits as shown.
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3MI-34, formation of 1:1 and higher order HU:DNA complexes (2:1, 3:1, 4:1, etc.)
was observed. In this case the Kd(app) determined by GMSA is 5.0 x 1078 M,
which is significantly smaller (~30-fold) than the value determined by anisotropy.
The observation of multiple HU:DNA complexes by GMSA has been previously
reported with other DNA duplexes of comparable length.'” For 3MI-13, however,
only one complex is observed in the GMSA, and the determined Kd(app), 1.30 x
1076 M, is similar to that determined by fluorescence anisotropy (see above).
Despite the differences in the absolute determination of the Kd(app), both the
GMSA and fluorescence measurements are suggestive that HU has a higher
binding affinity for 3MI-34 relative to 3MI-13.

Fluorescence stoichiometry experiments performed with 3MI-34 are consis-
tent with the anisotropy experiments and are indicative of a binding stoichiometry
of at most 2:1 HU:DNA. Thus, we suggest that the numerous complexes observed
in the GMSA result not from higher order protein:DNA complexes but altered
migration patterns as a consequence of DNA bending and the geometry of the
bend. HU has striking primary and secondary structural similarities with a homol-
ogous protein, integration host factor (IHF), and the mode of interaction with
DNA may be similar to that of IHF. IHF forms a 1:1 complex with DNA and
protein binding induces the DNA to form a bend of ~160."® Similarly, HU exhibits
a marked preference for bent DNA and facilitates circularization of DNA." Upon
binding to HU, 3MI-34 exhibits an increase in fluorescence intensity, which is
consistent with increased solvent exposure of the nucleoside analogue. This
increase in fluorescence intensity is strongly suggestive of a structural deforma-
tion of the DNA that leads to an unwinding of the helix and possible unstacking of
the DNA bases. This result is also supported by the observed change in anisotropy
upon protein binding (see below). No fluorescence intensity change is observed
for 3MI-13 upon binding to HU, which is indicative of 3-MI remaining in a
stacked configuration. We suggest that the relatively short length of this DNA is
prohibitive for bending. The absence of a fluorescence intensity change is consis-
tent with the observation of only one band in the DNA binding gel and is sugges-
tive of little or no change in the conformation of 3MI-13 upon binding to HU.

The anisotropy of 3MI-13 alone is 0.02 compared to a value of 0.04 for
3MI-34; thus, the r (0) values reflect the length difference of the two duplexes. The
overall anisotropy change upon protein binding is similar for the two duplexes, but
is more pronounced in the case of 3MI-34 (0.054 vs. 0.039). This increment, while
larger, may in fact be reduced by an increase in lifetime upon binding. The
relationship between the correlation time (¢p) and lifetime (1) is shown in a form
of the Perrin equation shown below.

7
[ pe—— (5.1)
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Consequently, this contrast probably would be greater if changes in had been
measured instead of changes in anisotropy. If both measurements monitor the
binding of 1 HU dimer to DNA, as suggested by the stoichiometry experiments
and the analysis of the binding curve, the bound correlation time change should be
the same. The larger anisotropy change for 3MI-34 potentially results from a
change in conformation of the DNA upon binding. This is supported by the
concomitant increases in fluorescence intensity and anisotropy. The intensity
increase is suggestive of local unstacking of the DNA bases or unwinding of the
helix, since the quantum yield of 3-MI is larger in single-stranded DNA relative to
double-stranded. Thus, in contrast to the GMS A, fluorescence experiments (inten-
sity, anisotropy, and stoichiometry) are more consistent with a 1:1 HU:DNA
inteaction and are also strongly indicative of a change in DNA conformation upon
binding, such that in the 34 bp duplex 3-MI becomes solvent exposed. The
absence of a fluorescence intensity increase upon HU binding to 3MI-13 is
suggestive that it is too short to experience a similar change in conformation.
These fluorescence binding experiments provide relevant information regarding
the protein-DNA interaction especially with respect to DNA conformation, and
are suggestive of a new interpretation of the GMSA data.

5.3.4. Intracellular Transport of Oligonucleotides

Studies are being carried out at Mt. Sinai in New York by Basil Hanss et al.
(unpublished) using 3-MI as a probe for oligonucleotide transport. Cellular uptake
of oligonucleotides has important therapeutic implications. Genes can be trans-
ferred to cells using plasmid DNA, protein synthesis can be interrupted with
ribozymes or antisense oligodeoxynucleotides, and, in emerging technology, ge-
netic defects caused by point mutations can be corrected with RNA/DNA hybrid
oligonucleotides.”® All of these promising approaches require internalization of
oligonucleotides (ODNs) at appropriate intracellular locations. Overall oligo-
nucleotide uptake by most tissues in vivo is relatively low, the highest being in
kidney, liver, and brain.?'> The aim of this study is to define the molecular
mechanism of oligonucleotide internalization.

The molecular mechanism of ODN uptake is not completely understood,
although it is known that uptake is saturable and energy requiring in most
tissues.”> > A considerable body of literature exists describing the kinetics of
ODN transport and, based on those studies, three transport mechanisms have been
proposed: receptor mediated endocytosis, fluid phase endocytosis (i.e., pino-
cytosis), and transport through an oligonucleotide conducting channel.

Kinetics studies, for the most part, have used ODNs labeled with either a
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radioisotope or a fluorescent tag, most commonly end labeling with FITC or a
similar fluorophore. Evidence in the literature reports different rates of uptake for
radio-labeled and FITC-labeled ODNs.* In order to further explore the source of
this difference, 3-MI will be incorporated into an oligonucleotide.

Three general areas of investigation will be optimized for use with 3-MIL.'
Oligonucleotides containing 3-MI (3MI-ODN) to measure ODN uptake/efflux
kinetics. An extremely bright oligonucleotide containing six 3-MI molecules in a
22-mer is being used to increase sensitivity (5-Ftc cFc tcF tct Fct cFt tcF c-37).
Currently, radiolabeled ODNs are being used to study uptake kinetics, trans-
epithelial flux, and the molecular mechanism of ODN transport across both the
apical and basolateral membranes of renal epithelia. The model systems consist of
primary cultures of human renal tubule cells and isolated perfused renal tubules.
Addition of 3MI-ODN into these studies will allow real time measurement of
ODN flux using confocal fluorescence microscopy.” The intracellular fate of
ODN:s in renal tubule cells is unclear; yet their therapeutic efficacy is absolutely
dependent upon trafficking to the correct intracellular compartment. Use of 3MI to
follow trafficking will provide a more native-like model than that previously
used.’ Finally, to be effective for antisense purposes, ODNs must hybridize to
target mRNAs; however, little is known about the in vivo binding of ODNs to
target sequences and it is difficult to predict which sequences will bind efficiently
to the target mRNA. Pteridine nucleoside analogue-containing ODNs are being
used to develop an in vivo hybridization assay to address these important issues.

5.3.5. DNA Conformation

Laws and others at Mt. Sinai in New York,” have studied nucleoside ana-
logues using time-resolved fluorescence resonance energy transfer. Studies done
by Parkhurst ef al.>'* have greatly enhanced our understanding of DNA confor-
mation and dynamics. Typically, resonance energy transfer data provides informa-
tion about the distribution of distances between donor and acceptor fluorophores.
If the donor and acceptor are attached to specific sites on a macromolecule, this
distance distribution can provide invaluable insights into structure and conforma-
tional dynamics. Since nucleoside analogues exist in a very restricted conforma-
tion within the DNA, the donor—acceptor distance distributions experienced by
the nucleoside analogue will arise predominantly from the conformation and
dynamics ofthe DNA itself. In the studies by Parkhurst, measurements reflect the
distances between probes positioned in a region external to the helix. Using the
nucleoside analogues should give considerably different results since the mea-
surement is being taken between points within the helix. An ongoing study is
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using 6-MI to function as an acceptor. The use of this pteridine nucleoside
analogue will greatly improve the quality of the information that is available from
this class of experiments.*

5.4. 2-Amino Purine
5.4.1. Background

The potential for using fluorescent nucleoside analogues in DNA research
was suggested in an article in 1969 by Ward er al.** In this paper the fluorescence
characteristics of 2-amino purine (2-AP) were defined, demonstrating that it
would be practical for study because of a number of qualities. A quantum yield of
0.68 in an aqueous solvent at pH 7.0 and an emission maximum of 370 nm identify
this compound as a powerful tool for studies of DNA. These authors also suc-
cessfully incorporated 2-AP into oligonucleotides using Escherichia coli RNA
polymerase and substituting 2-AP-triphosphate for ATP. The fluorescence
changes seen upon incorporation into an oligonucleotide made it apparent that this
probe could be used to monitor changes in an oligonucleotide structure or environ-
ment. The synthesis of 2-AP as a phosphoramidite by McLaughlin ez al. in 1988%
has allowed the site-specific incorporation of this fluorophore into oligonucleo-
tides through standard automated synthesis. Since that time 2-AP has been used in
various studies. Its behavior in oligonucleotides is similar to that of the pteridine
nucleoside analogues in that it is quenched upon incorporation and fluorescence
properties change dramatically when events or other molecules impact the struc-
ture of the oligonucleotide. Several examples of research using this probe are
briefly described.

5.4.2. Applications

In a structural study of DNA containing 2-AP Nordlund et al have analyzed
the movement and flexibility of DNA.* This study utilized the temperature-
dependent time-resolved fluorescence of 2-AP. By comparison of the single
exponential decay of the monomeric probe and the multiexponential decay of the

*Deoxyribose, ribose, and phosphoramidite forms of the pteridines, 3-MI, 6-MI, and 6-MAP are
available through Toronto Research Chemicals, Inc. (TRC), Toronto, Canada. Custom oligonucleo-
tides containing 3-MI, 6-MI, and 6-MAP are available through TriLink BioTechnologies, Inc., San
Diego, CA.
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probe within the oligonucleotide, conclusions could be drawn about conforma-
tional states of the probe. Data from this study leads to the conclusion that 2-AP
within the oligonucleotide exists in four or more conformational states. These can
be described as various levels of base stacking or unstacking within the helix.

Another study of structural dynamics of DNA was conducted by Guest ez al.’
in which the strength of base-pairing interactions in various mismatches was
examined. This study analyzed internal rotation of 2-AP within a double strand
using fluorescence amplitude and correlation times. The degree of annealing of the
two oligonucleotides was studied using tumbling correlation times and the emis-
sion lifetimes were used to determine the excited-state quenching of 2-AP. The
findings demonstrate the usefulness of 2-AP to measure differences in the strength
of base-pairing interactions as a function of base motion.

In a similar study by Hochstrasser ef al.” 2-AP was used to label substrates
for monitoring base-pairing interactions and local melting of DNA by measuring
fluorescence decay characteristics. Once again, the complexity of the decay curve
between a 2-AP-containing single strand and a 2-AP-containing double strand
was used to draw conclusions about the single-strandedness of the 2-AP position.
Variations in the apparent fraction of paired 2-AP bases led the authors to con-
clude that the Klenow fragment can melt a DNA duplex terminus resulting in a
single-stranded conformation.

In a very simple and direct application of 2-AP for monitoring helicase
activity Raney er al.> used an oligonucleotide substrate containing seven 2-AP’s
spaced at regular intervals. Fluorescence intensity which is quenched 2-fold
within the oligonucleotide is restored when the substrate is unwound by helicase.
By measuring fluorescence intensity changes over real time, the rate of helicase
driven unwinding of DNA was measured.

Frey et al.*® used 2-AP in a stopped flow study to examine the kinetics of the
polymerization reaction of Klenow fragment. This experiment also utilizes the
quenching affect of the double-strand conformation on 2-AP.

The measurement of very subtle movements between DNA and protein is
presented in a paper by Beechem ez al.’” In this study 2-AP was site-specifically
incorporated into a primer terminus and then changes in fluorescence were ob-
served as the T4 polymerase was allowed to bind. This protein has distinctly
different binding sites for polymerase and exonuclease activities. A variety of
factors can shift the predominant binding from one site to the other. After deter-
mining that fluorescence quenching or hyperfluorescence were dependent on the
site to which the primer was bound, the authors were able to investigate transi-
tions between polymerase site and exonuclease site bound primer. This is a good
demonstration of the way the fluorophore can reflect subtle changes in its environ-
ment.

It is apparent from the number and diversity of applications using 2-AP, only
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a small sampling of which are noted here, that there are many ways to observe
the changes experienced by the probe when changes occur in the oligonucleotide
environment.

5.5. 1,N®-Ethenoadenosine

Another potentially useful fluorescent nucleoside analogue is 1,N°-etheno-
adenosine. This compound along with ethenocytidine have been used in research
since their development in 1972. The fluorescence quantum yield of 0.5 and the
maximum emission wavelength of 410 nm make ethenoadenosine a particularly
attractive probe.*®*’ A great deal was learned about the fluorescence characteris-
tics of chloroacetaldehyde-modified dinucleosides. By exposing dinucleosides to
chloroacetaldehyde under specific conditions a series of dinucleotides were mod-
ified to contain ethenoadenosine or ethenocytidine. Fluorescence analysis of the
resulting compounds revealed that the fluorescence was quenched from the inter-
actions with neighboring bases. It was apparent from these experiments that
neighboring purines resulted in a greater quench than neighboring pyrimidines.*’
Now that these probes have been synthesized as phosphoramidite forms allowing
incorporation into DNA on an automated synthesizer,*' more can be learned about
their behavior within the oligonucleotide strand. Since the etheno-compounds are
unstable under standard deprotecting methods, it is necessary to use fast base
deprotecting groups and a short treatment with ammonia.

5.6. Summary and Outlook

The focus of this chapter was to point out the unique properties of fluorescent
nucleoside analogue probes and to examine how one can take advantage of those
properties to observe quite subtle interactions within DNA. There are a growing
number of nucleoside analogues that are highly fluorescent, stable, and available
as phosphoramidites to facilitate site-specific incorporation into oligonucleotides.
Some of these probes apparently participate in base pairing (2-AP, 6-MI, 6-M AP)
and some are comparable to a single-base-pair mismatch as measured by melting
temperatures. All four of the pteridine analogues, when incorporated into an
oligonucleotide migrate through a polyacrylamide gel at a rate indistinguishable
from the equivalent sequence as a control. This would suggest that there are no
gross configurational changes in the oligonucleotide due to the presence of the
pteridine. Table 5.5 lists some of the fluorescence properties of several probes for
comparison.
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Table 5.5. Fluorescence Properties of Some Nucleoside Analogues

Probe EK”I“ Emm‘-m Q,—,_q Probe Exma;\ Ernlllii\ Qrt'!
3-MI 348 nm 431 nm  0.88 6-MI 340 nm 430 nm  0.70
6-MAP 330 nm 435 nm  0.39 2-AP 303 nm 370 nm 0,68
DMAP 330 nm 437 nm 048 Etheno-A 300 nm 410 nm  0.50

Studies using nucleoside analogues in oligonucleotides have demonstrated
that subtle changes in DNA often can be observed using a variety of fluorescence
properties. They provide us with a new window on DNA structure and its
relationship with the environment. In many cases the probes can be placed so close
to the site of interest that changes at that site can be witnessed in a real time format
using various fluorescence techniques.

The ideal probe, one that closely resembles the natural bases and is highly
fluorescent, however, is quite elusive. As with most things in science, the problem
is much more complex than one might expect. The characteristics that make
guanosine recognizable from the point of view of a protein, for example, extend
beyond the hydrogen bonding moieties. The size, shape, and electronic distribu-
tion within guanosine all contribute to its being recognized. Nothing can mimic
this perfectly without being guanosine and consequently being only faintly fluo-
rescent. The objective is to create the most native-like, stable and highly fluores-
cent probes possible. In the search for an ideal analogue, something must always
be sacrificed in order to achieve acceptable levels of stability and fluorescence.
There is substantial structural difference between fluorescent nucleoside ana-
logues and native nucleosides, and yet similarities in overall shape, size, and
linkage allow us to place a fluorophore within the DNA without totally disrupting
the tertiary structure. With a variety of different analogues available, it will be
possible to select the one that is most appropriate for a given application.

The difference between the conventional fluorophores and the analogues is
only a matter of subtlety. There is no dispute about the potential and usefulness of
the hundreds of conventional fluorophores now available for research. Having a
variety of analogues capable of being placed within in a specific sequence and at
different sites will give researchers one more way to approach the study of DNA.
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Lanthanide-Labeled DNA

Paul R. Selvin

6.1. Overview

Lanthanide ions can have highly unusual emission characteristics in aqueous
solution, including a long (millisecond) excited-state lifetime, sharply spiked
emission spectra (<10 nm width), and a large Stokes shift (>150 nm). These
characteristics, when using pulsed excitation in combination with time-delayed
and wavelength-filtered detection, are advantageous for discriminating against
background fluorescence, which tends to be short lived (primarily nanosecond)
and broadly spread in wavelength. For this reason, lanthanide ions are of signifi-
cant interest as alternatives to conventional fluorophores, particularly when auto-
fluorescence is a problem. This is particularly true in high-throughput screening
assays for drug development where autofluorescence commonly limits sensitivity
with conventional probes and radioactivity has undesirable environmental, health,
and cost considerations. Detection sensitivity of 10712-10715 M can be achieved
with lanthanides, exceeding sensitivity achievable with conventional fluorophores
and approaching or equalling radioactivity. A number of companies have com-
mercially available lanthanide-based assays although availability of the chelates
remains an issue for many university researchers.

A second area of practical and fundamental interest is the use of lanthanide
ions as donors in resonance energy transfer studies for the detection of binding
between biomolecules or the measurement of nanometer-scale distances within
and between biomolecules. It has recently been realized that lanthanide ions make
excellent donors in energy transfer experiments, enabling distances up to 100 A
feasible with greatly improved accuracy compared to conventional fluorescent
probes. Lanthanide-based resonance energy transfer (LRET) has been applied in
both basic and applied studies, including DNA and DNA-protein complexes. Very
recently, it has been realized that LRET can lead to new classes of DNA-dyes with
tuneable excited-state lifetimes in the 10-500 msec time regime and tunable color
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lllinois 61801 (selvin@uiuc.edu).

Topics in Fluorescence Spectroscopy, Volume 7: DNA Technology, edited by Joseph R. Lakowicz,
Kluwer Academic / Plenum Publishers, New York, 2003

177



178 Paul R. Selvin

emission, from 500 nm to 700nm, which may lead to many advantages, including
greatly multiplexed detection of simultaneous signals.

A number of reviews have been written on the use of lanthanide probes,
typically in time-resolved measurements, including their use in DNA assays.' '
This chapter focusses on lanthanides applied to DNA, but examples of lanthanides
used in protein studies are included because the logical extension to DNA studies
is clear in many cases and indirect detection of DNA through the use of proteins
(such as streptavidin) is common. Lanthanide chelates as detection reagents are
first discussed, followed by their use in resonance energy transfer studies.

6.2. Lanthanide as Luminescent Labels

Many of the lanthanide atoms, also known as rare-earth atoms, are widely
used as luminescent materials. For example, neodymium is used in lasers; erbium
is used in telecommunication devices; and terbium, europium, and occasionally
gadolinium are used in fluorescent bulbs. However, in aqueous systems only
europium and terbium have significant luminescence, with dysprosium and samar-
ium being used rarely and the others not at all. Europium emits primarily in the red
and terbium primarily in the green. Even with europium and terbium, to get
significant luminescence in aqueous solution two steps must be taken. First, water
must be prevented from binding the lanthanide since water highly quenches its
excited state. This is generally accomplished by encapsulating the lanthanide in a
chelate which binds the lanthanide tightly and expels water. In addition, the
chelate often serves as a means for attachment of the lanthanide to a biomolecule
via some thiol- or amine-reactive functionality. Second, because the lanthanide
absorption cross-section is extremely weak (typically <1 M~!cm™!, compared to
~100,000 M~! ¢cm™! for many conventional fluorophores), an antenna (or sensi-
tizer) is placed near the lanthanide, usually via covalent attachment of the antenna
to the chelate. This antenna, usually an organic chromophore, absorbs the excita-
tion light and transfers the energy to the lanthanide, which then re-emits charac-
teristic lanthanide luminescence.'

6.2.1. Representative Chelates

Figure 6.1 shows a number of luminescent lanthanide complexes, most of
which have been attached to amino-modified nucleotides and others which have
been made as phosphoramidites.'>"> Luminescent cryptates were originally devel-
oped by Lehn er al. where the bipyridine antenna molecules are an integral part of
the chelation complex.'* Both Eu and Tb are luminescent, although they are pri-
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Figure 6.1. Some luminescent lanthanide chelate complexes. (See text for details.)

marily used with Eu because Tb has a back transfer of energy to the antenna mole-
cule which leads to lanthanide quenching.'” They are used in commercial assays
by Cis-Biointernational (Cedex, France).'®" The chelate and sensitizers are also
an integral unit in the terpyridine complex developed by Saha et al., which is lumi-
nescent with Eu (now available from Amersham Biosciences, Piscataway, NJ),ZO
and in the BCPDA complex (4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-
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dicarboxylic acid) developed by Diamandis et al. and originally marketed by
CyberFluor (Toronto, Canada).’

Polyaminocarboxylate chelates, such as diethylenetriaminepentaacetic acid
(DTPA), covalently attached to a number of possible antenna molecules, have
been widely used primarily because of their ease of synthesis, good chelation
properties, and the ability to independently tailor the chelate and sensitizer for the
desired properties.”’ > Paraaminosalicylate was the original antenna used”' with
DTPA and is luminescent with terbium but not europium. It is hydrophilic, which
is advantageous when attaching many chelate-complexes to a biomolecule (see
Section 6.2.3 below) but requires fairly short wavelength excitation (<308 nm)
with limited brightness. The antenna molecule carbostyril 124% or its deriva-
tives,” used with polyaminocarboxylate chelates, are brighter and can be excited
at 340 nm or longer but are more hydrophobic (available from Panvera, Madison,
WI).> They have also been shown to be excellent donors in resonance energy
transfer applications (discussed below). Savitsky attached up to four B-diketone
antenna molecules to a DTPA.? This system required the use of excess Eu and the
presence of detergent and trioctylphosphinoxide but claimed sensitivity equal to
the DELFIA system (dissociation-enhanced lanthanide fluorescence immuno-
assay), which is generally the most sensitive lanthanide-based system. In general,
it is difficult to compare the brightness of various chelates because a side-by-side
comparison has not been published, although some listing of sensitivities have
been summarized® and are presented below.

Figure 6.2 shows representative emission spectra and lifetime for Tb3* and
Eu**, The relative intensities in each peak, particularly with Eu, are a function of
chelate structure (symmetry), and the excited-state lifetimes also vary by chelate.
All complexes require UV excitation, ranging from 280 nm to approximately 365
nm (see reference 26 for a discussion of the photophysics). The transitions from
excited to ground state are spin and parity forbidden and hence long-lived.
Formally these transitions are not called phosphorescence because they do not
arise from a triplet to singlet state.' Importantly, lanthanide lifetimes in many
chelates are not sensitive to oxygen concentration, in contrast to phosphorescent
probes. The quantum yield for emission at room temperature is reported to be as
high as 0.7 orders of magnitude higher than phosphorescent probes.”**” Emission
is also highly spiked in wavelength, enabling color-discrimination against back-
ground signals. Their spiked spectra is also important when using lanthanides as
donors in resonance energy applications because it enables the donor emission to
be separated from acceptor emission (see below).

An alternative methodology is to use a nonluminescent lanthanide chelate as
a label, instead of the luminescent labels discussed above (Figure 6.3). After
specifically binding the label to the biomolecule of interest, the lanthanide is
extracted from the chelate, usually by dropping the pH, and placed in an “enhance-



Lanthanide-Labeled DNA 181

N B e B B B B B B B B R A B N B E B B

00

80 2%

Tb

L

G0

40

Terbium Emission

20

sala sl ool oo by lasalaasly
o
E=3
uorssturg umidoing

LA B B B B

450 500 550 600 G650 700 750
Wavelength (nm)

1000

LSS I B . G 1t . [ e A, B . o

"

1.54 msec

T
ia el

Lanthanide Luminescence
3

L]
PO [ T T S T 0 O S S |

4] 1 2 3 4 5 B 7
Time (msec)

Figure 6.2. Representative emission spectra and excited-state lifetime. The particular chelate is Th3*-
or Eu3+-DTPA-cs124 (see Figure 6.1).

ment solution” where the lanthanide is luminescent. The enhancement solution
typically contains a chelate in a micellar environment (to eliminate quenching ef-
fect of water) with organic chromophores (to act as antenna molecules). The com-
mercially available DELFIA from Wallac Inc. utilizes this method and is based on
Eu(NTA),(TOPO),, europium-naphthoyltrifluoroacetone-triocylphosphine oxide,
in the presence ofthe nonionic detergent Triton-X. Tb can also be used at reduced
sensitivity compared to Eu, and Dy and Sm can be used with yet a further
reduction in sensitivity. One clear disadvantage of the system is that all spatial
information is lost, precluding applications such as fluorescence in situ hybridiza-
tion (FISH). A second disadvantage is that extra steps are required. An advantage
of the system, however, is that the detection sensitivity is typically an order of
magnitude or more better than directly luminescent chelates.
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Figure 6.3. DELFIA enhancement methodology. A nonfluorescent lanthanide chelate is bound to
analyte, and captured on a surface. An enhancement solution releases the Eu which is then bound in a
luminescent complex containing a chelate-sensitizer, often napthyltrifluoracetate (NTA), in the pres-
ence of triocylphosphine oxide and Triton X-100. The resulting micelle is highly luminescent. (From
reference 25.)

6.2.2. Sensitivity

An important figure of merit when discussing sensitivity is a comparison to
radioactive probes. Another benchmark are ELISAs (enzyme-linked immunosor-
bent assays), the standard clinical assay for antibodies, which have sensitivities in
the 1072 to 107! M range. Detection of a single conventional (i.e., organic)
fluorophore is feasible if background fluorescence is not a problem, whereas this is
not possible for a single radioactive label or antibody in ELISA. (Detection of a
single lanthanide probe is highly unlikely because the long lifetime limits photon
flux to below detectable levels.) Hence fluorescence can be orders of magnitude
more sensitive than radioactive probes or ELISA assays. However, under many
conditions, including those commonly found in high-throughput drug screening
applications, radioactivity is more sensitive than conventional fluorophores be-
cause contaminating background fluorescence often limits the sensitivity of con-
ventional fluorophores. With lanthanides, however, temporal and spectral discrim-
ination against background fluorescence, which tends to be widely spread in
wavelength and nanoseconds in duration, is very effective and sensitivities ap-
proaching radioactivity are possible.

The lowest detection limit reported for a single chelate is 1071 M but this
was in ethanol.”®® Among practical systems, the DELFIA system can be quite
sensitive, in part because luminescence is achieved in an optimized “enhancement
solution.” Detection levels of 10712-107# M and 10716-10"!8 moles were re-
ported in immunoassays,**" which compares toroughly 0.05-2 x 10~ '8 moles for
radioactivity.”! In DNA studies, Hurskainen et al. detected 5 pg (0.15 x 10718
moles or 0.15 attomoles) of lambda phage DNA, labeled with nonfluorescent Eu
chelates, by hybridizing to a lambda phage DNA-coated microtiter plate, followed
by DELFIA enhancement solution. 7% of total nucleotides were labeled with
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nonfluorescent Eu chelate introduced by transamination of the DNA, followed by
reaction with an amine-reactive chelate. For comparison, 2P-labeled lambda
phage DNA was hybridized against lambdaphage DNA spotted onto nitro-
cellulose filter. Hybridization sensitivity was 1 pg after overnight autoradiography
at — 70°C and 10 pg after Cerenkov counting (counting in liquid scintillation
counter without scintillation cocktail). For oligonucleotides (approximately 20-
mer) end-labeled with about 20 Eu-chelates, DELFIA detection in a hybridization-
capture assay led to a sensitivity of 107 target molecules, or 17 attomoles.*

Among directly luminescent chelates, Savitsky et al., in a brief report,
claimed equal sensitivity to the DELFIA system.” The detection limit for the free
terpyrdine complex of Saha ef al. was reported to be 3 x 10~17 moles (presumably
in 100 uL, or 0.3 pM) and1.5 x 10~!¢ moles in 100 mL (1.5 pM) when bound to
DNA.* Selvin et al. reported 2pM detection sensitivity of free Tb-DTPA-cs24 in
an optical system which was not configured for maximum sensitivity.”> Mathis
and coworkers detected 2 attomoles of DNA on dot blots with Eu-cryptate, which
they stated was similar to other nonisotopic methods."” and 1 pM of prostate-serum
antigen in another Eu-cryptate assay.'"® They also compared the sensitivity of Eu-
cryptates versus 2P in a DNA-hybridization assay and found them equivalent,
although the ultimate detection limit in each case was not reported and conditions
of the assay necessarily differed in the two cases.*> Specifically, they hybridized a
cryptate- or 3?P-labeled 21-mer to a complimentary biotin-labeled DNA. They
then added the 32P labeled DNA to a steptavidin-coated microtiter plate, washed it,
and read the remaining radioactivity. In parallel, they added the cryptate-labeled
DNA to amultimeric streptavidin complex bound to amodified allophycocyanine.
The cryptate transferred most of its energy to the APC and the time-delayed
fluorescence from the APC was measured. (See Section 6.4. below for further
discussion.) When using 0.2 pmoles of DNA in 50 pL, in both cases they found
the same sensitivity. The cryptate has the advantage of being homogenous (requir-
ing no washes) and nonradioactive, but cryptates require 0.4M NaF in the buffer
for optimal fluorescence. Other chelates do not require this.

6.2.3. Multiple Labeling and Selected Applications

To increase detection sensitivity of biomolecules it is routine to label biomole-
cules with multiple fluorescent probes. However, organic dyes are self-quenching,
i.e., the fluorescence intensity increase with the number oflabels is less than linear.
This is due to the small Stokes shift and possible direct interactions between dyes.
Multiple labeling can also reduce the solubility of the labeled biomolecule and
adversely affect its function. These factors limit the number of conventional
fluorophores attached to an antibody, for example, to approximately six.
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The large Stokes shift and excellent solubility of lanthanide chelates makes
multiple labeling of biomolecules possible, although the effect on the bio-
molecules function is likely application specific. Takalo et al. showed that an IgG
antibody could be labeled with 25 chelates with a linear increase in luminescence
(Figure 6.4, triangles; circles are intensity per chelate), although antibody activity
was not reported.’* Kwiatkowski er al. introduced multiple chelates into DNA
via a phosphoramidite technology.'> Dahlén et al. synthesized a series of 14-28
base oligomers with 10, 25, or 40 amino-deoxycytidines on the 5"-end, which were
then labeled with a europium chelate.”> The 10- and 25-amine DNA was synthe-
sized in high yield and could be completely labeled, while the yield on the 40-
amine-labeled DNA was relatively low and could be labeled with a maximum of
26 chelates. In a solid phase assay the melting temperature and hybridization
efficiency was unaffected by the chelate tails, although the kinetics were slowed—
not due to the chelates but due to the extra sequence complexity from the addition
Cs. The linearity of europium fluorescence vs. chelate number was not reported,
although their data clearly show the oligos with larger numbers of chelates are
brighter. A detection limit of 107 oligos was reported, which the authors say is at
least as high as other oligonucleotide-based detection systems. Interestingly, on
the same 25-chelate oligo the authors compared the sensitivity when using the
directly luminescent europium chelates to the DELFIA method, where the euro-
pium was released from the luminescent chelate and then reconstituted into the
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Figure 6.4. Multiple chelates can be attached to a biomolecule (antibody) with a linear increase in
brightness, in contrast to conventional fluorophores which self-quench.
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enhancement solution. Two attomoles (10° molecules) in the DELFIA method
compared to 107 using the directly luminescent chelates were reported.

A common way to minimize adverse effects due to multiple labels is to
produce a long tail which contains the chelates and then attach the tail to the
biomolecule at only one point. (This method is also used in magnetic resonance
imaging with nonluminescent gadolinium chelates to increase contrast and sensi-
tivity.>) Bailey was the first to report such a method where they used a polylysine
tail labeled with over 100 DTPA-paraaminosalicylate chelates, attached at a single
point to an antibody® (see also Figure 6.1). A critical element appears to be
complete acetylation of the polylysine to reduce excess positive charge which can
lead to loss of function and nonspecific staining. Morrone has given a detailed
procedure and has well characterized polylyine-DTPA-pAS complexes.”’” He
showed that 80 Tb chelates could be attached to a polylysine tail which was then
attached to a protein (IgG or streptavidin). The protein-chelate complexes were
then used to specifically stain cellular organelles, showing that the complexes
were functionally active (see Figure 6.8 and Section 6.3 below). Lamture and
Wensel have used polylysine with the chelate-sensitizer dipicolinic acid.*®

An alternative method for various levels of multiple labeling was reported by
Diamandis et al. and commercialized by CyberFluor Inc. (Toronto, Canada) under
the name FIAgen (reviewed in reference 2; see Figure 6.6). In one version,

Biotinylated DTPA-pAS Polychelate
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Figure 6.5. Multiple chelate-labeling can be achieved by attaching many (10-150) chelates on a
polylysine tail, which is then conjugated to a biomolecule at a single point. If conventional fluoro-
phores are also sparsely attached to the polylysine, direct comparison between conventional (including
confocal) imaging and time-resolved imaging can be made. (Figure from reference 64.)
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Figure 6.6. Multiple BCPDA europium chelates can be incorporated onto streptavidin-thyroglobulin
complex (see text for details; figure from reference 2).

streptavidin was labeled with approximately 14 BCPDA molecules (see Figure
6.1). The sensitivity was 10710-10~1 M. In a second version, approximately 160
BCPDA molecules were bound to a thyroglobulin crosslinked to streptavidin
yielding a detection limit for biotinylated targets of 1071-10"12 M. In a third
version, these thyroglobulins were noncovalently bound together, yielding a
detection limit of 10712-1013 M. The complexes were also used in time-delayed
imagining studies.”

Yet another method for signal amplification is to use an enzyme-amplification
scheme to deposit many labels locally. Tyramide signal amplification (TSA), is a
peroxidase-driven amplification system by which a large accumulation of biotin-
tyramide is deposited locally and detected by fluorescently-labeled streptavidin.
Signal amplification can be 100-fold. TSA has been used with both conventional
fluorophores and with lanthanide in time-resolved detection, the latter being
beneficial when autofluorescence is still a problem despite the signal amplifica-
tion. For example, de Haas et al. used TSA in DNA and RNA in situ hybridization
in strongly autofluorescent cells where the biotin-tyramide was detected with
europium-labeled streptavidin.*’ Signals from the europium labels were suffi-
ciently bright that they could be observed with the eye.

The Diamandis group has pioneered an alternative enzymatic amplification
scheme to achieve the low detection limit of 1.5 x 103 analyte molecules in 100 pL,
or 2.5 x 1071 M.# The general idea is that the presence of an analyte leads to the
capture of an enzyme which converts an organic molecule into a sensitizer,
leading to lanthanide luminescence. Specifically, an analyte (anti-a-fetoprotein
antibody) was immobilized to a surface via a coating antibody. A biotinylated
antibody was then added, excess removed, and a streptavidin alkaline phosphatase
(ALP) complex added and excess removed. Fluorosalicylic acid phosphate ester
(FSAP) was added, which is not a terbium sensitizer but becomes one when the
phosphate is removed by the ALP, forming FSA. The pH is then increased to 13
and Tb-EDTA is added. The Tb-EDTA (without sensitizer or with FSAP) is
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essentially nonfluorescent, but at pH 13 the FSA can ligate to Tb-EDTA, forming a
luminescent complex. The result is that the presence of an analyte leads to many
luminescent terbium complexes via the ALP-catalyzed creation of FSA sensi-
tizers. The combination of enzyme amplification and time-resolved detection led
to the excellent sensitivity, albeit at a cost of several wash steps. This methodol-
ogy has been applied to DNA hybridization in both dot-blot and solid-phase
microtiter-based assays, achieving detection limits for target DNA of 0.2 fmol,*
125 pg (pBR322 DNA; 6 x 10717 moles),* 4 pg.*

Ioannou and Christopoulos have taken enzyme amplification one further
step, combining TSA and ALP amplification to increase the signal by another 30-
fold (and the signal to noise by 10-fold) compared to ALP amplification only.45
DNA was immobilized, hybridized to biotinylated DNA, and bound to strepta-
vidin horseradish peroxidase which catalyzed the deposition of biotinylated ty-
ramide to the surface. Alkaline phosphatase-labeled streptavidin was then bound
to the immobilized biotin and enzymatically converted the FSAP into FSA as
described above.

PCR is of course a very powerful method of DNA amplification and has been
used in conjunction with lanthanide luminescence. Diamandis er al.,’ using the
time-resolved enyzme amplification scheme described in combination with re-
verse transcription polymerase chain reaction (RT-PCR), measured prostate serum
antigen (PSA) mRNA with high sensitivity: 160 PSA ¢cDNA molecules in the
preamplification sample were detected with a signal to background of 10, and
mRNA corresponding to one PSA-producing cell in the presence of a million
PSA-negative cells was detected with a signal to background of three.***’ Sensi-
tive detection of PSA-expressing cells, particularly in the blood and lymphatic
systems, is important for evaluating the stage of prostate cancer. (PSA is a 33-kD
serine protease glycoprotein used as a marker for prostate cancer.) Diamandis’s
method involved using RT-PCR to amplify any PSA mRNA present, with digoxi-
genin (a hapten)-dUTP used in the amplification step. The denatured amplified
DNA was hybridized to a 24-mer DNA previously immobilized on a streptavidin-
coated microtiter plate via a biotin incorporated at the end of the 24-mer. An ALP-
labeled antibody to digoxigenin was added and excess removed. Upon addition of
FSAP, as described above, the ALP then forms fluorescent terbium complexes
which are detected in time-resolved mode.

PCR and the DELFIA method have also been combined. For example, PCR
in combination with DELFIA detection system was capable of detecting a single
purified coxsackievirus A9 RNA from clinical samples®; five copies of HIV-1
DNAY; 50 PSA mRNAs and a single PSA mRNA-expressing cell.”’. In the latter
case, to enhance sensitivity, oligonucleotide probes for PSA mRNA contained 20
chelates at the end. PCR and the DELFIA methodology have also been combined
to detect point mutations.*>!

One of the more interesting applications of PCR and lanthanide lumines-
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cence is a seven pseudo-color assay utilizing the DELFIA system to detect human
papilloma virus (HPV) types. This application takes advantage of the sharply
spiked spectra of lanthanides, which leads to very little spectral overlap when
using more than one lanthanide and the ability to excite multiple lanthanides with
single excitation wavelength.”> HPV infection is implicated in cervical and other
cancers. The cancer risks are correlated with HPV type, and hence detection of
HPV type is important. The general scheme is outlined in Figure 6.7. PCR was
used to amplify a portion of the HPV containing type-specific sequences and to
introduce a biotin which was then used to immobilize the amplified DNA on a
streptavidin-coated solid support. DNA probes specific to HPV type and contain-
ing 10-20 (nonfluorescent) chelates labeled with a unique combination of Eu, Tb,
or Sm were then hybridized to the target DNA. (This combinatorial approach has
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Figure 6.7. Methodology for 7-pseudo color detection of multiple human papilloma virus types using
PCR amplification and multiple lanthanide chelates. See text for details. (Figure from reference 13.)
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been used with great success with regular probes as well.***) After free probes
were washed away, an enhancement solution was added and Eu, Tb, and Sm
luminescence was measured at 615 nm, 545 nm, and 642 nm with various time
delays. For the Eu-labeled probes, 100 amol of target DNA could be detected, with
poorer sensitivity with Tb and Sm. All seven types of HPV strain were correctly
identified. The group has also applied this technology to the detection of diabetes-
related HLA alleles.™

6.3. Imaging

One of the most demanding applications of lanthanides is in imaging. In
scanning microscopy, the slow emission rate of lanthanides greatly slows data
acquisition: with a millisecond lifetime, it is necessary to wait at least this long
on each pixel, leading, for example, to an acquisition time of over 5 minutes for a
500 x 500 image. Nevertheless, Morrone used scanning x-ray microscopy to take
very high resolution (75 nm) images of lanthanides specifically labeled in cells.”
To increase signal levels, Morrone used a terbium-loaded polylysine tail (see
above), which also contained trace rhodamine (or fluorescein). Importantly, this
dual-label approach enabled him to correlate the images obtained with x-ray
excited terbium luminescence to confocal images of rhodamine emission and
showed that they were essentially identical, except for the higher resolution
afforded by the x-ray excitation. Although the published figures where for the
proteins actin and tubulin (Figure 6.8A), similar results were achieved using FISH
(Figure 6.8B, C), splicing factor (a protein involved in removal of introns and
splicing of mRNA form exons), and NuMA (nuclear mitotic spindle apparatus, a
protein needed in cell division) (M. M. Morrone, personal communication). These
latter examples are particularly important because labeling is within the nucleus
where nonspecific labeling can be the most troublesome because trivalent lan-
thanide can bind directly to DNA if they are pulled out of their chelate.

In wide-field imaging, lanthanides and time-resolved detection can be used to
great advantage in samples where autofluorescence reduces contrast with conven-
tional probes.” Pulsed excitation and time-delayed detection is used to discrimi-
nate against the autofluorescence, which tends to be nanosecond in duration. The
time-delay can be achieved with a chopper,***® a ferroelectric liquid crystal
shutter,”™® an image-intensified CCD,” or possibly in the near future with CCDs
containing an electronic shutter. The slow emission rate of the lanthanides still
precludes rapid acquisition times, but in wide-field imaging acquisition times of
tens of seconds may be acceptable.

Periasamy et al. detected a Eu-labeled FISH probe against human pa-
pillomavirus (HPV) 16 DNA.® The use of long-lived probes in such application is
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Avidin-FITC Control

Figure 6.8. Specificity in labeling can be achieved with multi-chelate complexes. (A) Actin fibers in a
Wi38 fibroblast cell labeled with biotinylated phalloidin, followed by streptavidin and a biotinylated
polylysine-chelate containing approximately 80 chelates. Terbium luminescence was stimulated by
soft x-ray excitation. (B) FISH using conventional fluorescein-labeled probes, a control for (C).
(C) FISH using polychelate Tb probes containing trace rhodamine and visualized by exciting and
detecting rhodamine fluorescence, similar to (B). A comparison of (B) and (C) shows that the
polychelate probes are capable of specific hybridization to their target.

particularly advantageous for FISH on standard pap smears which have already
been stained with conventional absorption dyes used by pathologists because
these dyes tend to be highly autofluorescent and obscure FISH signals when using
conventional fluorescent dyes. Figure 6.9 shows the images without and with
time-delayed detection, where the latter dramatically increases contrast. In both
cases excitation was in the UV. A more realistic comparison is to compare
lanthanide probes (necessarily excited in the UV) using time-resolved detection
with conventional fluorescent dyes excited in the visible without time-resolved
detection. Seveus et al. made such a comparison for europium- and fluorescein-
labeled streptravidin bound to biotinylated antibodies to a human colon cancer
antigen.®' The cells were highly autofluorescent due to glutaraldehyde fixation in a
permanent mounting medium. Integration times of 10 seconds for the europium in
time-resolved mode and 0.5 seconds for the fluorescein in prompt (conventional)
mode led to similar signal strengths—16,000 for europium and 12,000 for
fluorescein—but the background with europium was near the detector noise (5
counts per pixel), whereas with fluorescein the autofluorescent background was
approximately 2000 counts. Hence the signal:background with europium was
over 3000:1, whereas with fluorescein it was 6:1, or a 500-fold improvement using
time-resolved detection of europium. An earlier paper by the same authors re-
ported more modest gains when using time-resolved imaging of europium chelates
in FISH for the detection of collagen mRNA and human papillomavirus se-
quences.”? The limitations of this earlier work appeared to be due to a chelate
which was not very photostable. More recently other workers have used time-
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Figure 6.9. Comparison of time-resolved (B) and conventional, i.e., prompt or steady-state, fluores-
cence image of HPV DNA in fixed CaSki cells. The contrast is greatly enhanced by time-resolved
detection (30 psec delay after pulsed excitation with a window of 250 psec). CaSki cells contained
approximately 500 copies of HPV. 8kB DNA probes were labeled with biotin-11-dUTP via random-
priming method and after hybridization to target, europivm-conjugated avidin (Perkin Elmer Inc.) was
added.

resolved imaging of a europium chelate to image PSAs where they state that
photostability was not a problem.® Future applications of time-resolved imaging
in FISH and other areas using lanthanides in samples which are highly autofluo-
rescent look promising, although very low target number will likely require
amplification schemes due to the inherently low intensity (long lifetimes) of the
lanthanides.
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6.3.1. Alternative Time-Resolved Probes

As mentioned, the millisecond lifetime and sharply spiked spectrum of
lanthanides are highly advantageous for discriminating against background fluo-
rescence. However, the long lifetime limits emission rate. To date, lanthanides
also require UV excitation, which is particularly disadvantageous in microscopy.
When this is an issue, microsecond dyes are attractive alternatives. Tanke et al.
and Savitsky et al. have developed an impressive set of Pd and Pt porphoryn-
based probes which appear to be unusually bright with many favorable spectral
characteristics: extinction coefficients up to 200,000 M~! cm™! with an excitation
peak at 380 nm and a smaller peak in the visible (530 nm), emission in the red
(>650 nm), and quantum yields ranging from approximately 0.1 to 0.3.°"% They
have used the porphyrins in FISH and many other systems.’’ The primary disad-
vantage of the system is that the porphyrins used are hydrophobic, they require
deoxygenation for maximal emission, and the chemistry of coupling to bio-
molecules is not straightforward. (Tanke et al. have developed an amine-reactive
NHS ester,” although a thiol-reactive porphoryn has not been reported.) Lako-
wicz et al. has published many papers reporting microsecond dyes based on
ruthenium, rhenium, and osmium. These probes can be excited in the visible to
red, be highly polarized, and have pM sensitivity. A review has been written
summarizing this work.*

6.4. Lanthanides as Donors in Resonance Energy Transfer

Fluorescence resonance energy transfer (FRET) is a widely used technique to
measure the distance between two points which are separated by approximately
10-100 A. A number of excellent reviews on FRET have been written.®” "
Lanthanide-based RET (LRET) is a recent modification of the technique with a
number of technical advantages, yet relies on the same fundamental mechanism—
subject to careful interpretation of various terms. A recent review of LRET has
appeared,® as well as a summary of lanthanide luminescence' and its application in
biology.” LRET has primarily been applied to proteins,'®'’*®! although there
have been a number of applications to DNA.**™ Here we provide a brief sum-
mary of the relevant theory before highlighting some LRET applications to DNA.

In FRET, an excited fluorescent donor molecule attached at one point in the
biomolecule transfers energy to an acceptor molecule attached at a second site
through a nonradiative dipole-dipole coupling which is inversely proportional to
the sixth power of the distance between the two dyes:

E =11 + R/RY)"] (6.1)
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E is the efficiency of energy transfer from donor to acceptor, i.e., E is the
probability that an excited donor will transfer its energy to the acceptor instead of
decaying via other pathways such as fluorescence or heat. R is the distance at
which half of the energy is transferred and is generally 20-50 A, although it can be
=70 A when using lanthanides and >80 A with far-red dyes.*” R depends on the
spectral properties of the donor and acceptor and also on their relative orientation.
(The orientation dependence of R, is often referred to as k2. This can be a
significant source of uncertainty in determining distances via FRET—see Section
6.5 below.) By knowing R, which can be calculated or experimentally deter-
mined, and measuring E, the distance between the probes can be found, E can be
measured because it reduces the donor’s intensity and excited-state lifetime:
E=1—-1/,=1—147 6.2)

da

where the subscripts refer to donor’s intensity or lifetime in the absence (I, 7;) and
presence of acceptor (I, T,,)- £ can also be measured by comparing the amount of
fluorescence from donor and from sensitized emission of the acceptor, i.e., the
acceptor emission due only to energy transfer from the donor.

E = (I /Q)/1,/Q, + L ,/Q,) (6.3)

where I is the integrated area under the donor emission curve in the presence of
acceptor, I ; is the integrated area of the sensitized emission of the acceptor (i.e.,
not including the fluorescence due to direct excitation of the acceptor, which may
occur when exciting the donor) and Q, is the quantum yield for donor or acceptor.

6.5. Advantages of LRET

We and others have shown that using luminescent terbium or europium
chelates as donors and organic-based acceptors, yields many technical advantages
over conventional FRET.*®!72748788 Torhium can readily transfer energy to
dyes such as fluorescein, tetramethylrhodamine, Cy3, and Alexa dyes, while
europium can transfer energy to Cy5, Alexa dyes, or allophycocyanine.

An example which highlights these advantages is shown in Figure 6.10,
where energy is transferred from a europium chelate attached at the 5-end of a
DNA oligomer to an organic dye (Cy5) at the 5"-end of a hybridized strand. Figure
6.10A shows energy transferred measured spectrally. Pulsed excitation, followed
by detection after a delay of approximately 100 psec, is used to eliminate any
prompt fluorescence, including direct excitation of the acceptor. Hence, any
emission of the acceptor is due only to energy transfer from the (long-lived) donor.
The donor—acceptor spectrum displays a large peak around 670 nm, which is the
CyS5-sensitized emission. The signal to background is excellent because the donor
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Figure 6.10. Time-delayed spectra (A) and time-resolved lifetime (B) measurements of LRET from a
Europium donor to a Cy5 acceptor on a 10-mer DNA. (See text for details. Adapted from reference 88.)
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is silent in this region and direct acceptor emission is eliminated. Indeed, the
background is largely due to detector noise, which can be made extremely small
with modern detectors.

Figure 6.10B shows the same system where energy transfer is measured
temporally, following an excitation pulse. The europium donor-only is single
exponential with a 2.5 msec lifetime. Sub-stoichiometry amounts of a Cy5-labeled
complementary DNA were then added. Upon hybridization, the Eu3* decay
becomes biexponential, indicating two populations of donors. One is essentially
unquenched (lifetime 2.4 msec) which is the europium not hybridized to a CyS5
strand. The other is highly quenched (lifetime 0.22 msec; £ = 1 =0.22/2.5 = 0.91),
corresponding to a Eu-DNA hybridized to Cy5-DNA. (A control of Eu-DNA
hybridized to an unlabeled strand shows no quenching.) The Eu-DNA-Cy5 com-
plex leads to sensitized emission of Cy5, whose lifetime can be measured at 668
nm. This lifetime is determined by the lifetime of the Eu-donor “feeding” the
Cy5. The 0.25 msec of the sensitized emission is in good agreement with the 0.22
msec Eu-lifetime component measured by donor-quenching. Note that even
though a mixture of donor-only and donor-acceptor is present, the sensitized
emission lifetime only arises from the donor—acceptor complex. This has impor-
tant implications for systems where labeling is incomplete or unknown.

The advantages of LRET, compared to conventional FRET which relies on
two organic fluorophores, are the following:

» The efficiency of energy transfer using lanthanides as donors is considera-
bly higher compared to most organic-based donors, leading to larger signals and
farther measurable distances. The R, is typically 50-70 A with current chelates
and as high as 90 A with allophycocyanin as the acceptor. This is larger than most
conventional FRET pairs. In addition, the R, can be optimized to the particular
system by varying the amount of H,0/D,0O because D,O increases the lanthanide
quantum yield,” thereby changing R, Lastly, the lanthanide quantum yield is
insensitive to pH over a wide range (pH 5-9) and hence, these Rs are maintained
over a wide pH range if the appropriate acceptor is used.

» In LRET, energy transfer is primarily dependent on the distance between
donor and acceptor, and not on their relative orientation, leading to more precise
distance measurements. This is because donor Tb3* emission is inherently un-
polarized and hence donor orientation does not affect energy transfer efficiency.”’
Eu+ can be polarized® but is often unpolarized when attached to biomolecules
via conventional and relatively flexible linkers. With the donor emission un-
polarized, k* is constrained to be between 1/3 and 4/3, the extreme cases corre-
sponding to a completely rigid acceptor or perpendicular or parallel to the radius
vector, respectively. (In FRET, 0 < k2 < 4, where x> =0 leads to R,=0 and hence
no energy transfer at any distance.) If one then assumes k2 = 2/3, as is often done
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(donor and acceptor both unpolarized), then at most the distance inferred is in
error by +12%.%7

* Because of the donor’s unusually long lifetime (msec), LRET lifetime
measurements can be made with high precision: lifetime measurements avoid
problems of concentration determination and allow analysis of heterogeneous
mixtures. The long lifetime also means it is likely that the donor’s and acceptor’s
orientations are unpolarized because they have a millisecond to reorient, rather
than the nanoseconds typical of organic lifetimes.

* In LRET, a 50- to 100-fold improvement in signal to background of the
sensitized emission compared to conventional FRET has been achieved, largely
through the reduction of background. In particular, the acceptor’s sensitized
emission can be measured with no background, either from donor luminescence or
from direct excitation of the acceptor. Specifically, the emission of the acceptor
due to excitation by the excitation light, which has nanosecond lifetime, is
discriminated against using pulsed excitation and time-delayed detection. The
donor emission is discriminated against by wavelength filtering—donor emission
is highly spiked, with regions of darkness (see Figure 6.2). With the appropriate
choice of acceptor, acceptor fluorescence is in this dark region. The improvement
in signal to background enables long-distances to be measured (where the signal is
weak) and easier handling of incompletely-labeled samples (because excess ac-
ceptor or donor do not contribute background).

* In LRET, the lifetime of the acceptor decay due to energy transfer, i.e.,
sensitized emission, can be measured (see “sensitized emission” lifetime curve in
Figure 6.10B). This decay follows the donor’s lifetime because it is being “fed”
by the long-lived donor, which is the rate-limiting step. As soon as the acceptor
receives a quanta of energy from the donor, it will, within its nanosecond lifetime,
emit that energy as an emission photon. The ensemble decay of many such
acceptor molecules is a signal at the acceptor’s emission wavelength which decays
with the donor lifetime in the donor—acceptor complex. The sensitized emission
lifetime is insensitive to concentration, and arises only from the fully labeled
donor—acceptor complex. Hence if there is incomplete labeling, with some bio-
molecules labeled only with donor or only with acceptor, these do not contribute to
the sensitized emission signal. This significantly increases the number and type of
samples which can be looked at with resonance energy transfer since complete
labeling is often not possible and leads to difficulties in conventional FRET.

A description of an instrument optimized to perform LRET has been de-
scribed recently.” A schematic of the instrument is shown in Figure 6.11. There
are several commercially available instruments (Perkin-Elmer Corp., Norwalk
CT; Packard Instruments, Meriden, CT; Spex-Instruments SA, Edison, NJ; Cis
Bio International, Cedex France) which are capable of making micro- to milli-
second time-resolved fluorescence measurements used in LRET.
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Figure 6.11. In LRET, a pulsed nitrogen laser (A = 337 nm, 5 nsec full-width-half-max, 40-50 Hz
repetition rate) excites the lanthanide chelate which then emits and/or transfers energy to an acceptor
which also emits. An optical chopper directly in the detection pathway is timed such that all prompt
fluorescence is eliminated. The spectrometer spreads the emitted light by wavelength and the light is
detected either by a CCD to obtain an emission spectra with all wavelengths collected simultaneously,
or by a photomultiplier tube which is connected to a multi-channel scalar to acquire time-decay of
donor or acceptor (sensitized emission) luminescence at a particular wavelength, with 2 microsecond
resolution, (See reference 93 for more details.)

6.6. LRET Applied to Protein—DNA Interactions
6.6.1. Protein-Induced DNA Bends

The Heyduk lab has been very active in using LRET to study DNA—protein
interactions. In one of their earlier works they used LRET to measure protein-
induced DNA bending (Figure 6.12).¥ The bending of DNA is essential to the
packing of DNA into chromosomes, and is often involved in transcriptional
regulation as well. Electrophoretic gel-shift assays are widely used to determine if
a particular protein bends DNA—bent DNA runs differently in the gel than
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Figure 6.12. Some proteins, such as high mobility group proteins, can bend DNA. This can then be
detected via LRET because the end-to-end distance changes. (Adapted from reference 85.)

straight DNA. However, LRET has a number of advantages, albeit at a cost of
greater experimental complexity. In particular, LRET is a relatively direct mea-
sure of DNA bending and can be accomplished under a wide variety of solution
conditions, including moderate to high salt conditions not attainable in gels.
LRET, unlike FRET, is also capable of measuring the requisite distances, which
can be up to 100 A.

The Heyduk lab studied DNA bending induced by a class of proteins known
as high-mobility-group (HMG) proteins. Except for the histone proteins, which
bend DNA into sharply curved structures called nucleosomes, HMG proteins are
the most abundant proteins associated with chromatin. One subset of HMG
proteins binds to DNA with high affinity at specific sequences, and a second
subset binds with relatively little specificity (aside from binding to A-T rich
regions). A number of the sequence-specific HMG proteins have been shown to
sharply bend DNA when bound to their high-affinity site, but before the Heyduk
and coworkers’ paper only indirect evidence existed that sequence nonspecific
HMG proteins bent DNA.

The authors end-labeled complementary 30-base pair strands of DNA, one
with a europium donor chelate, and the other with the acceptor dye Cy5. The idea
is that in the absence of bends, the DNA adopts its normal B-form configuration
and is therefore straight. The donor-acceptor distance is then approximately 100 A
(3.4 A per base along the helix axis, and secondarily, a helix diameter of approx-
imately 15 A). In this case the donor-only lifetime was 603 + 2 msec and the
donor-acceptor lifetime was 586 + 3 msec, corresponding to 2.7% + 1% energy
transfer or a distance of 100 A + 10 A. Note that because the donor-only lifetime
was rigorously single exponential, the lifetimes could be measured very accu-
rately, and hence even this small amount of energy transfer could be measured.
Upon addition of a protein that bends the DNA the ends come considerably closer,
measured to be 50.7 A £ 1.5 A from a Eu lifetime of 226 + 22 msec, or 62% + 4%
energy transfer. Figure 6.13 is representative data showing that as more protein is
added and binds, a greater fraction ofthe DNA is bent, resulting in a larger fraction
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Figure 6.13. The europium donor, hybridized to a Cy5-containing complementary DNA is bent by
HMG protein. The donor decay displays two components, a long-component corresponding to unbent
DNA (from protein-free DNA) and a short component from bent DNA (from protein-bound DNA).
This can be measured either by donor lifetime quenching (A) or sensitized emission (B). (Adapted
from Figures 3 and 4 of reference 85.)

of the europium that is quenched. The longer lifetime (544585 s) is from Eu on
unbent DNA (with Cy5 on the complementary strand); the shorter component
(200 ws) is from DNA which is bent by the cHMG protein. There is good
agreement between the short component of the donor lifetime and the sensitized
emission lifetime.

More recently, Heyduk and coworkers have used LRET to study conforma-
tional changes and the architecture of macromolecular complexes involved in
transcription initiation in prokaryotes.*** The first step in transcription initiation
in prokaryotes involves recognition of promoter DNA sequence by a multisubunit
enzyme RNA polymerase (reviewed in reference 95). One of the subunits, 079, is
involved in the initial recognition of the promoter DNA via direct protein-DNA
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contacts separated by ~17 base pairs. ¢79 exits in the cell in two major forms: free
and in complex with the remaining RNA polymerase subunits (core polymerase).
However, only 079 in complex with the core RNA polymerase is able to specifi-
cally recognize promoter DNA while the free o7 does not bind to promoter DNA.
Thus, the promoter recognition capabilities of 67 are allosterically regulated by
an interaction of ¢’0 with the core polymerase.

LRET experiments were used to investigate the nature of the regulation of
o7 promoter DNA binding activity.” The idea was to look for conformational
differences in o70 in the bound and free form which might affect its DNA
recognition ability. The specific incorporation of the donor (DTPA-Eu-DTPA-
AMCA-maleimide)® and the acceptor (Cy5 maleimide) into selected domains of
070 was achieved by preparing a set of 67® mutants with pairs of unique reactive
cysteine residues engineered into the desired locations. Since both donor and
acceptor were thiol-reactive and both labeling sites were cysteine residues, a
mixture of donor-donor, donor-acceptor, and acceptor-acceptor labeling resulted.
However, by using LRET the sensitized emission arising from only the donor—
acceptor complex could be measured. Good quality determinations of T,, were
possible in this case even though the donor-acceptor species constituted only
approximately 25% of the mixture. Representative LRET data is shown in Figure
6.14. It would be difficult to perform these measurements with FRET utilizing
classical fluorescence probes.

Comparison of distances measured for the free o7 and the core-bound ¢70
revealed that most distances were very significantly increased upon binding of o7
to the core polymerase. (DNA was not present in these experiments since 70
binding to the core polymerase is not DNA-dependent.) (See Figure 6.14.) One of
the distances measured, between residues 442 and 366, allowed a direct compari-
son between a distance measured by LRET in solution and a distance between the
same residues measured in the crystal, since both of these residues were present in
a ¢ fragment for which a crystal structure is now available.”® An excellent
agreement between these distances was found—35 A in the crystal structure
versus 38 A measured via LRET—providing a further validation of LRET results.
In total, six distances between four sites in the ¢70 protein were measured, making
it possible to build three-dimensional models of the architecture of ¢79 protein
domains in free and core-bound protein.

These models revealed that an interaction of a7° with the core polymerase
induced repositioning of DNA binding domains of ¢7° and the movement of
N-terminal domain away from the DNA binding domains. These results provided
a structural rationale for understanding the core-induced changes in DNA binding
properties of 670 protein, and were consistent with previous mutagensis experi-
ments which suggested that ¢7® promoter DNA binding activity is inhibited in free
070 by the N-terminal domain of the protein. The regulation of DNA binding
activity of 67 by the core polymerase involves both “unmasking® the DNA-
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Figure 6.14. The effect of core RNA polymerase on a0 measured by sensitized emission lifetime.
Thiol-reactive Eu donor and Cy5 acceptor were labeled at positions AS9C to R596C in o0 and
sensitized emission of free and core-bound o7 was measured. The increase in sensitized emission
lifetime upon core-binding indicates less energy transfer and an increase in distance between these
sites. (From Figure 3D of reference 94.)

binding domains by the N-terminal domain of the protein and the repositioning of
DNA binding domain such that in core-bound ¢7° they have a spacing compatible
with simultaneous interaction with promoter elements separated by ~17 bp DNA.

The Heyduk lab later went on to use LRET to measure distances between five
sites in @70 and both the 3'- and 5’-ends of bound DNA.3 The LRET experiments
were performed to obtain information regarding the architecture of the nontem-
plate ss DNA-670 complex.** Energy transfer, as measured by donor decay and
sensitized acceptor signal, were easily detected in the presence of acceptor-labeled
oligonucleotide in the case of core-bound 70, while no detectable energy transfer
was observed in the case of free 070 (as expected, since free 07 does not bind
DNA). LRET experiments were performed with all combinations of donor-
labeled core-bound 670 subunit and acceptor-labeled oligonucleotides. Thus, 10
distances were measured which allowed building a model of a complex between ss
DNA and the ¢7¢ subunit. This model revealed that ss oligonucleotide was bound
with a defined polarity and was located across the «-helix containing regions of
o7% indicated by mutagenesis as important for a7 function.
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6.7. New DNA Dyes Based on LRET with Tuneable Emission
Color and Excited-State Lifetime

One of the most important applications of fluorescence is simply the detec-
tion of fluorescently labeled targets. Multicolor fluorescence is widely used in
biosciences for the simultaneous or sequential detection of multiple targets. Using
conventional techniques, approximately five different colors can be detected on a
single sample, and by using combinatorial methods, detection of more than two-
dozen pseudocolors on a single sample has been achieved.’® Multilifetime fluores-
cence is another possible method for discrimination of signals.”” However, the
excited-state range of organic-based fluorophores is limited, generally in the 1-10
nsec range, and not systematically tunable. Metal-chelate complexes can extend
the lifetime regime to microseconds’® and lanthanides, as we have seen, can have
millisecond lifetimes." As previously mentioned, these long-lived probes have the
advantage that background fluorescence, which is typically nanosecond in life-
time, can be readily discriminated against. Another advantage is that instrumenta-
tion is considerably simpler in the micro- and millisecond time regimes than in the
nanosecond regime. However the number of long-lived luminescent probes is
limited, and millisecond probes have inherently limited emission rates (=1000
photons/sec/molecule).

Recently it has been shown that using compound dyes in which a fluorescent
donor molecule transfers energy to a nearby acceptor dye can yield enhanced
emission characteristics including a single excitation wavelength and multiple
emission wavelengths.”'” These dyes have been particularly useful for improv-
ing sensitivity in DNA sequencing applications.'”" In principle these dyes can be
used with any biomolecules, although in practice they have been limited to DNA-
binding dyes because the DNA provides a very convenient and robust scaffold for
placing the donor-acceptor at well defined positions. These dyes relied on organic
fluorophores having excited-state lifetimes in the nanosecond range, and hence
enhanced lifetime characteristics have not been shown.

More recently we have reported on the development of compound dyes using
long-lived lanthanides as donors and conventional organic fluoropohores as ac-
ceptors. These compound dyes have both tunable emission wavelengths, from 520
to 680 nm, and simultaneously tunable excited-state lifetimes, ranging from 50 to
500 psec.82 Future work is expected to extend these ranges further. We call these
lifetime and color-tailored fluorophores (LCTF). By utilizing both the time-
domain and wavelength-domain, these probes have the potential for quadratically
increasing the number of detectable probes on a single sample.

To construct an LCTF, a lanthanide donor molecule (lifetime T, ~ msec in the
absence of acceptor) is placed a defined but controllable distance from an organic
acceptor fluorophore. The lanthanide transfers energy to the acceptor, which then
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Figure 6.15. General outline for construction of lifetime- and color-tailored fluorophores based on a
long-lived lanthanide chelate transferring energy to a conventional fluorophore. The probes can be
attached to DNA on the same strand or on complementary strands, at the end or in the middle.
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re-emits (Figure 6.15). The color and lifetime of this re-emission, i.e., the sensi-
tized emission, are tuneable. The color is tuneable because when energy transfer
(E) is chosen to be large emission color is largely determined by the acceptor
fluorophore, which can be chosen for the desired emission color. The lifetime of
the complex is tuneable because it is determined by the amount of energy transfer
between the donor and acceptor. Specifically, the donor’s lifetime in presence of
acceptor (Tp,) is reduced by energy transfer:

T = T(1 — E) =141 + (RYR)] (6.4)

As discussed previously, the acceptor has an intrinsic fluorescence lifetime of a
few nanoseconds, but because it is continually being excited via energy transfer
from the donor, its emission intensity decays with a lifetime that follows the
donor’s lifetime, 7. The lifetime is readily tuned by altering the distance (R) and
hence energy transfer efficiency between donor and acceptor.

As proof of principle of these lifetime and color-tailored compounds, we
have used oligonucleotide duplexes as a rigid yet distance-adjustable scaffold for
donor-acceptor pair attachment.*> The DNA also acts as a means of attaching
(hybridizing) the LCTF to target DNA. In principle, the potential exists for
making LCTFs for attachment to protein and other targets. Note that this scheme is
identical to when one uses LRET to measure distances, but here the donor and
acceptor combination is considered as a “black-box” where the interest is in the
input parameters (wavelength of excitation) and the output parameters (wave-
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length, intensity, and temporal decay of emission). The distance between donor
and acceptor is simply a means to achieve a desired level of energy transfer and is
not of interest (or not known) by the user.

We have attached donor-acceptor pairs to DNA in two ways. One method
links a lanthanide chelate donor on the 5°-end of a DNA strand, and a fluorescein
acceptor in the middle of the same strand via C-5 deoxyuridine tethering (Figure
6.15). In this method, by choosing an appropriate DNA sequence, the LCTF can
bind and label a unique complementary DNA sequence (in a target DNA, for
example) with a probe of defined color and lifetime—e.g., in FISH. The other
method (Figure 6.15) tethers a lanthanide chelate donor on the 5’-end of one DNA
strand, and places the acceptor on the 5'-end of a complementary strand, as
described previously.**® This attachment mechanism may be useful in chip-
based DNA diagnostics and sequencing, because an oligonucleotide can be conve-
niently synthesized from a solid support with an incorporated acceptor fluoro-
phore or the support itself may contain an acceptor.

Figure 6.16 shows the delayed emission spectra of terbium and fluorescein
placed on the same strand, separated by either 8 or 10 base pairs (Tb-8-FL, Tb-10-
FL, respectively) and hybridized to a complementary unlabeled DNA target; also
shown is the terbium-only spectra. The data is collected beginning 30 psec after
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Figure 6.16. Time-delayed emission spectra of terbium-fluorescein LCTF placed on the same DNA
strand, separated by either 8 or 10 base pairs and hybridized to unlabeled complementary strand.
Emission is collected 30 msec after the excitation pulse; all fluorescein emission (peak at 520 nm) is
due to energy transfer from terbium. Energy transfer is larger for the Tb-8-F, yielding a larger amount
of fluorescein sensitized emission.
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Figure 6.17. Lifetime decay of fluorescein sensitized emission (520 nm) after receiving energy from
terbium donor. The lifetime can be tailored depending on distance between donor and acceptor. Donor
and acceptor placed on same strand and hybridized to unlabeled complementary strand.

pulsed excitation of the sample and consequently any prompt (nsec) fluorescence
of the acceptor has decayed away. The large broad peak around 520 nm is
therefore due to fluorescein emission arising only from energy transfer. With
greater energy transfer, the Tb-8-FL displays more sensitized emission than the
Tb-10-FL. (Tb-6-FL, data not shown, has sufficiently short lifetime that a signifi-
cant fraction of the signal was lost in the 30 psec delay time.)

Figure 6.17 shows the temporal decay of the sensitized fluorescein emission
at 518 nm for the Tb-6-FL, Tb-8-FL, Tb-10-FL, and Tb-DNA-donor-only refer-
ence. These decays were curve fit to give coefficient-weighted averages of 62,
266, 540, and 1500 ws lifetimes for Tb-6-FL, Tb-8-FL, Tb-10-FL, and donor-only,
respectively. This result clearly shows that the sensitized emission lifetime can be
experimentally tuned in the microsecond time regime. Each LCTF is best fit to a
3-exponential decay, likely caused by the fluorescein acceptor experiencing three
different local conformations. Despite this complexity, the average lifetimes are
extremely reproducible, with repeat measurements on the same sample within 1%
and between different samples within 10%. Hence a target DNA labeled with one
of these LCTFs can readily be distinguished from a target DNA labeled with a
different LCTFs, simply based on lifetimes.

Figure 6.18 shows that different emission colors with similar lifetimes can
also be generated by appropriate choice of acceptors, donors, and donor-acceptor
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Figure 6.18. Similar lifetimes with different emission colors can be generated. The donor was placed
on the 5’-end of DNA, the acceptor on the 5'-end of complementary DNA, and the DNAs hybridized.
The data is from the sensitized emission lifetime of the acceptor.

distances. Two sets of LCTFs were synthesized. One has Eu®*-chelate as donor on
the 5'-end of one strand and Cy5 as the acceptor on the 5'-end of the complemen-
tary strand, with 10 base pairs separating the donor and acceptor. The other has a
Tb3+-chelate as donor on the 5'-end of one strand and fluorescein as the acceptor
on the 5'-end of the complementary strand, with 8 base pairs separating the donor
and acceptor. (The fluorescein was also placed internally on the complementary
strand using an abasic fluorescein phosphoramidite with similar results (data not
shown).) Figure 6.18 shows that the two sensitized emissions have very similar
lifetimes, 250 ws for Eu-10-Cy5 pair and 270 o for Tb-8-FI pair. However, Cy5
fluoresces around 668 nm (red color) whereas fluorescein emits around 520 nm
(green color). These results demonstrate that probes with similar lifetimes, but
different emission colors, can be generated.

Figure 6.19 shows the ability to discriminate between a mixture of two probes
with the same emission color (detection at 520 nm) but different lifetimes. A Tb-6-
Fl DNA ({(t) = 62 p.sec) was mixed with various amounts of Th-10-FI ({) = 540
wsec) and the resulting multi-exponential decay was curve-fit to a sum of 6-mer-
only and 10-mer-only decays. The population of each species was determined by
the relative amplitudes of each component of the fit and compared to the known
amount determined by a simple titration based on absorption measurements at 260
nm. The linearity is quite good (r = 0.993). The slope differs from unity by 24%,
but this is within the expected variability due to uncertainty in DNA concentration
(approximately + 10% for each strand) based on the absorbance titration.

The lifetime- and color-tailored dyes reported here open the possibility of
quadratically increasing the number of resolvable probes on a single sample,
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Figure 6.19. Two probes with the same emission color (520 nm) but different lifetimes can be
independently identified and their populations quantified. Stock solutions of Tb-6-Fl and Tb-10-FI
were mixed at different ratios (determined by absorbance at 260 nm). The sensitized emission lifetime
of the mixtures were fit to a sum of the Tb-6-Fl decay and Tb-10-Fl decay and the relative populations
determined. The best fit line is: y = —0.016 + 1.24x; r = 0.993.

relying not just on conventional color discrimination but on both color and
excited-state lifetime discrimination. If, for example, four colors and four life-
times can be detected, a target DNA could potentially be labeled with 16 probes,
each binding to a unique site and each probe/sequence uniquely identified by a
combination of color and lifetime discrimination. These probes also extend fluo-
rescence lifetime-based detection from the nanosecond range into the tens-to-
hundreds of microseconds time domain. This time-scale is long enough to enable
facile and nearly complete discrimination against short-lived background fluores-
cence and scattering, but short enough such that emission rate (saturation) is not a
problem in many applications.

6.8. Conclusion

Lanthanides, as alternative probes to conventional fluorophores, can lead to
enhanced sensitivity in applications where autofluorescence is a problem. Mul-
tiple labeling with lanthanide chelates have been shown to be an effective method
for further increases in sensitivity. These probes, being nonisotopic, avoid the
many practical problems associated with radioactive probes. Lanthanide probes
are particularly advantageous in resonance energy transfer, whether for measuring
distances in biocomplexes or when used to generate new lifetime tailored dyes.
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7.1. Introduction

During the past decade we have witnessed remarkable advances in molecular
biology, the scientific discipline that studies the molecular basis of heredity,
genetic variations, and the expression patterns of genes. While genetic engineer-
ing may appear to be a new science, the techniques that are in use today are the
result of a series of discoveries made over a period spanning more than 125 years.
In the “Genome Era” we are able to sequence whole genomes effectively and
relatively quickly. Magazines and television routinely report advances in “gene
therapy” and transgenics procedures, which would have been unimaginable even
a few years ago. In 2001, Human Genome Project leaders announced the comple-
tion of a “working draft” DNA sequence of the entire human genome: the post-
genomic era begins.'”

The availability of DNA sequences from genomes of the several organ-
isms,*” and in particular from the human genome, has prompted the development
of new techniques for tracing the links between genes and phenotypes, based on
the variation in expression rather than in sequence. Alterations in gene expression
patterns can have profound effects on biological functions of the organisms, and in
fact are at the core of altered physiologic and pathologic processes. Biologists
have long recognized the importance of gene regulation for a complete under-
standing of its functional role.*'> DNA sequencing has permitted the initial
genomic surveys counting the occurrences of sequences representing each tran-
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script in libraries obtained from different cell or tissue samples. However, even if
major improvements in DNA sequencing are achieved, sequence-based methods
still represent a slow and expensive approach to studying variation in gene
expression patterns.">'* An important tool in this field has been the development
of a new technique, DNA arrays.'® These arrays consist of a highly ordered matrix
of thousands of different DNA sequences that are used for detecting DNA or RNA
variations in gene expression profiling, comparative genomics, genotyping, and so
on.'"" For example, DNA arrays for assessing stress and damage caused by
pollutants to microorganisms have wide-ranging applications in environmental
toxicology. Application of DNA array technology to native organisms in the
environment requires detection of families of genes with related but differing
sequences. Consensus oligonucleotide probes based on conserved protein se-
quences are used to detect related genes.”

DNA microarrays typically consist of thousands of immobilized DNA se-
quences present on a miniaturized surface with a size of a business card or less,
usually a glass slide. Fluorescently labeled RNA or DNA prepared from mRNA is
hybridized to complementary DNA on the array and then detected by laser
scanning. DNA arrays are used to analyze a sample for the presence of gene
variations or mutations (genotyping), or for patterns of gene expression, perform-
ing the equivalent of ca. 5,000 to 10,000 individual “test tube” experiments in
approximately two days of time. Microarrays are distinguished from macroarrays
in that the DNA spot size is smaller, allowing the presence of thousands of DNA
sequences instead of the hundreds present on macroarrays. In this chapter, we
review the DNA arrays technology, and we will discuss its practical applications
in genetics, medical, environmental and microbial systems.

7.2. Sample Preparation

Robotic technology is employed in the preparation of most arrays. Generally,
the oligonucleotides are bound to a surface such as nylon membrane, glass slide,
or silicon wafer at precisely defined location on a grid. There are two main
methods for preparing DNA arrays samples: (1) the spotting method, and (2) the in
situ syntheses method.

7.2.1. Spotting Method

This method allows us to covalently attach presynthesized DNA to the
microchips (Figure 7.1). Two technologies are used for delivering oligonucleo-
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Figure 7.1. Mutation and gene expression analysis by ¢cDNA microarrays.

tides to substrates: mechanical microspotting and ink jet ejection. The immobil-
ization methods used to attach DNA molecules to surface include:

L.

Adsorption of polyanionic probe molecules to polycationic poly-L-lysine-
coated microscope slides?' or its photocrosslinking after UV treatment.'

. Covalent attachment of amino-linked (or thiol-linked) oligonucleotides to

amino-functionalized (or thiol-functionalized) surface using homobifunc-
tional molecule.*

. Covalent attachment of DNA to self-assembled monolayers of amino-

. . . . . 2
silanes using heterobifunctional crosslinkers.”

. Tethering of DNA to glass slides via an epoxysilane-amine covalent

linkage.24

Attraction of negatively charged DNA to a positively polarized electrode
that is coated with gel containing functional groups for subsequent cross-
linking.*

Electrochemically directed copolymerization of pyrrole and oligonucleo-
tides bearing on their 5'-end a pyrrole moiety and deposition of this
polymer on gold microelectrode.*

Okamoto and coworkers’ have proposed a method for fabricating DNA
microarrays based on the use of a Bubble Jet ink device to eject 5'-terminal-
thiolated oligonucleotides onto a glass surface. The oligonucleotides are co-
valently attached to the glass surface by heterobifunctional crosslinkers that react
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with the amino group on the substrate and a thiol group on the oligonucleotide
probes. By using this methodology, the authors developed DNA microarrays for
analyzing the mutational hot spot of the p53 tumor-suppressor gene. Moreover, a
simple procedure for manufacturing biochips in which oligonucleotides are im-
mobilized within polyacrylamide gel pads has also been described.”® In this
procedure, the gel provides a stable support and presents a low fluorescence
background.

7.2.2. In Situ Syntheses Method

The high-density DNA probe arrays are produced using technologies that
combine photolithographic methods and combinatorial chemistry, and are re-
ferred as biochips or GeneChip™ (Figure 7.2). In this method DNA arrays are
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Figure 7.2. Photolithographic method for the synthesis of single-strand DNA on a chip.
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usually synthesized using 5'-MeNPOC protected phosphoramidities.” In the first
step, synthetic linkers modified with photochemically removable protecting group
(for example MeNPOC-protected hexaethyleneglycol) are attached to a properly
prepared glass substrate (silanated with bis(hydroxyethyl)aminopropyltriethoxy-
silane). The substrate is then exposed to light (365 nm) through a lithographic
mask that allows localized photodeprotection. Removal of the protecting groups
(MeNPOC) results in the exposure of —OH groups that can be coupled to
activated 5'-MeNPOC protected nucleoside phosphoramidities. After standard
capping and oxidation steps, the light is directed to different regions of the
substrate by a new mask and the process repeated. Additional cycles of light-
directed deprotection and nucleoside coupling allow the efficient parallel syn-
thesis of any desired combination of different oligonucleotides. Over 400,000
unique oligonucleotide probes are synthesized on each GeneChip representing in
excess of 12,000 genes.* After the probe preparation the DNA arrays are placed in
a temperature-controlled hybridization chamber. A fluorescently labeled nucleic
acid sample injected into the chamber hybridizes to complementary oligonucleo-
tides on the array. Fluorescence measurements give information about hybridiza-
tion intensity.

In sequence analysis arrays, detection of mutations or polymorphisms is
accomplished by using a four-probe interrogation strategy (Figure 7.3a). The
probe that forms the most stable duplex provides the highest fluorescent signal
among the four probes assigned to interrogate unknown base. A different set of
four oligonucleotide probes is used for the identification of each nucleotide.

In gene expression monitoring, each gene is represented by 3640 distinct
oligonucleotide probe sequences, half of which are perfect match (PM) probes and
the other half contain a single base mismatch (MM) and serve as controls for
nonspecific binding (Figure 7.3b). This PM-MM system offers higher specificity
in the presence of complex background signals and allows the optimal balance
between sensitivity and specificity. Each probe sequence is located in a specific
area of the array known as the probe cell and each probe cell contains more than 10
million copies of a given probe. Currently, Affymetrix is providing GeneChips
that contain genes from mouse, rat, human, yeast, E. coli, and Arabidopsis. In
addition, specialized chips to address mutations in HIV, cytochrome p450, P53,
etc., are being generated. If one needs to monitor gene expression, instead of DNA
the mRNA from cells or tissue is biotin-labeled and hybridized to chips containing
the oligonucleotide arrays. The specificity of hybridization is measured by laser
confocal fluorescence scanning. This technology allows massive, parallel data
acquisition and analysis. Figure 7.4 shows the usual procedure used for the gene
expression analysis. It is a combination of several interrelated steps: isolation of
RNA, transcription to cDNA, reverse transcription and biotinylation, fragmenta-
tion, hybridization to the array, fluorescent labeling, and optical scanning of the
fluorescent chip. The mRNA is first isolated from the target cells or tissue and
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Figure 7.3. a) DNA sequence analysis by using four-probe interrogation strategy. b) Gene expression
analysis by using perfect match (PM) and mismatch (MM) oligonucleotide probes.

transcribed to double strand cDNA using conventional protocols. The double
strand cDNA is reverse transcribed to cRNA and at the same time is biotinylated
using biotin-CTP and biotin-UTP. The biotinylated cRNA is then chemically
fragmentized, mixed with control cRNA fragments, and hybridized to the oligo-
nucleotide array. The biotinylated cRNA is fluorescently labeled by streptavidin
and scanned to provide data for functional analysis. The hybridization information
is obtained from the light emitted from the fluorescent reporter groups already
incorporated into the target, which is now bound to the probe array. Probes that
most clearly match the target generally produce stronger signals than those that
have mismatches. Since the sequence and position of each probe on the array are
known, by complementarity the identity of the target nucleic acid applied to the
probe array can be determined. The preferred quantity of mRNA is about 1 mg
although less is needed if single chips analyses are required.

The composition of the arrays is of three general types:

1. Oligonucleotides or DNA fragments, approximately 20-25 nucleotide
bases. These arrays are frequently used in genotyping experiments. The
sequences of alternate gene forms may be included for detection of
mutations or normal variants (polymorphisms).
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Figure 7.4. Schematic procedure for obtaining cRNA to use for arrays.

2. Complete or partial cDNA, approximately 500-5,000 nucleotide bases.
These arrays are generally used for relative gene expression analysis of
two or more samples; however, oligonucleotide-based arrays may also be
used for these studies.

3. Messenger RNA are either directly or indirectly labeled with different
fluorophores, hybridized to DNA on the glass slide and subsequently
scanned to detect the fluorescence. These arrays are used for monitoring
the gene expression.'®

DNA/RNA samples are prepared from the cells or tissues of interest. For
genotyping analysis, the sample is genomic DNA. For expression analysis, the
sample is cDNA or RNA. The cDNA samples are tagged with a fluorescent label
and applied to the array. Single-stranded DNA will bind to a complementary
strand of DNA. At positions on the array where the immobilized DNA recognizes
a complementary DNA in the sample, binding or hybridization occurs. The
labeled sample DNA marks the exact positions on the array where binding occurs,
allowing automatic detection. The output consists of a list of hybridization events,
indicating the presence or the relative abundance of specific DNA sequences that
are present in the sample.
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Microarray technology is also useful for analyzing genome-wide patterns of
mRNA expression. For mRNA expression studies, the ultimate goal is to develop
arrays which contain every gene in a genome against which mRNA expression
levels can be quantitatively assessed. The microarray technology is based on an
approach where cDNA clone inserts are robotically printed onto a glass slide and
subsequently hybridized to two differentially fluorescently labeled probes. The
probes are pools of cDNAs that are generated after isolating mRNA from cells or
tissues in two of the states that one wishes to compare. Resulting fluorescent
intensities are produced using a laser confocal fluorescent microscope, and ratio
information is obtained following image processing. Finally database develop-
ment and design is critical for all aspects of this project.

7.3. Fluorescence Probes

The commonly used transduction mode for reading arrays is fluorescence,
due to its superior limit of detection and the ability to monitor multiple reporter
molecules simultaneously. In fact, in many applications it is necessary to screen
for multiple probes that hybridize to a single target. In this case, it is common to
use fluorescence wavelength-discrimination methods to identify whether the dyes
hybridize to the target DNA found in a specific location in the array. Figure 7.5
shows some of the fluorescence probes that are usually utilized in DNA micro-
arrays.

Two methods are used to determine the amount of duplex that is formed
during DNA hybridization. In the first method, the single-strand DNA is labeled
with a fluorophore before hybridization during the chemical solid-phase synthesis
or the reverse transcription, or as a last step of these processes. In the second
method, the DNA sample is first hybridized and then the solution with a fluores-
cence ligand capable of specifically binding to double-helical DNA is added.

In the first method (traditionally), the probes have been labeled by direct
incorporation of labeled nucleotides into first-strand cDNA during synthesis.*'
Commercially available labeled nucleotides usually contain cytosine, thymine or
uracyl (Amersham Pharmacia Biotech, Molecular Probes, Roche (Boehringer
Mannheim)). Fluorophore labels are attached to the base moiety via aminoallyl or
aminoalkynyl spacer at the position 5 of pyrimidine group (Figure 7.5a).** Re-
cently, it has been shown that coumarin analogue of GTP, which contains cou-
marin fluorophore attached to the gamma phosphorus can be also used in the
synthesis of labeled oligonucleotides.™

An alternative method, gaining in popularity, is the post-labeling method. A
chemically reactive nucleotide analog (amino allyl-dUTP) is easily incorporated
into the cDNA and then subsequently labeled with the reactive forms of fluoro-
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Figure 7.5. Fluorescence probes usually used in cDNA microarrays.

phore (for example N-hydroxysuccinimide ester of CyDye, or Alexa dyes).* The
amino allyl nucleotide is incorporated more efficiently into the cDNA than bulky

labeled nucleotide.

These two methods allow both internal and terminal oligonucleotide label-
ing. However, it is possible to label the 3'- or 5'-ends of oligonucleotides by
coupling active form of the fluorophore (for example, iodoacetimidofluorescein)
to the thiophosphate terminal group. Phosphoramidite derivatives of fluorophores
(for example: 6-fluorescein phosphoramidite or Cy5 phosphoramidite) can be also
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used in chemical phosphorylation of the 3'- or 5'-ends of oligonucleotides (Figure
7.5b).3% Moreover, incorporation of amino group at the 3’ terminal position of
oligonucleotides gives the opportunity for coupling any amino reactive deriva-
tives of dyes, which is used very often in DABCYL labeling.*®

As an alternative to the covalently attached fluorophores, the ligand com-
plexes with DNA can be used to identify the hybridization process. The homo-
dimer dyes like TOTO and YOYO form stable and highly fluorescent complexes
after their intercalation in double-stranded DNA, while in aqueous solution they
are almost nonfluorescent. However, they can also bind to single-stranded DNA or
RNA with concomitant increase in fluorescence quantum yield,” so they are less
promising for the quantitation of DNA duplex formation in microchips. Hoechst
33258 shows no binding to ssDNA but binding to dsDNA with significant base
pair specificity.™ It is not widely used in DNA microarray, however, nor are the
homodimeric monomethine cyanine dyes which were recently reported as able to
distinguish between dsDNA and ssDNA.*

In the fluorescence-based DNA arrays the covalently attached fluorophores
are usually employed. Their absolute intensity may be used to determine whether
selective binding of the probe to the immobilized target occurred. The most
commonly used fluorescence dyes include Cy3 (A, = 514 nm) and Cy5 (A, = 632
nm).**** The choice of these dyes is due to their high photochemical stability,
high quantum yields, and well-resolved emission profiles. Importantly, dUTP
analogues of Cy3 and Cy5 are readily incorporated during the reverse transcrip-
tion process. However, many other dyes are used in DNA arrays, for example:
fluorescein derivatives (FITC, FAM, JOE), rhodamine derivatives (TAMRA,
ROX, Texas Red, and some of Alexa dyes), phycoerythrin, phycocyanin, and
some compounds from Cyanine Dyes family (Cy2, Cy3.5, Cy5.5, TOTO, YOYO,
POPO-3, PO-PRO-3).** These dyes are often combined in two-, three-, and
four-color applications.*>#34¢

A few years ago, the use of fluorescence lifetimes for monitoring multiple
reporter molecules simultaneously in DNA sequencing has been proposed as an
alternative to the intensity measurements.*”** Recently Waddell and coworkers®
have described the use of near-infrared time-resolved fluorescence as a detection
method for reading DNA hybridization events on solid surfaces in DNA micro-
array applications. In their experiments they used two dyes, which were co-
valently attached to oligonucleotides: aluminum tetrasulfonated naphthalocyanine
and tricarbocyanine dye (IRD800) (Figure 7.5b), with lifetimes 1.92 ns and 1.21
ns, respectively. The limit of detection for oligonucleotides containing a near-IR
fluorescent reporter was found to be 0.38 molecules/uM?2. However, by setting up
the time-gate, the authors were able to improve the resolution limit by a factor of
10. Although near-IR fluorescence is an attractive model for reading microarrays,
the utilization of fluorophores with higher quantum yields and better photo-
bleaching stability will further improve the sensitivity of the measurements.
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7.4. Arrayers

Robots (arrayers) are required to place and/or array a large number of probes
onto the slides. Several robotic instrumentations for arraying cDNA clones, as
well as confocal scanning fluorescent microscopes or CCD systems to examine
fluorescent intensities of microarrays have been developed. In this section we will
briefly describe some of them. One example, the AECOM robot,50 is designed to
automatically collect samples from 96- or 384-well plates, with up 12 pens
simultaneously (Figure 7.6). Each pen collects from 250 pl to 500 i of solution
and deposits 0.25-1 nl on each slide, creating spots ranging from 100-150 wm in
diameter. The robot rests on an optical table, which allows many different configu-
rations of microscope slides and plates. A typical full optical table supports 230
slides, 5 microtitre plates, up to three washing stations, and a dryer station. The
wash stations are stationary containers of distilled water that is replaced after
every two microtitre plates. When the pen tips are immersed, the robot shakes the
pen assembly back and forth to enhance cleaning by computer-controlled water
bath sonicator. The dryer is essentially a computer-controlled wet/dry vacuum
cleaner with an adapter for inserting the pen tips. Drying is accomplished by the
rapid air flow around the tips and the partial vacuum this creates.

A PC controls all of the other components and allows operator input of
various parameters, such as number of probes, trays, and slides; spot spacing and
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washing and drying microwell plate

station

Figure 7.6. cDNA microarrays printing apparatus.
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pattern on the slides; duration of each cycle component; and speeds and accelera-
tions of the robot. A cabinet protects the operator and others in the lab from sudden
movements of the robot and allows maintenance of clean and humid (~65%RH)
conditions around the trays and slides. The air flow in the cabinet in the vicinity of
the slides and trays is kept clean by a recirculating blower, HEPA filter, and
ducting that keeps class 100 air circulating over the slides at about 100 cubic feet/
minute. Humidity is controlled with a room humidifier controlled by an industrial
humidistat. Usually, the arrayers are able to put down 16 spots on each of 48 slides,
and to wash and dry the probes for the next set of cDNAs for the next tray, in about
70 seconds. Most of this time is taken up with the actual spotting, as the wash and
dry cycles are about 2 seconds each and the loading is about 10 seconds. Thus, the
contents of one 96-well tray can be spotted every 7 minutes, and 10,000 spots
would take about 12 hours.

The reader is generally a computer-controlled inverted scanning fluorescent
confocal microscope with a triple laser illumination system (Figure 7.7). The
optical system is folded and arranged on an optical breadboard. The breadboard is
hung with shock mounts in a vertical plane, inside a lightweight enclosure, which
also protects the optics from laboratory dust and personnel from laser light.
Illumination is provided by three air-cooled lasers: a 488 nm, 100 mW argon ion
laser for exciting FITC; a 532 nm, 100 mW NdYAG for Cy3; and a 633 nm, 35
mW HeNe for Cy5. Any two lasers may be turned on simultaneously and their
beams combined with dichroic mirrors and delivered to the specimen via a single
dichroic and an objective lens (0.75 NA, 0.66 mm wd). The objective lens can be
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Figure 7.7. Confocal laser microscope scanner and image analysis.
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remotely and reproducibly focused with a digital controller. The emitted light,
after passing back through the objective and primary dichroic, is focused through
a confocal pinhole and through a secondary dichroic onto two cooled PMTs,
which operate in parallel for the two different wavelengths.

The stage is a standard computer controlled microscope stage capable of 100
mm/sec scans and 5 micron resolution. One or two standard 25 x 75 mm slides can
be scanned at a time. Scanning is done in a comb pattern with data collected in
both directions. Data is acquired with a custom integrator and standard 16 bit A/D
card in a 133 MHz Pentium. The operator can set the gain, speed, pixel size,
pattern position and size. All of the electronics and power supplies are mounted in
the cabinet bay next to the optics. At 100mm/sec, with 20 micron pixels, a 50 x 20
spot array with spots on 400 micron centers involves 400 traverses each about 20
mm long and can be scanned in about 4 minutes. It is easily and reliably able to
detect about 10 picograms/pl of each species of cDNA.

For microarray detection a CCD camera system has been also use
CCD-based imaging often involves illumination and detection of a large portion
of the substrate (1 cm?2) simultaneously, so in this case movable stages and optics is
not required. Another difference between confocal scanners and CCD-based
detection systems is that the latter often use a continuous wavelength light source
such as arc lamps, thereby obviating the need for multiple lasers. Fastidious
filtering of emission spectra in CCD-based systems minimizes optical crosstalk
between different channels. However, it is noteworthy that the use of a confocal
system results in a better resolution of the microarray image.

51-53
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7.5. Image Analysis

The analysis of a microarray image consists of extracting probe intensities or
ratios at each cDNA target location, and then crosslinking printed clone target
information so that it becomes easy to interpret the outcomes for further high-level
analysis. For the particular image example showed in Figure 7.7 an array of
cDNAs was hybridized with a red fluor-tagged sample and green fluor-tagged
sample (Figure 7.8), and then monochrome images of the fluorescent intensity
were combined by placing each image into the appropriate color channel of the
RGB color image. In this experiment, there were a total of 1,344 cDNA targets
(printed from fourteen 96-well plates) using four print-tips. By defining the print-
mode, the software can track the cDNA targets on this and the other array, and
map them back to their original plate position.

Microarray image analysis can be divided into several parts: (1) array target
segmentation, (2) background intensity extraction, (3) target detection, (4) target
intensity extraction, and (5) ratio analysis.
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Figure 7.8. Gene expression in cancer and normal cells by cDNA microarrays.

7.5.1. Array Target Segmentation

Since each element of an array is printed automatically to a defined position,
it is possible to assume that the final probe signals form a regular array, which can
be automatically aligned to a predefined grid-overlay. The initial position of the
grid can be either manually determined if no particular orientation markers (called
“landing lights”) are printed or there are no visible signals from the orientation
markers, or automatically determined if the orientation markers are presented in
the final image and the entire array has no obvious missing row or column signals.
Usually the initial overlay grid does not precisely segment the targets. The
refinement of the grid position is preferably done automatically. The usually



DNA Arrays for Genetic Analyses and Medical Diagnosis 227

utilized procedure is as follows: (1) detect strong targets, (2) find their centers
(e.g., center of mass), and (3) regress four-corner coordinates of each subarray
from these centers of strong signals. This last regression step is important since it
avoids the problem of false centers due to noise blobs or miscalculated centers.
The final grid-overlay precisely segments each target, which enables future pro-
cessing tasks to concentrate on only one target. Also, the target position can be
deconvoluted back to its original microplate position when the printing informa-
tion is available on-line. Thus, the clone information can be attached to each target
at this stage.

7.5.2. Background Intensity Extraction

The background of the microarray image is not uniform over the entire array
and therefore it is necessary to extract local background intensity. The changes of
fluorescent background across an array are usually gradual and smooth, and may
be due to many technical reasons. Abrupt changes are rare; when they happen, the
actual signal intensities of array elements near these changes are not reliable.
Conventionally, pixels near the bounding box edge are taken to be background
pixels, and thus the mean gray-level of these pixels provides an estimation of the
local background intensity. This method becomes inaccurate when bonding box
size is close to 10 x 10 pixels or the target fills the entire bounding box. Fluorescent
background is typically modeled by a Gaussian process. For example, for a larger
area (e.g., a 30 x 30 box centered at a particular target) the gray-level histogram
within the box is usually unimodal since the majority of the background pixel
values are similar while the target pixel values spread up to very high gray levels.
The location of the mode of the histogram, therefore, provides the mean local
background intensity and the left tail of the histogram will provide the spread
(standard deviation) of the background intensity.

7.5.3. Target Detection

One of the difficult image processing tasks is to identify the target region
within the bounding box. Each target is somewhat annular, resulting from both
how the robot finger places the cDNA on the slide and how the slide is treated.
However, the final image of the target may simply be a collection of sub-regions
within the nominal circular target region due to the variability introduced by
cDNA deposition or the hybridization process. It is important that the final signal
intensity be measured over regions corresponding to the probe-hybridized-to-
target area.
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Conventionally a fixed thresholding method is used in image analysis. The
threshold value T can be determined from the local background mean intensity m
and its standard deviation s by the relationship T = m + s. However, the simple
fixed thresholding method fails quite often due to variability of the background
and the signal, particularly when the signal is weak (a frequent finding in cDNA
array experiments). To avoid these problems, some sophisticated thresholding
methods may be implemented. One of the methods that we utilize is the Mann-
Whitney method, which takes sample pixels from the background and then
performs a rank-sum hypothesis test on the target pixels. The rank-sum test is
usually used to test the null-hypothesis that the two population distribution func-
tions corresponding to the two random samples are identical against the alterna-
tive hypothesis that they differ. This approach allows users to specify the confi-
dence level of target detection.

7.5.4. Target Intensity Extraction

After target regions are determined, intensity measurements are carried out.
For a two-color system, the target region detected from the red channel will be
overlaid to the target region detected from the green channel. The reason is simple:
both probes were hybridized to the same target (Figure 7.8), so if we observe
either one of them, the underlying region must belong to original target. The probe
intensity measurement is chosen to be the average gray level within the target
region. Keeping in mind that the final measurement is the ratio of two intensities
(R/G), the average measurement will provide, to some degree, a data smoothing
effect. The local background value is then subtracted from the reported probe
intensities from the red channel (R) and the green channel (G); the ratio (R/G) is
then calculated. Clearly, the ratio measurement is the ratio of two average inten-
sity measurements. There are, of course, other choices for ratio measurement,
including the average of ratios from every pixel location and the linear regression
slope of R/G gray-values from every pixel location.

7.5.5. Ratio Analysis

In order to determine if gene expression differs significantly between the red
and green channels, the expression ratio calculation is used. Such an approach is
intuitive because two similar samples lead to a R/G ratio close to 1. Assume the
ratio extracted from a microarray image satisfied the following conditions: normal-
ity, independence, being sufficiently positive, and having a constant-coefficient-
of-variation. Then, the ratio distribution can be approximate as follows:
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The distribution parameter can be estimated using a maximum likelihood
method, and ratio calibration can be carried out by an iterative method (assuming
that the two channels are not normalized). In order to satisfy the null hypothesis,
which requires no intensity change from red to green, a set of “housekeeping”
genes has been chosen. These genes have been selected and experimentally
verified as being stable in most experiments (R/G = 1.0). While being referred to as
a “housekeeping” gene set, their selection is based on biology as well as on their
experimental calculation across thousands of observations under numerous exper-
imental conditions. This selection of a “house-keeping” set has been modeled by
labeling the same mRNA sample from the same cell line (UACC-903, a breast
cancer cell line) by both Cy3 and CyS5. The ratio distribution estimated by the
actual data from the housekeeping set closely predicts the spread of the ratio (by
parameter c). Furthermore, the peak of the ratio distribution is correctly calibrated
to 1, which is what we expected since the two samples should be essentially
identical. The significance of basing our measurement on the analytical ratio
distribution is that we can associate a confidence interval to each ratio measure-
ment so that a significant difference can be easily detected. More importantly, this
approach allows us to associate a p-value to each ratio measurement. Finally, it is
possible to derive quality measurements from the above description.

7.5.6. Multiple Image Analysis

The value of microarray technology is not only that it enables a fast screening
method for the expression of individual genes, but also that it enables the investi-
gator to study gene interactions in parallel. Multiple images (slides) can be
analyzed to explore the temporal expression pattern for a given gene, or to study
the similarity between expression patterns from different samples (e.g., patterns of
expression between stages of cancer progression). Applications where the scien-
tist wishes to view the expression of genes across multiple slides (experiments) are
numerous: for example, the clustering of genes based on their statistical behavior
such that some functional relationship may be hypothesized, or the characteristics
of expression patterns for all clusters may be extracted for fingerprinting purposes.

7.6. Applications

DNA array technology provides a method for rapid genotyping, facilitating
the diagnosis of diseases for which a gene mutation has been identified (Figure
7.9). It also assists in the diagnosis of diseases for which known gene expression
biomarkers of a pathologic state, or signature genes, exist. Signature genes are
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Figure 7.9. DNA-sequencing based on ¢cDNA microarrays. The figure shows how to determine
unknown nucleotide sequences by cDNA microarrays.

genes that are constitutively expressed in a normal or diseased cell or tissue that
can serve as an identifier of that cell or tissue. We can say that microarrays of DNA
and oligonucleotides are beginning to have the same impact on the biological
sciences that integrated circuits produced on the physical sciences. In fact, as
integrated circuits, microarrays can do many things in parallel, with very little
material and with modest investment of labor.>* Broadly speaking, the applica-
tions of microarrays fall into two categories: studies of genomic structure and
studies of active-gene expression.

The applications of arrays to genomic studies primarily involve the search for
single-nucleotide polymorphisms (SNPs), which have considerable importance
regardless of whether they cause an apparent disease.” In fact, from these it is
possible to use analytical techniques such as genetic-linkage mapping or associa-
tion analysis to highlight genetic predisposition to disease, and classify them
according to defect and the best treatment option.’® Just a few years ago the people
could think about this technology as a “Star Wars” project, but now it is almost
obvious to imagine that, on a routine basis, all newborns might undergo 10,000 or
more simultaneous genetic tests using only a single chip and a few drops of blood
(Figure 7.10).

An additional interesting genomic application of microarrays is called “phar-
macogenomics.”’ Since each individual has a different genetic makeup, each will
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Figure 7.10. Image of cDNA microarrays from normal and prostate tumors patients.

have a unique set of polymorphism sites. Although these polymorphisms do not
result in any disease, some of them may be particularly informative on how each
individual responds to a particular drug. The presence of alternate gene forms or
atypical expression of a gene involved in drug action or metabolism can manifest
as resistance to therapy or an atypical response to therapy. Pharmacogenomic and
toxicogenomic studies correlate the genetic profile of individual patients and the
individual response to a drug or toxin, respectively. The information obtained
from these studies can be used to design arrays that will assist in the selection of
custom and rational drug therapy. Arrays assist in the identification of sentinel
genes that demonstrate altered expression in a given cell or tissue type in response
to drug or toxin exposure. Creating profiles of sentinel genes associated with drugs
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sharing a common mechanism allows potential new therapies to be rapidly
screened for similar activities. This facilitates the selection of compounds for
further investigation and may reduce the need for animal testing. An in vitro
screen for potential toxicity has the potential to reduce drug-screening costs,
prevent human suffering and reduce product liability. Other genomic applications
are more evident, such as the identification of criminals, tissue typing in organ-
donor-selection, studies of evolution, interspecies similarity.

As regards the use of microarrays in studying gene expression, there are
numerous applications in this area. Arrays are used to study how cells respond to
environmental changes and stress through changing mRNA patterns. For exam-
ple, it is possible to monitor the toxicity caused by dioxin, or mercury, by looking
for slight changes in gene expression.’® In addition, the arrays can be used for
evaluating the many products resulting from combinatorial chemistry. Such prod-
ucts might not cause visible changes in cellar appearance, but could induce change
that shows up when we interrogate the mRNA by arrays. Of course, the array
applications are not restricted to human cells; we can use them, for example, for
studying the life cycle of a plant in deeper detail, or to figure out which specific
insecticide that does not affect other species should be used.

There are many applications for this technology in the field of cancer.
Cancerous cells have a number of unique characteristics as loss of heterozygosity
and fusion transcripts, and changes in tumor suppressor genes or oncogenes. Some
of these changes are of phenotypic nature, but it is easier to detect them as change
in genetic expression. In fact, it is well known that the activity of certain genes will
be unregulated and others downregulated in actively dividing malignant cells.
Recently, it has been shown that microarrays can be useful in distinguishing
between acute lymphoblastic leukemias and acute myeloid leukemias.®* The
clinical diagnosis of leukemias and other cancers places a continuous spectrum of
phenotypes into defined categories, and by using DNA array data it is now
possible to generate “clinical categories” and reveal new groups of leukemias."
Microarray technology has also been applied to classifying different kinds of
lymphomas.®*

Critics of cancer cell lines as models of cancer argue that the cells have
evolved and are no longer true genetic representations of tumors from which they
were derived. There is, however, increasing evidence that cancer cell lines main-
tain the gene-expression pattern established during differentiation in vivo, with
subtle adaptations to cope with the cell-culture environment. After cluster analysis
of the expression profiles, Ross and coworkers® showed that the cell lines from
many tissue types (renal, ovarian, central nervous system, melanoma, leukemia,
and colon) were more closely related to lines from the same tissue rather than
other tissues. Notable exceptions were the lines derived from breast and non-small
cell lung cancer.

Elek and coworkers have applied the microarray method to identify prostate
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cancer-specific genes.”’ They built a microarray containing 588 known genes and
analyzed the microarray by using cDNA probes derived from normal and three
independent prostate tumors (Figure 7.10). The authors found that 19 of 588 genes
were differentially expressed in the tumors in comparison to the normal tissue. In
addition, the authors found that the gene glutathione-S-transferase theta 1 showed
a correlation with the microarray results when analyzed by RT-PCR.

As last example of the high impact of array technology in oncology, we cite
the work of Elkahloun and coworkers that studied the in vivo expression profile of
human breast cancer progression.”® In their work they monitored in vivo levels of
gene expression in purified normal, invasive, and metastatic breast cell popula-
tions from a single patient. For this analysis, they used a combination of laser
capture microdissection and high-throughput ¢cDNA microarrays, and the ob-
tained results were in agreement with those obtained by real-time quantitative
PCR and immunohistochemistry.

Finally, we mention the application of DNA arrays technology for diabetics.
Type 2 diabetes mellitus is an increasingly common disorder of carbohydrate and
lipid metabolism. Approximately 16 million individuals in the United States have
diabetes, and 800,000 new cases are identified each year. Two important charac-
teristics of this disease are insulin resistance (the failure of peripheral tissues,
including liver, muscle, and adipose tissue, to respond to physiologic doses of
insulin) and failure of pancreatic beta-cells to properly secrete insulin in response
to elevated blood glucose levels. Obesity is a significant risk factor for the
development of type 2 diabetes mellitus. Nadler and Attie®” analyzed the impor-
tant role of adipose tissue dysfunction in the pathogenesis of diabetes by DNA
microarrays. In particular, they studied the adipocyte gene expression in normal
and diabetic mice. The expression level of over 11,000 transcripts was analyzed,
and 214 transcripts showed significant differences between lean and obese mice,
suggesting that a decrease in expression of genes normally involved in adipo-
genesis is associated with obesity.

7.7. Perspectives

As disease-related gene abnormalities are identified, the design of custom
arrays will increase, tailoring sequence number and features to answer the type of
question that is to be addressed. Custom designed DNA variation detection arrays
will be used to scan the genome and detect single nucleotide polymorphisms
(SNPs). The SNPs that are identified can be used in designing further genotyping
chips for performing association. Reduction in DNA spot size and advances in
scanner technology will allow larger portions of a genome to be present on an
array. Decreasing sample size will permit analysis of small quantities of spe-
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cialized cells acquired by techniques such as laser capture microdissection with-
out the need for coupled RNA amplification.

DNA arrays will assist in the formation of information databases to assist in
correlating genetic variation and gene expression with patient status, prognosis,
and responsiveness to treatment. It is anticipated that tests will become quantita-
tive so that information about gene expression changes can be measured. As
quantitation approaches the limit of determining the exact number of copies of a
gene expressed in a cell, the predictive ability of these tests will be maximized.
DNA array analysis provides an excellent tool to enlarge our knowledge of
genome function.
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Flow Cytometric Sizing of DNA
Fragments

W. Patrick Ambrose, Hong Cai, Peter M. Goodwin,
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W. Kevin Grace, James H. Werner, and Richard A. Keller

8.1. Introduction

We have developed the capability to detect and identify single fluorescent mole-
cules as they transit a focused laser beam. Single molecule detection allows one to
measure properties of individual molecules that would be difficult or impossible
with bulk measurements where properties of individual molecules are hidden in
ensemble averages. This attribute is particularly important for analyzing the
components of a heterogeneous mixture without separating the sample into its
individual components. The use of this technology for sizing individual DNA
fragments in a sample containing a mixture of DNA fragments of different sizes is
an excellent example of the power of this approach. In this article, we summarize
our approach to single molecule detection and the application of this technology to
DNA fragment sizing.

8.2. Single Molecule Detection

Detection of single molecules labeled with 80-100 fluorescein fluorophores
was reported by Hirschfeld in 1976 Our quest for the detection of single fluo-
rophore molecules began with the work of Dovichi in 1984” and progressed until
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we demonstrated the detection of single fluorophore molecules in 1990.° Approx-
imately a dozen workers around the world have now demonstrated single mole-
cule detection and approximately two dozen highly fluorescent molecules have
been detected at the single molecule level. The detection of single molecules in
liquid solution was reviewed recently.*® DNA fragment sizing is a spin-off of
single fluorophore detection. We briefly review our recent work in single molecule
detection as a lead-in to DNA fragment sizing.

The signature of a single molecule is the burst of photons emitted as the
molecule traverses a focused laser beam. In a laser beam tuned to the absorption
frequency of a highly fluorescent molecule, the molecule is continually cycled
between its ground state and an excited electronic state with the emission of a
photon (fluorescence) on most cycles. The maximum number of photons emitted
by a molecule is limited by its fluorescence lifetime and is given by

N, = Pl /7) 8.1

N, .. is the maximum number of photons that a molecule can emit, ®; is the
fluorescence quantum yield, 7, is the transit time across the laser beam, and T is
the fluorescence lifetime. For (I)f = 1, a transit time of 1 ms, and a fluorescence
lifetime of 2 ns, N, equals 500,000. Unfortunately, even relatively photostable
molecules photobleach after absorbing 104107 photons. Itis customary to work at
an irradiance such that <10% of the molecules photobleach while passing through
the laser beam. An efficient detection system converts ~1% of the emitted photons
into photoelectrons (pe) with the result that the burst of photoelectrons charac-
teristic of the passage of a single molecule ranges between 10 and 200 pe.
Hydrodynamic focusing’ is used to confine the analyte stream to several microns
in diameter. The excitation laser is focused to a waist of ~10 pm and an aperture in
the detection path limits the detection length along the laser axis to ~10 wm. The
detection volume, defined by the laser beam waist and the image of the aperture on
the sample stream is approximately 1 pl (10 wm x 10 wm x 10 pm). Photon bursts
associated with the passage of single molecules through the detection volume are
detected and distinguished from the background associated with Raman scattering
from the water solvent. This is achieved with pulsed excitation and time-gated
detection.™'’ A detailed description of our approach to single molecule detection
is given in Goodwin er al."!

Efficient detection of analyte molecules can be realized if care is taken to
ensure that the analyte molecules pass through the center of the detection volume
such that all molecules receive similar irradiation and the optical collection
efficiency is approximately constant across the analyte stream. One second of data
from a dilute solution of tetramethylrhodamine isothiocyanate (TRITC) eluted
from a 1 pm i.d. pipette is shown in Figure 8.1a. Each peak represents the passage
of a single molecule. For comparison, data from a blank buffer solution is shown
in Figure 8.1b. If a threshold were set at ~20 pe/ms, there would be few false
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Figure 8.1. Detection of single TRITC molecules in dilute aqueous buffer. TRITC was introduced
electrokinetically from a drawn capillary, i.d. ~1 wm at the tip. Conditions: excitation, 554 nm, mode-
locked dye laser; average laser power, 20 mW; repetition rate, 82 MHz; beam waist, 15 um (l/e2);
transit time, ~2ms. a. Sample stream on. b. Sample stream off.

positives from the blank and few of the TRITC molecules would be missed. A
histogram of the burst sizes (total number of photoelectrons in a burst) is shown in
Figure 8.2." The peak at ~45 pe in the burst size distribution is the result of single
molecules passing through the center of the detection volume. The secondary peak
in the burst size distribution at ~85 pe is caused by the simultaneous presence of
two analyte molecules in the probe volume. The probability of two molecules
being in the probe volume at the same time depends upon the burst detection rate
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Figure 8.2. Efficient detection of single TRITC molecules. Histogram of fluorescence burst sizes from

TRITC molecules obtained as in Figure 8.1. Solid circles are from buffer solution containing TRITC;
open circles are from buffer alone. (From reference 12.)
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and the transit time. When a burst threshold is set at 20 photoelectrons, over 90%
of the molecules are detected.”” At this threshold, there are few false positives
from the background.

Single molecules can be identified by their fluorescence emission spectrum,'
their fluorescence lifetime,”"5 their burst size,16 or a combination of burst size and
fluorescence lifetime.'® Distinguishing between Rhodamine 6G (R-6G) and Texas
Red by their emission spectra is shown in Figure 8.3.'* The measurement of the
lifetime of a single molecule is shown in Figure 84." An example of distinguish-
ing between TRITC and R-6G by a combination of burst size and fluorescence
lifetime is shown in Figure 8.5."° Burst size and fluorescence lifetime are mea-
sured simultaneously for each molecule. A two dimensional analysis is displayed.
Burst size is plotted along one axis and fluorescence decay rate (1/1;) along the
other axis. The space is divided into four regions. Signatures from TRITC mole-
cules appear mostly in Region I. A significant fraction of the R-6G molecules
photobleach as they pass through the laser beam, which yields a broadened burst
size distribution and results in signatures from R-6G being distributed between
Regions II and III. Using this two dimensional analysis, TRITC and R-6G can be
distinguished with greater than 80% confidence. The use of burst size and/or
fluorescence lifetime for molecular identification has the advantage of requiring
only one excitation wavelength and one detection channel.
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Figure 8.3. Simultaneous two-color detection to distinguish between single molecules of R-6G and
Texas Red. Bursts are from single molecules transiting the detection volume. A: Signal on Detector 1.
10~ M solution of Texas Red and R-6G in CH,OH (A) and Texas Red alone (B). Excitation at 532 nm.
B: Signal on Detector 2. 10~ M solution of Texas Red and R-6G in CH,OH (A) and R-6G alone (B).
Excitation at 585 nm. (From reference 13.)
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Figure 8.4. Fluorescence lifetime of a single rhodamine-110 molecule. Histogram of the arrival times
of photons following pulsed excitation of single rhodamine-110 molecules in water. Conditions:
excitation, 496 nm, mode-locked argon ion laser; average laser power, 10 mW; repetition rate, 82 MHz,
pulse width, 200 ps ; beam waist, 13 pwm (1/¢?). Insert: distribution of decay rates for 1408 single
molecules. The weighted mean decay rate is indicated by a vertical line. (From reference 17.)

8.3. DNA Fragment Sizing

Our group'®? and others®*** have reported DNA single fragment analysis by

flow measurements. Applications include: characterization of P1 artificial chro-
mosome (PAC) clones for DNA sequencing; analysis of PCR fragments; and
bacterial identification. These applications are described below. We have demon-
strated that flow cytometric fragment sizing has significant advantages over
pulsed-field gel electrophoresis (PFGE) for sizing large DNA fragments.'® A
cartoon describing our approach is shown in Figure 8.6. A DNA sample is stained
with a fluorescent intercalating dye that binds stoichiometrically to the DNA such
that the amount of dye incorporated is directly proportional to the fragment size
[number of base pairs (bp)]. There is a large increase (~100x) in the fluorescence
quantum yield of the intercalating dye upon binding to the DNA.**** This
makes it unnecessary to remove unbound dye from the solution before analysis.
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Figure 8.5. Distinguishing between TRITC and R-6G by fluorescence lifetime and/or fluorescence
burst size. The data are presented as two dimensional histograms. The histograms were constructed
from bursts >20 pe in size. a: distribution compiled from 6314 bursts found in 211 s of data collected
from a dilute sample containing approximately equal amounts of TRITC and R-6G. b: distribution
compiled from 7730 bursts found in 176 s of data collected from a dilute sample of R-6G. Conditions:
sheath volumetric flow rate, 30 L min~!; average excitation laser power, 30 mW, 514.5 nm mode-
locked argon ion laser; beam waist, 16 wm (1/e?); sample transit time, 1.6 ms. (From reference 16.)
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Figure 8.6. Cartoon describing fragment sizing. A restriction digest of DNA fragments is stained with
an intercalating dye, diluted to a fragment concentration ~10-1 M, and passed through an ultrasensi-
tive flow cytometer. Fluorescence from individual fragments is excited by a laser and detected by a
sensitive detector. A histogram of the observed burst sizes is a DNA fingerprint.

The stained fragments are diluted to 10~ 2-10'* M and introduced into a single
molecule detection apparatus developed in our laboratory. Fragments pass indi-
vidually through the laser-illuminated detection region of the flow cytometer (~60
pl), each fragment producing a fluorescence burst as it transits the laser beam.
Fluorescence bursts from individual fragments are detected and recorded. The
burst size is a measure of the fragment size. A histogram of the burst sizes from a
restriction digest of a DNA sample is a DNA fingerprint. Samples containing less
than a picogram of DNA are analyzed in less than ten minutes. This represents an
increase in sensitivity of approximately one million and a reduction in analysis
time of approximately one thousand over conventional electrophoresis. Fragments
ranging in size from 0.125 kbp to 425 kbp have been sized by this technique. The
resolution exceeds that of gel electrophoresis for fragments larger than ~20 kbp.
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In addition to high sensitivity and speed, our approach is quantitative (indi-
vidual fragments are counted) and linear with fragment size. The analysis is
conformation independent—Ilinearization of circular and supercoiled DNA before
analysis is not required.” In essence, flow cytometric sizing of DNA fragments is
the inverse of gel electrophoresis. In gel electrophoresis, the smallest fragments
give the largest signal (migrate farthest) while the largest fragments give the
smallest signal (very large fragments show little or no movement on the gel). In
contrast, in flow cytometric sizing the smallest fragments incorporate little dye
and give small signals while large fragments incorporate a lot of dye and give large
signals. The analysis of very large fragments by our technique is currently limited
to <500 kbp by DNA fragmentation upon handling.

8.3.1. Apparatus

A schematic of the apparatus that we use to size DNA fragments is shown in
Figure 8.7. Samples are introduced into a 250 pm x 250 ym, square bore flow cell
from a 40 wm i.d., 240 pm o.d. capillary inserted into the flow cell. The fluid flow
direction is into the sheet of paper. Hydrodynamic focusing is used to reduce the
sample stream to a diameter of ~20 pm. Approximately 20 mW from a cw Art/
Kr laser operated at 514.5 nm, polarized perpendicular to the flow axis, is focused
to a diameter of ~50 pm (1/e?) in the center of the flow cell. Fluorescence is
collected at 90° to both the flow axis and excitation axis with a 40x, 0.85 NA
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Figure 8.7. Apparatus for DNA fragment sizing. Details are described in the text.
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microscope objective. The collected light is focused onto a 1.2 (parallel to the
excitation beam) x 3.0 (parallel to the flow axis) mm aperture (spatial filter)
located at the image plane of the microscope objective, passed through the appro-
priate optical filters, and focused onto the photocathode of a thermoelectrically
cooled (—30°C) photomultiplier tube (PMT) (RCA, Model 31034A, Somerville,
NIJ). In some cases, a silicon avalanche photodiode (APD) (EG&G Optoelectronics,
Vaudreuil, Québec, Canada) is used to increase the detection sensitivity. The
detection volume, defined by the diameter of the laser beam and the image of the
aperture in the sample stream, is ~60 pl. The transit time of the sample through the
detection volume is controlled by the sheath flow rate (~30 pl/min) to yield a
linear velocity of ~2 cm/sec at the center of the flow chamber, corresponding to a
~3 ms transit time through the laser beam. The sample volumetric flow rate is ~0.2
wl/min corresponding to ~40 fragments/s for a 2 x 10714 M solution. At this sam-
ple rate, the probability of two fragments being in the detection volume at the same
time is ~10%. Care is taken to position the sample stream in the center of the detec-
tion volume to ensure uniform excitation and detection of the DNA fragments.

The PMT photoelectron pulses are amplified, discriminated, and converted to
fast NIM pulses (EG&G PAR, Model 1121 A, Princeton, NJ). The output of the
APD is a TTL-like pulse. A multichannel sealer (MCS) (Stanford Research
Systems, Model SR430, Sunnyvale, CA) is used to sum the number of pulses in
40-100 ps bins.

At the flow rates used here, DNA fragments larger than ~10 kbp are stretched
out and aligned parallel to the flow axis. Intercalated dye molecules are then
aligned with their transition dipoles perpendicular to the flow axis. Care must be
taken to avoid polarization effects in excitation and detection.”**° For our geome-
try, polarization effects are small but the coefficient of variation (CV) is a
minimum when the polarization of the excitation laser is inclined 22° from
perpendicular to the flow axis and both polarization components of the emission
are detected.”

8.3.2. Data Analysis

Transit times of the analyte through the probe volume are determined by
autocorrelation® of the first scan of the raw data. The background is determined
by averaging the data below a level set near the maximum of the background
noise. A burst is recorded when a series of points exceeds a threshold set above the
average background. A typical background rate is 5 pe/MCS bin and a typical
threshold is ~6 pe/bin. The criteria for choosing the proper threshold are discussed
in detail elsewhere.®™ The bursts are integrated and the resultant sizes histo-
grammed to give a burst size distribution. Histograms are fit to a sum of Gaussians
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and either a fourth order polynomial or a decaying exponential to represent the
background. The centroids are extracted from the fit and plotted against the known
DNA fragment sizes.

8.3.3. Sample Preparation

A typical staining procedure for DNA fragments is described below. Stock
DNA solutions are stored at 4°C. TOTO-1 (Molecular Probes, Eugene, OR) is
stored as a 1 mM solution in DMSO at —20°C. A 1 x 1073 M solution of TOTO-1
is prepared by diluting 1 il of the stock solution in 99 wl of TE buffer (10 mM Tris-
HCI, 1 mM EDTA, pH 8). To stain the DNA, TOTO-1 and DNA are added to TE
bufferto give atotal volume of 1 ml and concentrations of 1.2 x 10~7 M TOTO and
400 pg/wl DNA. These staining concentrations give a base pair:dye molecule ratio
of 5:1. The resulting solution is incubated for 30-60 minutes at room temperature
(22°C) in the dark and diluted in TE buffer to give a final total fragment concentra-
tion of 10712-10714 M. The DNA/dye complex is very stable; narrow burst size
distributions are obtained from samples stored at room temperature for several
days.

8.3.4. Sizing of x DNA, \ Digests, and » Concatamers

A data stream from a mixture of A phage DNA (48.502 kbp) and a Hind III
digest of A DNA (0.564 kbp; 2.027 kbp; 2.322 kbp; 4.361 kbp; 6.557 kbp; 9.416
kbp; and 23.130 kbp) stained with TOTO-1 is shown in Figure 8.8." Care was
taken to ensure that the sample stream passed through the center of the detection
volume such that all fragments were excited with similar irradiance and detected
with similar efficiency. The different burst heights are representative of the
different fragment sizes in the mixture.

A histogram of the burst sizes from individual fragments in a mixture of A
DNA (48.502 kbp), a Kpn I digest of A DNA (1.503 kbp; 17.053 kbp; and 29.946
kbp), and an Apa I digest of A DNA (10.086 kbp; 38.416 kbp) stained with TOTO-1
is shown in Figure 8.9." Bursts from the 1.503 kbp fragment are masked by scatter
and impurity fluorescence backgrounds and are not visible in this data. Less than 1
pg of DNA was analyzed and the data were acquired in ~3 minutes. The histogram
was fit to a sum of five Gaussians and an exponential function to represent the
background. The reduced x? of the fit is 0.999. The CV of the individual fragments
ranges from 5% for the largest fragments to 14% for the smallest fragments. The
larger CVs associated with the smallest fragments result from the smaller signal
from these fragments. The CVs are within a factor of two of the shot noise limit
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Figure 8.8. Approximately one second of data from a mixture of X DNA and a Hind III digest of A
DNA stained with TOTO-1. Conditions: excitation—514.5 nm, 30 mW, cw; beam waist 46 pm (1/¢2);
sample stream diameter, 20 pm; transit time, 10 ms; bin width, 82 ws. The different bursts heights are
representative of the different fragment sizes in the mixture. (From reference 19.)

(\/X—i/)—(i). Figure 8.10 shows a plot of the centroids of the burst size peaks versus
the known fragment sizes. The data is fit to a straight line with a correlation
coefficient, 12 = 0.9996. Deviations of the measured values from the straight line
are less than 2%. The sequence of A DNA and the sizes of its restriction fragments
are known, so the deviations from the straight line in Figure 8.10 are a good
measure of the accuracy of sizing DNA fragments by this approach. For compari-
son, a similar sample was analyzed by conventional gel electrophoresis. A repro-
duction of the gel is shown in Figure 8.11. Approximately 300 ng of DNA were
loaded onto the gel and the running time was 22 h. The 1.503 kbp fragment is
visible on the gel but does not appear in the reproduction. The CV of the 48.5 kbp
fragment is similar in the two approaches.

A histogram of the burst sizes from a Hind III digest of A DNA stained with
POPO-3 is shown in Figure 8.12.% In this case, the excitation laser was a doubled,
diode pumped Nd:YAG laser (532 nm) and the detector was a silicon avalanche
photodiode. Bursts associated with the 0.564 kbp fragment are visible clearly
above background. Bursts from the two fragments at 2.027 and 2.322 kbp were not
resolved. The CV at 23.1 kbp is ~5%.

The burst size distribution from a 0212 kbp PCR fragment stained with
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Figure 8.9. Histogram of burst sizes from a mixture of A DNA, and Apa [, and Kpn 1 digests of A DNA
stained with TOTO-1. Approximately ~0.3 pg of DNA were analyzed in 164 s. The circles represent
measured data and the solid line a fit to the data. The dashed line is an exponential fit to the background.
Conditions: excitation 514.5 nm, 30 mW, cw; beam waist, 40 pm (1/e2); sample stream diameter, 20
wm; transit time, | ms; detection rate, 60 fragments/s. (From reference 18.)

POPO-3 is shown in Figure 8.13. The smallest fragment that we have analyzed by
flow cytometry is 125 bp.

A DNA has a 12 basepair overhang at both ends (sticky ends). The base
sequences at each end are complementary, allowing individual A DNA fragments
to hybridize, forming concatamers containing multiple units of A DNA. Figure
8.14a shows a histogram of burst sizes from a mixture of A DNA and A concat-
amers stained with TOTO-1.2' Spermine and spermidine were added to the solu-
tion to stabilize the large fragments. The solid lines represent data and the white
lines represent a Gaussian fit to the data. This histogram is the result of analyzing
134 s of data obtained from approximately 10,000 DNA fragments. Concatamers
containing up to seven units of A DNA were observed and resolved. A plot of the
centroids of the individual peaks versus the known fragment sizes is shown in
Figure 8.14b. The plot is linear from 48.5 kbp to 339.5 kbp with a correlation
coefficient of r? = 0.99998. The parameters determined from the fit are listed in
Table 8.1. The average absolute deviation from the straight line is 0.4%. No point
deviates from the line by as much as 2%, and most of the deviations are much less
than 1%. Again, the CVs are determined mostly by shot noise. Since the sequence
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Figure 8.10. Correlation of the centroids of the burst sizes obtained from the fit in Figure 8.9 with the
DNA fragment lengths. Deviations of the points from a straight line fit are shown in the figure. (From
reference 18.)

of A DNA is known, the number of base pairs in each concatamer is known
exactly. Therefore, the deviations from the straight line are again a good measure
of the accuracy of DNA fragment sizing by flow cytometry. The 7\ fragments
contain 339.5 kbp. Sizing very large fragments by flow cytometry is limited by
fragment stability. The largest fragments that we have sized by flow cytometry
contain ~425 kbp.?> We anticipate that the size range will increase as we learn how
to stabilize very large fragments.

8.3.5. Applications

8.3.5.1. PAC Clones

The preparation and characterization of DNA libraries is the initial step in
large scale DNA sequencing. Total genomic or chromosome specific DNA is
digested by arestriction enzyme that cuts the DNA into 50-300 kb fragments with
sticky ends. A cloning vector is prepared by cutting circular DNA with the same
restriction enzyme to form linear DNA with the same sticky ends. The cloning
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Figure 8.11. Gel electropherogram of a sample containing a mixture of A DNA, and Apa Land Kpn (
digests of A DNA. The sample contained ~300 ng of DNA and the analysis time was 22 h. (From
reference 18.)

vector is annealed to the restriction digest from the chromosome to form circular
P1 artificial chromosomes (PACs). The PACs are inserted into E. coli cells at a
very dilute concentration such that there is at the most one PAC in an E. coli cell.
The bacteria replicates the vector plus the insert to form many copies of the PAC.
The bacteria are then cultured into colonies (plaques) with each plaque containing
only one type of insert. The plaques form a DNA library. The library components
are ordered to form a physical map of the chromosome and are used as starting
points in large scale DNA sequencing. It is important to characterize the PACs
after replication to ensure that the replication went well. This characterization is
normally done by PFGE—a process that requires micrograms of DNA and takes
~15h.

We have demonstrated that flow cytometry can be used to characterize the
PACs.® The PAC DNA extracted from lysed E. coli cells was stained with
TOTO-1, diluted to approximately 10~ M, and passed through our ultrasensitive
flow cytometer. A histogram of burst sizes from a mixture of A DNA, a Kpn |
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Figure 8.12. Histogram of burst sizes obtained from a Hind Il digest of A DNA stained with POPO-3.
Conditions: excitation, 532 nm (doubled Nd:YAG), 10 mW, cw; beam waist, 11 wm high by 50 pwm
wide; detector, silicon avalanche photodiode; sample stream diameter, 3—5 pwm; transit time, | ms;
DNA analyzed, ~0.1 pg; analysis time, 5 min. A plot of the centroids of the burst sizes versus the DNA
fragment lengths is shown in the insert.

digest of A DNA, T4 DNA, and an uncut PAC clone is shown in Figure 8.15. The
A DNA, Kpn 1 digest, and T4 were used as internal size standards. The total
amount of DNA analyzed was ~0.4 pg (~5000 fragments) and the analysis time
was <3 min. The centroids of the standards from a fit to the data in Figure 8.15a
were plotted versus the known fragment sizes in Figure 8.15b and fit to a straight
line with a correlation coefficient of r2 =0.9997. The average absolute deviation of
the points from the fitted line is 1.7%. The size of the intact supercoiled insert
(including the cloning vector) determined from the fit was 88.9 + 0.8 kbp. The
uncut DNA clone was then digested with Eagl. This enzyme cuts at the vector and
insert junction sites. The released vector and linearized insert were sized by flow
cytometry to give fragment sizes of: insert—73.7 + 0.4 kbp and vector—16.2
+ 0.2 kbp. Within experimental error, the size of the insert plus the vector is the
same as the uncut DNA/vector adduct. The mixture of vector and linearized insert
was also sized by PFGE. Approximately 0.2 g of DNA was added to each well
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212 bp PCR fragments. Conditions: staining dye, POPO-3; excitation, 514.5 nm, 2 mW, cw; beam

waist, 20 wm (1/e2); detector, silicon avatanche photodiode; sample stream diameter, <10 pum; transit
time, | ms; analysis time, 3 min.

and the pulsed-field gel was run for 15 h. The fragment sizes obtained from PFGE
were: insert—71.0 = 7.1 kbp and vector—16.7 = 1.7 kbp. The uncertainty
represents the typical 10% error associated with PFGE. The sizes determined by
flow cytometry are within experimental uncertainties of the sizes determined by
PFGE. Uncut clones do not migrate appreciably on a gel. The elimination of the
need to linearize the DNA before sizing by flow cytometry removes a time
consuming step associated with analysis of PAC clones by PFGE.

A comparison of the sizes obtained from six PAC clones obtained from a
DNA library is shown in Table 8.2. Again, the sizes obtained by flow cytometry
and PFGE are in good agreement. We attribute most of the differences to the 10%
uncertainty associated with PFGE.

8.3.5.2. PCR Fragments

Polymerase chain reaction (PCR) is a valuable biochemical technique for
amplifying the number of copies of DNA in a specific sequence region. This is
useful for detection of a sequence in a sample containing very little DNA. One
copy of a sequence may be amplified to 10° or more copies. In one variation of the
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Figure 8.14. Sizing of A DNA concatamers. a: Histogram of the burst sizes of N\ concatamers.
Conditions: staining dye, TOTO-1; excitation, 514.5 nm, 27 mW, cw; detector, PMT; transit time, 2 ms;
DNA analyzed, ~0.4 pg (~10,000 fragments); analysis time, 134 s. The black line denotes data and the
white line is the fit. b: Plot of burst size means from the Gaussian fit versus fragment lengths. (From
reference 21.)



Table 8.1. Parameters Obtained from the Histogram of A Concatamers (Figure 8.14)

A\ concatamers Amplitude® Mean¢ Standard deviation®  CV (%) Shot noise (%)  Deviations from
(kbp) (A) (X) (o) (0/X) (VX/X) linear fit (%)
1 (48.5) 2029 + 1.2 597.2 £ 0.1 275 0.1 4.6 4.1 1 o
2N (97.0) 1526 £ 1.0 1199.1 =03 369 *03 3.1 2.9 -0.16
3n (145.5) 578 £ 09 17926 = 0.8 468 = 0.9 2.6 24 —0.35
4\ (194.0) 23709 23843 +22 50.8 = 2.3 2.1 2.0 —0.36
5h (242.5) 10.7 = 0.8 29713 x 5.5 67.6 = 6.0 2:3 1.8 —0.21
6A (291.0) 47 £ 0.7 3555.6 = 139 83.1 + 15.1 2.3 17 —0.04
Th (339.5) 2.8 0.8 41350 = 19.7 69.0 = 22.7 1.7 1.6 0.21

“The uncertainties are the standard deviations of the fit parameters returned by the Marquardt-Levenberg curve fitting algorithm as implemented

in SigmaPlot.
¥The deviation of the data from the linear regression fit is defined as: 100 [(fitted burst size — measured burst size)/fitted burst size].
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Figure 8.15. Sizing of PAC clones. a: Histogram of the burst sizes of an intact supercoiled clone. A Kpn
I digest, A DNA, and T4 DNA were used as size standards. Conditions: staining dye, TOTO-1:
excitation, 514.5 nm, 30 mW, cw; beam waist, 46 wm; detection volume, 10 pl; detector, PMT; transit
time, 1.6 ms; DNA analyzed, <1 pg (~5,000 fragments); analysis time, 134 s. b: Plot of burst size means
versus fragment lengths. The means of the DNA standard peaks were fit by linear regression. The size
of the PAC clone was determined from the calibration line and its burst size mean. (From reference 21.)

technique, double-stranded DNA is denatured at high temperature, short DNA
primers are hybridized to the complementary regions of the target sequence, and a
polymerase enzyme produces new complementary strands in the region between
the primers. This replication process is repeated many times, resulting in a
geometric amplification of the target sequence. PCR fragments typically range in
size from 0.5 to 5 kbp. For some applications it is necessary to know only that
amplification has occurred. For example, one may want to know if a specific gene
is present in a sample. In other applications, it is desirable to know the size of
the target sequence, which will provide information on the particular polymor-
phism that has been amplified. The traditional method for determining the size of
the PCR fragments is by gel electrophoresis. This analysis takes several hours, re-
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Table 8.2. Comparison of
the Sizes of PAC Clones
Determined by Flow
Cytometry and PFGE

Clone Flow (kbp) PFGE (kbp)

A 73.7 £ 04 N=x=7
B 105.3 = 0.9 107 = 11
C 891 = 1.7 97 * 10
D 858 £ 1.8 O30
E 79.6 = 0.9 81 = 8
F 873+ 19 94 *9

quires ~100 ng of DNA, and has a precision of approximately 0.1 kbp in the several
kbp size range.

As an alternative to gel electrophoresis, we investigated the application of
flow cytometric fragment sizing for the characterization of PCR products.”” A set
of eighteen PCR samples, each with a single fragment type in the 0.4 to 5 kbp size
range, was analyzed. Internal standards were added and the samples were stained
with POPO-3. For the small size fragments, we chose POPO-3 instead of TOTO-1
since POPO-3 is twice as bright as TOTO-1. One must be careful when using
POPO-3, since the ranges of useful staining concentrations and dye:base-pair
ratios are much narrower.>* The size standards (0.684, 1.857, and 4.130 kbp) were
DNA fragments purified from an enzymatic digestion of pBR322. The fragment
sizes are known to single base-pair accuracy from sequence and restriction-site data.

Figure 8.16 shows burst size histograms for the eighteen PCR samples, each
containing two of the size standards. Each histogram represents about 82 s of data
from <0.1 pg of DNA (4,000-13,000 fragments). Three burst size histograms are
overlaid for each sample to show the level of reproducibility. The vertical bars in
the figure indicate the positions of the standards. The remaining peak in each trace
is from a PCR fragment. Because there were variations in the absolute burst sizes
due to alignment drifts and staining variations between samples, the ordinate in
the figure was converted from burst size to fragment size for comparison using the
known sizes of the internal standards. To assess the accuracy of the flow results in
the PCR size range, these samples were sized on a standard gel, a CHEF (contour-
clamped homogenous electric field) gel, and sequenced. Figure 8.17 shows the
flow and gel results plotted against the sequence results. The flow and gel results
are comparable in accuracy. The average absolute deviations from the sequence
lengths are ~5%. The advantage that flow sizing has over all the other techniques
is that a measurement on a single sample can be performed in one hundredth the
time with one millionth the DNA with comparable accuracy in the 0.4 to 5 kbp
range.
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Figure 8.16. DNA fragment sizing of PCR products. Eighteen PCR samples were sized that had
lengths from 0.4 to 5 kbp. Each sample was mixed with two internal standards and stained with
POPO-3. Conditions: excitation, 514.5 nm, § mW, cw; beam waist, 10 wm high by 20 pm wide;
detector, silicon avalanche photodiode; sample stream diameter, 10 pm; transit time, 1.5 ms; DNA
analyzed, <1 pg (4,000-13,000 fragments); analysis time, 82 s/histogram. Three runs, each of 82
seconds of data, were obtained for each sample. Histograms of the burst sizes are shown on the left.
The vertical bars denote the locations of the internal size standards (684, 1857, or 4130 bp in length).
Results from gel electrophoresis (without internal standards) are shown on the right.

8.3.5.3. Bacterial Species and Strain Discrimination

There is considerable interest in the rapid identification of pathogenic bacte-
ria for medical diagnostics, bioagent detection, monitoring hospital environments,
and in the food processing industry. A commonly used technique is the analysis of
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Figure 8.17. A comparison of the PCR fragment sizes from flow cytometry, gel electrophoresis, CHEF
gel electrophoresis, and sequencing. The solid line is the sequence length. The open points show values
obtained from flow and gels. The average absolute deviation for each technique from the sequence
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the fragment sizes produced by a restriction digest of the bacteria’s chromosome.
A restriction enzyme cuts the genome at sequences corresponding to the recogni-
tion site of the enzyme. For example, an eight-base cutter has a recognition site of
eight bases. In general, the smaller the recognition site, the larger the number of
restriction fragments obtained upon digestion of the DNA—a four-base cutter
would yield many more (and smaller) fragments than an eight-base cutter. The
number of base pairs between restriction sites is characteristic of the bacteria
(fingerprint) and is used to identify bacteria species and strain. PFGE analysis of a
restriction digest of the bacteria’s genome is often used for bacterial identification.
As stated above, PFGE requires micrograms of DNA, takes ~10-20 h for analysis,
and has an uncertainty of ~10%. We have applied our flow cytometric approach for
DNA fragment sizing to the discrimination of bacterial species™ and strains.*®

Approximately 106—10% bacteria cells are embedded into an agarose plug.
The cells are lysed and RNAse and Proteinase K are added to degrade proteins and
RNA. A restriction digest is carried out inside the agarose plug and the restriction
fragments are removed from the plug by electroelution. Spermine and spermidine
are added to the solution to reduce fragmentation during sample handling. This
process currently takes several days. The electroeluted fragments are stained with
the intercalating dye, TOTO-1, and diluted to a final fragment concentration of
~10~13 M. This solution is then introduced into our ultrasensitive flow cytometer
for analysis.
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Figure 8.18. Sizing of a Sma 1 digestion of S. aureus DNA. a: Histogram of the fluorescence burst
sizes. The histogram was fit with a sum of 12 Gaussians plus a fourth order background function. The
black line denotes data; the white line is the fit. Conditions: staining dye, TOTO-I; excitation, 514.5
nm, 18 mW, cw; detector, PMT; transit time, 2.3 ms; DNA analyzed, <2 pg (~12,000 fragments from
~1000 bacteria); analysis time, 402 s. b: Plot of the burst size means from the Gaussian fit versus the
fragment lengths determined by PFGE. (From reference 21.)
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Figure 8.18 shows a histogram of burst sizes obtained from a Sma I restriction
digest of the S. aureus genome.” The data were acquired in ~7 min from ~1 pg of
DNA (~12,000 fragments from ~1000 bacteria). Twelve peaks were resolved.
Bursts from the 670 kbp restriction fragment were not detected due to shear
degradation. Also shown in Figure 8.18 is a plot of the centroids of the peaks
extracted from the fit to the histogram versus the fragment sizes obtained from a
PFGE analysis of the same sample. The plot is linear with a correlation coefficient
of 12 = 0.99923. The fragment sizes determined from the straight line are listed in
Table 8.3. Also shown in Table 8.3 is a comparison of the fragment sizes deter-
mined by flow cytometry with the fragment sizes determined by PFGE. There is
good agreement between the two approaches. The average absolute deviation is
5.2%. We attribute most of the deviations to the 10% uncertainty inherent in
PFGE.

The applicability of this techno logy for bacteria species discrimination is
shown in Figure 8.19. Histograms of burst sizes obtained from Not I restriction
digests of E. coli, B. globigii, and E. herbicola are displayed in this figure. DNA
from ~1000 bacteria are sized in less than 10 min. The two largest fragments in the
E. coli (576 and 629 kbp) and B. globigii (394 and 424 kbp) digests were not
detected in flow. The peak patterns are unique for each bacterium. Also shown in
Figure 8.19 are plots of the centroids of the peaks in the histogram versus the
fragment sizes determined by PFGE. The plots are linear with a correlation

Table 8.3. Comparison of Fragment
Sizes Obtained from a Sma |
Restriction Digest of S. aureus:
PFGE versus Flow Cytometry

PFGE (kbp)  Flow (kbp) % difference®

9.0 12.7 —41.1
22.7 25.0 -10.1
39.2 35.0 10.7
54.2 489 9.8
68.5 61.2 10.7

105.8 108.4 -24
120.5 123.1 —2.2
165.5 166.1 -0.4
208.9 214.1 =2.5
259.8 261.9 -0.8
310.9 311.9 -0.3
350.7 3425 23
670 —

100 [(PFGE — flow)/PEGE).
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Figure 8.19. Histograms of burst sizes from a Not 1 restriction digest of E. coli, B. globigii, and E.
herbicola. The black line is the data and the white line is the fit. Conditions: staining dye, TOTO-1;
excitation, 514.5 nm, 25 mW, cw; detection volume, ~10 pl; detector, PMT; transit time, 2.1 ms; DNA
analyzed, <1 pg; analysis time, ~300 s. A plot of the centroids versus the DNA fragment lengths
determined by PFGE is shown in the insert. (From reference 22.)

coefficientr2 > 0.98. Fragment sizes of E. coli determined by flow cytometry are
compared to the PFGE results in Table 8.4. Again, within the 10% uncertainty
attributed to PFGE, there is good agreement between the two approaches.

Histograms of the burst sizes for the Not I digestion of two different strains of
E. coli (#15597 and #25922) are shown in Figure 8.20. It is clear that the patterns
are different and the two strains are easily distinguishable. Also shown in Figure
8.20 are plots of the centroids of the peaks in the histogram versus the fragment
sizes determined by PFGE.

The fragment sizes determined from the data for Figures 8.19 and 8.20 are
based upon fragment sizes determined by PFGE. This is unsatisfactory because of
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Table 8.4. Comparison of the
Fragment Sizes of a Not | Digest
of E. coli (#15597) Obtained
from PFGE and Flow

PFGE (kbp) Flow (kbp) % difference®

— 17.5

335 38.2 12.3
83.1 90.3 8.0
104.3 115.5 9.7
128.5 136.7 6.0
153.2 160.5 4.5
186.2 188.6 1.3
207.0 212.3 2.6
246.0 236.9 —38
274.8 258.1 —6.5
354.1 3155 —12.2

4100 {(low — PFGE)/flow].

the large uncertainty associated with PFGE analysis and because there is a need to
size restriction digests of unknown bacteria when the PFGE data are not available.
Absolute sizes can be determined by adding DNA fragments whose absolute sizes
are known to the sample.”” Figure 821 shows histograms of burst sizes from a
Not 1 digest of E. coli (#15597) to which A DNA was added as an internal standard.
The sequence of A DNA is known so that its size is known exactly. The concentra-
tion of A\ DNA was large enough such that there was a 10% probability of two A
DNAs being in the detection volume at the same time. The peak in the histogram
at burst size =471 pe isfrom A DNA (48.50 kbp) band the peak at burst size = 948
pe is from 2 A (97.00 kbp). The straight line in Figure 8.21 was constructed to pass
through the center of the points corresponding to A and 2A. The burst sizes
measured for the bacteria fragments were placed on the line for fragment size
determination. A comparison of the fragment sizes based upon PFGE with frag-
ment sizes based on the internal A standard is shown in Table 8.5.

8.4. Summary

Flow cytometry is an attractive alternative to pulsed-field gel electrophoresis
for sizing of large DNA fragments. Samples containing ~1 pg of DNA are
analyzed in less than 10 minutes with an uncertainty <2%. In contrast, PEGE
requires micrograms of DNA, ~20 h for analysis and has an uncertainty of ~10%.
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Figure 8.20. Histograms ol burst sizes from a Not I restriction digest of E. coli (#15597) and E. coli
(#25992). The black line is the data and the white line is the fit. Conditions: staining dye, TOTO-I,
excitation, 514.5 nm, 25 mW, cw; detection volume, ~10 pl; detector, PMT; transit time, 2.1 ms; DNA
analyzed, <I pg; analysis time, ~300 s. A plot of the centroids versus the DNA fragment lengths
determined by PFGE is shown in the insert.

Flow cytometric analysis is much more quantitative—individual fragments are
counted. PFGE concentrations are estimated from the intensity of emission from
the dye used to visualize the band. PFGE requires the DNA to be linearized before
analysis while flow sizing is conformation independent—the same size is ob-
tained for supercoiled, relaxed circular, and linear DNA.

Bacterial species and strains can be discriminated by the pattern of their
restriction fragments (fingerprint). DNA from ~1000 bacteria containing frag-
ments up to 425 kbp are sized in less than 10 minutes. Currently, the analysis time
is dominated by sample preparation. In order to reduce shearing of large frag-
ments, samples are handled inside of agarose plugs. Diffusion times of reagents
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Figure 8.21. Two Point Calibration for E. coli (#15597) DNA digested by Not 1. The peaks correspond-
ing to one X and two \ are labeled in the figure. The two-A peak overlaps the bacteria peak at 90.3 kbp.
Fragment sizes were determined from the calibration curve as described in the text. (From refer-
ence 22.)

Table 8.5. Comparison of Size Measurements
for E. coli (#15597)/Not | Digests Obtained
by PFGE and Flow with a Two Point Calibration

PFGE (kb)  Flow® (kb) PFGE — flow (kb) % difference’®

= 16.7 —_ —

335 38.2 —-4.7 —14.1

83.1 90.3 -7.1 -8.6
104.3 115.5 —11.1 —10.7
128.5 136.7 -8.2 —6.4
153.2 160.5 -7.3 —4.7
186.2 188.6 —-24 =13
207.0 212.3 —3.3 —2.6
246.0 236.9 9.1 37
274.8 258.1 16.6 6.1
354.1 3155 38.6 10.9 .

“From two point calibration X and 2\ (y = 9.82x — 4.8).
2100 [(PFGE ~ flow)/PFGE].
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into the plug and restriction fragments out of the plug can take several days. We
have recently reduced the sample preparation time from days to hours.3

In some cases it is desirable to size a small component of a complex DNA
sample. Fragments from the major components would dominate the analysis and
hide the signature of the desired components. In this case a two tag (color) assay
could be used to identify fragments of interest. For example, a short, fluorescently
tagged oligo, complementary to a sequence only on the fragments of interest,
could be added to the sample. Simultaneous two color detection would be used—
one color for the hybridization probe and one color for the intercalating dye. Only
species containing both tags would be sized. See, for example, Agronskaia et al.*

Miniaturization of flow sizing of DNA restriction fragments was reported
recently by Quake er al.” A microfabricated flow cell was constructed and sizing
of DNA fragments from 2-200 kbp was demonstrated by measuring the pulse
height as dye-stained fragments passed through the laser beam. The authors
reported a resolution of 5-15%. See also Fouquet ef al.”> Our current analysis rate
is ~100 fragments/s. This is too slow for many applications. Array detectors have
the potential to increase the analysis rate to ~100,000 fragments/s.*>*
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Fluorimetric DNA Biosensors

Paul A. E. Piunno and Ulrich J. Krull

9.1. Introduction

A biosensor is a device that physically combines a biologically active material to a
transducer to convert a selective biochemical interaction into a measurable ana-
lytical signal'? The advantages ideally offered by biosensors over other forms of
analysis include ease of use (by nonexpert personnel), rapid response, low cost,
ease of fabrication, small size, ruggedness, facile interfacing with computers, low
detection limits, high sensitivity, selectivity, and reusability of the devices. Bio-
sensors have been used to selectively detect cells, viruses, other biologically
significant materials, biochemical reactions, and immunological reactions by
using detection strategies that involve immobilization of enzymes, antibodies, or
other selective proteins onto piezoelectric, optical, electrochemical, and surface
plasmon resonance sensors™* (see Table 9.1). Biosensors are not widely available
from commercial sources due to problems associated with the long-term stability
of the selective recognition elements when immobilized onto solid surfaces,s'6 but
some have already made significant impact in certain areas of analysis such as
blood glucose determination.’

An approach that may potentially be used to create biosensors with long-term
chemical stability takes advantage of the stability of DNA. With the advent of
DNA probe technology, a number of selective oligomers which interact with the
DNA of important biological species have been identified*'' These have been
used to provide a new type of biorecognition element which is highly selective,
stable, and can be easily synthesized in the laboratory.'* "

Paul A. E. Piunno * FONA Technologies, Inc., Waterloo, Ontario, Canada, N2V 2K1.
Ulrich J. Krull =  Chemical Sensors Group, Department of Chemistry, University of Toronto
at Mississauga, Mississauga, Ontario, Canada, L5L 1C6.
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Kluwer Academic / Plenum Publishers, New York, 2003

271



272

Paul A. E. Piunno and Ulrich J. Krull

Table 9.1. Examples of Biosensors for Detection of Nucleic Acids

Cyclic voltammetry
Chronopotentiometry

Cyclic voltammetry and
chronopotentiometry
Peak current at constant

potential

Cyclic voltammetry

Peak current

AT-cut TSM

AT-cut TSM

Surface plasmon
resonance

Surface plasmon

resonance

Interferometry

Optical fiber

Optical fiber

Planar monomodal
waveguide

Tapered multimode
fiber

Tapered monomodal

fiber
Fiber bundle array

Optical fiber

Electrochemical

Detection of redox active metallo-interaclators

Detection of electroactive intercalants for DNA,
PNA, triplex formation, binding of pollutants
and drugs

Catalytic current of guanine in a target strand via
reaction with a metallo-intercalator

Polypyrrole molecular wiring to DNA with
alterations in oxidation polypyrrole due to
hybridization

Ferrocene conjugated reporter oligonucleotide in
sandwich-type assay

Molecular writing in combination with electron
transfer through fully complementary dsDNA

Acoustic wave

Network analysis for DNA hybridization and
DNA-peptide interactions

Frequency shifts for detection of hybridization
with Au-thiol immobilization

Optical

Detection of optical mass changes due to
hybridization, kinetics, triplex formation PCR
assays, PNA

Improvements in immobilization and detection
methods to increase sensitivity to try to match
fluorescence detection (SPR reports LOD of
10'! molecules/cm?)

Analogue of Mach-Zender interferometer to
detect change of refractive index due to
hybridization

Evanescent-wave system for detection of
hybridization of complement strands containing
fluorescein

Automated system using acvidin-biotin
immobilization of capture probes for both
direct and competitive binding assays

Detection limit of 6 x 107 molecules for target
strands labeled with cyanine-based dye

Improved efficiency evancescent-wave device for
DNA hybridization based on control of guided
nodes in fiber

High efficiency evanescent-wave device using
near IR dye labeled target strands

Microarracy system where each fiber of a fiber
bundle can be used as one element of an array
with different selective chemistry

Detection of hybridization, triplex formation,
self-contained reversible sensor

Mikkelson!5-17
Wang 18-30

Thorpe!

Korri-Youssoufi?

Thara®

Meade**

Thompson?36

Wang??

BIACore™ 3548

Corn49.50

Gerdt3!

Squirrell?2

Abel??

Duveneck™*

Ligleri®

Pilevar3s

Walt57-59

Krul160-62
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9.2. Fluorimetric Fiber Optic Biosensors

Optical transduction techniques are being used for development of nucleic
acid biosensors. The high sensitivity of fluorescence techniques has recently been
highlighted by Weinfeld er al® who have demonstrated zeptomole detection
limits for the detection of radiation-induced DNA damage. Most efforts toward
fluorimetric optical biosensor development incorporate optical fibers in the sensor
design. The use of optical fibers in biosensing configurations is considered attrac-
tive due in part to their multiplex capability, since radiation of different wave-
lengths can propagate simultaneously in different directions along the fiber, in
addition to their small size and potential use in applications of remote and
continuous sensing.**

Surface plasmon resonance, acoustic wave, and interferometric sensors pro-
vide the advantage of operating in a label-free motif so that external reagent
treatment to label the interaction pair is not required. This allows for these
technologies to investigate a plethora of analytes and binding interactions, such as
DNA-DNA duplex and triplex formation, DNA-protein, and DNA-drug inter-
actions. As a consequence of the capability to detect ensemble alterations in inter-
facial structure, interference from nonspecific binding interactions is also em-
braced by these methods. Similar to the use of avidin films for oligonucleotide
capture, the use of peptide nucleic acid recognition elements to boost the selec-
tivity of the chemistry to permit single-base mismatch discrimination may also
provide a surface that permits a multitude of nonspecific binding interactions. In
order to avoid the problem of interferent binding leading to false-positive results,
especially when keeping the goal of analyzing real-world samples (e.g., blood) in
mind, a transduction strategy that is sensitive to the structure of the binding pair is
preferred. This limitation may be overcome by using reporter molecules that
associate selectively with the binding pair.

Fluorimetric detection of nucleic acid hybridization, where the nucleic acids
are immobilized onto optical substrates, is the most commonly employed strategy.
Fiber-optic devices are typically described in two configurations.5®> The extrinsic
mode has the selective chemistry located at the distal terminus of an optical fiber
in the form of a solution cell or as an immobilized layer. Such a system is easily
constructed but in many cases, where thin films are desired, is limited by the
quantity of reporter molecules that can be attracted to the end of a fiber, and by the
propagation of excitation radiation beyond the terminus of the fiber into solution
which often results in excitation of background fluorescence and scattering from
targets that are not associated with the chemically selective layer.

An interesting approach to fiber-optic sensor development has been reported
by Walt and coworkers’”*® who have created a multiplexed extrinsic-mode fiber
optic microarray biosensor. The sensor employed fiber optic bundles (2-3 feet in
length) composed of many optical fibers each 200-350 wm in diameter. The
microarray was fabricated by immobilizing a different oligonucleotide probe
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sequence onto the distal end of each fiber. Individual fibers within the bundle were
made reactive for oligonucleotide immobilization by immersing the bundle in a
solution of monomeric acrylamide functionalized with succinimidyl ester resi-
dues. Ultraviolet radiation (350 nm) was transmitted down the desired fiber to the
distal terminus to polymerize acrylamide monomers, yielding an amine-reactive
polymer matrix solely above the illuminated fiber. Subsequent oligonucleotide
attachment was then done by incubating the terminus of the fiber bundle in a
solution containing the desired 5-amino-functionalized oligonucleotide capture
probe. Following incubation with the capture oligonucleotide probe, any remain-
ing reactive sites were capped by treatment with ethanolamine. Hybridization
experiments were done by dipping the functionalized fiber tips directly into a
solution containing fluorescently-tagged target strands. Fluorescence detection
was achieved by coupling the proximal end of the fiber bundle into a cooled CCD
camera and measuring the intensity of fluorescence emission from the distal tips.
Such a microarray biosensor arrangement provides the potential for remote multi-
plexed oligonucleotide sequence analysis with reported detection limits of 1.3 nM
(in a 200 pl reaction volume to provide an absolute detection limit of 1.5 x 10!
molecules) and with a response time of ~7 minutes. Full regeneration was
achieved in less than 10 s upon heating of the fiber bundle terminus to 65°C in
hybridization buffer, and no discernible decrease in sensitivity was observed after
three cycles of application. The unique aspect of this biosensor format is that in
addition to intensity measurements, fluorescent images are also obtained by
incorporating imaging fibers in the sensor design. Imaging fibers are simply
bundled fibers that have their termini fully aligned at the distal and proximal ends.
Thus each fiber behaves as a “pixel” to provide images with spatial resolutions on
the order of micrometers.”

9.3. Evanescent Wave Biosensors

The intrinsic mode arrangement is more commonly employed to monitor
fluorescence emission from thin films of selective material on waveguide sub-
strates. Fluorophores present at the surface of the waveguide may be excited
through the formation of a standing wave of electric field intensity which propa-
gates normal to the surface of the fiber upon total internal reflection of radiation in
the fiber. The amplitude of the electric field of the reflecting radiation decreases
exponentially as a standing wave into the medium having the lower refractive
index. This decaying radiation is referred to as an evanescent wave and can be
used to excite fluorophores located near the boundary for TIR. The propagation
intensity, I, of the evanescent wave depends on the reflection angle, 6, the
wavelength of the transmitted radiation, A, and a Fresnel transmission factor, 7:
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I'=17(9) exp(—2x/d ) 9.D

where x represents distance normal to the boundary for TIR, and d is the
penetration depth which is given by®

A
d,= 4m(n?sin? (8) — n)17?2

9.2)

The penetration depth is defined as the distance at which the intensity of the
evanescent field has decayed to 1/e of the intensity at the reflection boundary.

Typically, the evanescent wave propagates beyond the surface of a fiber with
a penetration depth ranging from 200 nm to 400 nm for visible light. Light emitted
from fluorophores (after evanescent or direct excitation) at the surface of the fiber
is preferentially coupled back into the fiber and can be monitored by a PMT which
is placed at an end of the fiber®’ Increasing the length of coated fiber results in a
greater optical path length and improved sensitivity. This method is most suitable
for the study of ultrathin films which have a film thickness on the order of 2-3 nm,
where the intensity of the evanescent wave is near its maximum, thereby increas-
ing the signal-to-noise ratio as interferences from the bulk environment are
avoided. However, assay methods based on evanescent excitation are limited by
the amount of signal that can be generated. For multimode waveguides, less than
0.01% of the optical radiation carried within the waveguide is exposed to the outer
medium in the form of an evanescent wave® In the case where monomodal
waveguides are used, ~10% of the radiation carried by the waveguide is exposed
to the outer medium in the form of an evanescent wave.”' In the classic total
internal reflection fluorescence (TIRF) evanescent wave configuration, the critical
angle (8,) for the waveguide/solution interface (8, %/S) is larger than 0, for the
waveguide/biological film interface (8 ,%/8). Only the evanescent component of
the propagated radiation will enter the biological film. The principle of optical
reciprocity states that light coupled back into a waveguide as a plane wave will be
in the same way as the primary process when a plane wave generates an evanes-
cent wave.® Thus, for the fluorophores excited by evanescent waves created from
modes propagating at or near 6 V5, none of the fluorescence emission can be
coupled back into the wavegulde in the same propagation mode because 6 W/
would be >90.°” Hence a large portion of the signal would be lost to the
surroundings for systems in which fluorescence emission originates from thin
films of a refractive index lower than that of the waveguide onto which they are
immobilized. It has been shown by Love et al.% that under optimal conditions
only 2% of the light emitted by the fluorophore in the medium of lower refractive
index may be captured and guided by the fiber.

Alternatively, as the refractive index of a chemically selective monolayer of
organic media (7,,n0j0yer = 146 to 1.57 can be very similar to that of the substrate
on which it is immobilized (725, 4 gijica = 1.46,7! direct excitation of fluorophores in
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the membrane may occur as the boundary for TIR would be the membrane-
solution interface. This concept will be explained further below.

Perhaps the first reported evanescent wave biosensor for detection of DNA
hybridization was that of Squirrell er al.’* In this work, single-stranded nucleic
acid sequences ranging in length from 16-mer oligonucleotides to 204-base oligo-
mers functionalized with an aminohexyl linker at the 5' terminus were covalently
attached to optical fibers functionalized with 3-aminopropyl triethoxysilane via a
glutaraldehyde linkage. Investigations of nucleic acid hybridization were done by
monitoring fluorescence intensity in an intrinsic mode configuration using com-
plementary target strands that had been prelabeled with a fluorescein moiety. This
yielded a reusable assay system in which signal generation was observed to occur
within minutes and nanomolar detection limits were achieved.

Abel and coworkers™ have reported an automated optical biosensor system.
Their device utilizes 5-biotinylated-16-mer oligonucleotide probes bound to an
optical fiber functionalized with avidin to detect complementary oligonucleotides
prelabeled with fluorescein moieties in a TIRF motif similar to that of Squirrell et
al. Immobilization of nucleic acid probes onto the optical fiber substrate was
achieved by functionalization of the surface with (3-aminopropyl)triethoxysilane
(APTES) or mercaptomethyldimethylethoxysilane (MDS). A layer of biotin was
coupled onto the short alkylsilane layer (by treatment of the aminosilane func-
tionalized fibers with NHS-LC-biotin or by treatment of thiolsilane functionalized
fibers with biotinylated BSA). The biotinylated fibers were then treated with
avidin or streptavidin, followed by coupling of 5"-biotinylated oligonucleotide
capture probes. Each assay consisted of a 3-min pre-equilibration, 15-min hybrid-
ization time, 10-min washing procedure, followed by a 5-min regeneration cycle
(chemical or thermal). A chemical denaturation scheme using 50% aqueous urea
was described as the preferred method for sensor regeneration, as exposure of the
optical sensor to temperatures exceeding 52°C caused irreversible damage due to
denaturation of the avidin used for immobilization. Assays for the detection of
complementary target strands prelabeled with fluorescein showed a working range
of almost five decades and a detection limit of 24 fmol (1.4 x 10!® molecules).
Abel et al. employed a competitive binding assay to detect nucleic acids not
prelabeled with fluorescein. Detection of the unlabeled analyte began with pre-
treatment of the sensor with fluorescein labeled “tracer-DNA.” The experiments
involved monitoring decreases of the fluorescence intensity from the sensor upon
exposure to and subsequent displacement of the tracer-DNA by complementary
nucleic acid. The dose-response curves reported by Abel ef al. show a detection
limit of 132 pmol (7.95 x 10!3 molecules) with a working range of three decades
for this detection strategy. Noncomplementary DNA was reported to produce a
signal of only 1-2% of that for fully complementary material.

Various designs of fiber-optic devices have been investigated to achieve
improved detection limits. The most significant developments stem from efforts
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that have been made to improve the intensity of power in the evanescent field, and
to increase the capture of fluorescence into guided modes within optical fibers.
Optical fibers that have a diameter that is substantially greater than the wavelength
of light that is being carried by TIR will permit the light to travel through the fiber
in a number of discrete pathways or modes. The sensitivity of a device is in part
determined by the modes that can propagate in a fiber, which determine both the
power of the evanescent field that is created by a portion of light that travels in
the core and the efficiency of coupling of fluorescence from an area outside of a
fiber into guided modes. Marcuse’® has described a model that is useful for
evaluation of the efficiency of coupling by considering an estimate of the number
of modes in a multimode fiber as a “normalized frequency”:

2T
Freq = —— (2.3)
Ar\V/n? = nl

where r is the radius of the core of the fiber. Analysis of models and practical
experiments’” indicates that the evanescent field of multimode fibers often repre-
sents less than 2% of the total power in a fiber because many of the lower-order
modes are confined to the center of the core region. Monomodal fibers, where the
core diameter is of a dimension approximately the same as the wavelength of
the light being carried, have much higher evanescent field powers, representing
much better than 10% of the total power in a fiber in many cases.

Duveneck et al.>* have investigated the use of planar waveguides as a
platform for an optical nucleic acid biosensor. The device consisted of a single-
mode planar waveguide composed of a tantalum pentoxide film of £100 nm
thickness deposited on a glass substrate. The waveguide material was chosen so as
to provide a high refractive index (n = 2.2) so as to maximize evanescent field
strength in the biorecognition layer immobilized above the waveguide. Coupling
of excitation radiation into the waveguide was accomplished by use of a grating
coupler that was etched into the glass substrate onto which the waveguide was
deposited. Detection was done in a “volume collection mode” wherein lumines-
cence that was evanescently excited and isotropically emitted in the half-sphere
outside of the waveguide was collected and quantitatively measured. Collection
and guiding of the emitted light to a detector was achieved by use of a high
numerical aperture lens and intensity measurements were done by use of either a
photodiode coupled to a high gain amplifier or a photomultiplier tube in combina-
tion with a photon-counting unit. Immobilization of capture oligonucleotides onto
the waveguide surface was done by a direct immobilization scheme wherein the
waveguide surface was functionalized with glycidyloxypropyltrimethoxy silane
followed by extension of the substrate linker with hexaethylene glycol and assem-
bly of the capture sequence by automated solid-phase oligonucleotide synthesis.
Hybridization experiments were done in situ and revealed full analytical signal
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evolution in a time of ~6 minutes with a detection limit of 100 attomoles (6 x 107
molecules) for target strands labeled with red cyanine-based fluorophores. Experi-
ments were done in which one sensor was used for 20 consecutive hybridization
assays, with regeneration being achieved by treatment with 50% urea. After the
first two cycles, no discernible change in sensitivity was observed with each
complete hybridization/regeneration cycle requiring ~40 minutes using an unop-
timized fluidics system and flow cell geometry.

Ligler and Thompson64 have described the preparation of tapered fibers of
many centimeters length that are produced by an acid-etching process. The
tapering geometry provided for significant increases in evanescent field strength
and also reduction of modes that were scattered and lost at the transition of a fiber
from an aqueous environment (immersion into sample solution) to air.

A similar physical design was used by Pilevar et al™® to prepare an adiabati-
cally tapered fiber. The method of fiber preparation involved heating an optical
fiber with a CO, laser and then drawing the fiber with a micropipet puller to
reproducibly create tapered and approximately cylindrical fibers of 2-3 cm
length. The fiber were described as being single-mode along the taper length, with
a diameter of 8—10 pm. It was estimated that more than 50% of the total guided
power within the fibers was present in the evanescent field. Pilevar™ went on to
use the tapered fibers to detect hybridization of nucleic acids by use of long
excitation wavelength fluorescent dyes and a pulsed laser diode source. The use of
fluorophores which could emit at longer wavelengths (750-850 nm range) was
intended to reduce background signals that are commonly acquired from natural
intrinsic fluorescence of biological samples. Single-stranded oligomers of 20-mer
length were immobilizd in one step by two methods, one involving aminopropyl-
triethoxysilane and glutaraldehyde, and the other a 3-mercaptotrimethoxysilane
and y-maleimidobutyric acid N-hydroxysuccinimide ester. Complementary se-
quences labeled with a near-IR fluorescence dye were detected at picomolar
concentrations, and sandwich assays to detect rRNA from Helicobacter pylori
again showed selective detection at picomolar concentrations. The time course for
hybridization reactions showed completion of signal development within one to
three minutes.

The most sensitive optical biosensor device reported to date is that of Bier
et al.” The intrinsic mode fiber optic sensor provided a detection limit of 3.2
attomoles (1.9 x 10 molecules) of non-labeled fully complementary nucleic acid
target sequence in the presence of a double-strand selective fluorochrome with full
regenerability for over 60 cycles of application without discernible loss of sensi-
tivity. Capture oligonucleotides were immobilized onto the optical fiber substrate
by either an avidin-biotinylated oligomer approach or by covalent attachment of
the capture oligomer by carbonyldiimidazole activation. The avidin-biotin method
involved adsorption of avidin onto the surfaces of fused silica optical fibers, which
was subsequently crosslinked via treatment with glutaraldehyde. 5"-biotinylated
oligonucleotides were then coupled onto the immobilized avidin layer. In the
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covalent coupling strategy, clean optical fibers were incubated with carbonyldi-
imidazole overnight in dry acetone, washed, and then treated with nucleic acid
probes activated with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide. Follow-
ing a washing procedure, the fibers were used immediately or stored for up to three
months at —18°C. Hybridization experiments were done using a protocol involv-
ing exposure of the sensor situated in a continuous flow apparatus [100 pl min~!
flow rate, 100 .l volume exposed to the fiber-optic sensor to the target nucleic acid
in hybridization buffer for 60 —180 s, followed by a 120 —180 s wash with buffer,
45-60 s treatment with a solution of fluorochrome (either Pico-Green or
YOYO-1), 30 s wash with buffer (at 2.0 ml min—"), and finally immersion in
buffer for 210-255 s (steady state for data collection)]. Experiments done involv-
ing the use of biotin-avidin immobilized oligonucleotides provided a hybridiza-
tion efficiency of 55%, however, the sensor could not be regenerated owing to the
high stability of the double-stranded oligonucleotide fluorochrome complex.
Chemical denaturation (e.g., treatment with NaOH) did not regenerate the sensor.
Thermal regeneration of the sensor at high temperature (90°C) could denature the
nucleic acid fluorochrome complex (7, = 88°C for Pico-Green/double-stranded
DNA (dsDNA), T > 90°C for YOYO-1/dsDNA, 7 = 45°C for dsDNA alone)
and regenerate the sensor, however, the avidin-biotin linkage of the oligonucleo-
tide to the waveguide substrate would also be compromised. This led Bier et al. to
abandon the avidin-biotin immobilization protocol for covalent attachment
methods, where complete regeneration was possible using thermal denaturation
via a stepwise heating to 90°C following hybridization and staining. Single-base
mismatch discrimination was also investigated. It was demonstrated by Bier et al.
that under appropriate conditions of temperature, pH, and ionic strength a high
degree of selectivity for detection of a central single-base (T-T) mismatch could be
achieved for a tridecanucleotide.

9.4. Nonevanescent Intrinsic Mode Biosensors

Efforts in our research laboratory have also been directed toward the devel-
opment of fiber-optic nucleic acid biosensors.”” **’* In general, we have chosen
to pursue a sensing scheme based on covalent immobilization of oligonucleotides
via long-chain polyether substrate linker molecules. Following substrate func-
tionalization with these linker molecules terminated with dimethoxytrityl protect-
ing groups, assembly of oligonucleotide capture probes is done by automated
solid-phase oligonucleotide synthesis.

We have switched to the use of polyether substrate linkers as these types of
tethers (in contrast to alkyl chains) have been shown to reduce nonselective
binding of peptides or proteins that could be present as contaminants in real-world
samples™ Immobilization of a linker such as hexaethylene glycol (HEG) can be
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Figure 9.1. Packing density of immobilized oligomers as a function of cycles of application of HEG
linker molecules onto activated silica substrates. Circles: chains of oligonucleotide-linker conjugates
immobilized. Triangles: effective diameter available to each oligonucleotide-linker conjugate on the
silica surface.”

done in cycles so as to control the density of HEG, and therefore ultimately the
density of covalently immobilized oligomer on a surface. Figure 9.1 indicates the
degree of control that can be achieved in terms of design of oligomer packing
density based on the number of cycles of additions of HEG.

Much effort has been put into engineering surfaces with controlled density of
immobilized oligonucleotides in order to provide control of the thermodynamics
and kinetics of interfacial nucleic acid hybridization and to provide a means
to overcome the limitations imparted by evanescent based signal generation.
Maxwell-Garnet theory suggests that the ensemble refractive index of an immo-
bilized film of nucleic acid molecules will be governed by the packing density of
the oligonucleotides on the waveguide surface.”” By use of angularly dependent
light scattering techniques,”® we have determined that oligonucleotide films of
refractive index equal to or greater than that of the underlying fused silica
substrate may be created. This suggests incorporation of the selective chemistry
into the waveguide so that the boundary for total internal reflection for the optical
sensors developed in our laboratories exists at the oligonucleotide membrane/
solution interface as opposed to the fused silica/nucleic acid membrane interface
as experienced in evanescent mode experiments. In this way, all of the light
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guided by the waveguide may be experienced by the film of immobilized oligo-
nucleotides and light emitted from fluorophores associated with the oligonucleo-
tide molecules will be done from within the waveguide and should preferentially
be launched into a guided mode to provide efficient signal generation and recovery
(est. >103 relative to evanescent wave methods in multimodal waveguides of
large diameter).

Hybridization of the immobilized capture oligonucleotides to target oligo-
nucleotides was done by treating the optical sensor immersed in hybridization
buffer with various quantities of complementary and noncomplementary nucleic
acids in a hybridization buffer (1.0M NaCl, 50 mM phosphate, pH 7.0). Detection
of hybrid formation was done by addition of ethidium bromide to the reaction
vessel at various concentrations and times to affect in sifu staining of the immo-
bilized hybrids with the intercalant fluorophore. Detection of stained hybrids was
done by excitation of fluorophores along the length of the optical sensor, followed
by recovery and quantitative measurement of guided fluorescence by use of a
photomultiplier tube. Figure 9.2 shows a schematic representation of an instru-
ment that permits rapid replacement of fibers and which is suitable for automated
multisample analysis. Using this strategy we have been able to detect as few as 108
molecules of fully complementary hybrid molecules with linear calibration over a
three-decade concentration range using ethidium bromide for transduction of
hybridization. The speed of response to samples of approximately 100 A volume
in the reaction vessel is very fast, and full signal is usually achieved within one
minute. Reversibility, reproducibility, and response to a noncomplementary se-
quence is shown in Figure 9.3.

Our research group has also investigated detection of triple-helix forma-
tion.* Elucidation of triple-strand hybridization in Hoogsteen and reverse-
Hoogsteen motifs between an immobilized single-stranded probe oligonucleotide
and linear or branched complementary oligonucleotides was done by monitoring
alterations in the fluorescence temperature coefficient of intercalated ethidium
bromide. Ligand exclusion concomitantly occurred with the onset of triple-strand
formation upon decreasing the temperature of the system below the T for triplex
formation, causing the temperature coefficient of the fluorescence signal to switch
from negative to positive. For most systems of triplex forming oligonucleotides,
the inversion of the fluorescence temperature coefficient could be used to deter-
mine the melting temperature of the triple-stranded complex (Figure 9.4).

9.5. Selectivity and Calibration Issues

We have begun to use our fiber-optic devices to investigate whether the
density of DNA that is immobilized and the extent of hybridization can directly
influence thermodynamic selectivity and quantitative calibration. The density of
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Figure 9.3. Response of an optical sensor for Candida albicans to complementary and noncomple-
mentary nucleic acid sequences. Each analysis curve is comprised of the sensor challenged to
hybridization buffer (I x PBS: 1.0 M NaCl, 50 mM PO, %, pH 7.0}, 1 x PBS containing 2.5 x 10-8 M
ethidium bromide, and | x PBS containing 2.5 x 1078 M ethidium bromide and nucleic acid. Response
curves 1-6 are for the sensor challenged with 10'3 molecules of complementary DNA, response curves
7-10 and 12 and 13 are for the sensor challenged with 10'* molecules of complementary DNA and
response curve 11 (%) is for the sensor challenged with 10'4 molecules of a noncomplementary
sequence.

single-stranded DNA (ssDNA) on a surface will determine the charge density due
to ionizable phosphate groups. Such a negatively charged interface will attract
positive counterions from solution, which may result in a local ionic strength, pH,
and dielectric constant at the surface that is substantially different from that in bulk
electrolyte solution. It is the local conditions that influence the thermodynamics of
hybridization, and these can be studied by investigations of thermal denaturation
profiles of immobilized oligonucleotide duplexes. Experimental work and theo-
retical models have been used to examine whether hybridization reactions at a
surface can cause dynamic changes of local charge density, and therefore changes
in selectivity and drift in calibration for quantitative analysis.* Fiber-optic biosen-
sors based on fused silica that was coated with DNA were used in a total internal
reflection fluorescence instrument to determine 7, from the dissociation of du-
plexes of fluorescein-labeled dA,,:dT,,. The experimental results suggest that the
thermodynamic stability of duplexes that are immobilized on a surface is depen-
dent on the density of immobilized DNA and on the extent of hybridization of
DNA. The experimental results show that the thermodynamic stability of immo-
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Figure 9.4. Fluorescent intensity as a function of temperature for dT ), using reversed orientation
3'-dA,-5'-fiber derivatized sensors. Response of the optical sensor to 40 pmol of dT  in the presence
of 2.5 x 10~8 M ethidium bromide (circles) and to the 2.5 x 1078 M ethidium bromide solution alone
(pinwheels). Cooling profile of the same nucleic acid system in bulk solution by measurement of
absorbance at 260 nm (broken line).62

bilized dsDNA is significantly different from that of dsDNA in bulk solution, and
include observations of variation of enthalpy at different ionic strengths, asym-
metry in the melt curves, and the possibility of a reduced dielectric constant within
the layer of immobilized DNA relative to that in bulk solution. Thermodynamic
considerations are often used to evaluate selectivity, and it is clear from this
perspective that selectivity is not just a function of the nucleic acid sequence that is
used to define a “receptor.” The thermodynamic stability of dsDNA is dependent
on nearest-neighbor interactions, including the extent of surface occupancy by
ssDNA and dsDNA. This has consequences in terms of both selectivity and
quantitative binding (equilibrium partitioning based on thermodynamic stability),
and each can change as a result of the extent of formation of hybrids during an
analytical experiment.

9.6. A Reagentless Biosensor

By associating a selective transduction element with the biorecognition
element, the device may function without the need for external reagent treatment
and obviate the need to collect and dispose of hazardous waste. Such a technology
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readily lends itself to automated and in-line analysis, and precludes the need for
skilled technicians to partake in the analysis procedure or disposal of waste
(provided the sample itself is not biohazardous). Our research work has led to
development of a reagentless sensor that incorporates the transduction element
into the sensor, thereby fulfilling the true definition of a biosensor (Figure 9.5).
The use of a fluorescent double-stranded nucleic acid binding ligand tethered onto
the terminus of the immobilized strand provides a small quantity of background
fluorescence when in the presence of ssDNA and exposed to solution. This
provides a means for internal calibration of the device via normalization of the
background signal in terms of monitoring photobleaching and drift in the output of
the excitation source and detector gain. The reporter in the presence of single-
stranded nucleic acid may provide a unique baseline signal to which all signals can
be referenced, hence providing meaningful analytical data and perhaps insight
into the physical properties of the interaction surface. Also, the useful lifetime of
the device can be determined from alterations in the background signal from the
reporter molecules over time. Therefore, by including a selective reporter, an
internal reference marker and diagnostic tool for the device status is included as an
integral part of the biosensor. A fluorescent reporter molecule that selectively
binds to double-stranded nucleic acids and provides increased quantum efficiency
when bound to the double-stranded target is desirous as a tethered transducer. Our
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Figure 9.5, Schematic of the response mechanism of optical sensors employing the tethered dye
transduction system.”
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initial investigations have lead to the creation of a tethered analogue of the
ethidium fluorophore that was attached to the end of a 5-amino functionalized
oligonucleotide via a 19-carbon molecular tether.

9.7. Future

It is interesting to see that the evolution of biosensors is beginning to follow
the trend of a number of instrumental analytical techniques where such techniques
are combined to increase informing power. A recent contribution by Asanov et
al® is a good example of such an approach, and describes the combination of
TIRF with a transparent electrode for simultaneous electrochemical and optical
investigations of immunochemical interactions. Some detailed contributions by
Heller et al.**® have reported the use of electrochemistry to manipulate the
migration of ssDNA and the stability of dsDNA in a configuration that used
fluorescent dyes to detect the presence of hybrids. Fabrication using conventional
microelectronic technology yielded a 1 ¢cm? device with 25 central 80 um diame-
ter electrodes in a 1 mm? test area. The surface of the electrodes was coated with
low-stress silicon nitride onto which an ~1 pm thick permeation layer of
streptavidin-doped agarose was then formed via a spin-casting method. This layer
served to provide a means of ssDNA attachment, in addition to preventing
electrochemical DNA damage while maintaining ion movement. Studies employ-
ing ssDNA bis-functionalized with biotin and the fluorescent probe Bodipy Texas
Red were done and showed that immobilization occurred only at those sites (to
within the detection limit of the experiment) which were held at positive potential.
Hybridization investigations were carried out and revealed that hybrids formed 25
times faster at positive electrical potential sites than at neutral sites, indicating that
kinetic limitations of passive, diffusion-limited hybridization on solid supports
may be overcome. The device was demonstrated to be capable of distinguishing
single-base mismatches as revealed by a decrease in fluorescence signal of ap-
proximately 90% after 50 s of application of an alternating field of negative bias
(0.6 pA, 0.1 s on, 0.2 s off, repeated for 150 cycles) to the sites containing the
mismatch hybrid. A more detailed analysis of the physical properties of the system
was undertaken and reported in a subsequent publication by researchers at
Nanogen.83

In general, once nucleic acid sequences of known composition and length are
selected, the energetics underlying hybrid formation resulting from the annealing
of two complementary nucleic acids is governed by several independent variables,
including temperature, pH, and ionic strength. Alteration of any one of these
parameters will affect hybrid stability and hence stringency. The concept of
electric field assisted hybridization introduces another variable affecting hybrid
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stability, namely, electric field strength, which now adds a new dimension of
complexity to the system as it is interdependent with the aforementioned key
variables.

Our experiments are now combining optically transparent indium-tin oxide
(ITO) electrodes with fiber-optic techniques for detection and manipulation of
nucleic acid hybridization. Fused silica optical fibers are being coated with ITO,
and ssDNA is being assembled on these surfaces by automated synthesis. The
electrochemical properties of these optical fibers will allow manipulation of the
kinetics of hybridization and the stability of hybrids, while providing for an
efficient and sensitive fluorescent method for detection of the presence and extent
of hybridization.
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Technicolor Genome Analysis

Michael J. Difilippantonio and Thomas Ried

10.1. Introduction

Our understanding of the organization of complex genomes has progressed
rapidly in the last fifty years. This has been the result of intense and dedicated
work not only in the biological sciences but also chemistry and physics. Our
current knowledge about genomes owes a debt of gratitude to the interplay
between these three disciplines. The desire for a deeper understanding of the
complex mechanisms of life has posed numerous technical challenges. Among
these was the need for increased optical resolution. One of the best examples of the
merging of the three sciences is the development of fluorescence in sifu hybridiza-
tion (FISH) and its application to other newly developed techniques for the
analysis of genomes. In this chapter we will discuss the combined application of
chemically modified nucleosides and advances in microscopy, optics, digital
imaging devices, and image analysis software.

10.1.1. Historical Perspective

The first published use of a nucleic acid probe for the in situ detection of its
complimentary sequence came from two different groups. Both Gall and Pardue'
and John, Birnstiel, and Jones> hybridized tritium-labeled Xenopus rRNA to cell
squashes of ovarian tissue fixed on microscope slides. The specificity of the
hybridization reaction was demonstrated through the use of such controls as:
treatment of the slide with DNase; not denaturing the cellular DNA prior to
hybridization; treatment with RNase A to demonstrate the stability of the DNA/
RNA complex; and competing the hybridization reaction with unlabeled rRNA.
Despite the undesirable use of radioactivity and the long exposure times of 5-22
days, this was the first technique that could be used to “... assign the chromosomal
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cer Institute, National Institutes of Health, Bethesda, Maryland 20892-8010.

Topics in Fluorescence Spectroscopy, Volume 7: DNA Technology, edited by Joseph R. Lakowicz,
Kluwer Academic /Plenum Publishers, New York, 2003

291



292 Michael J. Difilippantonio and Thomas Ried

location of a given DNA segment by means other than conventional cytogenetic
and genetic analysis. Thus chromosomal mapping of sequences detectable by
molecular hybridization is limited to a small number of genetically favorable
organisms, or to rare viable deletion mutants, or to comparisons between the sex
chromosomes of some organisms.”

Around the same time that in sifu hybridization was being developed, chem-
ists and biochemists had begun experimenting with different nucleoside analogs in
the search for agents with antiviral and anticancer activity. One approach was to
identify agents that would interfere with the biosynthesis or function of the viral
nucleic acids without causing host toxicity. This could involve inhibition of viral
genome replication or transcription, viral mRNA translation, viral enzyme cata-
lysis, or virus maturation. Perhaps differences in the bioavailability of the nucleo-
side analogs and differences in incorporation rates would result in sensitivity to
these chemically modified DNA precursors. It was from these same chemists that
attempts were made to improve in situ hybridization.

One of the first reported attempts to improve in situ protocols took advantage
of the strong affinity between biotin and avidin.” The removal of radioisotopes
from the reaction increased the spatial resolution of the signal and indefinitely
extended the shelf-life of the probe. Manning ef al.® covalently coupled biotin
(vitamin H) to the rRNA probe via a cytochrome-c bridge. The efficiency of this
reaction resulted in about one biotin-cyt-c label for every 100-200 ribonucleo-
tides. This ratio, and the use of the small molecule biotin remain important factors
in trying to keep steric hindrance of the probe to a minimum, thereby maintaining
the hybridization kinetics. The synthesis reaction first linked the cytochrome-c
and biotin molecules. This moeity was then coupled to the rRNA by reaction with
formaldehyde. It is important to note that this labeling reaction was not specific for
any nucleotide in particular. The in situ hybridization protocol followed that of
Gall and Pardue' with a few minor modifications. To reduce nonspecific back-
ground, the slides were blocked with cytochrome-c prior to detection with avidin-
labeled polymethacrylate spheres. The positively charged cytochrome-c effec-
tively bonded to the negatively charged sites on the microscope slide, thus
preventing interaction with the positively charged avidin. The avidin-spheres,
each of which on average contained a few avidin molecules, were then directly
visualized by scanning electron microscopy, abrogating the need for long photo-
graphic emulsion exposure times as previously required. Variations on this proto-
col included the replacement of avidin-spheres with the electron-opaque protein
ferritin covalently coupled to avidin and labeling of the RNA probe with biotin via
a diamine bridge instead of the polyamine cytochrome-c.*

Researchers at Yale University were also working on the development of
nucleoside analogs with antiviral activity. They used their antiviral approach of
synthesizing nucleosides that were efficient substrates for polymerase to improve
upon the above in situ hybridization procedure. As such, they covalently coupled a
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number of different potential probe determinants directly to either the purine or
pyrimidine rings of different nucleotides.” Once synthesized, these labeled nucle-
otides were then used in a nick-translation protocol. Briefly, the nucleic acid probe
of choice was incubated in the presence of DNase I, DNA polymerase, and free
nucleotides. The nucleotide cocktail contained all four nucleotides (dATP, dCTP,
dGTP, and dTTP), plus a lower molar concentration of Bio-dUTP. DNase I causes
single-strand breaks, or nicks, in the DNA backbone which are then repaired by
the polymerase. DNA polymerase I has both 5'—=3’ and 3'—5’ exonuclease
activity, which allows it to remove bases from both sides of the nick site. It is
during the replacement of these bases by the DNA polymerase activity of the
enzyme that the biotin-labeled nucleotide, as well as the others in the reaction, are
incorporated. At the ratios of DNase I to polymerase used, not all of the nicks are
repaired, thus the size of the DNA probe is decreased, resulting in a smear on an
agarose gel.

The size of the probe after labeling is important for both the hybridization
kinetics as well as accessibility to the genomic target DNA. There is also a mixture
of dTTP and dUTP in the reaction. Since dUTP is not a normal substrate for DNA
polymerase, the incorporation efficiency of dUTP is less than for the other
nucleotides and therefore not every thymidine residue is replaced with a labeled
nucleotide. This is important for maintaining the proper hybridization kinetics as
well as an efficient nick translation reaction.

These hapten-labeled nucleotide probes were then used for detecting and
localizing specific sequences in cell, tissue, and chromosome preparations as well
as membrane bound nucleic acids.*” Biotin-labeled probes were initially detected
using rabbit anti-biotin antibodies. These were either directly conjugated to a
fluorescent molecule like fluorescein isothyocyanate (FITC) or were themselves
detected with a peroxidase-conjugated sheep anti-rabbit IgG.° There are currently
many different directly-conjugated nucleotides available. Some are conjugated to
fluorochromes such as FITC, Spectrum Green, TRITC, Rhodamine, Spectrum
Orange, Texas Red, CyS5, while others are conjugated to nonfluorescent molecules
like biotin, dintrophenol (DNP) or digoxigenin that are detected with fluorescence-
conjugated avidin or antibodies directed against them.

FISH has revolutionized the way in which geneticists are able to analyze and
visualize the genomes of various organisms. Research applications include the
mapping of newly isolated DNA or RNA clones to their chromosomal locus and
determination of the relative order of genes or clones in a contig with respect to
each other. The fluorescence detection of nucleic acid probes has added to the
repertoire of techniques already available for the analysis of genes and genomes,
such as southern blot hybridization and cytogenetic banding. Microscopic anal-
ysis of chromosomes hybridized directly with fluorescent DNA probes allows
rapid mapping of genes and clones to their genomic chromosomal locus, as well as
sometimes identifying other loci containing related sequences. The positional
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relationship between different clones along the chromosome can also be readily
determined. By labeling each clone with a different fluorescent molecule their
simultaneous hybridization to either condense chromosomes or elongated chro-
matin fibers allows determination of order. The advent of different fluorescent
dyes, suitable optical filters, and imaging technology has increased the amount of
information that can be obtained from a single hybridization. The culmination of
these advances can be found in the technique known as spectral karyotyping
(SKY), in which 24 different chromosomes can be distinguished by their spectral
signature after in situ hybridization.

10.2. Principles behind FISH

In the general sense of the term, FISH involves the hybridization of fluores-
cently labeled nucleic acid probes to genomic DNA preparations on a microscope
slide. Since there are many different types of specimens and probes, other names
have been given to the more specific applications of this technique. FISH is used
primarily to refer to the use of probes shorter than a few megabases and chromo-
some painting probes to metaphase chromosome preparations. The typical appli-
cation of FISH is for the genomic localization of particular probes (i.e., gene-
specific plasmids, cDNA, ESTs, YACs, BACs, and PACs) by physical mapping
onto metaphase chromosomes (Figure 10.1 A, B, E). Interphase FISH, sometimes
referred to as interphase cytogenetics, involves the visualization of chromosome
aberrations in cell nuclei by hybridization with nucleic acid probes. This technique

Figure 10.1. A: Fluorescence in situ hybridization of painting probes specific for human chromosomes
5 (green), 7 (purple), and 12 (yellow) and gene-specific probes for the mammalian bitter taste receptors
(M. Difilippantonio and N. J. P. Ryba). B: Mouse tumor metaphase chromosomes hybridized with
probes specific for the immunoglobulin heavy chain locus (red) and the c-myc gene (green). A
translocation between the chromosomes on which these genes reside has also resulted in amplification
of the genes on the derivative chromosome (arrowhead). This is also evident in the adjacent interphase
nucleus where this DNA leaked out of the nuclear membrane during the processing of the slide (arrow).
The other loci appear as discrete dots in the nucleus (M. Difilippantonio and A. Nussenzweig).
C: Interphase mapping of three gene-specific probes reveals that the chromosomal position of the gene
detected with the FITC-labeled probe (green) is between the two genes detected with the TRITC-
labeled probes (red) (courtesy of R. Yonescu). D: Biotin (green) and digoxigenin (red) labeled probes
specific for two halves of exon 45 in the Duchenne’s muscular dystrophy gene can be spatially resolved
on chromatin fibers using DNA fiber FISH extracted nuclei (M. Difilippantonio and T. Ried). E: High
resolution FISH mapping of two BAC clones corresponding to adjacent regions of DNA separated by
approximately 1 Mb (courtesy of R. Yonescu). F: Hybridization of a human chromosome 4 painting
probe (yellow) to metaphase chromosomes from a human-hamster hybrid cell line reveals the presence
of three copies of the human chromosome among the hamster genome (M. Difilippantonio and L.A.
Doucette-Stamm).
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was first described in 1986 when Cremer ef al.® used radiolabeled probes to detect
the copy number of chromosome 18 in normal nuclei and nuclei with a trisomy 18.
Specimens ranged anywhere from fresh cytological preparations to archived
paraffin-embedded, formalin-fixed tissue sections. The replacement of radioac-
tivity with fluorescence made the technique more amenable to use in a clinical
setting and also increased the resolution of the assay. Interphase mapping is used
to determine the relative order of specific probes with respect to each other (Figure
10.1C). This is typically employed when the distance between a number of probes
is below the limit of detection using metaphase chromosomes. Another technique
with the same application, but higher resolution, is fiber FISH (Figure 10.1D). In
this strategy, the nuclear membrane is perforated using detergents and the uncon-
densed genomic DNA “spills” out of the nucleus and spreads along the surface of
the slide as long DNA filaments. Since the DNA is arranged two-dimensionally, as
opposed to its three-dimensional arrangement in the nucleus, the resolving power
in terms of physical distance between two loci is increased.”"® Thus, due to the
diverse applications of FISH, there are many variables involved in the preparation
of specimens and probes as well as the exact protocol used for hybridization and
detection of the annealed probe.

10.2.1. Preparation of Cytological Specimens

As indicated previously, there are many different scenarios in which one
would like to detect specific DNA sequences. Most techniques involving in situ
hybridization require the preparation of metaphase spreads as either the reference
material (that to which the probes being analyzed are hybridized) or the actual
sample itself. This is true for gene mapping, somatic hybrid analysis, determina-
tion of orthologous regions between species, SKY, and comparative genome
hybridization (CGH). In each case, the cells from which the chromosomes are to
be prepared are treated with an agent that arrests the cells in mitosis, thereby
increasing the number of cells containing condensed chromosomes. The most
commonly used drug is colchicine, or Colcemid®, which interferes with the
progression through mitosis by inhibiting spindle fiber formation. There is a
delicate balance that must be reached, however, between the number of mitoses
and the length of the chromosomes, and these two parameters are inversely
related. The longer one leaves the cells in Colcemid®, the more cells will reach the
mitotic block. The longer cells are blocked, however, the more condensed the
chromosomes become. Why then would one want to prolong the mitotic arrest?
Some cultures grow particularly slow and therefore have very few cells entering
mitosis at any given time. By increasing the Colcemid® time (and usually decreas-
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ing the working concentration) one is able to increase the mitotic index of a
particular harvest. If the number of mitoses is more important than the resolution
of physical distance on the chromosomes, this may be a reasonable compromise.
The length of treatment with Colcemid® must therefore be experimentally deter-
mined for each cell type.

Other treatments are added depending upon the cell type and length of
chromosomes desired. Human lymphocytes are usually stimulated to divide by
addition of phytohaemagglutinin (PHA) to the culture media. Mouse spleen
cultures are stimulated with a mixture of lipopolysaccharide (LPS) and concavalin
A (ConA). Some protocols use methotrexate (MTX) to inhibit DNA synthesis by
interfering with the synthesis of the deoxyribonucleotide thymidine triphosphate
(dTTP). This has the effect of synchronizing the cells in S-phase. The cells are
then released from the block for a predetermined period of time (usually 5 h) and
allowed to cycle until they reach mitosis, where they are blocked with Colcemid®
and harvested. Another variation of this approach includes the addition of the
nucleotide analogs BrdU and FudR after release from the S-phase block. Incor-
poration of these thymidine analogs into the newly synthesized DNA results in
decreased condensation of the chromosomes and therefore tends to be used for
high-resolution gene mapping.

Following mitotic arrest, the cells are resuspended in a 0.075M potassium
chloride solution (KCI). Since this solution is hypotonic with regard to the
concentration of KC1 within the cells (i.e., the cells contain a higher concentration
of KC1), water enters the cells in an attempt to restore the osmotic equilibrium.
The net effect is that the cells swell, causing the cytoplasmic membrane to burst
and leaving only the nucleus intact. They are then fixed with a 3:1 mixture of
methanol:acetic acid and dropped onto microscope slides. Although this seems
like a very simple cookbook recipe, it is difficult to obtain high quality metaphase
spreads. Parameters involved in obtaining a high quality slide include the length of
time in hypotonic solution, the freshness of the fixative and the number of times it
was changed, the cell concentration, and the humidity and slide drying time (a
function of temperature). All of these variables affect the degree of spreading (so
that as few chromosomes as possible are overlapping), the amount of cellular
debris surrounding the chromosomes, and the “hybridizability” of the chromo-
somes themselves. Removal of cytoplasmic and nuclear debris by treatment with
Proteinase K and/or pepsin decreases the amount of background noise caused by
nonspecific adherence of probe to the proteins, lipids, and carbohydrates. Diges-
tion of RNA with RNaseA can also help in reducing background noise. Humidity
and drying time can be assessed by examination of the chromosomes themselves.
Chromosomes that look “shiny” or “hollow” will most likely give a poor or
inconsistent hybridization pattern. This is indicative of high humidity and pro-
longed drying time. The effects of such variables can be minimized by preparation
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of the slides in an environmentally controlled unit in which both the temperature
and humidity can be tightly controlled."

Another highly variable parameter is the manner in which the slides them-
selves are stored. All protocols require that the slides be dehydrated after prepara-
tion and again prior to hybridization. One difference that arises is in the amount of
time between preparation and the first dehydration. The length of time the slides
“bake” at 37°C can vary anywhere from one day to one month. The slides are then
dehydrated and either used immediately, stored in 100% ethanol at —20°C, or
stored with Drierite® or similar moisture absorbent material at —70°C for up to
one year. Since water adversely affects the hybridization potential of the chromo-
somes, all of the above treatments are designed to prevent exposure to moisture.

The slides are then pre-treated prior to hybridization with the labeled probe.
This involves exposure to RNase A followed by proteinase K and/or pepsin as
indicated above. These treatments can be disregarded if there appears to be little
evidence of surrounding cellular debris. Denaturation of the chromosomal DNA
into single-stranded molecules is essential, however, and is accomplished by the
addition of 70% formamide in 2XSSC (pH 7.0-7.5) to the slide, followed by a
coverslip and heating to 80°C for a predetermined period of time. The amount of
time is dependent upon the species from which the chromosomes were prepared
and the age of the slides, older slides generally needing slightly shorter incubation
times. The coverslip is removed and the slides immediately immersed in ice cold
70% ethanol for =3 minutes. This is followed by a 90% and 100% ethanol
dehydration series. The slides are air dried at room temperature, at which point
they are ready for hybridization with the denatured probe.

The above protocol can also be adapted for adherent cells grown on chamber
slides. This is sometimes preferable to trypsinization of the cells and preparation
as a cell suspension. One application is the use of nucleic acid probes and
fluorescent immunocytochemistry for the simultaneous localization of genomic
sequences and particular proteins within the cell under growth conditions without
perturbation of the cellular organization. This approach is being used more
extensively as live cell imaging becomes an integral part of tumorigenesis studies.

Another variation involves the preparation of extended DNA fibers for
ordering of probes with resolution in the range of 2-350 kb. There are at least
three different methods for obtaining these extended DNA/chromatin fibers. All
three involve depletion of histones and extraction of genomic DNA from inter-
phase nuclei on a microscope slide by high salt, alkaline, or detergent treatment. In
one protocol, the DNA forms halos around the nucleus in loops of 60-200 kb, the
approximate distance between two matrix attachment sites in genomic DNA
(Figure 10.1D). Another method lyses the nuclei and the unattached DNA is
allowed to stream down the microscope slide. The third approach involves treat-
ment of intact cells with the topoisomerase II inhibitor m-AMSA to prevent
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chromatin condensation. Subsequent alkaline treatment of the nuclei permits the
DNA to leak out of the nucleus. Chromatin extracted using the latter procedure
results in more tangled DNA, however new techniques such as DNA combing’
and optical mapping'""® have greatly improved this technique.

Other specimens utilizing in situ hybridization protocols are formalin-fixed,
paraffin-embedded tissue sections. These must first be treated to remove the wax
and formalin. This is accomplished by heating the slides to 65 C for 2 h followed
by incubation in xylene. As with the chromosome spreads, the slides are then run
through an ethanol dehydration series, and as for the interphase slides, the cells are
permeabilized by treatment with a 0.1% Triton® X-100/4XSSC solution. The
slides are then treated with a IM sodium iso-thiocyanate (NaSCN) solution at 56 C
to reverse fixative induced crosslinks between the DNA and protein. Pepsin
treatment followed by the standard formamide/2XSSC denaturation and ethanol
series is performed prior to addition of the hybridization solution containing the
denatured probe. Since the specimen preparation is typically performed the same
day as the hybridization, storage of the slide after removal of the paraffin and
formalin is not an issue.

The preparation of intact nuclei for interphase FISH is the same as for
chromosome spreads from suspension or tissue sections, depending on the source
of the material. This includes treatment of the slide with RNase A, pepsin, and
formaldehyde as well as denaturation with formamide at elevated temperatures.

10.2.2. Preparation of DNA Probes

DNA probes can be prepared from a number of different sources and their
nature is dependent upon the type of the in situ hybridization being performed.
The principles behind probe preparation are the same, however, the exact protocol
used will vary from source to source. The most common DNA probes consists of a
fragment of genomic DNA or cDNA subcloned into a specific vector. This vector
may take the form of a yeast (YAC), bacterial (BAC), plasmid (PAC), or human
(HAC) artificial chromosome, a cosmid, plasmid, or phagemid. These types of
probes are usually used for gene or translocation breakpoint mapping and chromo-
some identification.

The technique of SKY (which will be discussed at greater length towards the
end of this chapter) requires specially prepared probe sets. Briefly, this technique
“paints” each chromosome with a unique combination of fluorochromes. Thus, a
probe corresponding to the entire length of each chromosome must be prepared.
The first step in this process involves the use of flow cytometry to separate the
individual chromosomes of a particular species on the basis of size and relative
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nucleotide content.'®'” Each individual chromosome is then amplified by PCR
using a degenerate oligonucleotide primer."™' This increases the amount of
working material and serves as the labeling reaction by incorporating conjugated
nucleotides during the PCR. Obviously great care must be taken not to cross-
contaminate the sorted chromosomes prior to labeling.

Another source of probe is total genomic DNA isolated from cell lines or
tissues. This type of probe is necessary for performing CGH. Isolation of genomic
DNA from most cells or tissues (i.e., blood, cell lines, and organs) involves an
overnight incubation with proteinase K and SDS, followed by phenol:chloroform
extraction and isopropanol precipitation. DNA can also be obtained from paraffin-
embedded tissues, enabling one to retrospectively analyze archived tumor mate-
rial. The only difference from the above protocols is removal of the formalin and
paraffin prior to extraction of the DNA. This procedure is similar to that outlined
in the previous section on metaphase preparation from paraffin-embedded,
formalin-fixed tissue sections utilizing xylene and NaSCN.

Good quality DNA preparation is essential for obtaining a successful label-
ing reaction. Cross-contamination of probes during isolation must obviously be
avoided, but this is not the only cause for trouble. Since the labeling reactions
require the activity of enzymes, care must be taken to eliminate any contaminants
which may be inhibitory to their activity. Many enzymes require the presence of
divalent cations such as magnesium in order to function. This means that one must
be careful of the concentration of chelating agents like EDTA or EGTA in the
isolation steps. Some EDTA is acceptable as long as the final concentration in the
labeling reaction is not too great. This can sometimes be overcome by addition of
extra magnesium to the labeling reactions. Other potential inhibitors are pro-
teinases or other nonspecific proteins that may adversely affect the enzymes. The
amount of protein in a DNA preparation can be gauged by calculation of the
Abs,,:Abs,¢ ratio. This should normally be around 1.8 for DNA. This is gener-
ally the easiest step in any hybridization reaction, but if done incorrectly can result
in days of frustration and troubleshooting.

10.2.3. Labeling of DNA Probes

Probes can be labeled with a number of different fluorescent and nonfluores-
cent conjugated nucleotide analogs. The type of label used depends upon the
imaging equipment available, type of experiment, cost, and personal preference.
Probes containing nucleotides conjugated with a fluorescent molecule are said to
be direct-labeled, whereas those containing nucleotides that are nonfluorescently
labeled (i.e., with biotin, digoxigenin, dinitrophenol, etc.) are referred to as



Technicolor Genome Analysis 301

indirectly labeled. These latter probes must be detected using a second or third
molecule containing the fluorescence as discussed in Section 10.2.5.

There are generally two different ways to label a probe for in sifu hybridiza-
tion. The first was briefly discussed in the previous section with regard to the
chromosome-specific probes used in SKY. The conjugated nucleotides are incor-
porated directly into the PCR product. For SKY this usually involves the use of
three fluorescence-conjugated and two nonfluorescence-conjugated dUTP anal-
ogs. This allows for the simultaneous hybridization and detection of probes that
emit fluorescence in five distinct ranges of the spectrum. The importance of this
will become apparent in later sections of this chapter dealing specifically with
SKY. PCR can also be used to label genomic inserts with either insert-specific,
vector-specific, or degenerate oligonucleotide primers. DNA fragments smaller
than 100 kb can be efficiently labeled using random primed labeling” and nick
translation as described in the introduction. Fluorochromes can also be chemically
attached to nucleic acid probes.

10.2.4. Hybridization of Probe to Specimen

This step of the procedures deviates very little from one technique to another.
The desired amount of labeled probe is combined with an excess amount of
competitor Cot I DNA.?'"** The purpose of the Cot I DNA is to suppress elements
in the probe (by complementary annealing) which are highly repetitive and
dispersed throughout the genome. Such elements include Alu, LINE, SINE, and
B1 repeat sequences. Failure to eliminate these sequences from the probe will
result in hybridization to sites on every chromosome, not just that region contain-
ing the unique sequence of interest. Cot I DNA can be eliminated, however, if the
probe is known to be devoid of any repeat elements, which is often the case with
cDNA probes. The combined DNA is precipitated, resuspended in a small volume
of formamide/dextran sulfate/SSC solution (referred to as hybridization buffer),
and denatured by heating to 80°C. This is followed by either quick chilling (if no
Cot I) or incubation at 37°C for at least one hour to allow the Cot I sequences to
anneal, thereby making the repeat elements in the probe double stranded and
preventing them from hybridizing to the sample.

The chromosomes on the slide are denatured by incubation in formamide at
80 C followed by a cold EtOH dehydration series. The probe is then allowed to
anneal to the chromosomes at 37°C in a moist dark chamber. The amount of time
required for hybridization depends on the complexity of the probe. The standard
protocol is 18-24 h for unique sequence probes (i.e., genes and cDNA) and 40-72
h for complex probe mixtures such as those used for SKY and CGH.



302 Michael J. Difilippantonio and Thomas Ried

10.2.5. Detection and Visualization

The detection stage of the protocol requires a number of increasingly strin-
gent salt washes at 45°C to remove nonspecifically bound probe. Bovine serum
albumin (BSA) is used to nonspecifically bind to the charged silica in the glass
microscope slide thereby preventing a nonspecific interaction between the slide
and any other fluorescence-labeled molecules used in the detection process.
Probes labeled with nucleotides directly conjugated to fluorescent molecules (i.e.,
FITC-dUTP, Rhod-dUTP, etc.) do not require blocking or further detection and
can therefore be immediately analyzed. Indirect-labeled probes, however, re-
quire at least one more detection step. Bio-dUTP, for example, can be detected
with either avidin conjugated to a fluorochrome (i.e., avidin-FITC) or with a
fluorochrome-conjugated antibody directed against biotin (i.e., mouse-anti-biotin-
FITC). One can add more detection levels in an attempt to increase the signal
strength, however this usually results in an increase in the background level as
well and therefore little improvement in the signal to noise ratio.

10.2.6. High Sensitivity Detection Procedures

The smaller the actual target sequence in the genome, the shorter the probe
becomes and thus fewer fluorescently-labeled nucleotides to provide a signal. A
genomic target dispersed over a large physical distance can also result in de-
creased signal strength. An example of this is hybridization of a 6 kb cDNA clone.
This size is generally sufficient for a nice signal, however, if the gene contains
multiple exons dispersed over perhaps 100 kb the density of fluorescence is
decreased and therefore more difficult to visualize. In order to circumvent this
problem, multiple levels of immunological detection are sometimes used. As
mentioned above, this often amplifies the background noise as well and is there-
fore not always an efficient means of detecting weak signals.

A newer method makes use of a well utilized enzymatic reaction involving
peroxidase.%26 This method was originally developed for ELISA” and has been
adapted for immunohistochemistry28 as well as for FISH.”** The probe is labeled
in the usual manner by nick translation incorporation of a hapten-conjugated
nucleotide (i.e., Bio-dUTP or Dig-dUTP). The first detection layer uses perox-
idase conjugated to either avidin or an anti-hapten immunoglobulin molecule.
These are then amplified through the use of a peroxidase substrate conjugated to
either biotin or a fluorochrome. Upon cleavage of the substrate, the biotin or
fluorochrome becomes deposited close to the site of the reaction. Fluorochromes
can be immediately visualized while biotin deposits require detection with an
avidin- or anti-biotin-fluorochrome conjugate. Because detection involves an
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enzymatic reaction, multiple substrates are cleaved and deposited, thereby am-
plifying the signal.

One problem with the original reported protocol was the loss of spatial
resolution. This was due to the free migration of the cleaved substrate before its
immobilization on the slide. Later modifications included polymeric substances to
increase the viscosity of the reaction solution and thereby decrease the diffusion of
the intermediate cleaved products.’® The net result is an extremely sensitive
amplification method for the detection of small or difficult to visualize FISH
signals with only a slight sacrifice of the spatial resolution of directly labeled
probes. This technique is now available as a kit from NEN™ Life Science
Products.

10.3. Applications of FISH

Now that we have established an understanding of how FISH is performed, it
is possible to explore the practical applications of this technique to biological
problems. A review listing a number of applications came out almost ten years
after the first publication describing nonisotopic in situ hybridization.”" Although
advances have been made and new techniques developed involving the use of
FISH the applications have not changed much. References cited in the following
sections are not at all meant to be inclusive, but merely represent examples of the
various applications.

10.3.1. Gene Mapping

The explosion in manuscripts involving the use of FISH came along as the
human genome project began to take form. FISH proved to be a powerful method
for mapping the many genes and genomic clones being isolated by a number of
laboratories.”” The initial goal was to use FISH to physically map sequences along
each chromosome at 1 Mb intervals.”>” This would allow gene hunters to use
these markers as landmarks for linkage studies.’*® The use of Cot I suppression,
as discussed in Section 10.2.4, was an immense improvement.ﬂ’23 Prior to this, the
mapping of large clones resulted in hybridization to multiple loci and often gave a
banding pattern to the chromosomes. This was due to the presence of highly
repetitive sequences such as Alu, LINEs, SINEgs, in the probe and in those regions
of the chromosome (heterochromatin) that are known to be relatively gene-poor.
Suppression hybridization (for review see reference 37) effectively removed these
sequences from the hybridization reaction, thereby allowing only the single copy
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sequences to anneal to the chromosomes. The result was that FISH could be used
to physically map the larger clones isolated from cosmid, BAC, and YAC genomic
libraries.”™" Not only was FISH an effective means of mapping these clones, but
it was also beneficial for determining whether they were pure or chimeric in
nature. Chimeric clones are fusion products of DNA fragments from different
genomic loci created during the generation of a recombinant library. This was
often a problem with large YAC clones that contained from ~200Kb to =1 Mb of
genomic sequence.

FISH was, and continues to be useful for physically mapping genes cloned by
methods other than linkage where their chromosomal location is unknown.***?
This is especially true for identifying the location of homologous genes in differ-
ent species.” " It is also a useful technique for the identification of pseudogenes
or other genes in a gene family*® (Figure 10.1A).

10.3.2. Somatic Hybrid Analysis

Somatic cell hybrid lines have proved very useful for isolating and mapping
disease genes in both mice and humans. It is important to determine the genomic
contribution of the species of interest in these lines both during their derivation as
well as periodically due to their unstable nature. This was originally accomplished
through the employment of Hoechst 33258 or Giemsa stains. Mouse chromo-
somes could readily be distinguished in mouse—hamster hybrids by the intense
Hoechst 33285 staining of the mouse centromeres*’ while color differences with
Giemsa staining was useful for the analysis of human—mouse hybrids.” Giemsa
banding of chromosomes was also used to identify interspecific translocations,”
but the analysis required skilled knowledge of chromosome bands, was extremely
time consuming and still was not sufficient for identification of more subtle
rearrangements.

With the advent of FISH it became feasible to unambiguously identify
species-specific chromosomes in interspecific crosses. This was first accom-
plished by nick translation labeling the entire genome of a particular species and
subsequent hybridization to metaphase spreads prepared from the hybrid cell
line.””*>* In order to identify the origin of a particular chromosome, the cell line
genomic DNA would be labeled and hybridized to normal metaphase chromo-
somes prepared from each of the species involved. In this manner it was possible
to determine not only which chromosomes were being contributed from a given
species, but how much, and which regions of particular chromosomes were
involved™*® (Figure 10.1F). Another fluorescent technique was the performance
of species-specific banding of the hybrid chromosomes using labeled Alu and L1
repetitive sequences as probes.””
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10.3.3. Clinical and Cancer Cytogenetics

Pre- and postnatal screening for cytogenetic abnormalities is extremely
important as both a diagnostic and prognostic procedure. This is usually accom-
plished by Giemsa banding of metaphase chromosomes and karyotype analysis by
skilled and certified cytogenetic technologists. Many chromosome aberrations,
such as aneuploidy and translocations involving sufficiently large chromosome
fragments, are readily identifiable through the use of these techniques. There are
instances, however, where identification and determination of the exact defect is
not possible by these methods. A prime example involves the identification of
marker chromosomes. These are small chromosome fragments that usually con-
tain some of the centromeric material necessary for segregation during cell
division, but not enough chromatin to identify their origin by standard staining
techniques.”®* Identifying the chromosomal origin of these markers is clinically
significant because not all extrachromosomal material has phenotypic conse-
quences.’'

Karyotype analysis of tumors by conventional banding techniques alone is
also very difficult. This is due to poor morphology, the number of marker chromo-
somes, double minutes, and complex chromosomal rearrangements often seen,
especially in solid tumors.®* Karyotype aberrations increase in number as tumors
progress from premalignant lesions to metastatic disease (Figure 102A, B).%
Identification of these changes is useful in determining the stage of the tumor for
diagnostic and prognostic purposes as well as following the course of regression
and reappearance of tumors after treatment. Single chromosome paints proved
useful in early endeavors using FISH as a complementary technique to Giemsa
banding in order to further characterize tumor karyotypes.** This method has been
enhanced by the development of new techniques known as SKY and m-FISH”
which allow for the simultaneous chromosome-specific painting of the human®®®’
and mouse®™ genomes. This technique and its many applications will be discussed
in Section 104.2.

10.3.4. Chromosome Evolution

Comparative cytogenetics is the study of changes in chromosome number and
composition within and between different species as a function of their evolution-
ary divergence from one another. Studies have been performed looking at the
chromosomal changes during evolution.””**”* There is only one difference in
chromosome morphology that distinguishes humans from chimpanzees.” Human
chromosome 2 has been derived by the fusion of two acrocentric great ape
chromosomes (chimpanzee chromosomes 12 and 13; gorilla and orangutan



Figure 10.2. A: Immortalized cell line-CPDR-1 from a primary prostate cancer has a hyperdiploid
karyotype with gains of chromosome 18 and 20 (arrows) and a t(Y;11) (arrowhead) (courtesy of M.
Augustus). B: Highly rearranged chromosomes in a prostate cancer cell line (PC3) derived from a
metastasis to the bone. The karyotype is predominantly hypertriploid (courtesy of M. Augustus). C:
Differentially labeled human chromosome painting probes hybridized to metaphase chromosomes
from the gibbon Hylobates concolor. Few chromosomes have not changed throughout evolution as
indicated by their uniform hybridization color (arrows). Some chromosomes are simple rearrange-
ments being composed of only two distinct human chromosomes (concave arrows) while the majority,
however, have become highly rearranged such that the gibbon chromosomes are composed of pieces
from several different human chromosomes (arrowheads), or vice versa depending on your perspective
(see reference 66).
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chromosomes 11 and 12). The only other difference was a translocation in gorilla
between the chromosomes homologous to human chromosomes 5 and 17 (chim-
panzee and orangutan chromosomes 4 and 19)."*”"7° A more striking pattern of
chromosome evolution is seen when comparing the chromosomes of great apes to
those of the gibbon. Only human chromosomes 11, 14, 20, X and Y hybridized to
the entire length of a single gibbon chromosome. All other gibbon chromosomes
were involved in interchromosomal rearrangements compared to humans and the
great apes’™’""® (Figure 10.2C).

Similar studies have been performed to explain the karyotypic differences
between the morphologically similar and closely related Indian and Chinese
muntjacs.”’ " The Indian muntjac has the lowest chromosome number known in
mammals, with a diploid genome of 2n = 6/7. The Chinese muntjac, however, has
a karyotype of 2n = 46. It is curious from an evolutionary standpoint how the
genomes of these two related species became so divergent. SKY analysis has also
been applied to evolutionary studies and will improve the analysis of genomic
relationships.®

10.4. Karyotype Analysis

The most commonly used method for whole genome analysis is Giemsa
banding, in which the banding pattern of each chromosome is compared to its
homologue and the standard banding pattern for chromosomes of that particular
resolution. Although this remains an excellent technique for routine cytogenetic
applications (i.e., prenatal diagnostics and reasons of infertility), analysis of more
complex genomic rearrangements, such as those seen in tumorigenesis, requires
great skill and even then subtle aberrations can be missed. The previous two
sections have already discussed the use of FISH for analyzing the genomic
complement of different individuals and species. Unfortunately, using standard
FISH techniques it was only possible to analyze a few predetermined portions of
the karyotype in any given hybridization. This was largely due to the limitations in
the number of available fluorochromes that could be distinguished using conven-
tional microscope hardware and imaging software. Recent advancements in fluo-
rochromes and photodetection devices, however, have enabled the simultaneous
hybridization and detection of probes labeled with multiple fluorochromes. The
net result has been the development of combinatorial labeling and hybridization
techniques known as SKY and m-FISH. Advancements in quantitative image
analysis have themselves lead to the development of a new FISH application for
whole genome analysis. This technique, CGH, is a quantitative method for com-
paring the copy number of genomic regions between control and specimen sam-
ples. Each of these two methodologies alone provide significant advances in the
way we analyze genomes, but their combination has resulted in a great leap
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forward in our knowledge and understanding of the chromosome aberrations

specific not only to tumors of different origin but also to specific developmental
stages of tumorigenesis.

10.4.1. Comparative Genome Hybridization

The complex karyotypes found in solid tumors involve multiple transloca-
tions, chromosomal aneuploidy, and the presence of small unidentifiable marker
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Figure 10.3:. A: Comparative genomic hybridization (CGH) analysis of the metaphase in B. Illustrated
is the G-banding pattern (ideogram) of each chromosome. To the left and right of the ideogram is
indicated losses (thick red bar) and gains (thick green bar) of chromosome regions, respectively. To the
far right of each ideogram is a series of lines. The red line indicates the loss threshold, the green line the
gain threshold, and the black middle line represents no change in the chromosome content. Superim-
posed on these threshold is a blue line representing the ratio of sample to control fluorescence (courtesy
of C. Montagna). B: Spectral karyotype analysis (SKY) of a liver-derived mouse tumor showing
multiple chromosome rearrangements (chromosomes 3, 4, 7, and 10), deletions (chromosomes 12 and
X), gains (chromosomes 5, 16, and 19) as well as a strain specific polymorphism (chromosome 8, small
centromere on right chromosome). Although a fragment of chromosome 19 has been inserted into the
middle of chromosome 3, no material from chromosome 3 appears to be lost at the resolution of CGH
(10.3A). Translocation of chromosomes 4 to one another, however, resulted in the loss of telomeric
DNA from one chromosome and loss of centromeric DNA from the other. Reciprocal translocation
between chromosomes 7 and 10 appears to be balanced since no material from either chromosome was
gained or lost. Monosomy of chromosomes 12 and X as well as trisomy for chromosomes 5, 16 and 19
are all reflected in the CGH pattern of these chromosomes (courtesy of C. Montagna) (continued).
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chromosomes. As a result, it is often impossible to know with certainty whether
any genomic material has been gained or lost during the development of the tumor.
A copy number change in individual genes of interest could be assessed by
interphase or metaphase FISH, but until recently a comprehensive genome screen
has not been possible. Comparative genome hybridization, or CGH, is a two-color
FISH strategy that does not require growing cells.® As such, archived material is
amenable to analysis at a later date. The technique involves nick translation
labeling of total genomic DNA isolated from tumor and control samples with
different fluorochromes. For illustrative purposes let us use rhodamine-dUTP (red
fluorescence) for the control and fluorescein-dUTP (green fluorescence) for the
tumor. These samples are pooled in a one-to-one ratio, combined with human Cot
I DNA to suppress repetitive elements and hybridized to normal human metaphase
preparations.

The ratio of fluorescence intensities of the two fluorochromes is measured
along the length of each chromosome (Figure 10.3A). Sequences represented at
the same copy number in the two genomes will hybridize as an equal ratio of the
two colors giving a value of 1.0. Loss of chromosomal regions in the tumor will
appear as regions with a ratio of red to green fluorescence greater than 1.0. Gain of
material will result in greater hybridization of the tumor DNA (red) and a shift in
the red to green ratio to values less than 1.0. The ability to make quantitative
measurements requires fluorescence image acquisition using a charge-coupled
device (CCD) camera and optical filters specific for the emission spectra of each

X

Figure 10.3. (Continued)
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fluorochrome. Special software packages compare the ratio of fluorescence inten-
sities and output karyotype with pseudocolored chromosomes representing gains
and losses. A karyotype can also be produced which displays the red to green ratio
along each chromosome as a histogram. This is important for determining how
many copies of a particular region have been gained or lost in the tumor sample.

Since the introduction of this technique in 1992, CGH has been applied to
nearly all types of human cancers (reviewed in references 81-83). This has
resulted in the identification of tumor-specific and stage-specific aberrations that
otherwise would have been unnoticed or more difficult to identify by conventional
banding techniques. It has now become clear that what was originally thought to
be a chromosome mess or a mere reflection of acquired secondary cytogenetic
aberrations in solid tumors is actually a very specific gain or loss of genomic
material. Determination of this pattern of copy number changes and identification
of the genes found in these chromosomal regions will enable us to better under-
stand the sequence of events on the molecular level which leads to the develop-
ment of tumors in a tissue-specific manner. The ability to determine the particular
developmental stage of a tumor based on its pattern of genomic gains and losses
will have diagnostic and prognostic value. As we learn more about the different
stages of tumorigenesis, we will be in a better position to tailor treatment to
individual tumors based on their genetic profile.

10.4.2. Spectral Karyotyping

While CGH is a useful technique for the quantitation of genomic imbalances,
it is often useful to also visualize balanced chromosomal translocations. As
mentioned above, chromosome banding has limitations, especially in the analysis
of tumor karyotypes. Individual chromosome paints can be used to look at
chromosomes suspected of being involved in a rearrangement but are not practical
for obtaining an a priori assessment of genomic organization. Spectral karyotype
analysis involves the simultaneous hybridization of all chromosome-specific
painting probes to metaphase spreads.”®® This technique uses five different
fluorochromes. Each chromosome-specific library is PCR labeled using a degen-
erate oligonucleotide primer (DOP-PCR) and a unique combination of the five
fluorochromes. For instance, chromosome 1 may be labeled with rhodamine (red
fluorescence), chromosome 2 with fluorescein (green), chromosome 3 with Cy5
(blue), chromosome 4 with rhodamine and Cy5 (red and blue), chromosome 5
with fluorescein and Cy5 (green and blue), and chromosome 6 with rhodamine
and fluorescein (red and green). By using a combinatorial labeling scheme, the
number of probes that can be distinguished has increased from 3 to 6. Increasing
the number of fluorescent molecules to 5 allows the distinction of up to 31
different chromosomes (reviewed in reference 67).
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The use of an interferometer attached to the CCD camera allows an analysis
of the light with wavelengths between 400 and 800 nm captured at each pixel of
the camera chip. A Fourier transformation is performed on the data which results
in the generation of an emission spectrum for each pixel. This is translated into an
RGB display and the end result is a metaphase spread in which each chromosome
has a distinct color. The chromosomes are automatically arranged into a karyotype
based on their detected emission spectra and the combinatorial table, which
indicates the labeling scheme used. Translocations are seen as the juxtaposition of
two or more different colors on a single chromosome (Figure 10.3B; i.e., chromo-
somes 7 and 10). This technique also enables the identification of marker chromo-
somes which either had no Giemsa bands or in which the banding pattern did not
resemble that of any normal chromosome.**® The combination of SKY and band-
ing patterns (with either Giemsa or the fluorochrome DAPI, which gives a reverse
banding pattern) is a potent tool for the band identification of translocation break-
points. FISH with individual clones in the region is useful for localizing the break-
point to an individual clone. Designing primers and sequencing the region eventu-
ally leads to the identification of the exact breakpoint where the translocation
occurred and the genomic reorganization of nearby candidate genes. Direct join-
ing of two different gene segments can result in the formation of fusion proteins.
These are seen in a wide variety of lymphoid tumors and are thought to be one of
the causative agents responsible for tumorigenesis. The morphological similarity,
and often poor quality, of mouse chromosomes makes SKY a particularly useful
tool for the analysis of tumors found in murine models of human cancers.”*
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perspectives, 233
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PCR modification, 80-81
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future prospects, 57
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reagentless, 284-286
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high-throughput systems, 35-36
selection of formats and systems, 55, 56,
57, 58
energy transfer studies, 113
lifetime detection, on-the-fly
data analysis, 133
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Capillary electrophoresis (cont.)
lifetime detection, on-the-fly (cont.)
sequencing, 138-146, 147
STR analysis, energy transfer labels, 120-122
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6-Carboxyrhodamine, 93, 94
6-Carboxy-X-rhodamine, 79-80
Cassettes, energy transfer labels
biotinylated, 122-124
primer construction, 116-117, 118, 119
cDNA
arrays, 217, 219, 221
FISH, 294
CGH (comparative genome hybridization),
296, 300, 308
CHEF gel electrophoresis, 261
Chelates, lanthanide, 177, 185; see also specific
chelators
hybridization, 74-75
photostability, 190
representative, 178-182
Chemical solid-phase synthesis, array probes,
220
Chronopotentiometry, 272
Circular DNA, flow cytometry, 247, 266
Collisional quenching, 84, 85
Combinatorial labeling, FISH spectral
karyotyping, 310
Comparative genome hybridization (CGH),
296, 300, 308
Competitive primers, 96
Competitive probe assay, 91
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interactions, 85-86
Confocal geometry
array readers, 223, 224-225
DNA sequencing, 36
Conformation
flow cytometry, 247, 266
nucleoside analogues and, 160, 171
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CyA
energy transfer studies, 109
biotinylated cassettes, 122-124
emission spectra, 116
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Cy2 array probes, 222
Cy3
arrays, 221, 222, 224
lanthanide resonance energy transfer, 193
microarray image analysis, 226, 229
on-the-fly lifetime detection, 135, 140, 141-
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Cy5s
arrays, 221, 224
DNA sequencing, 60
FISH, 293
hybridization, 93
lanthanide RET, 193-195
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protein-induced DNA bends, 198-199
microarray image analysis, 226, 229
Cy5.5, 222
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Cyanine dyes: see also specific dyes
array probes, 221, 222
DNA sequencing, 43
energy transfer studies, 113
Cyclic voltammetry, biosensors, 272
CyDye, 221

DABCYL labeling, 222
DAPI, 311
DAS, 154-155
DELFIA (dissociation-enhanced lanthanide
fluorescence immunoassay), 180, 181,
182-183, 185, 187-189
Demodulation factor, 131
Deoxynuclcotides: see Dideoxynucleotides;
Nucleoside analogues; Nucleotides,
labeled
Detection systems: see specific systems
4'.5"-Dichloro-2',7" -dimethoxy-6-
carboxyfluorescein, 79-80
Dichloro-substituted TMR (dTMR), 140
Dideoxynucleotides (ddNTPs), 10, 12-13
energy transfer studies
Sanger dideoxy chain termination
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319

Dideoxynucleotides (ddNTPs) (cont.)
energy transfer studies (cont.)
template directed dye terminator
incorporation, 124
terminators, 119
hybridization, 94
Diffusion
and FISH spatial resolution, 303
hybridization, 90
4,4-Difluoro-4-bora-3,4alpha-diaza-s-indacene
propionic acid: see BIODIPY reagents
Digioxigenin, FISH, 81, 293, 295, 300, 302
Diketone antennae, lanthanide, 180
Dimeric dyes, 144, 222, 279; see also TOTO-1
Dimers, primer, 96
Dimethoxytrityl protecting groups, biosensors,
279
4-(4'-Dimethylaminophenylazo)benzoic acid,
93
Dinitrophenol
FISH, 293, 300
lanthanide chelates, 79
Dipicoloinic acid, 185
Dipyrrometheneboron (BIOIPY) reagents: see
BIODIPY reagents
Dissociation-enhanced lanthanide fluorescence
immunoassay (DELFIA), 180, 181, 182-
183, 185, 187-189
Dithiothreitol (DTT), 33, 118
DMAP
fluorescence properties, 174
nucleoside analogues, 153, 154, 155
DNA bends, protein induced, LRET, 197-201
DNA biosensors: see Biosensors
DNA conformation: see Conformation
DNA duplexes, biosensors, 272
DNA fragment sizing: see Flow cytometry
DNA hybridization: see Hybridization;
Hybridization assays
DNA libraries, 252-255
DNA polymerase, 72
arrays, 219
Taq sensitivity to dyes, 29
terminators, 18, 119
DNA sequencing
arrays, 213-214, 218
detection, instrumentation for, 34—40
imaging systems, 37-40
scanning instruments, 36-37
detection methods, 16-21, 22
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DNA sequencing (cont.)
detection methods (cont.)
autoradiographic, 16
fluorescence, 1621, 22
dye primer/terminator chemistry and
detection formats, 40-59
choice of formats, 51, 53-54
four color/single lane, 50-51, 52
single color/four lane, 43, 45, 46
single-color/four lifetime sequencing, 54—
58
single color/single lane, 45, 47, 48
two color/single lane, 47-50, 51
electrophoresis, modes of, 10-11, 14-16
capillary gels, 15-16
slab gels, 14
energy transfer studies, 105-106; see also
Energy transfer labels
factories for, 2-3, 5
fluorescent dyes for, 21, 23-34
ET, 30-32
near-IR, 32-34
properties of, 23-24
visible, 24-30
flow cytometry fragment sizing, 244, 246—
247
gene function, 2
genome organization, 1-2
lanthanides, LCTFs, 202
microarray applications, 230
on-the-fly lifetime detection, 138-146, 147
primary structure, methods for determining,
6-10, 12-13
Maxam-Gilbert sequencing, 7-10
Sanger chain termination method, 10, 12—
13
single molecule, 59-65
structure of DNA, 4, 5-6
nucleotide bases, 4, 5
Watson—Crick base pairing, 4, 5-6
types of, 2-3, 5
DNA triplexes, biosensors, 272
Double-strand-specific dyes, 96; see also
Intercalating dyes
dNTPs: see Nucleotides, labeled
dTMR (dichloro-substituted TMR), 140
DTPA chelates, 74-75, 180, 185
Dual-label assays: see Two-label applications
Duplexes, DNA, 272
Dye-dependent mobility shifts, 43, 57, 120

Index

Dye exchange between fragments, 144, 145
DYEnamic reagents, 106
primers, 113, 114, 115, 116
terminators, 119, 120
Dye substitution, near-IR dyes, 33, 34
Dynamic quenching, nucleoside analogues,
160-161

Electrochemical biosensors, 272
Electroelution, flow cytometry, 261
Electrophoresis
capillary: see also Capillary electrophoresis
DNA sequencing, 10-11, 14-16, 35-36
capillary gels, 15-16
on-the-fly lifetime detection, 140
slab gels, 14
lanthanide-labeled DNA, 197-198
nucleoside analogues, 157
on-the-fly lifetime detection, 140
ELISAs, lanthanide, 182
End point detection, PCR products, 91
Energy transfer
hybridization, 83, 86, 94
lanthanide-labeled DNA
advantages of, 193-196, 197
DNA bends, protein-induced, 107-202
donors in, 192-193
new dyes with tuneable emission color and
excited-state lifetime, 202-207
protein-DNA interactions, 197-201
nucleoside analogues, 159-161
Energy transfer efficiency, 111
Energy transfer labels, 105-125
cassettes, 122-124
biotinylated, 122-124
for construction of primers, 116-117, 118,
119
DNA sequencing, 30-32, 105-106
primers, 107-116
CI0R110, C10G, CI10T, CIOR, 113
CyA, 113, 116
DYEnamic, 113, 114, 115, 116
FAM-JOE-ROX-TAMRA, 108, 110-113
properties of, 107-108, 109
Sanger dideoxy chain-termination
sequencing, 107, 108
STR analysis with capillary array
electrophoresis, 120-122
template-directed dye terminator
incorporation, 124
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Energy transfer labels (cont.)
terminators, 117, 119-120
theory, 106-107
Enzyme-amplified lanthanide luminescence
(EALL), 77-78, 80
Enzyme and enzyme coupled labels
FISH, 302
hybridization, 72, 77, 78
nucleoside analogues
alkyl transferase, 164-165
HIV-1 integrase, 161-163
lanthanide fluorescence-based, 77-78,186-187
Enzymes, restriction: see Restriction enzymes
and digests
Ethenoadenine phosphoramidites, nucleoside
analogues, 152
1,N®-ethenoadenosine, 173-174
Ethidium bromide, 76, 85, 95-96
1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide, 279
Europium
BCPDA complexes, 186
DELFIA, 180
emission spectra and lifetime, 180-182
hybridization
PCR modification, 79
signal amplification, 77
imaging with, 189-191
lanthanide resonance energy transfer, 193

195, 198-199
LCTFs, 206
luminescence, 178-179

protein-induced DNA bends, 198-199
Excited-state lifetime: see also Lifetime
detection

F10, F10G, F10t, F10R, 112, 113, 115
Factories for sequencing, 2-3, 5
FAM
array probes, 222
DNA sequencing
on-the-fly lifetime detection, 139
two-color, single-lane, 48, 49
energy transfer studies, cassette construction,
118
near-IR dye comparison, 33
on-the-fly lifetime detection, 139
stucture and emission profile, 24, 25
FAM/JOE/TAMRA/ROX series
DNA sequencing, 30, 31
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FAM/JOE/TAMRA/ROX series (cont.)
DNA sequencing (cont.)
four-color, single-lane, 50-51
on-the-fly lifetime detection, 139
energy transfer studies, 30, 31, 108, 109, 110,
111, 112
on-the-fly lifetime detection, 139
Far-red dyes, lanthanides with, 193
FIAgen, 186
Fiber biosensors, 273-274
FISH (fluorescent in situ hybridization)
applications, 303-305, 306
chromosome evolution, 305, 307
clinical and cancer cytogenetics, 305, 306
gene mapping, 303-304
somatic hybrid analysis, 304-305
lanthanides, 189-192, 204
principles, 294-303
cytology specimen preparation, 296-299
detection and visualization, 302
DNA probe preparation, 299-300
high sensitivity detection procedures,
302-303
hybridization of probe to specimen, 302
labeling of DNA probes, 300-301
5'to 3’ nuclease format, hybridization, 92-93
Fixed thresholding method, 228
Flow cytometry, 239-268
DNA fragment sizing, 244, 246-247
apparatus, 247-248
data analysis, 248-249
A DNA, p digests, and A concatemers,
249-252, 253, 254, 255, 256, 257
sample preparation, 249
DNA fragment sizing applications, 252-255,
257-265
bacteria species and strain discrimination,
260-265, 266, 267
PAC clones, 252-255, 258, 259
PCR fragments, 255, 258-259, 260, 261
FISH, 299
hybridization, PCR modification, 80-81
single molecule detection, 239-244, 245
Fluorescein
autofluorescence in imaging studies, 190
biosensors, evanescent wave, 276
chemical structures and emission spectra, 17
DNA sequencing
on-the-fly lifetime detection, 139
two-color, single-lane, 49-50
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Fluorescein (cont.)
hybridization, 93, 94
lanthanides with, 193, 204-205, 206
on-the-fly lifetime detection, 139
terminators, energy transfer studies, 119
Fluoresceinamide, arrays, 221
Fluorescein-based dyes: see also FAM; FAM/
JOE/TAMRA/ROX series; JOE
energy transfer studies, 108, 109, 110, 111,
112, 118
FITC (fluorescein isothiocyanate)
array probes, 222
array readers, 224
DNA sequencing, 22, 23
FISH, 293, 295
intracellular transport of oligonucleotides,
170
hybridization, PCR modification, 79-80
on-the-fly lifetime detection, 139, 140, 141, 144
TAQ sensitivity, 29
Fluorescein-dTMR, 140, 141, 144
Fluorescence correlation analysis, 95
Fluorescence detection: see specific methods
Fluorescence lifetime: see Lifetime detection
Fluorescence polarization, 89-90, 95
Fluorescent in situ hybridization: see FISH
Fluorosalicylic acid phosphate ester (FSAP),
186-187
5-Fluorosalicyl phosphate, 77-78
Forster energy transfer, 30-32, 83; see also
Energy transfer labels
Four-color applications: see also Multiplex
analysis
array probes, 222
DNA sequencing, 50-51, 52, 138-139
energy transfer studies, 108-113
on-the-fly lifetime detection, 138-139
Fourier transform, 133, 217
Fragmentation, arrays, 217
Fragment sizing
energy transfer studies, 106
flow cytometry: see Flow cytometry
Frequency domain detection, 130, 139
FRET: see Energy transfer
Functionalized probes: see also specific
functional groups
array fabrication, 215
biosensors
evanescent wave, 276, 277
fluorimetric, 274

Index

GAP-LCR, 81-82

GC-rich templates, terminators, 119

Gel electrophoresis: see Electrophoresis

Gel pads, arrays, 216

Gel shift assays, lanthanide-labeled DNA, 197-
198

Gene chips, arrays, 216-217

Gene expression: see specific techniques

Genome organization, 1-2

Giemsa, 311

Glutaraldehyde autofluorescence, 190

Glycidyloxypropyltrimethoxysilane, 277

Guanosine analogues, 153-154, 155, 156, 157,
174

Hairpin structures
hybridization, 86, 93, 94
rhodamine dyes and, 29
Heteroduplex formation, PCR, 81
Heterogeneous hybridization: see Hybridization
assays
Hexaethylene glycol, 279-280
High-throughput DNA sequencing, 36
HLA typing, 92
HMG (high mobility group) proteins,
lanthanide resonance energy transfer,
198
Homodimer dyes, array probes, 222
Homogeneous hybridization: see Hybridization
assays
Horseradish peroxidase, 72, 77, 78
Human artificial chromosomes, FISH, 299
HU protein, 167-170
Hybridization
arrays, 217
array probes, 222
biosensors, 272
evanescent wave, 277-278
fluorimetric, 273
comparative genome, 308-310
flow cytometry, PCR modification, 80-81
in situ: see FISH
lanthanide cryptates, 183
Hybridization assays
amplified, 71-72
heterogeneous, 72-82
heterogeneous, amplified, 76-82
signal amplification, 77-78
target amplification, 78-82
heterogeneous, non-amplified, 72-76
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Hybridization assays (cont.)
heterogenous versus homogeneous, 70-71
homogeneous, amplified, 91-96
binding dyes, 95-96
dual interacting label, 91-94
single label, 95
homogeneous, non-amplified, 82-91
dual label, 82-88
single label, 88-91
Hydrodynamic focusing, flow cytometry, 240,
247

Imaging systems
array data analysis, 225-229
array target segmentation, 226-227
background intensity extraction, 227
multiple image analysis, 229
ratio analysis, 228-229
target intensity extraction, 228
array readers, 224-225
DNA sequencing, 26, 37-40
lanthanide-labeled DNA, 189-192
Immunoassays, lanthanide
hybridization, 75, 77, 78, 80-81, 82
lanthanide (DELFIA), 75, 180, 181, 182—-183,
185, 187-18
Indium-tin-oxide (ITO) electrodes, 287
Ink Jet printer deposition, array fabrication, 215
In situ hybridization: see FISH
In situ syntheses, array sample preparation,
216-220
Integrase assay, pteridines, 161-163
Intensity extraction, 225
Intercalating dyes
array probes, 222
flow cytometry, 244, 246
hybridization, 76, 95-96
label interactions, 85
single label formats, 89
on-the-fly lifetime detection, RFLP, 143-146
Interferometry, biosensors, 272
Internal labeling
DNA sequencing, 49-50
hybridization, 91-92
Intrinsic mode biosensors, nonevanescent,
279-281, 282, 283, 284
IRD800, 222
Isoluminol, 84-85
Isothermal SDA reactions, 95
Isothiocyanate functional groups, near-IR dyes, 33
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JA169, 60
JA242, 60
JOE, 24, 25; see also FAM/JOE/TAMRA/ROX
series
array probes, 222
DNA sequencing
on-the-fly lifetime detection, 139
two-color, single-lane, 48, 49

Karyotype analysis, FISH, 307-311
Kinetic PCR, 93
Klenow fragment, 173

ADNA, w digests, and N concatemers, 249—
252, 253, 254, 255, 256, 257
Landing lights, microarrays, 226
Lanthanide-labeled DNA, 177-207
alternative time-resolved probes, 192
chelates, representative, 178-182
hybridization, 74-75
interactions of labels, 88
signal amplification, 77-78
imaging, 189-192
multiple labeling and selected applications,
183-189
resonance energy transfer
advantages of, 193196, 197
DNA bends, protein-induced, 197-202
donors in, 192-193
new dyes with tuneable emission color and
excited-state lifetime, 202-207
protein-DNA interactions, 197-201
sensitivity, 182-183
Laser capture microdissection, 234
Lasers: see specific systems
LCR amplification, 81-82
LCTF (lifetime and color tailored
fluorophores), 202207
Least squares analysis, on-the-fly lifetime data,
133
Libraries, flow cytometry applications, 252—
255
Lifetime and color tailored fluorophores
(LCTF), 202-207
Lifetime detection
DNA sequencing, single color/four lifetime,
54-58
flow cytometry, 240, 242
lanthanide resonance energy transfer, 196
LCTFs, 206-207
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Lifetime detection (cont.)
lanthanide resonance energy transfer (cont.)
new dyes, 202-207
nucleoside analogues, 155, 156, 160
on-the-fly, 129-147
data analysis, 133
detection, 133-137, 138
measurement, 131-133
RFLP analysis, 142-146, 147
sequencing, 138-146, 147
Linearization of circular/supercoiled DNA, 247
Loss of heterozygosity analysis, 120-122
LRET: see Lanthanide-labeled DNA
Lumazine, 86

M13 primers, on-the-fly lifetime detection,
133-135
Magnetic collection, hybridization products,
80-81
y-Maleimidobutyric acid
N-hydroxysuccinimide ester, 278
Mann-Whitney method, microarray image
analysis, 228
6-MAP
fluorescence properties, 174
nucleoside analogues, 153, 154, 155
Maxam-Gilbert sequencing, 7-10
Maximum likelihood estimator (MLE), DNA
sequencing, 56-57
Maxwell-Garnet theory, 280
Melting temperatures, pteridines, 156-157,
159-161
Membrane supports
array fabrication, 214
hybridization targets and probes, 72
Mercaptomethyldimethylethoxysilane (MDS),
276, 278
Metal chelators: see Chelates, lanthanide
Methylumbelliferone phosphate, 82
3-MI
alkyl transferase, 164-165
anisotropy measurements, 167-170
bulge hybridization probes, 164-165
fluorescence properties, 174
HIV-1 integrase, 162-163
intracellular transport of oligonucleotides,
170-171
nucleoside analogues, 153, 154, 156, 157
fluorescence, 155, 156
fluorescence properties, 158
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3-MI (cont.)
nucleoside analogues (cont.)
pH effects on fluorescence, 154-155
pH titration, 161
6-MI
DNA conformation studies, 171
fluorescence properties, 174
nucleoside analogues, 153, 154, 156, 157
fluorescence, 155, 156
fluorescence properties, 158
pH effects on fluorescence, 154-155
pH titration, 161
Microarrays: see Arrays
Microelectrodes, array fabrication, 215
Miniaturization, flow sizing of DNA restriction
fragments, 268
Mismatch (MM) probes, 217, 218
Mobility shifts, dye-dependent, 43, 57, 120
Molecular beacon hairpin prober, 93
MR-200-1, 60
mRNA, arrays, 217, 219-220
w digests, flow cytometry, 249-252, 253, 254,
255, 256, 257
Multiharmonic Fourier transform phase-
modulated fluorimeter (MHF), 130,
131-132
Multiple image analysis, arrays, 229
Multiple PCR target sequences, hybridization,
79-80
Multiplex analysis: see also Four-color
applications
biotinylated cassettes, 122-123
DNA sequencing, multichannel detectors for,
36
energy transfer studies, 115, 122-123
FISH, 307
lanthanide, 183-189
on-the-fly lifetime detection
DNA sequencing, 138-139
RFLP, 143-146
spectral overlap, 129-130
Multiplexed extrinsic mode fiberoptic
microarray biosensors, 273-274

Naphthalocyanine dyes, array probes, 222
NBD, 21, 22
chemical structures and emission spectra, 17
on-the-fly lifetime detection, 136-137, 138,
139
NBD aminohexanoic acid, 136-137, 138
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NBD-fluoride, 139
Near-IR fluorescence, DNA sequencing, 32—
34, 57, 58, 139
Nick translation protocol, 293
Ninety-six lane format, DNA sequencing, 36—
37
Nonlinear least squares analysis, on-the-fly
lifetime data, 133, 140
Nucleoside analogues, 151-175
2—-amino purine, 171-173
applications, 172-173
background, 171-172
arrays, 217
l,N°—ethenoadenosine, 173-174
pteridine, 152-161
melting temperatures, 156-157, 159-161
oligonucleotide fluorescence, 155-156,
158
pH effects on fluorescence, 152-155
properties of, 153-154
pteridine, applications, 161-175
alkyl transferase coupled assay, 163-165
anisotropy, 167-170
bulge probes, 164-166
DNA conformation, 171
integrase assay, 161-163

oligonucleotides, intracellular transport of,

170-171
summary and outlook, 174-175
Nucleotides, labeled
dideoxy (ddNTPs): see Dideoxynucleotides
DNA sequencing, 49-50, 61, 63
energy transfer studies, 107, 108

5-tert-Octylsalicyl phosphate, 78
On-the-fly fluorescence lifetime detection,
capillary electrophoresis
data analysis, 133
detection, 133-137, 138
measurement, 131-133
RFLP analysis, 142-146, 147
sequencing, 138-146, 147
Ordered shotgun sequencing, 67
Organelles, lanthanide staining, 185
Orientation markers, microarrays, 226, 227
Oxazole yellow (YO)
hybridization, single label formats, 89
on-the-fly lifetime detection, RFLP, 143,
144-145, 146, 147
YOYO, 144, 222, 279
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Padlock probes, 72
Painting probes, FISH, 294
Palladium porphyrin-based probes, 192
Paraaminosalicylate antenna, lanthanide, 180
Parallel data acquisition, 217
PCR: see Polymerase chain reaction
Peak current at constant potential, biosensors,
272
Peptide nucleic acid (PNA), 69
Perfect match (PM) probes, 217, 218
Phagemids, FISH, 299
Pharmacogenetics, microarray applications,
230-232
Phase shift, fluorescence lifetime calculation,
131
pH, and nucleoside analogues, 152-155, 161
Phosphoramidites
arrays, 217, 221-222
energy transfer dyes, 30, 31
fluorescein, LCTFs, 206
label preparation, 18-19
lanthanide, 178
nucleoside analogues, 151-152, 174
Photobleaching, flow cytometry, 240
Photolithography, arrays, 216-217
Phred, 42
Phycoerythrin, array probes, 222
Pico-Green, 279
Planar monomodal waveguides, biosensors,
272, 277
Plants, microarray applications, 231
Plasmid artificial chromosomes (PAC)
flow cytometry, 244, 252-255, 258, 259
FISH, 294, 299
Platinum porphyrin-based probes, 192
Pockels cell, 131, 132
Point mutations, PCR modification, 81
Polarization, fluorescence, 89-90, 95
Polyacrylamide gel electrophoresis: see
Electrophoresis
Polyacrylamide gel pads, arrays, 216
Polylysine DTPA-pAS polychelate system, 185
Polymerase chain reaction (PCR)
energy transfer studies
STR analysis, 120-122
template directed dye terminator
incorporation, 124
FISH, 299, 301, 310
flow cytometry
fragment sizing, 255, 258-259, 260, 261
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Polymerase chain reaction (PCR) (cont.)
flow cytometry (cont.)
hybridization, 80-81
hybridization, 78-82
nucleic acid binding dyes, 96
PCR product end point detection, 91
single label formats, 95
lanthanide, 187-189
microarray applications, 233
reverse transcriptase
hybridization, 93, 96
lanthanide, 187
microarray applications, 233
spectral karyotyping, 310
POPO-3, 222, 250, 254, 255, 259
PO-PRO-3, 222
Porphyrin-based probes, 192
Post-labeling, arrays, 220-221
Primer extension, hybridization, 81, 93-94
Primer walking strategy, 117
Printing apparatus, arrayers, 223
Propargylamino/propargylethoxyamino linkers,
119
Propidium iodide, 96
Proteinases/proteolysis
bacteria species and strain discrimination,
261
FISH, 298
Protein complex, europium, 77
Protein-DNA interactions, lanthanide-labeled
DNA, 197201
PTERI-PTERY fluorescence properties, 158
PTERS, 155, 158
PTERY, 155, 158, 159
Pteridines, 152-161
applications, 161-175
alkyl transferase coupled assay, 163-165
anisotropy, 167-170
bulge probes, 164-166
DNA conformation, 171
integrase assay, 161-163
oligonucleotides, intracellular transport of,
170-171
melting temperatures, 156-157, 159-161
oligonucleotide fluorescence, 155-156, 158
pH effects on fluorescence, 152-155
properties of, 153-154
Pulsed—field gel electrophoresis (PFGE), flow
cytometry versus, 244, 246, 262, 263,
264, 265, 267

Index

Pulsed-field gel electrophoresis (PFGE), flow
cytometry versus (cont.)
bacteria species and strain discrimination,
261
PAC clones, 254-255, 259
Pyrenes, hybridization, 87-89
Pyrroles, array fabrication, 215

Quantitative PCR, hybridization, 96

Rank-sum hypothesis test, 228
Rapid lifetime determination (RLD) method,
56-57
Ratio analysis, 225, 228-229
Regeneration of biosensor, 279
Repeat sequences
STRs, 106, 115, 120-122
suppression with Cot I, 302, 309
Resonance energy transfer: see Energy
transfer; Energy transfer labels
Restriction enzymes and digests
alkyl transferase, 164-165
flow cytometry
bacteria species and strain discrimination,
261, 266, 269
A DNA, w digests, and A concatemers,
249-252
fragment sizing: see Flow cytometry
hybridization, single label formats, 95
lifetime detection, on-the-fly, 142-146, 147
Reverse transcription
arrays, 217, 219
RT-PCR
hybridization, 93, 96
lanthanide, 187
microarray applications, 233
Rhodamine/rhodamine-based dyes: see also
Alexa; FAM/JOE/TAMRA/ROX series;
ROX; TAMRA; Texas Red
array probes, 222
DNA sequencing
Big Dye terminators, 32; see also Big
Dye reagents
lifetime detection, on-the-fly, 139
secondary structure, 29
terminators, 27, 28, 29-30
two-color, single-lane, 49-50
DTPA-pAS polychelate, 185
FISH, 293
flow cytometry, 242, 243, 244, 245
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Rhodamine/rhodamine-based dyes (cont.)
energy transfer studies, 108, 109, 110, 111,
112, 113, 119
hybridization, 79-80, 88
on-the-fly lifetime detection, 139, 140, 141,
142, 143, 144
R-6G, 88, 109, 110, 111, 119, 139, 140, 141,
142, 143, 144, 242, 243, 245
R-110, 109, 119, 139,244
Rhodamine green, 136-137, 138
Ribonuclease, 82, 261, 298
RNA: see also Reverse transcription
arrays, 217, 219-220
double stranded, 96
hybridization, 81, 93
Robots (arrayers), 223-225
Rolling circle amplification, 72
ROX, 24, 25; see also FAM/JOE/TAMRA/
ROX series
array probes, 222
energy transfer studies
biotinylated cassettes, 122, 123
template directed dye terminator
incorporation, 124
terminators, 119
Ruthenium, 86

Samarium-based fluorescence, 80

Sandwich assays, 74, 75

Sanger dideoxy chain termination method, 10,
12-13

energy transfer labels, 107, 108, 120
fluorescent dyes for labeling and sequencing,

27

SDA, hybridization, 95

Secondary DNA structure, rhodamine dyes
and, 29

Selective transduction element, 284-286

Self-sustained sequence replication (3SR,
SSSR), 71, 81-82

Sensitized emission, lanthanide resonance
energy transfer, 196

Sensors: see Biosensors

Sequencing: see DNA sequencing

Short-tandem repeats (STR), 106, 115, 120-122

Shotgun sequencing flowchart, 6-7

Silicon wafers, array fabrication, 214

Single color/four lane sequencing, 43, 45, 46,
54-58

Single color/single lane sequencing, 45, 47, 48
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Single molecule detection
DNA sequencing, 63, 65
flow cytometry, 239-244, 245
Single molecule sequencing, 59-65
Single-stranded DNA
array probes, 222
biosensors
evanescent wave, 276
future, 286
reagentless, 285
sensitivity, 283, 284
FISH, 298
nucleoside analogues, 155, 159
protein-induced DNA bends, 201
synthesis on chip, 217
Size exclusion step, DNA sequencing, 50
Sizing
multiplexed STRs, 120
flow cytometry: see Flow cytometry
Slab gel electrophoresis, DNA sequencing, 14,
35-36
Slides, array fabrication, 214, 215
Solid-phase synthesis, array probes, 220
Solid support, hybridization targets and probes,
72, 74
Somatic hybrid analysis, FISH applications,
304-305
Southern blots, 77
Spatial resolution of FISH, 303
Spectral karyotype analysis (SKY), 296, 299,
301, 307, 308, 311
Spectral overlap, 129-130
Spectrum Green, 293
Spectrum Orange, 293
Spermidine/spermine, 261
Spotting method, array sample preparation,
214-216
SqST4, 43, 44
SSSR/3SR (self-sustained sequence
replication), 71, 81-82
Static quenching, nucleoside analogues, 160-
161
Steady-state fluorescence anisotropy
measurements, nucleoside analogues,
167-170
Stokes shift, lanthanides, 183, 184
STR (short tandem repeat) analysis, 106, 115,
120-122
Strand displacement amplification, 71
Streptavidin: see Avidin-biotin-streptavidin
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Structure of DNA, 4, 5-6
nucleoside analogues, 160, 171
nucleotide bases, 4, 5
primary structure, methods for determining,
6-10, 12-13
Maxam-Gilbert sequencing, 7-10
Sanger chain termination method, 10, 12—
13
pteridine labels for, 171
Watson—Crick base pairing, 4, 5-6
Succinylfluorescein, 139
Supercoiled DNA, flow cytometry, 247, 266
Suppression hybridization, 303
Surface plasmon resonance, biosensors, 272
SYBR Green, 96

T-526, 18
TAMRA: see also FAM/JOE/TAMRA/ROX
series
array probes, 222
DNA sequencing, 24, 25, 49
energy transfer studies, terminators, 119, 124
Tandem repeats, 106, 115, 120-122
Tapered fiber biosensors, 272, 278
Taq polymerase, fluorescein dyes and, 29
Target intensity extraction, 225, 228
Target segmentation, array, 225
Technicolor genome analysis, 291-311
applications of FISH, 303-305, 306
chromosome evolution, 305, 307
clinical and cancer cytogenetics, 305, 306
gene mapping, 303-304
somatic hybrid analysis, 304-305
historical perspective, 291-294
karyotype analysis, 307-311
comparative genome hybridization, 308—
310
special karyotyping, 310-311
principles behind FISH, 294-303
cytology specimen preparation, 296-299
detection and visualization, 302
DNA probe preparation, 299-300
high sensitivity detection procedures,
302-303
hybridization of probe to specimen, 302-
302
labeling of DNA probes, 300-301
Temperature, dye instabilities, 25, 27
Terbium
advantages of LRET, 193, 195
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Terbium (cont.)
emission spectra and lifetime, 180-182
enzyme-based assays, 186-187
hybridization, 78, 82
LCTFs, 204-205
luminescence, 178-179
Terminators: see specific applications
Terpyridines, lanthanide, 179, 183
Tertiary structure: see Conformation
Tethered dye transduction system, biosensor, 285
Tetrachloro-6-carboxyfluorescein, 93
Tetramethylrhodamine (TMR), 22, 23
chemical structures and emission spectra, 17
DNA sequencing
on-the-fly lifetime detection, 139
two-color, single-lane, 49-50
hybridization, 85, 93
label interactions, 85
lanthanide resonance energy transfer, 193
on-the-fly lifetime detection, 135, 136-137,
138, 139, 140
Tetramethylrhodamine isothiocyanate (TRITC)
FISH, 293, 295
flow cytometry, 240-242, 245
Texas Red, 22. 23
array probes, 222
chemical structures and emission spectra, 17
FISH, 293
flow cytometry, 243
hybridization, 94
on-the-fly lifetime detection, DNA
sequencing, 139
Thermodynamic considerations, stability of
biosensor probes, 283-284
Thermo Sequenase DNA polymerase, 119
Thiolsilane, 276
Three-color applications, array probes, 222
Three-dimensional structure: see Conformation
Thresholds, microarray image analysis, 228
Time-correlated single photon counting
(TCSPC), 55
Time-dependent intensity signal, frequency
domain, 130
Time-resolved fluorescence
DNA sequencing, 57, 58, 60
hybridization, 82, 838
Time-resolved probes, lanthanide, 192
TO, on-the-fly lifetime detection, 143
Total internal reflection fluorescence (TIRF),
274, 275
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TOTO-1
array probes, 222
flow cytometry, 249, 250, 251
bacteria species and strain discrimination,
261, 264
PAC clones, 253
PCR fragments, 259
on-the-fly lifetime detection, RFLP, 144
Transcription based amplification (TAS)
system, 71
Transduction system, reagentless biosensors,
284-286
Translational diffusion rates, hybridization, 90
Tricarbocyanine dye, 222
Tri-exponential decay curve, 3-MI, 155
Triplexes, DNA, 272, 281
Trisbipyridine (TBP) cryptate, 79
TRITC: see Tetramethylrhodamine
isothiocyanate
TTL-like pulse output, flow cytometry, 248
Tuneable emission color, lanthanide-labeled
DNA, 202-207
Two-label applications
array probes, 222
DNA sequencing, 47-50, 51, 53, 65
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Two-label applications (cont.)
energy transfer studies
biotinylated cassettes, 122, 123
STR analysis, 120-122
flow cytometry, 243, 268
hybridization
amplified, interacting label, 91-94
nonamplified, homogeneous, 82-88
microarray image analysis, 228
Two-point calibration, flow cytometry, 267
Tyramide signal amplification (TSA), 186
Tyramine amplification system (TAS), 78

UV detectors, 63, 65, 131, 274
Visible dyes, DNA sequencing, 24-30

Watson—Crick base pairing, 4, 5-6, 27
Waveguides, biosensors, 272, 277

Yeast artificial chromosomes (YACs), 7, 294,
299, 304

YO: see Oxazole yellow

YO-PRO-1, 96

YOYO, 144, 222, 279





