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ABSTRACT

Capillary electrophoresis has many attributes which are desirable in DNA
separations, namely, speed, high resolution, direct quantitation, and complete
automation. The goal of this work has been to develop a CE system to rapidly
evaluate forensic DNA samples, principally those derived from the polymerase chain
reaction. Factors affecting resolution, sensitivity, and precision have been studied in
order to obtain a CE system which performs in a rapid, reliable, and reproducible
manner. Separations were found to be primarily dependent upon the concentration
and length of the cellulose sieving medium. Sequence dependent binding of DNA
intercalators is also described.

This work describes several improvements in the separation of DNA fragments
by capillary electrophoresis, including (a) new methods for injection of DNA from
highly ionic matrices, (b) significant reduction in separation time without diminishing
resolution, and (c) stable operating conditions for routine analysis. The use of a
single internal standard for precise quantitation of PCR products and dual internal
standards for precise sizing and accurate genotyping of PCR-amplified DNA is also
shown. Peak area precision of 3% R.S.D. and peak migration time precision of
<0.2% R.S.D. may be obtained with appropriate internal standards and conditions.
In addition, direct comparisons to conventional methods of PCR product analysis have

been made to demonstrate the validity of the CE results.
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EXPLANATORY NOTES

Chapter Table of Contents. At the beginning of each chapter, a detailed outline has
been included to guide the reader.

Footnotes. Additional material, which clarifies but may digress from the flow of the
text, has been arranged as footnotes following the final chapter. These
footnotes are designated in the text by the chapter number followed by
sequential lettering.

Appendices. Three appendices are included which may benefit the operational use of
this technique. The first appendix is a survey of the CE/DNA literature and
evaluates the DNA samples, CE instruments, conditions, and detection
schemes used by researchers in the field. The second appendix contains a
troubleshooting guide for the Beckman CE instrument, in which common
problems are discussed with effective solutions. The third appendix includes
ideas and materials which will be useful as this technique is prepared for
admission to the courtroom. |

Literature Survey. A current literature survey has been included in the order in which
I discovered them. References in the text are made to this database listing.

As capillary electrophoresis and DNA typing are both rapidly expanding fields,

these references can provide a valuable footing for future researchers.
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I. Introduction

With the high rate of violent crime, there has been a growing need to
effectively identify the perpetrator. For example, in 1991 alone, over 100,000 rapes
were reported in the United States and almost 750,000 violent crimes were committed
[548]. In many of these cases, biological.matedal from the criminal was left at the
crime scene. Since each person has a unique DNA sequence within the nucleus of
their cells that makes them genetically different from everyone else (except, of
course, an identical twin), techniques which examine the DNA structure are the
ultimate source of information about the identity of an individual (1A).
Unfortunately, determining the complete sequence of an individual is currently
prohibitive in terms of both time and cost. Instead, techniques, such as DNA typing
or profiling, have been developed to examine differences between individuals at
various locations within variable regions of the human genome. This has brought
about a dramatic advance in law enforcement and the criminal justice system since
DNA evidence can be used in so many violent crimes [548].

Besides being useful in directly relating crime scene evidence to a suspect, the
DNA profiles of violent criminals may be utilized in much the same manner as
~ fingerprints have been in the past: to identify an unknown suspect who is a repeat
offender. The importance of such information is illustrated in the fact that an
estimated 60% of released felons are rearrested in less than 3 years [548]. Many
states have established DNA data banks with the profiles of convicted felons which

can aid in the identification of a criminal who leaves biological material at a crime



scene or the exclusion of a falsely associated individual [343,548].

The large number of samples that could be potentially analyzed emphasizes the
need for‘ fast, efﬁcient, and automated méans of ‘DNA typihg. For éiample, the state
of Virginia receives Gbetween 1,500 and 2,000‘samp1‘es per month from convicféd
félons, but can only pfocesS aﬁout 3,000 per year using traditional restricﬁon |
fragment length polymorphism techniques “[343]. The Department of Defense (DOD)
has an even greater problem. They have i)een collecting DNA Samples from all
Servicé members for usé.as "bNA dog t;gs." The collected DNA proﬁlés; wiﬁ help
confirm the .‘identi‘ties of tﬁose éoldiéfé kllled in éccidénts 6r on the battleﬁelvd.v The
DOD estimates that samples will be obtained from over 2.5 million U.S. service
personnel by the end of fhe century [343]. The technology necessary to prbcéss such
a large database of samples in the event of war or mass disaster is nc;t évaii:ibié. For
this reason, more autorriéted and rapid procedures ére needed to process this
information. The use of capillary electrophoresis has the potential to alleviate this
problem. The goal of this reseafch haS been to develop a greater understanding of the

processes and practices involved in the application of CE to DNA typing.



II. DNA Typing and RFLP Methods

DNA is composed of a four letter alphabet which spells out the genetic
blueprint of an individual. While most of the human genome is exactly alike between
individuals, variations (polymorphisms) do exist, principally in non-coding regions.
DNA typiﬁg examines the variability in DNA length or actual base sequence among
individuals at discrete locations in the genome. Two principle methods for DNA
typing are currently used: the restriction fragment length polymorphism (RFLP) and
the polymerase chain reaction (PCR).

Alec Jeffreys of Leicester University in England is credited with the
discovery of hypervariable regions in DNA [212] and their sﬁbsequent application to
forensic DNA typing [178,292] (1B). DNA typing was first used in a forensic
context to solve a murder/rape case in Narborough, England in 1987 [680]. Since
DNA typing crossed the Atlantic Ocean in the late 1980s, commercial laboratories
such as Lifecodes (Stamford, CT) and Cellmark (Germantown, MD) have used it in
paternity testing and later criminal cases. The FBI Laboratory began processing
criminal cases involving DNA evidence in December 1988 after several years of
research and evaluation at the Forensic Science Research and Training Center
(ESRTC), FBI Academy, Quantico, Virginia [685]. Since that time, numerous state
and local forensic laboratories have begun DNA testing.

The most common DNA profiling technique is restriction fragment length
pblymorphism (RFLP) analysis using variable number of tandem repeat (V. NTR)

probes [343,347]. This particular application of RFLP makes use of the fact that



sequence and/or length variations in nonfcoding regions ‘of DNA can be used to
d1st1ngu1sh among 1nd1v1duals ina populatlon As these VNTR reglons of DNA are
| mhented in a Mendehan fashlon they can be used in patermty test1ng as well as
forens1c cases [428] The RFLP process 1nvolves many techmcal steps which are
t1me—consum1ng and not eas11y automated (Figure 1-1). In fact th1s entire process
can take from several days to a week to complete Add1t10na1 loc1 can be typed after
:removmg the prev1ous probe and repeatlng the hybndization process (see 1C) Since
six probes are usually hybndized sequentially ina forensrc case, the entire process
can take 6-8 weeks to obtain results Gf radloactive probes are used)
| From an analytical standpomt RFLP presents several challenges. First a

large number of alleles may occur due to va.nations in the length of the VNTR or the
location of restriction sites. To produce a frequency est1mate of an allele the

individual bands must be placed into a particular size range or b1n based upon ra
companson to markers run in neighbonng lanes [684]. Second, the resolvmg
capab111ty of the agarose gel system is not uniform over the entire range For )
example, alleles Wthh differ in size by 100 bp may be resolved at 1000 bp (e g. 1000
& 1100) butnot at 10,000 bp (e.g. 10,000 & 10,100). Resolution between RFLP
bands can vary due to the band widths., which is a function of the quantity of DNA in
the sample, size of the fragment size of the repeat sequence, and the exposure time
of the autoradiographic film [684] The large quant1t1es of 1ntact high molecular

weight DNA needed for RFLP are sometimes not available in forens1c srtuahons
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Figure 1-1. The restriction fragment length polymorphism (RFLP) process. Adapted from [343].

See 1C for a detailed description of RFLP.



While RFLP has proven reliable and an effective means for high degrees of
discrimination among individuals [343,516,668], it remains a lengthy and laborious
process. Detection with radioactive probes is becoming increasing unpopular in the
wake of more stﬁngent requirements of those dealing with radioactive materials and
their disposal. Many labs have converted to chemiluminescent detection 6f tﬁé VNTR

| probes [260]. Still others are looking toward new technologies, such as the

polymerase chain reaction, which offer great sensitivity and speed [152,323].



III. PCR-BASED METHODS

A. THE POLYMERASE CHAIN REACTION (PCR)

Since its inception in the mid 1980s, the polymerase chain reaction (PCR) has
revolutionized.the field of molecular biology [168,173,174,184]. The impact of PCR
has been such that its discoverer, Kary Mullis, shared the 1993 Nobel Prize in
Chemistry, less than 10 years after its introduction. With PCR, specific regions of a
small quantity of DNA molecules can be amplified to a readily detectable level. It is
generally believed that many of the perceived limitations of RFLP will be overcome
by PCR. The popularity of PCR is such that new applications are constantly being
developed in the fields of medical diagnostics, forensic science, and molecular

genetics [171,178,180,181].

1. The PCR Process

PCR might be considered a molecular xeroxing process. With this in vitro
reaction, nanogram quantities of genomic material are copied repeatedly in a three-
step cycle [173]. A solution containing a DNA template, two oligonucleotide
primers, the four deoxyribo-nucleotide triphosphate building blocks (dNTPs), and a
thermal stable DNA polymerase (from the thermophilic bacteria Thermus aquaticus)
[168] is prepared (Figure 1-2). These reagents are all combined in 50 mM KCl,
10mM Tris-HCI, and 1.5 mM MgCl, buffer, usually in a 50 uL volume. This DNA
"cocktail" is then placed in a thermal cycler device which can rapidly and precisely

change the temperature of the solution (1D). In theory, with 32 temperature cycles, a



billion copies of a single DNA template can be amplified in a matter of hours [181].

template DNA

S - ™\ dNTP building blocks Prlmer
\ _Frimer _ dNTP building blocks“:“ { h ®

template DNA -

(@ Denature - separate DNA strands

Q

&) at95 C

o < @ Anneal - bind primers

5 , at60 C “ | )
- @ Extend -link dNTPs to primers U L

at72C
Figure 1-2. Components of the polymerase chain reaction and the effects of temperature cycling.

2. Detection of Amplicons and Determination of i’rodixét Size

Agarose gel electrophoresis with ethidium bromide staining is the standard
technique for amplicon (PCR product) detection in most molecuiar biology |
lﬁborn;oﬁee t321] (E). ;The conventional method of determining DNA fragment size
is by comparison to a standard in an adjacent lane. Since multiple lanes can be run
on each gel, this side-by-side comparison is possible. If quantitative information is
desired, the gel is scanned using a densitorneter, and results are vcoxfnpared to
reference standaide. When higher resolution is desired (than can be afforded by
agarose), cross-linked polyacrylanude gels contammg smaller pores can be used
[241] An alternatwe for PCR product sizing is capillary electrophores1s [152 559]

The development of this technique will be d1scussed in the following chapter
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B. THE USE OF PCR IN DNA TYPING

The speed, sensitivity, and specificity afforded by use of the polymerase chain
reaction, along with the ability to examine degraded DNA, have made PCR-based
methods the next generation of DNA typing techniques for forensic laboratories [323].
Analysis times are on the order of days rather than the weeks required for RFLP. In
addition, alleles are formed in discrete sizes and thus can be evaluated without
determining their base pair size. Most of the forensic DNA community is
investigating the use of PCR for the examination of length polymorphisms and
sequence polymorphisms (Figure 1-3). With length polymorphisms, the number of
copies of a repeated sequence can differ among individuals. Whereas with sequence
polymorphisms, the actual nucleotide sequence may differ. In either case, for PCR
methods to work, relatively constant regions on either side of the sequence or length

variable region must exist to allow binding of the PCR primers (Figure 1-3).

length polymorphism

PCR primer B

4
«—

constant variable region constant

v

v

PCR primer A

AGITT
ICdad
AGCT
TrcaeAd

sequence polymorphism

Figure 1-3. The flanking DNA sequences of length or sequence polymorphisms must be relatively
constant between individuals to allow reliable primer annealing sites for PCR.
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1. Length Polymorphisms

Tandemly repeated DNA sequences. (e.g., VNTRs or STRs) .are the primary
length polymorphisms examined in DNA typing methods. VNTR loci are usually
classified into .two groups depending on the length of the core repeat sequence: (1)
- minisatellites (VNTRs) with 9-80 bp repeats and (2) microsatellites (short tandem
repeats, STRs) with 2-7 bp repeats [664]. Both VNTRs and STRs are widespread
throughout the genome. In fact, it has béen estimated that the human genome

contains approximately 500,000 STRs [417]. Often these STR loci are associated

- with genes characteristic for genetic disorders. As a result, study of VNTR/STR loci

has become important in several fields including genetic mapping, linkage analysis,
genetic disease, and mutational studies, as well as forensic and paternity testing [159]

(1F).

Variable Number of Tandem Repeats (VNIRs)

Two common PCR-amplified length polymorphisms include the VNTRs apoB
[258,340] and D1S80 [241,259]. These VNTRs contain repeat sizes of 14 and 16 bp,
respectively, and fragments in the size range of 350-1000 bp when amplified by PCR.
Dozens of alleles can exist for many VNTR loci. ' A heterozygosity nufnber is often
used as a measure of the possible number of alleles and théir ‘fi'equency distributions.
Essentially, the heterozygosity is an indicator of the polymorphic nature of the system
and its usefulness in distinguishing among individuals (1G).

- Typing of VNTRs'(or STRs) is usually done by comparison' of an individual’s
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PCR-amplified DNA with a standard which contains a majority of the possible alleles

in the population at large. This standard, termed an allelic ladder, is formed by
mixing PCR-amplified DNA obtained from individuals who are known to possess the
desired alleles [241,419,645].

When PCR primers straddle a VNTR region, the length of the PCR product
generated for each allele is equal to the number of repeat units times the repeat unit
length plus the size of the flanking regions. Thus, in order to resolve alleles differing
by a single repeat unit, a separation system must demonstrate resolution equal to the
length of the repeat unit over the size range of possible alleles.

Several difficulties with large VNTRs have encouraged some researchers to
look for loci with smaller repeats. "Allelic dropout,"” a situation where the larger
allele of a heterozygous individual fails to amplify because it is not as efficiently
extended by the polymerase, has raised some concern with the use of large PCR
products [164]. In addition, the wide size range of alleles at VNTR loci can limit the
the number of VNTR systems which may be simultaneously amplified and detecfed,
due to overlap in fragment sizes [164]. These difficulties may be overcome with

short tandem repeats, which can have repeat units ranging from 3-5 bp.

Short Tandem Repeats (STRs)
Short tandem repeats have several advantages over the larger VNTRs
including: narrow allele size ranges which reduce preferential amplification [163], the

ability to coamplify several regions simultaneously [163,619], great abundance
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‘throughout the genome [159], and small allele sizes (generally <300 bp) which

permit degraded DNA to be more successfully analyzed [325,619]. Degraded DNA,
where the genomic material has been fragmented into smaller pieces, can be a factor
in forensic cases, especially when the biological evidence has been exposed for long
.- periods of time to chemical or physical forces in the environment [619].
Though numerous STR loci have been reported in the literature, many do not
- fit the characteristics needed for identity testing: faithful amplification, interpretable
- and accurate results; and independence from other STR loci [270]. - For example,
dinucleotide repeats often form "shadow bands" from strand slippage or polymerase
stuttering [270,325]. Therefore, the less common tri-, tetra-, and pentanucleotide
repeats are preferred because they amplify more reliably and provide more easily
interpretable results (i.e., N and N+1 alleles are further apart) [270,325].. -
Some STRs may exhibit sequence variance within the repeat unit itself (1H).
* When an allele from such a system is identified, it is designated by the number of
complete repeat units and the number of base pairs of the partial repeat, separated by
- a decimal point [480].. Two common examples.come from the tetranucleotide repeats
THO1 and F13A01 (TABLE 1-1). THOI1 contains a common allelic variant that is 1
bp shorter than 10 repeat units, and is therefore referred to as a 9.3. The smallest
allele for the F13A01 locus is 2 bp shorter than 4 repeats, or a 3.2 [421]. TABLE 1-
1 compares'the characteristics of several STRs systems which are commercially
available for human identity testing [681]. STRs are particularly useful in forensic

DNA typing as they can be efficiently amplified:by PCR, even with-degraded DNA,
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and the subsequent PCR product size or allele can be precisely and accurately

determined.

TABLE 1-1. Commercially Available STR Typing Systems. From Ref. [681].

Locus Chromosome

THO1 11p15.5
F13A01 6p24-25
vWF (VWA) 12pl2-pter
FES/FPS  15q25-qter
CSF1IPO  5q33.5-34
TPOX 2p23-2pter

F13B 1q31-q32.1
LIPOL 8p22
HPRTB Xq26

Repeat

AATG
AAAG
AGAT
AAAT
AGAT
AATG
AAAT
AAAT
AGAT

AMEL  Xp22.1&Y N/A

Known Alleles Heterozygosity*
5-9,9.3,10,11 0.81
3.2,4-16 0.67
11,1321 0.83
7-14 0.71
7-16 0.73
6-13 0.66
6-11 0.66
7,9-14 0.71
6-17 0.66
212bp/218bp N/A

4 Estimated from a Caucasian database.

Multiplexed STRs

The desire for more information, coupled with the need to limit consumption

of a DNA sample where its availability is limited (e.g., evidence from a crime scene),

has led to the coamplification and typing of multiple STR systems (1J). Multiplex

PCR, which involves adding more than one set of PCR primers to the reaction in

order to target multiple loci, is an ideal technique for DNA typing because the

probability of identical alleles in two individuals decreases with an increase in the

number of polymorphic loci examined [165] (see 1K).
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Researchers have simultaneously amplified three [163,324], four [344,163,

619], and even seven [163,473] or eight [641] STR loci using PCR. By using an
octoplex system, sex determination (see below) can be incorporated along with a
combined probability of matching between two unrelated individuals of 1 x 10? or
better, a value which is in excess of that produced by four single locus RFLP probes

[641].

Sax—iyping

’The ability to desigtlate whether a sample originated from a txlale or female is
useful in rape cases, where distinguishing between the victim and the perpetrator’s
evidence is important. Gender identification has recently been demonstfated :,using
PCR [426,544,642]. In one study, primers were designed to flank a 6 bp deletion
within intron 1 of the amelogenin gene on the X homologue [544]. The amplification
of this area results in 106 bp and 112 bp PCR products from the X and Y
chromosomes, respectively [544]. The Promega Corporation has since designed
different primers which yield a 212 bp X-specific band and a 218 bp Y-speciﬁc band
(see AMEL in ‘TABLE 1-1) [681]. Mennueci et al. [544]. were able to detect as little
as 20 pg ( ~3 diploid coples) and sample m1xtures where female DNA was in 100-
fold excess of male DNA More recently, the amelogenin sex-typmg marker has been

used in combination with other STR loc; [473,619,641].
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2. Sequence Polymorphisms

Several hypervariable regions, including the control region of mitochondrial
DNA and the second exon of the HLA gene DQa (1L), exhibit enough sequence
variability among individuals to be useful for human identity testing. In order to
distinguish among alleles which are the same length, but differ internally, one of two
methods is typically used: (1) hybridization to known oligonucleotides (IM) or (2)
direct sequence analysis of each base by Sanger sequencing [506]. Multiple sequence

polymorphisms can also be simultaneously amplified (1N).

Mitochondrial DNA (mtDNA)

All of the previously mentioned markers are found in DNA housed in the cell
nucleus. Another form of DNA, mitochondrial DNA (mtDNA), is also being
investigated for use in forensic DNA typing. Mitochondria have an extranuclear
DNA genome which encodes several of the transfer and ribosomal RNAs used for
translation of mitochondrial genes. Human mtDNA consists of a circular molecule
containing 16,569 bp [505] (TABLE 1-2). The first reported sequence, known
‘commonly as the Anderson sequence, is used as a reference to which all subsequent
analyses have been compared [190,505].

Mitochondrial DNA has potential forensic value because it can be efficiently
amplified from limited biological material. In cases where the amount of extracted
DNA is very small, as in tissues such as bone, teeth, and hair, the probability of

obtaining a DNA typing result from mtDNA is higher than that of polymorphic
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markers found in nuclear DNA, primarily because there are more copies of mtDNA

- per cell [190]. In addition, mitochondrial DNA is more robust than nuclear DNA and
will often survive extreme environmental conditions [256,543]. However, because
mtDNA is maternally inherited with no genetic recombination between generations, it
is not as polymorphic as many nuclear (RFLP) markers. The lack of editing

. functions in the mtDNA polymerase does introduce variation through a relatively high

mutation rate.

TABLE 1-2. Characteristics of Nuclear and Mitochondrial DNA.: ..

Nuclear DNA Mitochondrial DNA

Size ~ 3 billion bp 16,569 bp
Copies per cell 2 can be >1000 .
Structure linear circular
Inherited from o father & mother . ' mother
Generational yes no

recombination o Y o -
Mutation Rate low 10-50X nuclear
Sequence known : Genome Project goal described in 1981

The most extensive mtDNA variations between individuals in the human
populatlon are found within the control reglon or d1sp1acement loop (D-loop) [254]
1P). Two hypervanable reglons in the D- loop, known as HVl and HV2 are
normally examlned for polymorphlsms [190 247] Followmg PCR amphﬁcatlon of

the HV1 and HV2 reglons, their base compos1t10ns are normally determmed by direct
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sequencing [190,247,254] or sequence-specific oligonucleotide probes [427,507] (see

1M).

Typing of mitochondrial DNA has proved useful in identifying human skeletal
remains from the Vietnam War [255] and the family of the last Russian Tsar,
Nicholas II [256,621]. MtDNA is also being sequenced from human hairs shafts,

which usually fail to yield typeable results from nuclear markers [247,253].

C. GENERAL ACCEPTANCE OF PCR-BASED DNA TYPING

DNA typing methods offer a powerful technique to law enforcement for
connecting suspects to, or excluding them frorﬁ, a crime scene or identifying human
remains at an accident. The last decade has seen numerous advances in the field of
forensic identification, and the future will probably hold many more. While the
advantages of PCR methods over RFLP can clearly be seen in TABLE 1-3, many
laboratories and the courts are slow to accept new procedures. Laboratory validation
and court acceptance of PCR-based methods is proceeding, but at a slower pace than
might be expected given the current state of research (1Q). The general acceptance
and use of the faster and more sensitive PCR processes for DNA typing are

anticipated.



TABLE 1-3. Comparison of RLFP and PCR Mefhods Used for DNA ’fyping.
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Time Required
Amount of DNA needed
Condition of DNA

for typable results
Hazardous Materials
Multiple Probes
Allele Identification
Discriminating Power
Automatable

- RFLP

can take 6-8 weeks -

50-500 ng
high MW, intact

radioactive probes
sequential
binning required
> 107 (6 loci)
: no

PCR

1-2 days . .
0.1-1 ng
may be degraded

- none .
simultaneous
discrete alleles
> 10? (8-12 loci)
yes
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Chapter 2

Capillary Electrophoresis as a Tool for DNA Analysis
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I. Introduction to Capillary Electrophoresis

A. THE VALUE OF CE FOR DNA ANALYSIS

The electrophoretic separation of DNA is an indispensable technique in a
modern molecular biology laboratory and in DNA typing [675]. While slab gel
electrophoresis has been a proven technique for 30 years, there are several advantages
to analyzing DNA in a capillary format: the injection, separation, and detection can
be automated; only minute quantities of sample are consumed; high voltages are
permitted as a result of better heat dissipation; qualitative and quantitative information
are available; and the time at which any band elutes is precisely determined (2A).
While CE has many advantages over traditional gel electrophoresis, its use is not
widespread due to several problems including: difficulty of injecting detectable levels
of DNA from high salt matrices, and the lack of procedures for accurate sizing and
quantitation of DNA fragments. This work describes solutions to these problems and
demonstrates the reliability of CE for DNA analysis, specifically DNA typing of PCR

products.

B. FUNDAMENTALS OF CE

To properly relate the advantages of CE over gels, it is important to
understand how electrophoresis works in general and how the high voltages used in
CE can improve the speed and efficiency of a separation. Electrophoresis is the
movement of an ion under an applied electric field. The velocity (v) at which the ion

moves can be described by the equation
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= pE = p (VL) @-1)
where g, is the electrophoretic mobility (cm%Vs), E is the electrio field strength
(V/cm), V is the voltage applied across a gel or a capillary, ande‘. is the gel or
capillary len;;th tcm). The He of the ion may be further defined in terms of its charge

and Stokes radius

b, = q c L (2-2)
6nnr

where q_is the charge of the ion, ] isthe viscosity of the buffer, andr 1s the radius of
~the ion. Empirical determinatiori of u; (cmé/Vs) for a solute ‘may be accomplished
with knowledge of the peak migration time (t,,s), the caplllary length (L,cm), the
length to the detector (Ld,cm), and the apphed electric ﬁeld (V ,volts) usmg the
relatlonshlp,

, - LW
G

The electrophoretic mob111ty of an ion, as determined by Eq. 2-3, is 1ndependent of

2-3)

the separation conditions (voltage, column length, separation time).

In a separation technique, such as CE, the ability to resolve the various
components in a mixture is important and is usually judged iri terms of Hcolur‘nn
efﬁcrency or peak resolution The optimum conditions for a separation are usually
those in Wthh a partlcular minimum resolution can be achieved in the shortest period
of time. There are two parameters whioh are 1mportant to consider for a separation:

peak width (efficiency) and peak separation (resolution). In this work, separation
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efficiency (N, number of theoretical plates) was defined as

N = 554 (2-4)
HFV1

while the resolution (R) between two peaks was determined by
1 L4
R =02 n)V*——— (2-5)
HW,+HW,

where t, and t, are the migration times of each peak and HW, and HW, are the full
widths at half-maximum of peak 1 and 2 [126]. Several factors influence CE
separations and the ability to resolve sample components in a timely and reproducible
manner: electroosmotic flow, Joule heating, and band broading. The above equations

can be used to evaluate the effect of these factors on the overall separation.

Electroosmotic Flow

In fused silica capillaries, where negatively charged silanol groups line the
inside of the capillary wall, a double layer can form from cations in the
electrophoretic buffer being attracted to the silanol groups. Upon application of an
electric field, the mobile cations in the diffuse double layer migrate toward the
cathode which pulls solute molecules in the same direction and generates
electroosmotic flow (EOF). This EOF is highly dependent on environmental
parameters, such as pH, temperature, voltage; and buffer viscosity [16]. Unless EOF
is carefully control or eliminated, obtaining reproducible separations of DNA will be

difficult [3,12]. Coating the inner wall of the capillary, to cover the charged silanol
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groups, is a solution preferred by many researchers [231,280,283].

Joule Heating

As seen in Eq (2 1), the speed of the separatlon increases in direct proportlon
to the voltage apphed (2B). However, there is a l1m1t to the apphed voltage which
can be absorbed by the system. The movement of ions in an electric field generates
heat. In order to determme at what electnc field strength the system becomes unable
to d1ss1pate th1s Joule heat the apphed voltage is plotted agamst the current in what is
commonly referred to as an Ohm s law plot (Flgure 2-1) The point at which this
plot deviates from linearity (inset arrow) is the conventional method for determining

the optimum separation voltage in CE [402].

100
90 -

Column Diameter
® 50 um i.d.

"1 A 100 um i.d.

Qo
D

Current (uAd)

] ] L. | 1 ]

0 5 10 15 20 25 - 30
Voltage (kV)

Figure 2-1. Ohm’s Law plot showing linearity between voltage and current while Joule heat is
dissipated. The arrows indicate the optimum separation voltage. The values in the plot were
determined by stepping through the voltages indicated and measuring the current. These
measurements were made with a 37 cm DB 17 capillary and a 1% HEC, 100 mM Tns-borate—EDTA
buffer (see Ch. 4).
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Notice that the narrower capillary (50um i.d.), which has a higher surface area-to-
volume ratio, can dissipate heat more efficiently at higher voltages and hence the
operating voltage can be higher (Figure 2-1). With higher separation voltages, less

longitudinal diffusion can occur (see below) and peak efficiency will improve.

Band Broadening

In any chromatographic process, keeping the analyte zone narrow throughout
the separation is important for high efficiency and resolution. The main band
broadening factor in CE is longitudinal diffusion, which is kept to a minimum due to

the high electric fields and rapid run times (2C).



27

II. Capillary Electrophoresis Parameters

Flgure 22 111ustrates the pnncrpal elements of a typlcal CE instrument used in
'DNA analyS1s A narrow caplllary, w1th an 1ntema1 d1ameter of 20- 100 /.Lm (375 pm
O D ) and a length of 25 100 cm, connects two buffer v1a1s (2D) After the sample is
injected onto the column, electric fields on the order of 2,000-20, OOO volts are
applied across the narrow bore cap111ary to separate the components Samples are
.separated as they move through a v1scous polymer solution or a cross-linked gel and
are detected by 1aser-1nduced ﬂuorescence or UV absorbance as they flow past an

etched w1ndow in the poly1m1de coatlng of the caprllary (2E).

 Capillary

filled with

Dissolved

Polymer Argon lon
Laser

-

(Sample)

Data
Acquisition

Figure 2-2. Capillary electrophoresis apparatus used for DNA analysis.
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Several options in the CE format are available for DNA analysis. The different types

of column coatings, injections, separation media, and detection schemes are described

below.

A. COLUMN COATINGS

Although DNA separations have been demonstrated in uncoated capillariés
[35,45,565] (2F), most researchers prefer to use coated capillaries to improve
migration time precision [12,16] and reduce electrostatic interaction with the column
wall [52,53] (see APPENDIX 1). An appropriate capillary wall coating needs to be
reproducible in thickness, degree of polymerization, and column-to-column
performance [269]. This can often be challenging with narrow capillaries [269].
Efficient coating of a capillary’s inner surface has been improved in the past several
years by the work of several groups including Hjerten [280] and Schomburg
[283,407]. In many cases, gas chromatography (GC) column coating technology has
been adapted to the narrower CE capillaries [23,314]. Both hydrophilic coatings,
such as polyacrylamide [280] or polyvinyl alcohol [283], and hydrophobic coatings,
such as the DB-17 [23,33] or the DB-1 [23,216], have been used.

When replaceable separation mediums are used, the lifetime of the capillary is
limited only by the intregrity of the capillary wall coating. Unfortunately, many
capillaries last for only a few injections before degradation of the inner wall coating
diminishes resolution. This instability has been attributed to base-catalyzed hydrolysis

of the siloxane bond (DB-1 and DB-17) at the silica surface [269]. While previous
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workers have demonstrated up to 418 runs in a single capillary [75], the procedures
.described in this work have shown that it is. possible to reuse the same capillary for

several thousand runs.

B. INJECTION OF DNA FRAGMENTS
1. Hydrodynamic Injection
DNA may be injected onto a CE column by pressure or voltage (Figure 2-3).
‘. A hydrodynamic (HD) injection involves forcing a plug of the sample onto the end of
- the capillary by applying a pressure differeritial (Figure 2-3a and 2G). Hydrodynamic
sampling is generally considered the most precise method of injection because it is
based solely on'the volume loaded [686]. The volume of the sample introduced to the
¢apillary by HD injection (V,p) may be defined by the Poiseuille equation:
_(APrdy - (2-6)
HD ——(1281114) L
where AP is the pressure difference across the ends of the capillary for a given unit of
- time (t), L, is the capillary length, d is the inner diameter of the capillary, and 7 is the
sample viscosity [686]. Quantity (Q) of sample components injected can then be
determined by Q, = C; x Vyy, where C; is the concentrations of the sample
components (i).
Resolution is often diminished when using pressure injections because a broad
sample zone is introduced on the capillary, which can adversely affect separation

efficiency. While it is often difficult to inject enough sample material for detection
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from dilute samples, HD injections are independent of the sample matrix, which

becomes important with PCR samples [86,151].

N NN
(a) (b) +.| kv
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.1 ...l -
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v DNA- -1-
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Figure 2-3. A schematic of (a) hydrodynamic and (b) electrokinetic injections. With an HD
injection, pressure (0.5 psi) introduces an homogeneous plug of the DNA sample; with EK, an
electric potential of 1,000 volts draws the charged species, including DNA, onto the capillary.
EK injections are more sensitive but are adversely affected by ionic matrices, like PCR samples.

2. Electrokinetic Injection

Electrokinetic (EK) injection selectively introduces the charged species in the
sample into the capillary by the application of a potential difference to the sample
[86,372] (Figure 2-3b). More sample material can be introduced into the capillary by
simply increasing the potential or the time applied. Resolution with EK injection is
generally better (than HD) due to the fact that samples are introduced onto the column
in a narrow sample zone. However, EK injection is less reproducible and quantitative
than HD as the charge-to-mass ratios of the ions in the sample will influence the rate

of column loading [86] while ionic strength can influence the quantity of sample
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loaded [581]. The equation described by Rose and Jorgenson [14] demonstrates the

effect of sample conductivity:

nric (i, B, EtA, 2-7)
A :

s

where Q is the atnoun‘t of sample mater_ial injected, r is the raclius of the capillary, c,
is the sample concentration, E is the electric field applied, t is the injection time, A, is
the sample conductivity, A, is the conductivity of the buffer electrolyte, and ., and
Ko are the mobility of the samplemclecules and the electroosmotic mobility,
respectively. Notice that the amount of material injected is inversely proportional to
the ionic strength of the sample For this reason, 1t is d1fficult to electrokmetlcally
inject PCR samples, which may have >50mM chlonde in the sample matnx There

are several solutions to dealing with an ionic sample matrix, including salt removal

and sample stacking (see below).

'I 3 Sanlple" Cleanup Pnor to Injection

| Salt remct/al has been described as an important step in analyzing PCR-
amplified DNA by capillary electrophoresis [23,24,52,155] (2H). Since chloride
ions, resulting frcxn the KCl and MgCl, used in the PCR buffer, have a highe‘r
charge—to-mass ratio than the larger DNA ions, they preferentially migrate onto the
CE column when EK 1n_]ect10n is used [155]. However, another solution exists which

avo1ds an extra sample cleanup step
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4. Sample Stacking

The desire to load more material from the sample vial onto the column has led
to an interesting technique known as field amplified injection or sample stacking
[111,112,261,440]. Burgi and Chien [440] discovered that the preparation of a
sample in a lower concentration of the electrophoresis buffer produces a stacking
effect (Figure 2-4). Upon application of the electric field with an EK injection, the
resistance and field strength in the sample plug increase, which causes the sample ions
to migrate rapidly and stack as a sharp band at the boundary between the sample plug
and the electrophoresis buffer. This stacking occurs because the effective field
strength is lower in the buffer region than in the sample, and thus, the sample ion
mobility is reduced in this region [581]. The amount of on-line sample stacking is
proportional to the buffer-to-sample ionic strength ratio [581]. Hence, samples
prepared and diluted in water should give the highest degree of stacking. A method
of sample stacking has also been described which involves injecting a plug of water
into the capillary before injecting the sample [48,112,581].

Problems with sample injection from highly ionic matrices (e.g. PCR samples)
or detection of low sample concentrations can be reduced with stacking. This work
describes the utilization of sample stacking techniques for efficient injection of PCR
samples [559]. Briefly, the sample is diluted 50-fold in deionized water, which
reduces the ionic strength (relative to the buffer) and enhances sample stacking.
However, since the sample concentration is reduced more sensitive detection

techniques are required (see below).
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(a) Stacking with Low Tonic Strength |

Low lonic Strength  High lonic Strength

High Field Low Field

(b) Regular EK Injection

High Ionic Strength High lonic Strength

Figure 2-4. Sample stacking results from differences in ionic strength between the sample and the
buffer. With low jonic strength sample matrices (a), the DNA experiences a high electric field in the
sample region and rushes to the sample-buffer interface where the sample components stack up.

From a high ionic strength matrix (b), very little DNA is injected because of the low field
experienced by the sample.

C. SEPARATION MEDIA FOR DNA

For each additional nucleotide unit added to a DNA molecule, the charge is
increased proportxonal to the addition in mass. As a result DNA fragments larger
than about 10 bp possess essent1a]1y the same electrophoretlc mob111ty [631] Smce
DNA possesses this constant mass-to—charge ratio, some form of sieving matnx is

needed to separate DNA fragments by molecular size. In traditional gel
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electrophoresis, the requirement for a sieving matrix is met with agarose or
polyacrylamide gels. In CE, capillaries filled with polyacrylamide gels or a viscous

polymer solution are used.

1. Gel-filled Capillaries

Some of the first work with CE separations of DNA fragments involved
transferring the agarose and cross-linked polyacrylamide matrices of slab gel
electrophoresis into a capillary format [80,108,288]. While resolution of
oligonucleotides and double stranded DNA (dsDNA) has been demonstrated by
numerous research groups [73,282,675], these gel-filled capillaries face numerous
difficulties when used routinely. Poor gel-to-gel reproducibility, bubble formation
under electrophoretic conditions, gel matrix collapse under high electric fields, and
difficulties in preparing the gels are a few of the problems involved with using
crosslinked polyacrylamide gels in a capillary format [133,403]. In addition, the
rigid, chemically-crosslinked pore structure retains high molecular weight DNA and is
prone to contamination [47]. With each successive run, there is an increasing chance
that the presence of impurities will produce anomalous peaks [675].

Most gel-filled capillaries have a limited lifetime of only a few runs, which
prohibits their use in routine operations [675]. A further problem is that samples may
only be introduced by electrokinetic injections as pressure injections would dislodge
the gel from the capillary. As a result, non-crosslinked separation media are being

sought for routine application of CE to DNA analysis.
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2. Entangled Polymer Networks

1In.1989, Zhu et al. [533] demonstrated that a dilute, low-viscosity polymer
solution could resolve DNA fragments. Instead of forming a permanent chgmiqal gel
(e.g., cross-linked polyacrylamide) inside the capillary, concentrated polymer strands
can become entangled and form a physical gel (see Chapter 3). This sieving matrix
has the advantage of being able to be pumped into and out of the capillary before and
after each analysis, which aids column longevity by eliminating manyof the problems
mentioned above. Moré importantly, these polymer solutions are inexpensive and
easy to prepare.

Promising candidates for soluble polymer sieving media include linear
- polyacrylamide (LPA) [75], hydroxyethyl cellulose (HEC) [24,35], hydroxypropyl
methyl cellulose (HPMC) [23,533], and other cellulose derivatives [69] (see also
[675]). These polymer networks exhibit many advantages over the gel-filled -
capillaries (TABLE 2-1) and produce a system which is reproducible, replaceable,
and robust. ‘Higher stress (i.e., higher electric fields and faster run times) can be
- applied to the system without collapse of the matrix. A wide range of DNA fragment
sizes may be separated because the polymer chains are more flexible and the resultant
“pores" are transient (see Figure 3-8). There are some disadvantages though to using
entangled polymers. Resolution is often not as good with pumpable polymers. While
Karger and coworkers.[75] have shown that more viscous buffers can resolye DNA
- fragments to the point that sequencing is possible (i.e.; 1 bp), replacing such viscous

media is difficult.
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TABLE 2-1. Chemical Gels Compared with Physical Gels for Use in CE/DNA.

Chemical gels Physical gels

Cost per column ~$100 < $20*
(commercial)

Replaceable (between runs) no ‘ yes
Longevity usually <50 runs > 1000 runs demonstrated
Achievable Resolution 1bp usually 2-4 bp
Separation Range limited because of wider range of

fixed pore size pore sizes

*The coated capillaries used in these studies may be purchased in 10 m rolls for ~$450. A 30 cm
capillary would therefore only cost $14. The soluble polymer separation medium may cost less than
1 cent at the quantities used in this study and can be used for muliple analyses.

D. DETECTION OF DNA FRAGMENTS

The narrow capillaries which improve resolution at the same time adversely
affect the sensitivity. In addition, the narrow bore of the capillary limits sample
introduction. With only nanoliters of sample being injected, detection must be
extremely sensitive. On-line detection of DNA fragments in CE has been

demonstrated with UV absorbance and laser-induced fluorescence.

1. UV Absorbance
The nucleobases of DNA absorb strongly at 260 nm allowing the detection of
DNA fragments moving through the capillary [675,677]. This inherent absorbance is

a major advantage for some studies as no derivatization of the molecule is required,
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leaving the structure and the mobility of the DNA unperturbed [675]. However, with

-the application of narrow capillaries in' CE, sensitivity is diminished because the
pathlength of detection is reduced (2)). The wide availébility and relatively
inexpensive design of UV detectors will ensure their continued use, although

fluorescent detection is a more sensitive technique.

2. Laser-induced Fluorescence

A m(‘)re sensitive meané ”c’)f detectmg DNA fragments is laser-induced
' ﬂuoréscénce (F2K); In LIF methods, a lasér .excites a fluorophore which is attached to
the DNA molecule (2L). This fluorescent tag may be attached in‘ a derivatization step
either prior to or during the separation (see below). The emission of photons from
the excited fluorophore is then detected by a photomultiplier tube (PMT) and
converted into the eiectropherogram.‘ For routine use, LIF is becoming increasingly
“popular because of its superior sensitivity (2M). Schwartz et al. [315] recently
published a detailed ffev'iew‘ of LIF detection and its applications.

The sensitivity of fluorescence detection results in less'sample material being
consumed for each analysis, allowing some of the sample to be saved for retesting or
further characterization (see [417]). Fluorescent labeling may be performed in any
one of three ways with PCR products: (a) adding a fluorescent dye on the 5’-end of
the forward or reverse oligonucleotide primer, (b) incorporating fluorescently labeled
dNTPs into the PCR product,.'and'(C) using 4 fluorescent intercalating dye to bind to

the DNA [5'1;‘]. Methods'(a) and (b) are fiérform’ed during the PCR process while (c)



38
is post-PCR.

There are several advantages to using intercalating dyes. Better sensitivity is
possible as multiple fluorescent tags can bind each molecule (vs. one tag for
fluorescently labeled primers). In addition, on-column derivatization using fluorescent
intercalating dyes is less expensive and more efficient than use of fluorescently-tagged
PCR primers or dNTPs (2N). The number of commercially available fluorescent
intercalators, which may be used for labeling DNA restriction fragments as well as

PCR products, is steadily growing (see Chapter 3).
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II1. Uses of CE in DNA Analysrs

QUALITATIV E ANALYSIS

Most of the prev1ous work with DNA separatlons has 1nvolved restnctlon
d1gests yvhere a plasnud or :e‘tﬂh‘er DNA molecule is cut 1nto smaller fragments wh1ch
d1ffer by length and/or sequence (2P) The most popular restriction d1gests include
¢>X174 HaeIII pBR322 HaeIII and pBR322 MspI where DNA fragments in the size
range of 50-1500 bp can be generated Work w1th larger DNA fragments is usually
done with A\-HindIIl (125—23,130 bp). These digests are popular because they are
relatively inexpensive, can be obtained at high concentration in a purified form, and

contain fragments of known size. For these reasons, most researchers use restriction

digests to demonstrate the resolution of their CE system.

1. Use of CE for PCR Product Analysis

PCR froduct analysis by CE has evolved somewhat slower than DNA
restriction digest evaluations due to difficulties with injecting amplified DNA from
highly ionic matrices, lack of quantitative procedures for sizing DNA, and a shortage
of adequate systems to study. Interest in PCR product analysis by CE has increased
recently because of perceived benefits to medical diagnostics [23,150,234,235,271,
309,383,470,492,523,529,531,532] and forensic DNA typing [24,27,33,52,149,151,

152,155,247,248,559].
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2. Prior Work Involving CE and Forensic DNA Analysis

Several reports have appeared in the litemture describing CE separations for
DNA typing applications. Srinivasan et al. [27,52] separated PCR-amplified alleles
from two VNTR loci (apoB and D1880) and some short mtDNA fragments (130-140
bp). A mixture of two sets of heterozygous. alleles (at a 4:1 ratio) were easily
resolved and detected in 30 minutes [52]. This group used the dimeric intercalating
dyes TOTO-1 and YOYO-1 with a CE-LIF system. Pearce and Watson [149] ‘
explored the use of a phosphate buffer (pH 5.7) with HPMC for PCR-amplified apoB
alleles. Williams and coworkers [155] at the Armed Forces DNA Identification
Laboratory examined several buffer and gel chemistries for the separation of
HUMTHOI alleles. Prior to the work described herein, the possibility of STR
analysis was addressed in several papers [24,33]. McCord and coworkers examined a
soluble polymer buffer [24] and intercalating dye [33] system and demonstrated the
resolution needed to resolve several STR (4 bp) or VNTR allelic ladder components,
including SE33 and D1S80 [24] and VWA, HUMTHO1 (TC11), MBP, and YNZ22
[33]. These separations typically took from 25-35 minutes per run.

-None of the'sé reports described procedures for routine application of CE to
DNA typing, réther they were feasibility studies. The work herein (Chapter 5) builds
upon this previous research and presents methods aﬁd techniques for efficient and

effective DNA typing by CE.
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B. QUANTITATIVE ANALYSIS

Tﬁie‘ general “‘use of CE as a'quﬁnﬁtaﬁve tool has been addressed in several
‘ repofis [12;84,661]. Several facr:'tbrs";‘are important to obtaining precise results-
including temperatufe control (:£0.2 °C) [12,84]; fast sampling-rate-[12], covering
vials to prevent evaporation (2Q) [841, reproducibility of sample introduction [12,
" 14], and minimizing buffer depletion [66'1];' The CE instrument used in these studies
overcame tt.1e"ﬁr”slt” four problems while frequent changes of the buffer vials may
reduce buffer depiétiotl. In addition, ¢oated capillaries' have shown an ‘order of
magni:tude betier precision than uncoated capiliaries as a consequence of feducing
analyte adsorpti;)'h and EOF variability [12]. For quantitating amounts of analyte, a
normalization procedure is recommended, where measured peak area is divided by the
migration time [12]. This adjusted peak area accounts for variable speed in which

analytes travel past the detector [85].

1. Sizing of DNA Fragments -
Sizing with external standards ti.é;, running a standard and-then running the
| Samplé) is difficult due to a lack of precision on the part of CE systems. Migration
time differences between runs, which can”result from minor bhanges in buffer ionic
stfength and ‘visc<()si"ty, ionic differerices in the sample, or slight changes in the
capillary wall surface, prevent confident comparisons.of ‘mi'g‘rgtion times between
multiple runs (2R,2T). Most CE researchers determine the size of PCR-amplified

DNA by mixing the sample with a standard DNA restriction digest [150,398,471] or
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by generating a size calibration curve with the DNA standard [282,588,309]. Since

the size of the DNA fragments in the digest are known, they can be used to generate
a calibration curve from which the "unknown" PCR product(s) size may be estimated.
Unfortunately, when mixing the standard with the sample, the fragmehts in the
DNA digest can often overlap with, or fail to be resolved from, the PCR product of
interest. In addition, extreme sequence differences between the "unknown" sample
and the "standard” restriction digest can lead to inaccurate sizing due to migration
differences resulting from DNA secondary structure [527,646] or the outcome of the
digestion process [155]. Thus,“an ideal internal sizing stancia:d_ would be prepared
from a PCR process and contain a similar internal sequehce to that of the sample.
This work describes the development of a dual internal standard system for
comparing multiple runs and sizing DNA fragments independent of external standards
(2U). The internal standards can also be used to relate the sémple to an external

standard for accurate and reliable results.

2. Quantitation of PCR Products

Injecﬁon variation and inadequate standards have kept quahtitation of
biological samples by CE from being applied routinely [12]. For lack of better
standards, several groups have used restriction digests as internal quantitation
standards (2V). In this work a single internal standard is used to adjust for variation
in sample injection, without introducing multiple DNA fragments which could

interfere with the detection of peaks of interest.
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Chapter 3

Theory for Engtahgled Polymers and DNA Intercalators
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I. Theory of DNA Separations by CE
 A. POLYMER SOLUTIONS.
An increasing number of researchers are turning to replaceable separation
media for DNA separations with CE due to the difficulties stated earlier with gel-

filled capillariés. " A recent review cited almost 100 references where polymer

" solutions were used for DNA' separations [361] (see also APPENDIX 1). The most

 widely used polyniers iriclude linear polyacrylaride, poly(ethylene oxide), and several
cellulose derivatives: hydroxyethyl cellulose’ (HEC), methy! cellulose (MC), and

 hydroxypropylmethyl céllulose (HPMC) (Figure 3-1and 3A).

- glucose .. glucose =7
Cellulose
Possible Substitutions at R,, R,, R;
MC -CH,
HEC -CH,CH,0H -CH,CH,OCH,CH,OH
OH
HPMC -CH, .cyzéHCHs

Figure 3-1. Structure of cellulose derivatives. Each glucose unit bas a three possible sites for
derivatization (R,, R,, and R;). Numerous molecular weights for each of these polymers have been
used in the literature (3A).
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1. Entanglement Threshold

When a polymer is added to a solvent, the individual chains are initially
separated from one another, until at higher concentrations they begin to interact. The
polymer volume fraction () at which the polymer chains begin to interact and
overlap is called the entanglement or overlap threshold (®9. This volume fraction is
defined as & = Cp,, where C is the polymer concentration and p, is the density of the |
polymer. Since the density of the polymer is constant, C and ¢ may be used
interchangeably. At concentrations greater than $°, the polymer chains entangle to

form a mesh with transient pores (Figure 3-2).

(A) (B) ©

Figure 3-2. A representation of linear polymers in solution. (A) dilute, ¢ < &"; (B) overlap, ® =
$"; (C) semidilute, ® > &". & is the volume fraction of the polymer and ®" is the entanglement
threshold. Adapted from [45]. A circle has been drawn around individual polymer strands to
represent their area of influence.

Barron et al. [36] found that the entanglement threshold (%7) scales as
N2 for HEC, rather than the classically predicted N-® [566], where N is the number
of monomer segments in the polymer chain [36]. This incompatibility is probably

related to the fact that HEC is stiff and extended in solution [36], rather than a
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randomly coiled polymer as used in the deGennes model [566]. The fqllowing

relationship was determined empirically to predict the entanglement threshold for any

.. HEC soiution:
v ‘ M RS B I PRI ~x B

o = 3.63[_':] +1.18 x 107 G-1
oM

vuhere M,, and Mo are the number-average molecular welght and the average monomer
molecular welght respectlvely [36] Assummg a monomer molecular welght of 272

| for HEC [36], Eq. (3-1) would predlct the 90,000-105,000 MW HEC (N = 331—386)
to reach entanglement at concentratious of 0.30-0.3'6%. The eiberimehtally

determined entanglement threshold was found to be 0.37% [36] (3B).

2. Mesh Size

g When the polymer strands are entangled, transient pores are formed [356].
For purposes as a molecular sieve in DNA separations, the polymer strands must be
well enmeshed with one another (i.e;, C > C% and form‘ a'lvnetwork of "pores" robust

'{ enough to resist deformation by the DNA which, influenced by the electric field,

~ pushes against it [70]. .But,v uiilike cross-linked polyacrylamide geIs, .the pore network
is a temporary gel rather than a permanent one [356]. The thermal motion of the
polymers ensures that ‘.thjey“ do not remain as rigid as a cross-linked gel, but rather act

as a dynamic sieving system. In fact, Duke and Viovy ‘[356] believe that _because a

. polymer cham is hemmed in by the surroundmg molecules in Just the same fasmon as

. the DNA, 1t can consequently d1ffuse by reptatlon (see below) ina process called
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constraint release [38]. Their theory describes the average lifetime of entanglements
for the temporary gel and relates it to the length of the polymer [356]. The longer
the polymer, the slower it will diffuse out of place; hence, larger MW polymers will
form more stable polymer networks.

The average mesh size (§,) of the polymer network (i.e., the effective "pore”

size) may be calculated with an equation derived by Viovy and Duke [38],

c ™

§, =286 % = 143 R, [_C—‘ (3-2)

where R, is the radius of gyration for the polymer and C" is the concentration of the
polymer where entanglement begins (3C). The appropriate values for R, and C’ can
be estimated from intrinisic viscosity measurements using the equations described by

Clark er al. [382],

R = [[n} MW]”’ a9
P | 25N,
c=|3MW]_ 06 (3-4)
4nNR}?| [n]

where [5], N,, and MW are the intrinsic viscosity, Avogadro’s number, and
molecular weight of the polymer, respectively. Furthermore, the intrinsic viscosity

may be calculated using the Mark-Houwink-Sakurada equation

[n] = K«(MW)® 3-5)

where K and a are constants characteristic of a given polymer system at a given
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temperature [585]. For HEC dissolved in water, K = 9.53.x 10° mL/g and a =

0.87 585}, = - .= | o

- Arepresentation of the‘mejsh size () is depict,ed_ ip,,,fj_,t;.qre 3-3. T}hq’_r‘_nesh
size might be considered analogous to the pore siﬁzc_‘.in grosfs—v;l::inkefikpglyacr_ylggnide
- pels, which can be adjusted by varying the coqc_pntration of cross-linker (3D). The
concentration of the polymer, independent of polymer length, determines; the effective
mesh size in entangled solutions [659] (see Eq. 3-2). Thus, two polymer solutions of
~ different molecular Qeight @*g:; 27,000 MW HEC and 160,000 MW HEC), will
| form equivalent mesh ‘sizes at the same concentrations, provided the polymers are

entangled.

Figure 3-3. The entangled mesh with & indicating the mesh size. Each polymer strand has at least
two points of entanglement. § is always shorter than the length of the polymer.

\
B. DNA SEPARATION MECHANISMS BRCS
While gei"électrbﬁiléféSis'hz‘is'bé'én used 'to séparate biomolecules for almost 30
years, theoretical descriptions for the mechanism have developed more slowly. In the

simplest sense, a gel may be considered as a molecular »sieve, which retards larger
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molecules more than smaller ones. Over the years, two primary mechanisms for
DNA separations have been proposed: the Ogston model and reptation. These two
theories are complementary as they appear to operate in different size regimes. These
mechanisms have been applied to entangled polymer networks as they are thought to
form pores similar to agarose gels [34,45]. Recently, however, new theories have.
been proposed to explain the behavior of DNA in thése physical gels, even below the

entanglement point [67,356].

1. Ogston Model

The Ogston model regards the DNA molecule as a spherical particle or coil
which passes through the pores formed by the gel [673]. Molecules move through the
gel in proportion to their ability to find pores which are large enough to permit their
passage. Figure 3-4a displays a schematic diagram of the Ogston mechanism.
Smaller molecules migrate faster because they can pass through a greater number of
pores. Thus, the electrophoretic mobility may be determined by multiplying the free
solution mobility, ﬁo, by the probability that the molecule will find a pore large
' enough to allow its passage, or

p = pPEZRY 3-6)

where £ is the radius of the pore in which the coil resides, R, is the radius of gyration
for the DNA molecule, and P(¢ =R,) is the probability that a given pore has é radius
greater than or equal to the radius of the migrating particle [585]. After substituting

for the probability function, the final equation appears as,
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b= pexp(KCe+RY), . . GD
. where K is:a constant. of proportionality, C__isthe concentration of the gel-forming
.polymer, and r is the thickness of the strands. - A. plot of log u verses C, known as a
Ferguson:plot; should generate a straight line w_gt‘h'avslope_propo_rtional,to R,;2 (Gfr «

R,) and a y-intercept of u,.  The radius of gyration (R;, nm) for DNA molecules may

- also be approximated using the equation:

R (DNA) = m I € X )
where N is the number of base pairs [38].

For entangled HEC solutions, Grossman and Soane [34]: empvirioally'
determined that when a DNA fragment’s radius of gyration was approximately 1.4
tlmes the mesh size (§) the separatlon mechamsm changed. Resolution of DNA
fragments rapldly declined as the fragment size became greater than 1. 4 t1mes the

| Amesh srze Th1s is due to the 1nab111ty of the DNA to pass fully through the mesh and

suggests a change in mechamsm [76] -

2. Reptation

When the radius of gyration for the DNA molecules becomes much larger than

- the mesh size of the s1evmg medlum, the Ogston model predlcts that the

electrophoretlc moblhty w111 slow to zero. However, DNA separatlons have been
demonstrated in cases where Rg > > E In these 1nstances, 1t is thought that the
DNA deforms and "snakes" head ﬁrst (hence the name reptatlon) through the network

of pores [30,32]. Figure 3—4b 111ustrates th1s mechamsm
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Ogston Repration

(@) (b)

Figure 34. Schematic diagram of the (a) Ogston and (b) reptation models. The length and shape of
the DNA strand as well as the size and distribution of gel pores affects which mechanism will be
followed. '

The classical reptation model states that the electrophoretic mobility is
inversely proportional to the_molecular weight. However, under the influence of high
electric fields, the DNA can be oriented parallel to the electric field (Figure 3-5)

[45].

&=

low moderate high

Figure 3-5. A DNA molecule migrating by the reptation mechanism can be elongated by the electric
field (). When E = 0, R, ~ N°5, whereas for large E, R, ~ N'*. Adapted from [45].
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There is a decreased dependence of mobility on molecular size as the electric
field and/or the molecular we1ght increase. A blased reptation model has been
proposed to account for th1s process [634]. Lumpkm et al. [635] derived the
expressmn,

1 e 3-9)
N

p, =
where N is the DNA molecular Weight, b is a‘ ftjmction of the mesh size of the gel or
polymer network as well as the charge and segment length of the migration solute,
and Eis the electric ﬁeld [585] At low electric fields, the first term dominates and
the classical reptatlon model appears. However, w1th capillary electrophoresis, the

effects of DNA stretchmg in an electric ﬁeld are 1mportant because of the h1gh

‘electric ﬁelds which are: ut111zed..

3. ‘Transient Entanglement Coupling Mechanism

The previous discussion has involved DNA mechanisms for gels or eritangled
‘ polymer ‘solutions ‘which have f'ornled'pore‘s.“ Barron ez al. [67] have recently shown
that DNA separatlpns may be performed in dilute polymer solutions, where no pores
are present (i.e.,ivstell below entanglement). It is possible that the mobility of large
DNA molecules may be retarded »,'by simply interacting with individual strands of the
polymer. These polymer strands are;pulled along. for a short while by the DNA as it
moves inside the capillary toward anode. As the interactions are temporary, this

" theory has beentltled transient entanglément coupling. -
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Video microscopy of DNA conformational dynamics in polymer solutions
beléw the entanglement limit has confirmed the transient entanglement coupling |
mechanism [444]. Shi er al. [444] recently observed that nucleic acids appear to
become entangled with the polymer at a single region only. Thus, the formaﬁon ofa

pore network with a polymer solution is not always necessary for DNA separation.
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II. Theory of DNA Intercalation.

‘Some polycychc aromahc molecules such as eth1d1um ‘bromide and 9-amino-
acndme can b1nd to DNA by 1nsemon between the nucleobases ‘of the double’ helix,
| ina process known as 1ntercalat10n (Figure 3- 6) Th1s type of b1nd1ng can change the
‘phys1cal and chem1cal properues of the 1ntercalated DNA as well as the intercalators
themselves [25]. Researchers doing' DNA separations by CE use intercalators
primarily for two reasons: (1) to improve the resolution of similarly sized DNA

fragments [135] and (2) as a means of on-column fluorescent derivatization [53] (3E).

o Ethidium Bromide

Intercaiated
‘molecule

Figure 3-6. An intercalating molecule, such as ethidium bromide, inserts itself between adjacent
nucleobases and perturbs the DNA helix by unwinding and lengthening the molecule.
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A. CLASSICAL INTERCALATION MODEL

Upon intercalation, the average distance between two stacked base pairs
increases from 3.4 A to ~7-8 A [32]. The intercalator is sandwiched tightly between
the aromatic, heterocyclic base pairs and stabilized electronically in thé helix by »-x
stacking and dipole-dipole interactions [512]. The double helix unwinds to reduce the
stress of separating the bases, and the overall length of the DNA molecule increases
[575]. In addition, the overall mass of the intercalator-DNA complex increases, and
the charge decreases as the DNA phosphates are neutralized. These effects change
the electrophoretic behavior of the DNA.

Guttman and Cooke [135] derived the expression for the electrophoretic

velocity of a DNA-intercalator complex as,

. |
v=p (3-10)
PEK[L ™

where p, is the electrophoretic mobility of the complex, E is the applied electric field,
K is the formation constant of the complex, [L*] is the concentration of the
intercalator, and m is the number of intercalator ligands in the complex. This
equation shows that an increaée in the binding constant and/or in the concentration of
the intercalator will decrease the migration velocity of the complex.

Both monomeric and dimeric intercalating dyes exist and can bind to DNA
through a mono- or a bis-intercalating process, respectively [28,249]. At saturation,
mono-intercalators inay bind double-stranded DNA in a one dye per-two base pairs

stoichiometry while bis-intercalators bind more like one dye per 10 bp [28].
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B. FLUORESCENT INTERCALATORS .

Upon binding to the DNA, many invtercalgtc_)rs’_,v exper};gnqe a large fluorescence
- enhancement and high quantum yield [28,‘30]._ Lee andcoworkers "[4;34]_var9p_pse that
. this enhancement of fluorescence: upon intercalation may be due to steric hindrance to
- planarity of the unbound dye.. Binding to DNA, »co_nstr’ains the inte\rcalatorr toa planar
~ conformation and makes it more fluorescent, perhaps through a charlge‘-vtrax}sfer which
- - may occur between the DNA bases and the ,iptercglgtor, For,,‘example, tpig;gle
- orange, which has planar conformations with s;cric overlap,_ exhi‘pits a fluorescence
enhancement of ~ 3,000 upon intercalation [434]. Fluorescence qqgnching i:_s als;)
reduced when planar aromatic intercalators reside in the‘hydrophobic regions between
adjacent bases [675].
Several fluorescent inte_rcalating dyes are commercially available which are
useful in CE/DNA applications (Figﬁre 3-7 and TABLE 3-1). These dyes can be
efficiently excited by the 488nm or 514nm line of the argon ion laser. Fluorescent
derivatization of DNA can be performed by adding.the interc_:alatq: to thg sa;pple [52]1
.and/or the CE electrophoretic buffer [33]. Upon intergcting, a DNA-dy¢ complex is
- formed which strongly fluoresces when excited by the appropriatc laser line.
Exceptional sensitivity is achieveable when the dye is added to the buffer because the
intercalator by itself exhibits very low levels of background fluorescence.
In the firstuse of fluorescent intercalators with CE separations of DNA,

Schwartz and Ulfelder [29] showed a 400-fold improvement in sensitivity using LIF

with thiazole orange, when compared to UV detection of the same DNA fragments.
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Since then a wide variety of dyes have been examined in CE applicatiohs [33,145,
262,678]1 (TABLE 3-1 and Figure 3-7). When selecting a fluorescent intercalating
dye, several factors must be considered, including the affinity of the dye for the
DNA, the quantum yield, dye absorption maximum near laser line, and background
fluorescence levels [29]. For quantitative measurements, fluorescence emission
intensity of the dye-DNA complex should be a linear function of the number of
intercalated dye molecules [26,30].

DNA may be pre-labeled with dimeric dyes (prior to electrophoresis) while
monomeric dyes, with lower binding constants, must be added to the run buffer in
order to maintain a stable complex with DNA during electrophoresis [28,262].
However, intermolecular cross-linking of DNA fragments with dimeric dyes may
result ih a loss of resolution relative to monomeric dyes [30,145,262]. Thus,
‘monomeric dyes are used primarily in CE separations of DNA because of the higher

attainable resolution (3F).

TABLE 3-1. Commercially available fluorescent DNA intercalating dyes. From
[678]. The structures for the dyes are shown in Figure 3-7.

Dye MW (g/mol) Ex/Em (nm) e, (cm'M") Quantum Yield Binding Constant (K,)

YO-PRO-1 629 491/509 52,000 0.44 8.2 x 10°
TO-PRO-1 ~ 645  515/531 62,800 0.25 2.0 x 10’
YOYO-1 1271 491/509 98,800 0.52 6.0 x 10
. TOTO-1 1303 514/533 117,000 0.34 1.1 x 10°

SYBR Green N.A.# 497/520 N.A. N.A. N.A.

*N.A. = Information not available until patented.
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Figure 3-7. Fluorescent intercalating dyes commonly used in CE/DNA. Adapted from [678].
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Chapter 4

Materials and Methods
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I. Capillary Electrophoresis System

A. INSTRUMENTS

A Beckman P/ACE 2050 capillary electrophoresis instrument with a Laser
Module 488 argon ion laser (Beckman Instruments, Fullerton, CA) was the primary
CE used in these studies (Figure 4-1). A bandpass filter enabled laser-induced
fluorescence (LIF) detection at 520 nm. Some work, involving UV analysis at 260
nm, was done on a Spectra-Physics 500 CE (Thermo Separations Products, Fremont,

CA).

Capillary Tube
% Fiber-optic cable
[ .

Ellipsoidal
Mirror

Beam-Block

PMT

520nm
band pass filter

Figure 4-1. Schematic of Beckman CE-LIF System. The fiber-optic cable transmits laser light from
the 4 mW laser, which illuminates a section of the capillary. Fluorescence is collected by the
ellipsoidal mirror and focused back onto the photomultiplier tube (PMT) after passing through the
band pass filter (520 nm). A centered hole in the mirror allows unwanted laser light to pass. The
beam block diminishes scattered laser light. Adapted from [677].
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B. DATA PROCESSING SOFI‘WARE

Data points were typically collected at a rate of 10 Hz on Waters M111enn1um
2010 software version 2 0 (Waters Chromatography, Bedford MA USA) For each
electropherogram, the mlgratron time of each peak was recorded along with the area
and helght of the peak Beckman P/ACE Wmdows software (vers1on 3, 0) was also
used’ when only quahtatlve mformatron was des1red. The control of the autosampler

positions was performed with the Windows software.

C. COLUMNS
The most used column in this study was the DB-17 coated capillary (J&W

Scientific, Folsom, CA). Product literature from the manufacturer states that the DB-
17 is a 50% phenyl, 50% methyl polysiloxane coated capillary (Figure 4-2). Wall
coating thicknesses of 0.05 or 0.1 um are available. Uncoated (bare) fused silica
capillaries were also obtained from J&W Scientific. Capillaries with internal
diameters of 50, 75‘, or 100 pm and lengths of 27 cm, 37 cm, 47cm, and 57 cm (20,
30, 40, and 50 cm effective length, respectively) were employed. These lengths are
available in the Beckman capillary cartridge based upon how many turns around a
spool the capillary makes. |

An optical window was produced by etching a short section of the polyimide
coating with hot fuming sulfuric acid and cleaning it with ethanol as described by
Bocek and Chrambach [108]. ' This method protects the integrity of the inner wall

. coating. When ‘fres‘h‘ capillaries were prepared, the new columns were hand-flushed
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by attaching a syringe to the end of the capillary column and forcing buffer through

the length of the capillary to remove entrapped air [24].

polyimide outer
coating

fused silica

fused silica

DB-17
wall coating

Figure 4-2. DB-17 coated capillary J&W Scientific). The external polyimide coating makes the
fused-silica capillary more robust and flexible. The inner wall coating covers the surface silanol

groups and prevents electroosmotic flow.

The capillary, housed inside a sealed cartridge, was typically held at a constant
temperature of 25.0 (+0.1) °C through liquid cooling. However, a few separations
were studied at temperatures ranging from 15 °C to 50 °C. Precise temperature
control improves run-to-run reproducibility.

Separations were performed with the cathode on the injection side in what is
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commonly referred to as reverse polarity. This orientation of the electrodes forces
the negatively charged DNA to move through the capilnlary_toward the outlet side and

past the on-column detector.

D. ELECTROPHORETIC BUFFER AND ADDITIVES

The run buffer consisted of 100 mM tris[hydroxymethyl]-aminomethane
(trizma,base); 100 mM boric acid, and 2 mM EDTA (TBE) at a pH 6f 8.2 with
additives of 1% HEC (hydroxyethyl celiﬁlose) and 50 or 500 ng/mL of thé fluorescent
intercalating dye YO-PRO-1 (Molecula_r Probes, Eugene, OR). For some studies, the
pH of the buffer was adjusted to 8.7 or 8.9 with CsOH [33,35]. The separation
buffer was prepared using a modification of procedures published by McCord e al.
[33].

All chemicals used were of molecular biology grade, when available. The
trizma base and boric acid were obtained from Sigma (St. Louis, MO, USA), the
EDTA was from Fisher Scientific (Fair Lawn, NJ, USA), and the hydroxyethyl
cellulose was from Aldrich (Catalog # 20,863-3, Milwaukee, WI, USA). Sé:veral
other polymers were examined at various concentrations as part of the resolution
studies. These polymers included hydroxypropyl methyl cellulose (100cP and 4000cP
from Sigma), hydroxyethyl cellulose (24,000-27,000 MW, 90,000-105,000 MW, and
140,000-160,000 MW from Polysciences, Inc., Warrington, PA, USA), hydroxyethyl
cellulose (Fluka medium viscosity--75-125¢P), and polyethylene oxide (100,000 MW,

200,000 MW, and 300,000 MW from Polysciences).
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1. Hydroxyethyl Cellulose

The HEC was dissolved in the TBE buffer by shaking vigorously overnight at
a concentration of 1.0% (w/v). The solution was then filtered through a 500 mL 0.22
pm or 0.45 um cellulose acetate disposable filter (Corning Inc., Corning, NY, USA).

The buffer was usually prepared 500 mL at a time and stored at room temperature.

2. Fluorescent Intercalating Dye YO-PRO-I

To 15 mL of the HEC buffer, 11.9 yL of 1 mM YO-PRO-1 dye (Figure 4-3)
were added to bring the dye to a concentration of 500 ng/mL. When 50 ng/mL
YO-PRO-1 solutions were prepared, 3.2 uL of the 1ImM YO-PRO-1 stock solution

were added to 40 mL of the HEC buffer.

CH,
s o
— 1,
N /) N=(CH,),= r‘ll-CHs
o) CH,
2T

Figure 4-3. Structure of YO-PRO-1. Chemical abstracts registry number and name are 152068-09-2
and Quinolinium, 4—[(3-methy1-2(3H)-benzoxazolylidene)methyl]-1-[3-(trimethylammonio)propyl]-,
diiodide.

Solutions containing the light sensitive intercalating dye were prepared daily,

although solutions up to a week old were used after being stored at room temperature
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with no obvious deterioration. The diluted dye solutions were covered with aluminum
foil to prevent contact with light. -Occasionally, with UV detection, the intercalating
dye ethidium bromide (Sigma) was added to the run buffer at concentrations ranging
from 1.27 to 6.35 uM [24]. In buffers used for fluorescence analysis; both YO-PRO-
~-1-and ethidium bromide were added when 100 um i.d. capillaries were used [33,151].
Several other fluorescent intercalating dyes are available from Molecular Probes
(Eugene, OR) and were examined as well, including TOTO-1, YOYO-1, TO-PRO-1,
and SYBR™ Green I (Figure 3-7).

Laser-induced fluorescence was achieved by the excitation of the intercalated
YO-PRO-1 dye-DNA complex with the argon-ion laser 488 nm line and detection of
emitted light at 520 nm. The cyanine dye YO-PRO-1, which is a benzothiazolium-4-
quinolinium monomer, possesses an absorption maximum of 491 nm which is well
matched to the 488 nm line of the argon laser [678]. Upon binding to DNA through
an intercalative mechanism, the YO-PRO-1 emits at 509 nm. The fluorescence can

be efficiently collected with ak520 nm bandpass filter.

E. COLUMN MAINTENANCE
1. Washing

Prior to e#ch injection, tﬁe capillary wall was cleaned wifh a methanol rinse
(1-4 min) and filled with the viscous polymer run buffer (2-6 min) [24]. Witﬁ proper
rihsing,‘ columns have lasted over 1000 runs without a significant loss of resolution.

* Washes between runs also prevent sample carryover in repetitive funs. =
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2. Storage

At the end of each work day, the capillary was rinsed with methanol (2-10
min) and subsequently with deionized water (10 min). The column was stored
overnight with both ends in water. Each morning, or between uses of different
buffers, the capillary was rinsed for 10 min with HPLC-grade methanol and

subsequently for 10 min with run buffer to equilibrate the capillary wall and interior.

F. INJECTIONS
1. Electrokinetic

For electrokinetic injection, an electric potential ranging from 1-10 kV was
applied to the sample for durations ranging from 1-30 s depending on the sample
concentration [151]. The typical injection for PCR-amplified short tandem repeats

was 5 s at 1 kV [152,559]. Each figure will contain the injection conditions.

2. Hydrodynamic

All pressure injections were performed at 3.44 MPa (0.5 psi). This particular
pressure is set by the Beckman P/ACE instrument. In some circumstances, the
hydrodynamic injection of the sample was proceeded by a 10 s injection of water to
increase sample stacking [151]. Most pressure injections of PCR-amplified samples

were for 45 s, although loading times of up to 90 s were studied.
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G. SEPARATION CONDITIONS

Both constant voltage [151,559] and voltage gradient separations [152] were
investigated. Separation voltages were optimized to the samples being separated.
Ohm’s law plots (see Figure 2-1) would. typically be run-with a new buffer or

capillary system in order to determine the upper limit for applied voltage.

1. Constant Voltage

Constant voltage runs were typically at 5 kV (185 V/cm for a 27cm capillary),
although conditions for individual runs may differ and will be listed with the figures
in the text. For PCR product quantitation, separations usually proceeded at 15kV

(556 V/cm), as resolution was sacrificed for speed..

2. Voltage Programming

Voltage programming was used to increase the overall speed while at the same
time improving the resolution in a particular region. In one approach, with a 50um
- i.d. x 37 cm capillary, the voltage gradient involved running at 15 kV (405 V/cm) for
three to five minutes and then immediately reducing the applied potential to 5 kV (135
. V/em) [152]. With a 50um i.d. x 27 cm capillary, the same degree of resolution and
speed could be achieved by running at 7.5 kV (278 V/cm) for 5 minutes and then
lowering the voltage to 2.5 kV (93 V/cm) [559]. A wide range of gradient ..

separations were examined as part of the resolution studies (see Chapter 5, II).
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H. SUMMARY OF SAMPLE ANALYSIS

With the Beckman CE system, a "method"” is programmed into the computer
which controls the autosampler and correlates each electropherogram to a particular
sample (Figure 4-4). The samples (usually a volume of 25-50 uL) are pipetted into a
vial (e.g. PCR tube) and placed on a spring in a 4 mL wide-mouth vial. After a
silicon rubber cap is screwed on top, each of the capped 4 mL vials is loaded into the
autosampler. Finally, the names of the samples are typed into the computer to relate
the autosampler position to the appropriate sample. In a typical CE analysis, the
process would proceed as follows (Figure 4-4). The detector parameters and
temperature are first set. The column is then rinsed with methanol. This is done by
placing the capillary inlet in the methanol vial (#31) and the outlet in a waste vial
(#10) and applying pressure to the inlet. In step 4, the column is filled with the
viscous polymer buffer (vial #32) as it is loaded into the capillary by pressure
displacement at 20 psi. Again, the waste vial (#10) is at the outlet end of the
capillary. Prior to injection, the inlet end of the capillary is dipped in deionized
water (#33) to prevent contamination of the sample with buffer salts. The sample
(#11) is placed at the inlet of the capillary and a voltage applied (electrokinetic) or
pressure used (hydrodynamic) to draw the sample into the capillary. Finally, buffer
vials (#34 and #1) are placed on both ends of the capillary, and electrophoresis is
allowed to proceed under the application of the separation voltage. When the run is
complete, the process is repeated again, with additional samples being injected from

vials 12, 13, 14, and so forth. The same buffer and rinse vials were used repeatedly
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for typically 10-20 samples. As these steps are completely automated, a sample can

be injected, separated, and detected in only a few minutes with no operator

interaction.

P/ACE 2000 Series Version 3.0 - Beckman Instruments Ihc.

Method: C:\PACE\EXAMPLE.MTD

STEP PROCESS

1 SET DETECTOR

2 SET TEMP
3 RINSE

4 RINSE

5  WAIT

6 INJECT

7 SEPARATE

DURATION INLET OUTLET

15.0

min .

min

sec

min

31

32

33

11

34

10

.10

10

06 Jun 95 11:52

CONTROL SUMMARY

LIF: 488:520 nm Rate: 5 Hz

" Rise: 1.0 sec Gain: 100

Temp: 25 C Wait until reached

Forward: High Pressure

|

Forward: High Pressure

Voltage: 1.00 kV

Constant Voltage: 5.00 kV
current Limit: 250.0 uA
Integrator On

Figure 4-4. An example "method" used in operating the Beckman P/ACE instrument. The operator
designates the duration of each process along with the inlet and outlet vial numbers. Vial contents:

inlet.' 31=MeOH, 32=
10=waste.

buffer, 33 =deionized water, 34=buffer, 11= sample; outlet: 1=buffer,
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II. DNA Samples

A. INTERNAL STANDARDS

Internal standards were DNA fragments generated separately by BioVentures
Inc. (Murfreesboro, TN, USA). The M100, M150, M200, M300, and M400 (100
bp, 150 bp, 200 bp, 300 bp, and 400 bp size fragments, respectively) were developed
and used for these studies. The DNA fragments were typically obtained in the
concentration range of 10 to 200 ng/pL. Some DNA quantitation work was also done
with the QS-200 200 bp DNA fragment from GenSura (Del Mar, CA, USA).
According to product literature, the concentration of the GenSura 200 bp DNA
fragment was determined to be 100 ng/uL by UV absorbance at 260 nm in an
instrument that had been calibrated by the UV absorbance standard SRM 935 from the
National Institute of Standards and Technology (Gaithersburg, MD, USA).

For use as internal standards with the CE-LIF methods, dilutions were made to
approximately 1 ng/uL with deionized water. From 500 uL stock solutions of 1
ng/uL, multiple analyses could be performed with the same amount of internal
standard. Typically, 1 ul of PCR product was added to an internal standard mix at a

volume of 22-50 uL and mixed 5-10 times with the pipet [151,152].

B. RESTRICTION DIGESTS AND SIZING STANDARDS
Hae 111 digested ¢X 174 (Sigma, St. Louis, MO) and pBR322 (Sigma) were
diluted to approximately 200 ng/mL using deionized water. K562 cell line DNA was

obtained from Life Technologies, Inc. (Gaithersburg, MD) and diluted in 10 mM
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Tris-HCl, 1 mM EDTA (TE) buffer [151]. The 20 bp ladder (Superladder-low, Cat.

No. SLL-101), containing SO DNA fragments, each 20 bp apart in the range of 20-
1000 bp, was obtained from GenSura (Del Mar, CA USA) Separatlons of large
DNA fragments were studled w1th the )\-Hma'III d1gest (Promega Madlson WI
USA) and large DNA ladders from GenSura (.e., Superladder-mldl Cat. No SLM-

101, and Superladder-high, Cat. No. SLH-lOl).

| ”C EXTRACTED DNA FOR QUANTITATION AND TYPING
Mltochondnal DNA (mtDNA) samples were extracted from human hair and

blood samples as described by W11son et al. [247] The genomic DNA for the sizing
and typing expenments was extracted as descnbed in Comey et al. [349]. Bneﬂy,
dned blood stains or Q-tip swabs were incubated for 2 hours at 56 °C in stain
extraction buffer containing Proteinase K and dithiothreitol (DTT). An organic
.extractlon was then performed with phenol/chloroform/isoamyl alcohol (24:24:1) to
remove the protems Finally, Tns-EDTA buffer was added and the aqueous layer
contaming the DNA was recovered by centnfugation o \

| In one study, anonymous blood samples from 97 unrelated Afncan Amencan
blood donors, obtained from the Broward County’s Sheriff’ s Office Cnme Laboratory
(Ft. Lauderdale, FL), were examined [559]. These samples were used to compare
results obta_ined by CE to those from mslab gel electrophoresis. Many of the samples
had been previously ampliﬁed and typed hy FBI laboratory researchers for use in

population studies.



D. DNA SAMPLE PROCESSING

After a sample is obtained from an individual in the form of a blood stain or a

Q-tip swab of cheek cells from the inside of the mouth, the DNA is extracted and

quantitated by hybridization with a human DNA specific probe (see below). Several

nanograms of the recovered DNA is amplified via PCR. The PCR product(s) are
then typed (in the case of STRs) by either polyacrylamide gel electrophoresis or CE

(Figure 4-5).

O extraction slot ég

blot %
mitDNA
—(D-F5— %
& i
uantitation
cell ovt 1 g
individual PCR Amplification
j  Sample Cloarp ..
............... sequencing
______ PN S
d N
CE Separation
/ gel electrophoresis

—> data analysis

staining data analysis

Figure 4-5. The steps for obtaining a DNA genotype (e.g. using an STR) from an individual.
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III. DNA Ampllficatlons by PCR

A MITOCHONDRIAL DNA
Several dlfferent amphﬁcatmn schemes were performed on two hypervanable
 areas of the control reglon of human mtDNA [151 247] The pnmers used are shown

* below:

HV1

115997 5’-CAC CAT TAG CAC CCA AAG CT-3* (A1)
H16395 5’-CAC GGA GGA TGG TGG TCA AG-3’  (BD)
HV2

L047 | $.CTC ACG GGA GCT CTC CAT GC-3 -~ (Cl)
H408 5-CTG TTA AAA GTG CAT ACC GCC A-3 (1)

The'n.lvlmbers signify the 3’ base with respect to the origin of replication as indicated
by Anderso‘;z\/ et al. [5051; "The letter L designates the light strand and H the heavy
(i.e., GC rich) strand of the mtDNA duplex. - Thus, “the cpmbination of primers Al
and B1 will generate a PCR product over the HVI region of 437 bp in length (Figure
4-6), while the combination of C1 and D1 will produce a 402 bp long DNA fragment
for HV2. The entire control region can be éfhiiliﬁed ‘by" combining Al and D1 for a
1021 bp long amplicon. When amplifying mtDNA frem Yh>air or bone, the HV1 and
HV2 reglons are often spht into smaller sections in order to increase amphﬁcatlon

efﬁc1ency [247]
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D-loop
Al— 437 bE «—B1 Cl— 402bp D

~ [i 1 ”4

16,569 bp

Figure 4-6. The sizes of the PCR products generated from amplifying the D-loop of mitochondrial
DNA using the primer pairs shown; Al and B1 define the HV1 region while C1 and D1 define HV2.
The primer sequences and positions are shown on the previous page. The overall size of mtDNA is
16,569 bp.

PCR was performed in 0.2 mL MicroAmp™ Reaction Tubes (Perkin Elmer,
Norwalk, CT) with 200 uM each dATP, dCTP, dGTP, and dTTP; 1 uM of each
primer (two per reaction; see above); 50 mM KCl, 10 mM Tris-HCI pH=38.3, 1.5
mM MgCl,, 0.001% gelatin, and 4 pug BSA (Sigma); and 5.0 units/reaction of
AmpliTaq DNA Polymerase (Perkin Elmer, Norwalk, CT). Amplifications were
performed in 25 uL volumes using the Perkin Elmer GeneAmp PCR System 9600
thermal cycler and the following parameters: 1 min 95 °C initial denaturation followed
by 36 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and

extension at 72 °C for 30 s [151,247].
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B. THE SHORT TANDEM REPEAT HUMTHO1

Eight alleles have been characterized for the STR system located in the first
intron of the human tyrosine hydroxylase gene (chromosomal position 11p15.5). The
sequencel for an allele containing nine repeats is shown in:Fi'g‘m.'(;, 4-7. The
HUMTHO1 alleles possess a tetranucleotide repeat of AATG and when amplified with
the primer pair listed below, generate alleles in the size range of 179 bp (5 repeats) to

203 bp (11 repeats) (Figure 4-8).

5’-GTGGGCTGAA AAGCTCCCGA TTATCCAGCC TGGCCCACAC AGTCCCCTGT
ACACAGGGCT TCCGAGTGCA GGTCACAGGG AACACAGACT CCATGGTGAA

TGAATGAATG AATGAATGAA TGAATGAATG AATGAGGGAA ATAAGGGAGG

AACAGGCCAA TGGGAATCAC CCCAGAGCCC AGATACCCTT TGAAT-3

Figure 4-7. Sequence of HUMTHOI allele 9 (195 bp). The tetranucleotide repeats have been
displayed in bold while the first and last repeat unit have been underlined for emphasis. The listed
sequence is the reverse complement of the Genbank sequence.

~ Amplifications were performed with the Perkin-Elmer GeneAmp PCR System
9600 thermal cycler using 1.2 units of AmpliTaq enzyme (Perkin-Elmer, Norwalk,
CT), dNTPs (200 uM each), 1 uL of 12.5 uM each primer, and 5 ul 10X buffer
(Perkin-Elmer, Norwalk, CT) in a volume of 50 ul. PCR primers used for
amplifying the HUMTHO! locus, described by Edwards et al. [159] are as follows:
5’-ATT CAA AGG GTA TCT GGG CTC TGG-3’ and 5’-GTG GGC TGA AAA

GCT CCC GCA TAT-3’. Thermocyling temperatures were 95 °C for 45 s, 60 °C for
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30 s, and 72 °C for 30 s, for 27 cycles. Approximately 1-5 ng of genomic DNA

were used in amplification protocols for the individual typing samples.

s
Allele FFagment :
. Size (bp)
B —{5ralmra]mra ] ARra] ARG 179
6  —{We[ATa]mTa] AW AATATAATG — : 183
7 —{FATc [ AATa] ANTG[AATG | AATG] AATG] ARTG fommen 187
8  —{Fa[ma[ma[ Aa] aata] ARra] Akva mara — 191
O —{a[mma[mig mé [ AATG| AATG] AATG | AATG ] AA1='G}—-— 195
Q3 —{ AT TG ARTa] AATG] ATG] ARTG[ATS AATG] ANTG [ ARTG}—— 198 E -

10 —{FRImal el aara] mta a7 [RATa] Akra] ARTa] AATa |— 199 °

1 1. —{AATa] RATa] AT | mATa | ARTa ] AaTa] ARTa AATa [ ARG | AATG [ AT e 203
AATG repeat

Figure 4-8. The eight characterized HUMTHOL1 alleles possessing the AATG core repeat sequence.
Allele 9.3 differs from allele 10 by a single adenine deletion in the seventh repeat unit. The
HUMTHO1 allelic ladder used for these studies is displayed vertically; allele 10 is pot present.
Conditions as in Fig. 4-9.

C. ALLELIC LADDERS

A HUMTHOI1 allelic ladder was prepared with alleles 5, 6, 7, 8, 9, 9.3, and
11. The stock allelic ladder was built by mixing alleles from individual samples with
genotypes (5,9.3), (6,9), (7,8), and (9.3,11). The original HUMTHO1 ladder was put

together by Greg Parsons of the FBI Laboratory. To produce more of the standard
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ladder, the stock was diluted 1:10° with deionized water and reamplified [161,645].
The multiplexed allelic ladders (Figure 4-9) containing alleles from the STR
systems VWA, FES/FPS, and CSF1P0 and the VNTR D1S80 (Roche MP3) were a
gift from Dr. Marcia Eisenberg of Laboratory Corporation of America (formerly

Roche Biomedical Laboratories, Research Triangle Park, NC).

D1S80
401-801bp

24

CSF1P0
FES/FPS 287-323bp
VWA 214-238bp

FLUORESCENCE

(4bp repeat) . (4bp repeat) (4bp repeat) (16bp repeat)
1 1 1
8 8 -
© o ©
- MINUTES - i

Figure 4-9. Muitiplex STR and VNTR allelic ladders for the VWA, FES/FPS, CSF1P0, and D1S80
loci. The numbers above the peaks indicate the number of repeats in each allele. The separation is
optimized for the 100-350 bp region with voltage programming so that the D1S80 alleles are not well
resolved. Conditions: Capillary: 50 pm i.d. x 27 cm DB-17; Buffer: 1% HEC (Aldrich), 100 mM
TBE, pH 8.2, 500 ng/mL YO-PRO-1; Temp.: 25 °C; Injection: 5 s @ 1 kV; Separation: 0-5 min @

+ 7.5kV, 5-16 min @ 1.5 kV, 16-18 min @ 7.5 kV; Sample: 1:50 dilution of Roche Multiplex #3 in
deionized water. ' S



79

IV. Post-PCR Sample Preparation and Cleanup

A. PRIMER REMOVAL

In some situations (e.g., cycle sequencing [252,247]), it is desirable to remove
the primers following PCR. This may be done by centrifugation, where the primers
pass through large pores in a filter, or spin-size exclusion, where the larger PCR
product passes through the column and the smaller primers are retained in the spin-
column.

Primers were separated from amplified DNA by subjecting the sample in
Microcon-100 tubes (Amicon, Beverly, MA, USA) to centrifugation. All sample
components less than 100,000 MW (~ 160 bp) pass through the filter. Two 300 uL
washés with deionized water were performed using centrifugation at 3000 x G for 5
min. After adding 30 uL of deionized water to the filter, the tube was inverted and
centrifuged at 10,000 x G for 5 min. A retentate of approximately 30 uL was
collected.

For the application of CE to quantitating PCR-amplified mitochondrial DNA
(see Chapter 5, IV), 1 uL of retentate, which contained the recovered PCR product,
was added to 24 uL of deionized water containing an internal standard, typically the

200 bp DNA fragment.

B. FLOAT DIALYSIS
When only salt removal was required, float dialysis was performed. This

process was usually necessary when using UV detection to enhance the quantity of
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DNA injected onto tl_lc CE cqlumn. |
The amplified DNA was processed by pipeting it onto a 0.025 pm membrane
filter (Millipore VSWP) which was floating in a petri dlSh filled w1th déionizéd water
as shown in Figure 4-10 [155',188]; The low (1'O(I)I'V‘byp:or 150 bp) and high (300 bp)
infemal standards (Bidventures Inc., ‘Murfr‘eésbhoro, TN) were added at ’fhis pdiﬁt, for
§ome sizing experixﬁents [152]. Dialysis was typically carned out on the ﬂoating

filter form20-30 minutes [24].

sample dialysis

MF-Millipore Membrane Filter
025 [4m pore size, 25mm diam:)

Figure 4-10. Float dialysis for salt removal from a sample prior to electrokinetic injection. A
sample is typically pipetted onto the floating membrane for 20-30 minutes. The salts diffuse through
the membrane into the water. From [155]. '
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V. Other Methods of PCR Product Quantitation

A. QUANTITATION BY HYBRIDIZATION

The quantitation by hybridization with chemiluminescent detection (i.ef, slot
blot) procedure was performed as described by Walsh et al. [687]. The mtDNA
control region from K562 DNA was amplified by PCR and purified by centrifugation
with a Microcon-100 tube. These PCR products were then quantitated by fluorescent
spectrophotometry (see below). From this resulting DNA, standards were prepared in
10 L of 10 mM Tris-HCI, 0.1 mM EDTA (TE) buffer by serial dilution to amounts
of 40 ng, 20 ng, 10 ng, 5 ng, 2.5 ng, 1.25 ng, 0.625 ng, and 0.312 ng.

PCR products were assayed after purification by centrifugation through a
Microcon-100 tube (see above). Biotinylated oligonucleotides (HV1B = H16255 =
Biotin-5’-CTT TGG AGT TGC AGT TGA TG-3’ and HV2 = L172 = Biotin-5’-
ATT ATT TAT CGC ACC TAC GT-3’) at a concentration of 1 pmol/uL were used
as the slot blot probes. The serially diluted standards were arranged down each side
of the membrane while up to 32 samples can be loaded in the center (4 columns x 8
- rows). Either extracted genomic DNA or PCR products may be ascertained
depending upon the sequence of the biotinylated probe; the signal intensity is directly
related to the number of probes bound to the DNA. After exposure of the membrane
to X-ray film for 15 min, a visual comparison was made between the sample and the

standards.
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B. FLUORESCENT SPECTROPHOTONIETRIC ANALYSIS

A Perkin Elmer 650-40 Fluorescent Spectrophotometer was used followmg the
procedure described by Rye e al. [26] YOYO-1 (the homodlmer of YO-PRO-1,
Molecular Probes, Eugene, OR) was the ﬂuorescent dye used for quantxtatron The
YOYO-1 dye was diluted 1:5000 in TE buffer. For each sample, 5 ;LL of the PCR
product were added to 2 mL of the YOYO-TE buffer solution. K562 DNA was
diluted to 25 ng/ uL and used as a reference Measurements were usually made in

| triplicate and averaged.
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VI. Data Analysis

A. QUANTITATION OF DNA

The quantity of a PCR product was determined by comparison to an internal
standard of known size and concentration [151,247]. Typically a 100 ng/uL 200 bp
quantitation standard was diluted to 0.400 ng/uL by placing 2 uL of the 200 bp
standard into 498 uL of deionized water. One pL of a PCR sample was examined by
adding it to 24 uL of the 0.400 ng/uL diluted 200 bp standard. Following CE
separation, the quantity of DNA in the sample was estimated based upon a ratio of the

peak areas as shown below,

25uL ,Area PCR product

[PCR Product] =
1pL  Area 200bp Std

*(0.384 ng/pL) 41

where (0.384 ng/uL) is the amount of 200 bp DNA in the CE sample (i.e.,

241/ 25uL). 1t should be noted that the actual relationship between the internal
standard and the sample is also affected by a factor related to the difference in bp
size. This factor is due to the difference in the number of fluorophores attached to

the DNA molecule.

B. SIZING OF DNA

Two internal standards were typically used to size PCR-amplified DNA
[152,559]. The DNA fragments of interest were delimited by the dual internal
standards of known molecular size and concentration. The size of unknown peak(s)

was then determined by comparison with the internal standards. The same two
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internal standards were also added to a reference standard to directly relate the size
and quantity of the reference standard to the sample assummg lmeanty Typ1ca11y
the 150 bp and 300 bp PCR products (GC content ~ 50 %) generated by BioVentures
were used as the mtemal standards for sizing HUMTHOI alleles (179-203 bp) and the
* amelogenin X/Y fragments (212 or 218 ‘:bp). The size of an unknown DNA fragment

was calculated with the following equation:

DNA fragment size = 150 bp + [(MTpys - MTISO) * slope] @)

where MT is migration time and

(300 - 150)
(MTy, - MTISO)_

slope =

These equations may be used as long as the region between the two internal
standards in this case the 150 bp and 300 bp fraoments is linear. For use in typing
 short tandem repeats both 1nd1v1dual samples and the allel1c ladder DNA sizes were

calculated in th1s manner.

C. DETERMINATION OF SAMPLE GENOTYPE

Using the dual internal standard approach, the genotype of a sample was
determmed by companng the calculated size in base pairs to that obtained from the
standard allehc ladder. Any allele sizing result falling outs1de 3.3 standard deviations
(99. 9% conﬁdence limit, as determined by 50 rephcate 1nJect10ns) of the calculated bp

i

size obta1ned from the standard was rejected [559]
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Results and Discussion

Table of Contents

I. Injection from High Ionic Strength Matrices........ccoiuieiiniiinerncnciiiaiiacenes 87
A. HydrodynamiC..........cceeausermmerrreasriesesseemsimnraerisenuoesnsseresioassnans 87
B. ElectrOKiNEtiC. ...vuvueeuerirerseaasnceerissrrararassasiaserasuessssstotsnranananses 90
1. Factors Affecting the Resolution of DNA Fragments........cc.coveiiuniiiiiniannies 93
A. Column COMPONENLS. ......euvrerneninierieisansaristiasrarsaneaasosererasantsions 93
1. INNET DIAmMEIET. . ...viveererareriireerareieerenrassstorsoseiosesonaanaatoes 93
R 7 - | T TR LRIINIIIAT 94
3, COAtNE. ... eviruernneeriesrenrnnieiserasrns e susesusentanriassesasansseasisss 95
B. Sample Sequence Effects..........ccciviermeiiiiiiiiiniimicieens 96
C. Instrumental FaclOrS......ccvveieemcusranuirserannrerasisarisnsnsnsioasisonorsnses 99
1. TemPETatUlB. ... .eucvueruernernarmnseesionismasttortantseasressisensiossissias 99
2. Electric Field Strength.......cc.oovimireiiimininiiiiieienciee. 101
3. Voltage Programming.........cceeeueeeerenemunuierennnsioseisisonecaes 105
D. Buffer COMPONENLS. ...ccuisereeirnrsnracrasronsenstssasiosianamstssssrsaseciianres 108
1. Entangled Polymer Solution...........ccciiiiieimamnniniacineniiianniss 108
2. Intercalating DYe......ccocovererniranriereiareanmieiiineassisinoniataes 115
E. General Summary of Resolution Factors..........ccoceererenreniacenceninie. 120

F. Comparison of Results t0 Gel Theories. ... ...cciviiemeieanriurrasnranniianens 121



86

III. Precise and Accurate Sizing of DNA Fragments.........coovvevivervineiaciiianna.. 123
A. Use of Standards for Sizing..........ccoivviriiinrnmnrinrmooniicc e, 123

B. Sizing of Short Tandem Repeats by CE..........ccocoviiiiiiiiiinianrinennnnnn. 127
L. PreCISION. ....cvvirinrernrnsecnriaiarcrareciirastssetenratssssssnnensesaans 128

2. Accuracy in TYPING.....cvuceivieriiniiiiiiiacnmierinrcerancaseansacnans 132

3. AcCuracCy in SiZINE.......ccovvvriiiriiiiniiieniieniniieriiniieiaranenen, 137

IV. Quantitation of PCR Products......ceceicieeineieriiaienrereiasesscisernsesersssonsnans 140
A. Analytical Limits of CE Method...........coveeninruinruinvarnieiiiiiinnenans 140

L. Sensitivity.....cccveeiiieimiininiinereniirmrniiii e 140

2, Lineal RaNGe........ccoiuiuiieniiriariariioninecnonnienierniiereniacasssennes 141

3. Peak Area Precision..........ccoceeiiniiiiiiiiiiiiiiicieiinstaiiiniaae, 142

B. PCR-Amplified Mitochondrial DNA..........ccoociiniiiiiiiiiiniiiieeaeen, 147

1. Analysis by Other Quantitation Techniques..........cccccivviinennane 148

2. CE ANALYSiS.......ccovvnvnieiiniriinieiieiieiitsasiesissinesrsnsereensanes 150

3. Application to Problems.......cccceumiiiiiiiiiiiiiiiiiiiirvisnisisnennes 152

V. SUMMATY. o iiiiiiiiiiiiiitieiiteisseserarsrssstessasuasiansasssnnssennsassnnesssssnsasnans 154
A. Factors Affecting ResOlUtON. ......cc.cevuirinirenienriciiiicicrieeisecivececnen, 154

B. Improvements in Injection Procedures........cocceieeiiiiiiiiiiiiaverrernnnnas 154

C. PCR Product SiZiNg.......cocevevinsueirereniieniaroraeiivenssisiinssrosrosseses 155

D. PCR Product Quantitation.........cceeveevieerenrereresorasacceneronscssssasrases 155

E. System Stability......covrvvinimminmmiiiiiiiiiiiiiiiiiiiiiinie e 155



87

I. Injection from High Ionic Strength Matrices

The goal of this research was to develop capillary electrophoresis procedures
for the analysis of PCR products used in human identification DNA typing.
Experiments were performed to improve the injection of PCR samples and to
understand the factors important to obtaining high resolution with CE. The resolution
studies were performed in order to optimize the separation time for PCR product
analysis, which will facilitate the routine use of CE. The issues of precision,
sensitivity, and stability of the CE system were also examined. From this work,

quantitative procedures for DNA fragment sizing and quantitation were developed.

A. HYDRODYNAMIC INJECTION

Experiments were undertaken to improve hydrodynamic injections for the
purposes of quantitative analysis of PCR products. One problem with PCR samples
has been poor sensitivity upon injection from a high salt matrix. Previous work in
the literature suggested that a plug of water prior to the sample injection would be
beneficial to enhancing sensitivity and resolution [48]. A series of experiments were
performed to develop a two-step injection procedure with a water plug prior to the
sample.

The injection of a ¢$X174 Haelll digest was examined by changing the time of
a water injection while holding the sample injection time constant. It was found that
up to a 10 s water injection prior to the sample could be performed without loss in

resolution. The water injection was then held constant at 10 s while the injection time
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of the sample was varied between 30 s and 90 s. The lon_g‘injection times were used
to 1mprove 1nJect10n prec1s1on and the amount of material loaded onto the column.
The highest number of theoretical plates for the 234 bp peak of the ¢X174 HaeI]I
digest sample was obtamed w1th a 10 s water 1nJection followed by a 45 S sample
| injection [151]. Resolution loss was observed with 1nJections over 60 s in duration,
presumably asa result of sample overload
The 1mportance of this precedmg water plug for long hydrodynamlc 1n_]ections
can be seen in Flgure 5-1 Peak frontmg of the larger DNA fragments (603 1353 bp)
was reduced when the 10 s water 1n_]ection preceded the 45 s sample injection (Figure
5-1a). When the water plug was removed (Figure 5-1b), large peak shouldersv
became evident for the last four peaks (see the boxed area). This peak fronting may
~ be attributed to the sample stacking process [384] W1thout a precedmg water plug
(Fig. 5-1b), some DNA can d1ffuse or migrate into the s1ev1ng buffer and thus
partially escape the ongoing stacking at the water—buffer interface. By placing a water
; plug in front of the sample (Flg 5-1a), a larger zone exists between the sample and
the buffer 1nterface wh1ch reduces the amount of DNA that can d1ffuse or m1grate into
the sieving buffer ahead of the bulk sample, and thus reduces peak fronting. On the
other hand, if the water plug is too large, the electric field across the sample zone can
become uneven at the start of electrophoresis, resulting in sample dispersion. In fact,
peak tailing became evident when the preceding water injection was increased to 30 s.
| This hydrodynamlc 1nJection scheme (10 s water followed by 45 s HD sample

mJection) fumrshed reproducrble peak migration times and peak areas and worked
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well for the quantitation of PCR products (see below) [151]. When greater sensitivity

was desired, electrokinetic injection was performed.
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Figure 5-1. The separation of a DNA restriction digest following a hydrodynamic injection; (a) a 10
s water plug preceded a 45 s injection of the sample; (b) no water plug was injected prior to the
sample. The larger DNA fragments have severe peak shoulders in (b) (see boxed area). Conditions:
Capillary: 50 pym i.d. x 37 cm DB-17; Buffer: 1% HEC (Aldrich), 100 mM TBE, pH 8.1, 50 ng/mL
YO-PRO-1; Temp.: 25 °C; Injection: 45 s @ 0.5 psi; Separation: 0-4.5 min @ 15 kV, 4.5-15 min @
5 kV; Sample: 588 ng/mL ¢X174 Haelll digest diluted in deionized water.
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B. ELECTROKINETIC INJECTION

To better understand. the role of sample injection in CE an experiment was
performed comparing EK and HD injections. The same sample was analyzed using
both techniques. For the injection conditions used, a 10-fold improvement in the
amount of sample injected was seen with EK (5 s @ 1 kV) over HD (45 s @ 0.5 psi)
(Figure 5-2). A sample of the HUMTHOI allelic ladder was used in order to
observe the effect of the injection method on resolution. Although peak shape
appeared to improve slightly with EK (Figure 5-2b), high resolution may be obtained
with either type of injection as deménstrated by the separation of the HUMTHO1
alleles, which differ by only 4 bp. The implication of these results is that as long as
stacking is present, hydrodynamic injection can be used as an effective sample
introduction technique, thus eliminating the need for dialysis.

A further examination was made to test the effect of electrokinetic injection
times and voltages on the sensitivity and resolution of the short tandem repeat
HUMTHOI alleles. The use of low \;oltages for a "long" period of time (e.g., 5-10s
@ 1 kV) produced superior resolution and precision over analyses using high voltages
for a short period of time (e.g., 1-2 s @ 10 kV). The superior resolution with lower
voltages during EK injection is in agreement with the literature [23]. In general,
injections were more reproducible if sampling occurred for longer than 2-3 seconds.
Depending on §amp1e concentration and ionic strength, slight variations in injection
time or voltage were often required. For example, if sampié overloading was'seen

for 5s @ 1 kV, the injection time cpuid.be lowered to 2 s@1kVto impgové the
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resolution. On the other hand, if the sample concentration on the column was too
low, the injection voltage could be increased (e.g., 5 s @ 2 kV). For most of the
PCR samples examined in this work, an electrokinetic injection of 5 s @ 1 kV was

most effective following a 1:50 dilution of the sample in deionized water.
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Figure 5-2. A comparison of (a) hydrodynamic and (b) electrokinetic injections for the HUMTHO1
allelic ladder. The HUMTHO] alleles differ by 4 bp and range in size from 179-203 bp. The 150
bp and 300 bp fragments have been included as internal markers and are present at a concentration of
2 ng/ml.. Conditions as in Fig. 5-1 except injection, where (a) 45 s @ 0.5 psiand (b) 5s @ 1 kV.
Sample: HUMTHOL1 ladder with added 150 bp and 300 bp internal standards (following 30 min float
dialysis).
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“The dilution.of samples in water is a beneficial procedure because it eliminates
- the requirement for sample dialysis and is very amenable to automation:
Conceivably, a portion of a PCR sample could be taken directly from the thermal
cycler and‘diluted in watet prior: to CE separation in a robotic.workstation. - This
would allow fast separations with minimal processing time and reduced labor. The
disadvantage of this procedure is that lower sample concentrations are injected and

greater sensitivity is required making laser-induced fluorescence a necessity.
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II. Factors Affecting DNA Resolution

One goal of this research has been to develop an understanding of the factors
affecting resolution in CE. Prior to this work, few systematic studies had been
undertaken to understand the effect of various parameters on CE resolution of DNA;
and none had been performed on PCR products. For CE to be an effective tool for
PCR product analysis, the separation of double-stranded DNA (dsDNA) smaller than
~ 1000 bp needs to be demonstrated. For example, in the analysis of tetranucleotide
STRs used in DNA typing, the resolution of fragments differing in length by 4 bp, in
the size range of 100-350 bp, is required. The examination of the factors involved in
separating DNA fragments has led to an increased understanding of the CE variables

and aided in reducing the separation time while maintaining high resolution.

A. COLUMN COMPONENTS
1. Capillary Inner Diameter

Better precision and resolution were observed with 50 pm i.d. (vs. 100 um
i.d.) capillaries. Precision improves because less ion depletion can occur in the
buffer well with narrower capillaries since smaller currents are generated with applied
voltage. In addition, heat dissipation is much easier at high electric fields for a 50
pm vs. a 100 um capillary (see Figure 2-1) because the surface area-to-volume ratios
are 80 and 40, respectively. Thus, high voltages, and consequently, more rapid
separations with less longitudinal diffusion are permitted with the 50 pm i.d.

capillary. Another interesting observation was the amount of intercalating dye
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required to obtain equivalent resolution. - Both ethidium bromide and YO-PRO-1

1ntercalat1ng dyes were requ1red to obtam 4 bp resolution of STRs usmg a 100 pm
i.d. caplllary [33], but equ1va1ent resolutron was obtalned w1thout eth1d1um bromide

‘using 5:10 pm 1d capillaries.

: 2. Caplllary Length

An exam1nat10n was made of the effect that column length plays in DNA
separatlons us1ng entangled poly‘mers The general trend was an 1mprovement in
speed with shorter capillaries with a mm1ma1 losws in resolut10n Good resolutlon was
still maintained with an effective column length of only 7 cm (Figure 5-3). The
separation ‘of ‘the 271 and 281 bp fragments is often used as a high-resolution
indicator. Typically migration times of 15-20 minutes are needed to resolve the 271
and 281 bp doublet with this same separation voltage and a longer capillary (see Fig.
5-1). The separation shown in Figure 5-3 was equ1va1ent to that obtained on a gel-
filled cap1llary [326], which generally have produced superior resolut10n when
compared to entangled polymers The m1mma1 role of cap1llary length on resolut10n
has been substantiated with the h1gh resolut10n separatlons that have been performed
on glass microchips where separation distances can be <4 cm [471, 652] In fact,
there have been a number of studles which tend to confirm the postulate that

_ separanon efﬁc1ency is more dependent upon 1nJect10n and other factors than capﬂlary

length [236,382,445].
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Figure 5-3. The separation of ¢$X174 Haelll restriction digest with an effective length of 7 cm.
With longer capillaries, migration time increases with little benefit to resolution (see Fig. 5-1).
Conditions: Capillary: 50 pm i.d. x 27 cm (7 cm to detector) DB-17; Buffer: 1% HEC (Aldrich),
100 mM TBE, pH 8.2, 500 ng/mL YO-PRO-1; Temperature: 25 °C; Injection: 5 s @ 1 kV (from
outlet); Separation: 5 kV (6.3 pA); Sample: 588 ng/mL ¢$X174 Haelll digest. Numbers above the
peaks indicate the DNA fragment size (bp).

3. Capillary Coating

Several wall coating thicknesses were examined including 0.05, 0.1, and
0.2 um. No discernable difference could be seen in terms of resolution or stability
between the different thicknesses. While the vast majority of the separations
described in this work were performed with the DB-17 coating (see Figure 4-2), other
coatings were briefly examined, including the methyl-coated polysiloxane DB-1 J&W
Scientific) and a C-18 bonded column from Supelco, Inc. (Bellefonte, PA). In
agreement with Ulfelder [216], who compared DB-17 and DB-1, no significant

changes in resolution or selectivity between these columns and DB-17 were observed.
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However, the instability of the Supelco column prevented its use for more than 7-8
runs, presumably because the wall coating degraded.

Our laboratory has been able to operate routinely for over 1000 runs on a
single DB-17 capillary, an order of magnitude superior to routine use %eported in the
literature. This stability most likely results from protection of the capillary’s inner
surface by the formation of a secondary layer on the capillary wall with the viscous
entangled polymer (e.g., 1% HEC) [23,231]. The methanol rinse between each run
may also help to activate the hydrophobic surfaé:e. In an experiment where the HEC
was removed completely from the buffer solution, peak tailing was evident (along
with the lack of resolution in DNA fragments, as expected), indicating possible wall
interactions with the DNA fragments. Upon replacement of a viscous polymer
solution, normal peak shapes were observed. The formation of a dynamic wall
coating was further substantiated with some work involving a 20 um i.d. bare fused
silica (uncoated) capillary filled with 1% polymer solution. Instead of coming out in
reverse molecular weight, as expected if any EOF was present, the DNA fragments
came out in order of increasing size (see Figure 2-5). These results suggest that a
secondary wall coating from the viscous polymer in the buffer would render the effect

of the primary coating (DB-1 or DB-17) insignificant.

B. SAMPLE SEQUENCE EFFECTS

The internal sequence, and hence the conformation, of a DNA fragment can
sometimes significantly influence a separation. For this reason, most of the resolution
studies déscribed in this work were performed with DNA ladders where fragments
contained repeated sequences. A sample with a consistent conformation between
fragments should be a more effective indicator of the resolution for a CE sysiem

[527]. Short tandem repeats are particularly useful for higH resolution studies of a
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CE system because of the small, uniform differences between alleles (e.g., 4 bp).

Previous to this work, most DNA separations by CE have involved restriction
digests such as $X174 Haelll and pBR322 Haelll (see APPENDIX 1). The problems
with using these restricﬁon digests may be illustrated from the GC content data
compiled in TABLE 5-1. For example, consider the 123 and 124 bp fragments in the
pBR322 digest. These fragments differ by only 1 bp in overall size, but are not so
similar in terms of internal sequence. This fact may be exploited to resolve the two
fragments. Note that the 124 bp fragment contains a higher GC content (64.5% vs.
56.1% for 123 bp). Intercalating dyes, which have a stronger affinity for GC base
pairs [46], could potentially bind to the 124 bp peak in a selective manner, change its
conformation with respect to the 123 bp fragment, and improve the resolution. This
fact has been demonstrated and will be discussed later (see Figure 5-14). Several
groups have even demonstrated the separation of two DNA fragments which were the
same length using conformational differences between the fragments [75,135,398].
While these separations are respectable, they do not permit an appropriate, unbiased
measure of the resolution when using particular CE parameters. Thus, the use of
DNA ladders, with repeated sequences and similar conformations, are more
appropriate for resolution studies. _

The separation of a 20 bp ladder, which contains 50 fragments from 20 bp to
1,000 bp (each at 20 bp intervals), permits high resolution mapping over the entire
PCR product range, without concern about possible conformational differences
between adjacent fragments (Figure 5-4). A 100 bp ladder has been added to the
sample for easier peak identification. The decline in peak signal with increasing
DNA size is a result of a decreased efﬁcieﬁcy for the enzymatic reaction (i.e.,
ligation) with longer DNA fragments [75]. This 20 bp ladder, along with various

STR and VNTR allelic ladders, was used throughout these resolution studies.
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TABLE 5-1. ' The GC Content of Two Commonly Used Restriction Digests. In the
first column, the DNA fragment size is listed. For each fragment, the number of GC
(guanine and cytosine nucleotides) in that fragment has been, calculated along with the
%GC (#GC divided by total fragment size). The sequences were obtained from
Sigma. The AT/GC ratio has been suggested as a measure of DNA flexibility [73].

¢X174 H(IEIII (il restﬁctigin fragmehts)'

bp size #GC %GC AT/GC
72 37 51.39% 0.946
118 59 50.00% 1.000
194 99 51.03% 0.960
234 109 46.58% 1.147
271 124 45.76% 1.185
281 124 - 44.13% 1.266
310 153 49.35% 1.026
603 - 258 . 42.79% 1.337
872 378 43.35% 1.307
1078 471 43.69% 1.289
1353 600 44.35% 1.255

pBR322 Haelll (22 restriction fragments)

bp size #GC %GC AT/GC
8 7 87.5% 0.143
11 6 54.5% 0.833
18 9 50.0% 1.000
21 14 66.7% 0.500
51 36 70.6% 0.417
57 35 . 61.4% 0.629
64 43 67.2% 0.488
80 47 58.8%  ~ 0.702°
89 54 60.7% 0.648
104 67 o 64.4% ¢ 0.552
123 69 56.1% 0.783
124 - 80 64.5% 0.550
184 109 59.2% 0.688
192 83 43.2% ©1.313
213 131 61.5% 0.626
234 - 138 59.0% 0.696
267 136 50.9% 0.963
434 252 58.1% . 0.722
458 195 42.6% 1.349
504 - 267 53.0% 0.888
540 302 55.9% 0.788

- 587 250  42.6% . 1348
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Figure 5-4. GenSura 20 bp ladder with DNA fragments from 20 bp to 1000 bp in 20 bp increments.
The declining peak signal with increasing fragment size is a result of the enzymatic reaction used to
generate the ladder. Conditions: Capillary: 50 um i.d. x 27 cm DB-17; Buffer: 3% HEC (24,000-
27,000 MW), 100 mM TBE, pH 8.2, 500 ng/mL YO-PRO-1; Temp.: 25 °C; Injection: S5s@ 1kV;
Separation: CV: 5 kV; Sample: 160 ng/mL 20 bp ladder + 40 ng/ml. 100 bp ladder (GenSura).

C. INSTRUMENTAL FACTORS
1. Temperature

The separation of the STR (VWA, FES/FPS, and CSFIPO) and VNTR
(D1S80) allelic ladders was evaluated over a temperature range of 25-50 °C. From
25-35 °C, temperature appeared to have very little effect on the resolution of the DNA
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fragments (Figure 5-5). The separation time (solid line) for the 214 bp peak
(FES/FPS allele 7) can be reduced by ~ 1.5 minutes witt;out a noticeable loss in
resolution. The resolution (dotted line) was measured be%ween the 214 and 218 bp
peaks. As stated earlier, the ability to resolve 4 bp differences is important tj,o' typing
STRs. For constant voltage separations, tfiér migration times decreased with ihcreased
temperature, primarily because the solution ”viscosity was reduced, which allowed
more ion movement and higher currents. At constant currerit, the migration times
remained relatii;ély constant over the temperature range examined hére with no -
significant changes in resolution (data not shownj). Other repofts ofvjjtemperat:ure study

results are consistent with these ﬁndings fa.nd interpretation [’2983},395].
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Figure 5-5. Effect of temperature on resolution (dotted line) and migration time (solid line) at

constant voltage. Conditions as in Fig. 54, except 1% HEC (Aldrich) and temperatures as

: indicated. . The sample is the Roche Multiplex 3; data points are for a 214 'bp fragment (FES/FPS
~allele 7). Resolution was determined using Eq. 2-5.
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2. Electric Field Strength

The impact of the electric field on resolution was evaluated with a series of
experiments using the STR and VNTR allelic ladders. Voltages ranging from 1 kV
(37 V/cm) to 20 kV (741 V/cm) were applied across a 27 cm capillary. Alleles 7
(214 bp) and 8 (218 bp) were chosen as an indicator of the separation because they
are 4 bp apart, are in the middle of the STR region (100-350 bp), and represent the
general trend of tetranucleotide STRs. Under the column and buffer conditions used
in these studies, the resolution in the 100-350 bp region began diminishing above
~200 V/cm (Figure 5-6). Data points are not shown above 275 V/cm because the
STR alleles, which were 4 bp apart, could not be distinguished. However, an Ohm’s

law plot with these same conditions was linear out to 450 V/cm.
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Figure 5-6. Effect of electric field strength on the resolution (asterisks) and migration time (squares
with solid line). Resolution between the 214 and 218 bp fragments diminishes above 200 V/cm
(calculated using Eq. 2-5). However, an Ohm’s law plot under these conditions does not show
deviation until 450 V/cm. Conditions as in Fig. 5-5 except at a constant temperature of 25 °C and
field strengths as indicated.
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Notice that the resolution does not improve significantly by going to lower field
strengths, primarily because more longitudinal diffusion may occur (Figure 5-6).
Moreover, migration times markedly increase below 100 V/cm. Thus,-the optimum
balance for the STR region of interest (100-350 bp), in terms of migration time and
resolution, was 150-185 V/cm, or 4-5 kV applied across a 27 cm capillary. -

For longer PCR products, such as the larger alleles in the VNTR D1S80, the
voltage may need to be even lower to enhance resolution (Figure 5-7a). The .
dramatic dropoff in resolution at higher field strengths is primarily due to alignment
of the fragments in the electric field [127]. At higher voltages, the change from the
Ogston regime to the biased reptation regime (see Section F below)- can' occur -earlier
with substantial 10ss in resolution (Figure 5-7c¢). " A close examination shows this
phenomenon; at 93 V/cm (5-7a), all DNA fragments are fully resolved; at 185 V/em
(5-7b), the 36 (721 bp) and 37 (737 bp) repeat peaks have begun to comigrate and are
not being resolved as well from their neighbors as at the lower field strength; finally,
when the applied voltage is increased to 370 V/cm (5-7¢), no fragments larger than
500 bp (allefé 22) can be separated. Alignment of the DNA fragments in the electric
field occurs earlier with higher voltages, which leads to a rapid loss in resolution.
These results highlight the fact that as DNA fragments becomé larger it is more
difficult to separate them when using high voltages [78,127].

An examination of the literature (see APPENDIX 1) revealed that there has
consistently been an optimum range for the applied voltages used in DNA separations
(Figure 5-8). A majoﬁty of these separations were performed in the 151-200 V/cm
range at the expense of some resolving power (compared to 101-150 V/cm), but with
greater speed. The detailed study carried ‘out as part of this research shows why this
range is ggnerally preferable; despite Ohm’s Iaw measurements that might have

suggested higher voltages.
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Figure 5-7. The onset of biased reptation begins with lower DNA size when higher field strengths
are used. Time scales differ. D1S80 alleles at (A) 93 V/cm, (B) 185 V/em, and (C) 370 V/em.
DNA fragments larger than ~ 500 bp (allele 22) fail to be resolved above 300 V/cm. Conditions as

in Fig. 5-3 except 0.3% HPMC (4000 cP), and voltages as indicated. Sample was the FBI D1S80
allelic ladder (1:50 with H,0).
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Based upon the observations made in Fig. §-6 and 5-7, the stretching of the

DNA appears to be the primary cause of resolution loss. Furthermore, the Ohm’s
law point of deviation is not a good indicator of the optimum voltage when looking at
DNA. Optimum field strengths are DNA length dependent. For small PCR
products, 150-200 V/cm was found to be the optimum field while resolution of larger
PCR products impfoved with electric fields below 100 V/cm. For DNA separations,
the optimum voltage may be well belowr the determined Ohm’s law point of deviation

because of the ability of DNA to be stretched in the electric field.

Average Resolution (bp)
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51-100 | A
101-150 A
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201-250 R
251-300 R
301-500 s

> 501 = - —a ;
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Figure 5-8. Resolution using different field strengths from CE/DNA literature. Information was

obtained from examination of the data in APPENDIX 1. The average resolution was a combined

summary from estimates of results displayed at each field strength (triangles). Most seéparations in
the literature are demonstrated with $X174 HaeIII dlgest these €stimates therefore come from the
ability to splxt the 271 and 281 bp peaks. ‘ : .
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3. Voltage Programming
As lower voltages were found useful in improving resolution, but at the

expense of longer run times, voltage gradients were examined in an effort to reduce
the overall separation time. The application of a high electric field (e.g., 400 V/cm)
at the beginning of a run was found to move the DNA quickly through the column, in
effect, shortening the length of the column. Shortly before the DNA fragments would
normally pass the detector window, the potential difference across the capillary was
reduced to a lower voltage (e.g., 150 V/cm) in a single step to improve the resolution
in that particular region. This single-step voltage gradient increased the peak capacity

(by spreading the separation region) and reduced the overall separation time.
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Figure 5-9. The separation of STR alleles, which differ in size by 4 bp, was improved with voltage
programming. The slope is an indicator of the separation spread. Conditions as in Fig. 5-6 except
Separation: (CV, dots): 0-15 min @ 5 kV; (Grad 10_1.5KV, squares): 0-4 min @ 10 kV, 4-24 min
@ 1.5 kV; (Grad 7.5 2.5kV, triangles): 0-5 min @ 7.5 kV, 5-20 min @ 2.5 kV.
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Several voltage gradients were applied to expand various regions of an:
electropherogram. In Figure 5-9, two single-step voltage gradients are-compared to a
~constant voltage run for the separation of FES/FPS alleles (PCR products ranging
‘from 214-238 bp). ‘While the overall migration times are very similar, the optimum
- separation (as indicated by the steepness of the slope) existed when the lowest field
strength was applied in the STR region (squares). Voltage programming was also
~ used to improve the speed and resolution of HUMTHOI alleles (Figure 5-10 and
" TABLE 5-2). A similar resolution was obtained between the gradient separation (5
KV in the HUMTHO! region) and the constant voltage run (CV: 5 kV), but with
faster times and at slower data collection rates (bp/sec) (TABLE 5-2). Data
collection rates and storage can become important if the idea of using multiple
capillaries in parallel is to be employed as a means of creating greater sample

throughput [99].

TABLE 5-2. Comparison of Separations for HUMTHO1 Alleles. Theoretical plates
and resolution were calculated using Eq. 2-4 and 2-5, respectively. The precision
was determined after sizing the alleles using the dual internal standard approach
[559]. The results of 7 alleles from the HUMTHOI ladder were averaged over 9
replicate injections. N o

CV: 10kV CV: 5kV Gradient*

Separation Time 8.3-8.6 min 17.2-17.8 min 7.0-7.6 min
Theoretical Plates 660,000 1,500,000 225,000
Resolution = 0.65 - 1.26 1.16
Precision (n=63) 0.95 bp 0.35 bp” 0.57 bp
bp/sec 1.8 0.80 0.83

Gradient: 0-4.5 min @ 15 kV, 4.5-10 min @ 5 kV
*Only 8 runs rather than 9 were performed so (n=>56).

Notice also that the number of theoretical plates is drastically reduced when

using a gradient, as compared to the constant voltage methods, yet the peak separation
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does not decrease (TABLE 5-2). This observation highlights the difference between
resolution and efficiency. Peak widths are increased as a result of longitudinal
diffusion in the lower voltage portion of the separation. However, the resolution of
the peaks is much improved. Thus, the use of theoretical plates as an indicator of a
CE system’s performance is not always appropriate for DNA separations, although

references to plate counts are common in the literature [146,251,382].

primers  Constant Voltage Separation
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——5

primer 150 bp
dimer

0400

Alleles 300 bp

Channel A: Fluorescence
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Figure 5-10. A comparison of separation speed for the HUMTHOL alleles between a constant
voltage and a step gradient separation [152]. The time scales are the same. In the lower frame, the
primers and primer dimer migrate faster than 5 minutes and are not seen. Alleles represented
include 5 (179 bp), 6 (183 bp), 7 (187 bp), 8 (191 bp), 9 (195 bp), 9.3 (198 bp), and 11 (203 bp).
- Conditions: Capillary: 50 pm i.d. x 37 cm (30 cm to detector) DB-17 coated; Buffer: 1% HEC
(Aldrich), 100 mM TBE, pH 8.2, 50 ng/mL YO-PRO-1; Temp.: 25 °C; Injection: 5 s @ 1 kV;
Separation: Constant Voltage = 10 kV; Step Gradient = 0-5 min 15 kV, 5-11 min 5 kV.
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D. BUFFER COMPONENTS
1. Entangled Polymer Solution
Type of Polymer

-Three soluble polymers were examined as separation media for DNA .
- separations: hydroxyethyl cellulose (HEC), hydroxypropyl methyl cellulose: (HPMOC),
and polyethylene oxide (PEO). Several molecular weights were examined for each
type polymer at a variety of concentrations. Of the three polymers studied, HEC and
HPMC gave superior resolution for STRs and VNTRs over PEO at similar molecular
weight (~ 100,000 MW) and concentratiohs (0.3-1.0%). Most of the separations
discussed below were performed with HEC because HEC went into solution much
easier than HPMC, which could have an impact on routine use. In addition, DNA
separatibr'is with HEC have been studied in the past, which allowed a direct

comparison with results obtained by others [34,36,45].

Concentration of Polymer |
Thé separation of a 100 bp DNA ladder was examined in polymer networks
formed from various molecular weights and concentrations of HEC. This ladder was
chosen because the 4 bp resolution needed to separate STRs alleles was not achievable
with many of the examined polymer concentrations. Interestingly, the migration
times of the 100 bp ladder increased as a direct function of the polymer concentration
regardless of the polymer length (Figure 5-11). Notice that with equivalent
concentrations of HEC (0.5%), almost identical migration times were observed for the
DNA fragments (see solid diamonds and open hour-glasses). HEC "C" was the
140,000-160,000 MW HEC while the HEC "E" was the 90,000-105 ,060 MW HEC.
In addition, 1% solutlons of HEC "A" (Aldrich, unknown MW, 86-113 cP for a 2%
solution) and HEC "B" (Fluka, 75-115 cP for a 2% solution) produced similar
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separations of the DNA ladder. These are interesting results because solution
viscosity (i.e., molecular weight, see Eq. 3-5) has been reported to be an important
parameter in the separation process [69]. The viscosities of the two HEC polymers
discussed above ("C" and "E") were quite different for 0.5% solutions yet similar

separations were observed.

20
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~ %025% HEC *'C"
- #03% HEC 'C
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g ] 3% HEC 'D'
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Figure 5-11. The migration times for a 100 bp ladder in entangled solutions of HEC over a range of
polymer concentrations and molecular weights. HEC "A" = Aldrich, HEC "B" = Fluka medium
viscosity, HEC "C" = 140,000-160,000 MW (Polysciences), HEC "D" = 24,000-27,000 MW

(Polysciences), HEC "E" = 90,000-105,000 MW (Polysciences). Conditions as in Fig. 5-4 except
where noted for the types and concentrations of HEC.

These data suggest that mesh size, which is determined primarily by the
polymer concentration (Figure 5-12, see Eq. 3-2), is the dominant factor in the
separation process. If polymer strand length (i.e., molecular weight) does not play a
major role in the "pore" formation process, then using shorter strands should decrease
the viscosity, allowing a smaller mesh size to be formed at manageable concentrations

in order to produce a better separation of small DNA fragments (100-1000 bp) [67].
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Figure 5-12. The calculated mesh size of several HEC polymers differing in molecular weight. The
mesh size was determined using Eq. 3-4. Notice that mesh size is solely a function of polymer
concentration not molecular weight. Results from the three boxed areas are displayed in Fig. 5-13.

A comparison of different points along the HEC mesh size curve shown in
Figure 5-12 demonstrated that mesh size is important to resolution (Figure 5-13).
When the polymer network became too tightly enmeshed, the separation of larger
PCR products (e.g. D1S80 alleles) decreased dramatically. With a 0.5% HEC
solution involving the 140,000-160,000 MW polymer, the HEC formed an average
mesh size of approximately 23 nm (TABLE 5-3). This allowed the larger D1S80
alleles to be resolved (Figure 5-13a), although not as well as if the concentration was
lowered further to produce a more open polymer network. For examf)le, at 0.3%
HEC (140,000-160,000 MW), where the calculated mesh size is 34 nm (TABLE 5-
3), the largest D1S80 alleles were baseline resolved (data not shown). Resolution of
the D1S80 alleles diminished as the mesh size was reduced with a higher
concentration of HEC (Fig. 5-13b&c). With 3% HEC (24,000-27,000 MW) (5-13c¢),
the calculated mesh size was 6 nm (TABLE 5-3). Notice that migration times
increased with higher HEC concentrations because the DNA molecules have a
difficult time passing through the tigher mesh. More importantly, resolution
decreased for the 400-800 bp PCR products and even the STRs below 200 bp.in
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Figure 5-13. The separation of STRs and D1S80 alleles at different polymer concentrations and
molecular weights. Time scales differ. The calculated mesh sizes have been included and
correspond to the boxed points in Fig. 5-12. Conditions as in Fig. 5-11 except polymer
concentration and MW as noted. (a) 0.5% HEC (140,000-160,000 MW), (b) 0.75% HEC (90,000-
105,000 MW), (¢) 3% HEC (24,000-27,000 MW). Sample as in Fig. 4-9.
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TABLE 5-3. Average Mesh Sizes for Several Molecular Weights and Concentrations
of HEC. Calculations were performed using Eq. 3-4. $" from [36].

Molecular Weight &° Concentration Mesh Size (nm)
24,000-27,000 1.8% 3.0% 6
24,000-27,000 18%  2.0% o8
95,000-105,000 0.37% 0.75% 17
140,000-160,000 0.21% 0.5% 23
- 140,000-160,000 0.21% 0.3% 34

Figure 5-13 suggests that an optimum resolution window can be adjusted by
changing the concentration of the polymer. As a general trend, more dilute polymer
solutions result in improved separations for larger DNA fragments. This observation
may be explained by considering the relationship between a DNA molecule’s size and
}t.he mesh size of the polymer network. When the radius of gyration for a DNA
fragment becomes larger than the average mesh size, the DNA fragments begin to
reptate, and resolution rapidly diminishes. A value of 1.4 times the polymer network
mesh size has been reported (i.e., when R, = 1.4¢, then the separation mechanism
switches from Ogston to reptation) [34]. Following this idea, two possibilities exist
for the beginning of reptation and the subsequent loss in resolution: (1) the electric
field can stretch the DNA which reduces the cross-sectional area available for
interaction with the polymer network [76] (see Figure 3-5 and Figure 5-7) or (2) the
mesh size can be reduced by increasing the polymer concentration (see Figure 5-13).
Both of these events have been observed and described in this work.

Therefore, in order to resolve D1S80 alleles (400-800 bp) in CE, the electric
field must be reduced or the mesh size increased to shift the onset of biased reptation
‘ to a higher DNA fragment size. Since the former parameter can lead to excéssive run

" times, it should not be considered for routine use. In the future, the voltage )
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stretching effects might be overcome by shorter column lengths [471] or pulsed field
techniques [144]. For the present, increasing the average mesh size holds more
promise.

In order to form the largest possible mesh size, it would be desirable to work
as close to the entanglement threshold as possible. However, operating near the
entanglement thresholds determined by Barron et al. [36] does not produce adequate
resolution for the PCR products examined below 1000 bp. The optimum mesh size
appeared to be somewhat higher than that formed at the entanglement threshold.
Several factors may be responsible for this apparent discrepancy. The entanglement
threshold is only a determination of where the polymer strands begin to interact. The
transient "pores" may be very short-lived near the onset of entanglement.
Furthermore, the force exerted by the electrically driven DNA molecules could push
the polymer strands apart. However, increasing the polymer concentration should
result in "hemming in" neighboring polymer strands with an ensuing longer-lived
mesh structure. This idea is in keeping with the constraint release model of Viovy
and Duke [38]. A longer polymer requires more time to diffuse or reptate out of
position, and thus the transient pores around the DNA molecule would remain in
place longer and produce superior resolution.

To summarize, the concentration of the polymer is important to form the
appropriate mesh size, but the length is important as well to allow a larger mesh to be
formed and to maintain that form. Thus, larger molecular weight polymers worked
better in this regard. An analogous result was obtained by Heiger e al. [282], who
found that a better separation of larger DNA fragments was obtainable with an
increase in the pore size for cross-linked polyacrylamide. In polyacrylamide gel-filled
capillaries, increasing the pore size may be achieved by reducing the amount of

crosslinking agent for a given percentage of polyacrylamide.
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Polymer Length (Molecular Weight)

The general irifluence of polymer length on'a DNA separation was considered
by comparing the effects of 100,000 MW PEO, ~ 90,000 MW HPMC (4000cP), and
- 90,000-105,000 MW HEC. ‘With 0.5% solutions of the. HPMC ‘and the HEC, STR
‘alleles (differing by 4 bp) and D1S80 alleles (differing by 16 bp), could be separated.
However, with a 1% solution of the PEO, very poor resolution was observed.  The
STR aileles and D1S80 were unresolved blobs. These dramatic differences may be
accounted for by considering the flexibility of the polymer chain itself. The lack of
hydrophilic side chains for polyethylene oxide, unlike those found with HEC (see
Figure 3-1), Wwould render PEO much:more flexible in solution than'HEC. ‘Rather
than forming stiff polymer strands in solutiori, PEO would adopt more of a random
coil formation and not form an equivalent mesh (either in size or structure) to the
stiffer HEC. Thus, when the polymers are extremely flexible, larger molecular

weights will be required to form an equivalent mesh to shorter, stiffer polymers.

* This idea has been confirmed recently. With extra long PEO (2.5% solutions of

- 8,000,000 MW), Chang and Yeung [676] showed excellent resolution of DNA
fragments, similar to what can be achieved with 0.5% HEC (140,000-160,000 MW)
solutions. Their results suggest that a longer PEO polymer at a higher concentration
is required to form an adequate sieving matrix, perhaps because the strands coil back

on themselves.
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2. Fluorescent Intercalating Dye
Type of Dye

The binding preference to particular DNA sequences was examined for several
commercially available fluorescent intercalating dyes. As fragments can possess
varying GC contents, the restriction digest pPBR322 Haelll was used as a test sample
for sequence dependent binding of intercalators (see TABLE §5-1). Important
differences in the separations of the pBR322 digest were observed with equivalent
amounts of YO-PRO-1 and TO-PRO-1 (Figure 5-14). Interestingly, the two
fluorescent dyes differ in structure at only one site (i.e., a sulfur atom for TO-PRO-1
and an oxygen atom for YO-PRO-1). The 123 and 124 bp peaks could not be split
with YO-PRO-1 (5-14 upper trace) while they were well resolved with TO-PRO-1
(5-14 lower trace). Moreover, the 434 and 458 bp peaks were split with YO-PRO-1
but not resolved with TO-PRO-1. The spacing of the largest DNA fragments (540
and 587 bp) is also unusual with TO-PRO-1. The GC contents of the pertinent peaks
have been included as an explanation for the behavior of TO-PRO-1-DNA interactions
(Figure 5-14). The TO-PRO-1 dye appears to have selected affinity for certain DNA
fragments, which upon excess binding shifts the intercalator-DNA complex to slower
mobilities. The separation of two peaks can improve (in the case of the 123/ 124 bp),
if the larger fragment has the higher GC content, or comigration can occur,
(434/458bp) if the smaller fragment in a doublet has greater affinity for the
intercalator. With STRs, where internal sequences are more uniform, no discernable
differences were seen.

For sizing and quantitation purposes, it is desirable to have peak migration
time change in a reproducible manner with the DNA size. Those dyes which bind
universally (based upon the total number of intercalating sites) rather than

discriminately (preferring a particular sequence) will be useful in relating the size or
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quantity of a known internal standard to the size' or quantity of an unknown DNA
fragment. YO-PRO-1 behaves more like a universal binder. While several
. researchers have used intercalators to improve a DNA separation [53,135,145,234],

quantitative interpretation of results with internal sequence description has not been

. reported.
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Figure 5-14. Sequence deperident intercalation of a restriction digest shown with a comparison of
YO-PRO-1 (upper trace) and TO-PRO-1 (lower trace). When YO-PRO-1 bound to the DNA
fragments, peak migration was according to size. On the other hand, TO-PRO-1 bound with greater
affinity to the fragments with a higher GC content (124 and 434 bp) and slowed their migration.
Conditions: Capillary: 50 pm i.d. x.27 cm DB-17; Buffer: 1% HEC (Aldrich), 100 mM TBE, pH
8.2, 50 ng/mL YO-PRO-1 or TO-PRO-1; Temp.: 25 °C; Injection: EK: 2 s @ 1 kV; Separation:
CV: 5 kV (6:3 pA); Sample: 612 ng/mL pBR322 Haelll.



117

14
—~.
3
s 127
B
&
s
B 107 Intercalating Dye
3 -+ TQ-PRO-1
?o 8+t * YO-PROLI
E % SYBR Green I
*YO0YO-1
. 6 1 [) 1 T [ ] H 1 1 1 H

1
O O & & & . DS DD
RS T A
bp Size

Figure 5-15. The effect of several intercalating dyes upon the migration time of a pBR322 Haelll
digest. Conditions as in Figure. 5-14, with 50 ng/mL of YO-PRO-1, TO-PRO-1, and YOYO-1.
SYBR Green I was diluted 1:10° from a stock solution (10,000X). YO-PRO-1, TO-PRO-1, and
SYBR Green I are mono-intercalators while YOYO-1 is a dimer and a bis-intercalator [678]. See
Fig. 3-7 for dye structures.

Fluorescent intercalators can impact the migration time of the pBR322
restriction digest differently (Figure 5-15). YO-PRO-1, TO-PRO-1, and SYBR™
Green I behaved in a similar manner as they are monomeric intercalators. SYBR™
Green showed better linearity between migration time and DNA size, and at the
concentration used was at least 10 times more sensitive than YO-PRO-1. A higher
binding constant and a greater quantum yield may account for the increased sensitivity
with SYBR™ Green [Dr. Vicki Singer, personal communication].

The dimeric YOYO-1 migrates more slowly than YO-PRO-1 and the other
mono-intercalators when complexed to DNA (Figure 5-15). YOYO-1 is larger and
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more highly charged than YO-PRO-1 (see Figure 3-7 and TABLE 3-1). Hence, the
electrophoretic mobility of the intercalator-DNA complex will decrease with increased
mass and phosphate neutralization. The binding constant of YOYO-1 is stronger than
YO-PRO-1, which inversely affects migration time (see Eq. 3-10). Resolutior} of
smaller fragments (21-123 bp) was improved‘ as demonstrated by the steei)er ‘$lope
(Figure 5-15). However, unlike the mono-intercalators, the YOYO-1 dimer does not
appear to possess a\ linear relationship between migration time and DNA size, in the
100-350 bp region. Therefore, the dual internal standard sizing procedure for STRs
(see Section ITI.A.3) could not be performed effectively with YOYO-1. Tn a;ddiﬁon,
resolution was diminished with the larger DNA fragments (434-587 bp) wheﬁv
complexed with either YOYO 1 and TOTO-1 (data not shown). There is further
evidence in the literature 1ndlcat1ng that mono-intercalators do produce better

resolution than bis-intercalators [145,262].

Concentratzon of Dye

The effects of the YO—PRO 1 dye on resolutlon sensitivity, migration time,
and separation efficiency were examined over a concentration range of 50 ng/mL
(0.08-uM) to 1500 ng/mL (2:4 uM) (Figure 5-16). Separation of HUMTHO1 alleles
improved with more intercalator (5-16C) but with a concomitant increase in migration
time (5-16A). While peak signal increased with higher amounts of dye (5-16B),
- sensitivity (i.e., signal-to-noise) diminished above 500 ng/mL because the baseline
noise increased due to the larger levels of intercalator in the buffer. A substantial
improvement in migration time precision also resulted from increasing the dye
concentration (see Section ITI.B.1). A concentration of 500 ng/mL was chosen for
sizing experiments because of improved precision and higher resolution for STRs (but

with some loss in separation speed). On.the other hand, 50 ng/mL YO-PRO-1 was
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found more effective for quantitation purposes where speed and sensitivity (e.g.,

lower background noise) were more desirable.
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Figure 5-16. The effects of increasing YO-PRO-1 concentration from 50-1500 ng/mL on the
separation of HUMTHO] alleles. Measurements were made with alleles 6 (183 bp) and 7 (187 bp).
(A) separation time, (B) peak height, (C) resolution, and (D) theoretical plates. Conditions as in Fig.
5-10 except YO-PRO-1 concentrations as indicated and gradient separation was 0-4.5 min @ 15 kV,

4.5-15 min @ 5 kV.
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E. GENERAL SUMMARY. OF RESOLUTION FACTORS

In a plot of migration time vs. DNA size for the 20 bp ladder, two major
“regions" may be seen (Figure 5-17). The region below 400 bp fragment size is
fairly linear, while above 400 bp, the relationship of migration time to DNA size
becomes logrithmatic. The PCR-amplified short tandem repeats examined in this
study fell in the first region while D1S80 alleles extended dﬂ/er mlich of the second
region. Under the CE conditions used in these studies, resolution generally decfeased

~over the entire range from 20-1000 bp.
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Figure 5-17. The relationship between migration time and DNA size is no longer linear after ~400
bp. The STR and D1S80 regions represent where most of the resolution studies were conducted.
Conditions as in Fig. 5-10 except a constant voltage separation of 5 kV (135 V/cm). Sample was the
GenSura 20 bp ladder.

Methods for improving resolution vary between the two regions. For
example, a tighter mesh is desirable for PCR products less than 400 bp (STRt alleles)

" and can be accomplished by increasing the concentration of the soluble polymer.
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Furthermore, higher concentrations of the intercalating dye were beneficial to
resolving STRs. On the other hand, the separation of larger PCR products (400-1000
bp) can be improved with larger mesh sizes and lower field strengths. The larger
mesh size can be obtained with long, stiff polymers, such as 140,000-160,000 MW
HEC. The resolution of large DNA fragments decreased rapidly with high electric
fields probably because of alignment to the applied field. Consequently, the
separation voltage should be optimized in terms of speed and resolution for the region
of interest. In addition, voltage programming, higher temperatures, and shorter,
narrower columns can be used to reduce separation times without substantially

diminishing resolution.

F. COMPARISON OF RESULTS TO DNA SEPARATION THEORIES

Results from separating the 20 bp ladder were plotted in terms of DNA size
vs. the natural log of the mobility for each peak. The linear region of this semilog
plot is often used to indicate adherence to the Ogston sieving model [76]. When the
Ogston model holds, the natural log of mobility should be proportional to the radius
of gyration for the DNA molecule (Eq. 3-7) and hence the bp size of the DNA (Eq.
3-8). Upon switching from Ogston to reptation, the relationship is no longer linear.
Using a 20 bp DNA ladder as a high resolution tool, apparent deviation from Ogston
was observed at 320 bp (Figure 5-18). Thus, the Ogston model appears to fit data
from the soluble polymers examined in this study, at least for the smaller DNA
| fragments and STRs.

By way of comparison, Grossman and Soane [34,45], using a similar HEC
system, found that for DNA fragments larger than 310 bp (in the ¢X174 Haelll),
agreement to the Ogston model degraded. However, due to the nature of their DNA

sample, they did not have any fragments between 310 bp and 603 bp, which
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prevented a better pinpointing of deviation from Ogston sieving. ‘The same group
showed that the onset of the reptation regime could be predicted to occur when R,
(DNA) = 1.4£ [34]. The calculated R, for a 320 bp fragment is 42.6 nm (using Eq.

3-10) or 1.8 times the calculated average mesh size for this particular concentration of
' HEC (i.e., 23 nm). The discrepancy probably arises from the use of intercalating
dyes in this study, which can alter the flexibility of the DNA molecule.
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Figure 5-18.. Ogston regime can be shown with a semilog plot of fragment size vs: In (mobility).

Conditions as in Fig. 5-4 except the polymer was 0.5% HEC 140,000-160,000 MW.. Sample 160
ng/mL 20 bp ladder with 40 ng/mL 100 bp ladder (GenSura). P ;o

The transition from a sieving to a reptating mechanism occurs much earlier in
‘CE than conventional slab gel-electrophoresis. This discrepancy may be attributed to
the higher field strengths used in CE and to the smaller pore sizes i}rjlientan‘gle(;i
polymer solutions (when compared with agarose gels [585]). \qu‘exa,mple; Chiari et
~ al. [202] found the transition from the Ogston to the reptation regimes occurred at
200 bp. for a 10% solution of: linear polyacrylamide, whereas this limit had been set at

approximately 2000, bp in slab-gel electrophoresis.
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III. Precise and Accurate Sizing of DNA Fragments
A. USE OF STANDARDS FOR SIZING IN CE
1. External Standards

The sequential nature of sample processing in CE analyses normally requires

the use of an external standard run previous to the unknown. The reliability of an
external standard is limited to the precision of the CE system. In other words, if
conditions vary from run-to-run, relating the mobility of a previously processed
external standard to the mobility of the unknown DNA fragment, can lead to
inaccurate sizing of the unknown. For the purposes of sizing PCR products
(specifically STR alleles), with an external standard, a study was made of migration
time stability. When the buffer was not changed over the course of 10 runs, peak

migration times changed by approximately 3 seconds (Figure 5-19).
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Figure 5-19. Peak drift over 10 runs as demonstrated with two HUMTHOL allelic ladders; 1st run

(__), 10th run (...). The absolute migration time drift was ~ 3 seconds. The alleles are 4 bp apart
and are designated by the numbers above them. Conditions as in Fig. 5-23.
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For some applications, this Se'erhingly minor peak drift would not be

significant, but for allele identification in STR typing it could be disasterous. When
peaks are passing the detector at a rate of 1.25 bp/second, a 3 second change in peak
' migration time can result in an apparent change of 4 bp, or an entire allele in the case
of tetranucleotide STRs. Failure to correct for peak drift when sizing with external
standards (i.e., an allelic ladder) could lead to mistyping the STR alleles. Frequent
changes of the buffer vials were found to diminish absolute migration time drift
between runs, presumably because the intercalating dye was depleted from the outlet
buffer vial when the vials were not changed (see below). The use of sirigle or dual

internal standards were also found to jVgre‘atly improve precision.

2. Single Internal Standard

'Adjustments for migration time drift may be performed with a single internal
standard. Sodium fluorescein (107 M) was originally tested as a reference marker.
However, the fluorescein was found to exhibit too much run-to-run variation both in
terms of peak area and migration time, possibly because its separation mechanism was
different than that of DNA. Instead, individual DNA fragments in the size range of
100-400 bp have been used to adjust for peak drift between runs [151,152].

An individual internal standard may be added to an external reference as well
as an unknown to provide a relative relationship between components in the two
samples. Using a 150 bp internal standard to relate the sizes of sample alleles to a
mixture of possible alleles, discrimination of closely spaced DNA peaks was
demonstrated (TABLE 5-4). In the first column, the migration time (MT) ratios of
the HUMTHO! allelic ladder to the 150 bp marker are shown (A1-A7). The MT
ratio for Al corresponds to HUMTHOI allele 5, A2 to allele 6, and so forth. Sample

typing was performed by determining the sample’s MT ratio and comparing it to the
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nearest MT ratio. For example, sample #2 had one allele with a MT ratio of 1.127
which was closest to the ladder A3 (1.124) (TABLE 5-4). Repeating the analysis of
the allelic ladder, after several samples have been processed, allowed a check of the

system’s stability.

TABLE 5-4. Results from Using a Single Internal Standard Sizing Method. The
number shown is the migration time (MT) ratio of the PCR-amplified HUMTHO1
allele to a 150 bp DNA fragment. Conditions as in Fig. 5-10 gradient separation.

Alleles
Possible Alleles Sample #1 Sample #2  Sample #3 after 12 runs
Al = 1.098 Al = 1.098
A2 = 1.110 1.113 1.114 A2 = 1.109
A3 = 1.124 1.127 A3 =1.121
Ad = 1.136 1.137 A4 = 1.132
A5 = 1.148 1.147 A5 = 1.143
A6 = 1.158 A6 = 1.152
A7 = 1.173 A7 = 1.165

A2, Ad A3 A2, AS

With a single internal standard, non-uniform peak drift can possibly lead to
misidentification of peaks which are further in size from the internal standard. For
example, in TABLE 5-4, the ratio of the 150 bp internal standard to Al (179 bp)
remains constant at 1.098 while for A7 (203 bp) the ratio changes from 1.173 to
1.165 over 12 runs. The use of an arbitrary ratio for allele determination has an
additional disadvantage in that it does not provide an indicator of the actual DNA

size. These problems may be overcome with the use of multiple internal standards.

3. Dual Internal Standards

If the relationship between migration time and DNA size is linear in the region
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“of interest, only two internal standards are needed to define the "calibration curve"

* (Figure 5-20) [559]. The use of dual internal standards can improve the precision by
adjusting for any minor variations in conditions between runs. The relationship:
between migration time and DNA size is linear in the 150 to 300 bp region (Figure 5-
21). However, this dual internal approach is not effective for large DNA fragments
(e.g., D1S80 région) because the relationship between migration time and DNA size

becomes non-linear (see Figure 5-17).'
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Figure 5-20. The concept of sizing using dual internal standards. Individual peak migration times
for alleles are turned into base pair sizes on a line formed from the 150 bp and 300 bp internal
standards. This region has been shown to be linear (Fig. 5-21).

Sizing in the non-linear region may be overcome by fitting more calibration
points to the logrithmatic portion of the curve. This becomes more difficult

mathematicaily as ‘more peak migration times have to be processed. - A more elegant



127
solution lies with multiple wavelength detection [431,541]. Rather than relying on the

relationship between migration time and DNA size, spectrally distinct fluorescent dyes
can be used for the internal sizing standard and the unknown DNA. Multiple channel
detection would then permit spectral rather than spatial resolution [431,541]. An
allelic ladder or DNA sizing ladder tagged with one color can be directly compared to
unknown PCR products labeled with a second color [431].

11

~
)
|

_ 0.9999
r -
THO1

Migration Time (min}

©
|

8 A+ttt
xs“ \.\5 ’&Q ’\'}S ’f’“

P »
bp Size

Figure 5-21. The relationship of migration time to bp size is linear from 150 bp to 300 bp
(correlation coefficient = 0.9999). The standard deviation about the regression lipe for the
HUMTHO1 region is 0.3 bp. Conditions as in Fig. 5-19.

B. SIZING OF SHORT TANDEM REPEATS BY CE

The dual internal standard system described above has been successfully
applied to typing PCR-amplified short tandem repeats [152,559]. Briefly, the method
involved generating a two point regression to define the linear region between the 150

bp and 300 bp internal standards. Next, the base pair sizes of the alleles are
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cal¢ulated by interpolation of the allele migration:times on the linear regression.
Finally, the calculatéd bp sizes of the alleles are compared to the calculated bp sizes
" of the allelic ladder run at the start of the set of analyses. Usually 10 samples were
run in a set. The closest allele was chosen to designate'the type of the sample. This
‘ ‘approéch is consistent with the recent recommendations of Smith:[474] for accurate
sizing of STRs using automated fliiorescence detection with internal lane standards

[319,473,541].

1. Precision

High run-‘to‘-”r‘u\n precision was desired in order to reliably relate the sizes of an
external allelic ladder standard to the indi\;iduél- samples. Several variables were
examined in order to determine their effect upon the precision of the CE system
(TABLE 5-5). Among those variables examined, dye concentration appeared to be
the most important factor. This variation may be due to the effect that the
intercalator has on migration time. The cationic intercalator neutralizes sites on the
anionic DNA nibiecule and thus decreases the effect of the electric field on the
molecule. At lower dye concénfrﬁtions the DNA molecules may not reach saturation
with the YO PRO 1 dye." In addltlon small" d1fferences in dye concentration likely
produce migration time variations. Since a log relatlonshlp ex1sts between dye
concentration and migration time (Figure 5-16A), the shifts in peak migration time
will be more pronounced at lower dye concentrations, and thus peak sizing will be
less precise.

‘The best precision was obtained with the removal of the methanol wash
betwéen the runs, most likely because disturbance to- the capillary wall was reduced
' (TABLE 5-5). However, this slight improvement in precision - was offset by a loss in

the system’s robustness. A degradation in column performance over time was



129
observed when a methanol rinse was not performed between each run. Slightly
higher standard deviations were also observed with a single step gradient separation.
This is due to the fact that changing the voltage during the run was not as

reproducible as keeping the voltage constant [152].

TABLE 5-5. Variables Affecting Precision in CE Sizing. Ten replicate injections of
the HUMTHO1 allelic ladder. All seven alleles have been sized using the dual
internal standard approach. The pooled standard deviations for the seven sized alleles
are listed below. Conditions as in Figure 5-23, except where noted with the condition
varied.

Condition Standard

Varied Deviation
Normal (500 ng/mL YO-PRO-1) 0.14 bp
No methanol wash between runs 0.09 bp
4 min methanol wash between runs : 0.13bp
Constant Current (6.7 pA) 0.13 bp
50 ng/mL YO-PRO-1 0.28 bp
100 ng/mL YO-PRO-1 0.14 bp
Gradient Separation 0.18 bp

0-5.5 min @ 7.5 kV,
5.5-11 min @ 2.5 kV

In order to determine the precision of the CE system with an intercalating dye
concentration of 500 ng/mL, the HUMTHOI allelic ladder was analyzed 50 times and
sized with the 150 and 300 bp internal standards. The combined results of 350
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‘calculated allele sizes (i.e., 7 alleles in the ladder times 50 runs) are shown in Figure
5-22. Gausian distributions wére observed with an average precision of 0.2 bp or
0.1% R.S.D. (1 o) for these 50 injections. ~ This result was obtained by calculating
the standard deviation from averaging the sizes of each individual allele. The

standard deviations about each allele were then averaged to yield the 0.2 bp value.
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Figl.lyll"h‘e'v 522 Histogram of the calculated allele sizes from 50 replicate injections of the HUMTHOI1
allelic ladder. Each bar represents a 0.2 bp bin. Conditions as in Figure 5-23. From [559].

The overall drift was less than 0.25 bp for eight injections with an average
standard deviation of 0.1 bp (TABLE 5-6)‘: The pooled standard deviation for 100
sample; increased to 0.3 bp [559]. By way of comparison, Fregeau and Fourney
[417] obtained +0.2-0.5 bp within a gel and +0.5-1.5 bp between gels using

automated fluorescence detection with internal lane standards.
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TABLE 5-6. Eight replicate injections of the HUMTHOI allelic ladder. The size of
each allele was calculated using the 150 bp and 300 bp dual internal standard

approach. The calculated allele sizes are shown to two decimal places for purposes of

precision testing only and do not indicate a "partial” base pair. The Abp value
indicates the difference between adjacent alleles while A indicates the total change in
allele size over the 8 runs. Conditions as in Figure 5-23.

Alleles (bp)

Inj. S 6 7 8 9 9.3 11
1 182.18 | 186.35 190.34 | 194.33 198.32 | 201.60 206.47
Abp +0.20 | +0.09 +0.25 | +0.23 +0.21 | +0.19 0
2 182.38 | 186.44 190.59 | 194.56 198.53 [ 201.79 206.47
Abp -0.02 +0.05 -0.06 +0.11 +0.09 | +0.09 +0.07
3 182.36 | 186.49 190.53 | 194.67 198.62 | 201.88 206.54
Abp -0.03 -0.11 -0.19 -0.19 -0.18 -0.18 +0.01
4 182.33 | 186.38 190.34 | 194.48 198.44 | 201.70 206.55
Abp -0.01 +0.07 +0.23 | +0.05 +0.13 | +0.11 +0.10
5 182.32 | 186.45 190.57 | 194.53 198.57 | 201.81 206.65
Abp +0.06 | -0.12 -0.10 -0.10 -0.09 -0.08 -0.08
6 182.38 | 186.33 190.47 | 194.43 198.48 | 201.73 206.57
Abp -0.09 0 0 0 -0.09 -0.09 -0.27
7 182.29 | 186.33 190.47 | 194.43 198.39 [ 201.64 206.30
Abp +0.12 | +0.05 +0.05 [ +0.05 +0.23 | +0.15 +0.25
8 182.41 | 186.38 190.52 | 194.48 198.62 | 201.79 206.55
S 6 7 8 9 9.3 11
A +0.23 +0.03 | +0.18 | +0.15 | +0.30 | +0.19 | +0.08
ave. | 182.33 | 186.39 | 190.48 | 194.49 | 198.50 | 201.74 | 206.51
fltd 0.072 0.060 | 0.095 |0.101 |0.109 |{0.093 |} 0.103
ev
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2. Accuracy in Typmg !

For the purposes ot' this discussion, accuracy in typmg may be defined as
confidently identifying an allele through correlation to the allelic 1adder Over the
course of three days, 100 population samples, whrch had been PCR-amphﬁed using
HUMTHO!1 primers, were examined using this CE method (Figure 5-23). Examples
of separations for several poplllatibn sajhples are shown in Figure 5-24. The
separation buffer vials were not changed between samples for the entire 100 samples
in an effort to see what effect buffer depletion might have on the system. The
samples were examined in sets of ten with an allelic ladder being run before and after
each set The results of one of the sets is shown 1n TABLE 5-7. v

Hrgh run-to-run’ precrsron was observed when the 150 and 300 bp internal
standards were used to correct for migration time drift. Because the buffer vials were
not changed over the course of the 120 runs, migration times changed over the course
of the 120 runs (100 samples + 20 standard ladders). For example, the migration
time for the 150 bp fragment changed from 8.47 min (1st run) to 8.29 rhin (120th
run). During these same 120 runs, the calculated size for allele 5 (as determined by
Eq. 4-2) droppéd from 183.47 bp to l82.06 bp, or anhoyerall change of 141 bp.
These changes. in calculated sizes probably resulted from the steady depletion of
intercalating dye from the outlet btlffer vial over the course of multiple runs without
buffer replenishment. (Loss of dye in the outlet buffer vial would account for the
decreasing migrati'On times because the DNA would not be neutralized as much and
would thus migrate faster.) While the overall calculated sizes varied, vwithin a single
set the calculated allele sizes for individual samples never varied by-more than 0.5 bp
from the standard ladder alleles run at the begmmng of the set (TABLE 5-7). In fact,
as TABLE 5-7 is the tenth set of samples (i.e, runs #109—120 on the same buffer

* vials), these samples should show the most variation. However, the beginning and
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ending ladders in this set vary from each other by less than 0.2 bp (e.g., beginning
allele 5 = 182.26 and ending allele 5 = 182.06). These results are significant
because under the rigors of routine operation, where the buffer vials may not be
changed as often as high precision research, the correct genotype can still be

determined if internal standards are used.

130.00—: Comparison of An Individual’s Genotype
170.00_] to HUMTHO1 Allelic Ladder
R 150 bp Using Dual Internal Standards
160.00—
150.00—? : THO1
140. oo_f : 179-203 bp
130.00]
120.
110.

100.

Minutes

Figure 5-23. Comparison of an individual’s genotype to the HUMTHOI allelic ladder. Conditions:
Capillary: 50 pm i.d. x 27 cm DB-17; Buffer: 1% HEC (Aldrich), 100 mM TBE, pH 8.2, 500
ng/mL YO-PRO-1; Temp.: 25 °C; Injection: 5 s @ 1 kV; Separation: CV: 5 kV (185 V/cm);
Sample: 1:50 dilution of the PCR-amplified DNA with deionized water + 150 bp and 300 bp internal
standards.
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Figure 5-24. Four population samples containing a common allele 8 from the STR system
HUMTHO1. The alleles are bracketed by the taller 150 bp and 300 bp internal standards.

Conditions as in Fig. 5-23.

TABLE 5-7. A set of ten population samples with an allelic ladder standard run
before and after the samples to calibrate the CE system. The numbers across the top
were the calculated sizes of each allele in the ladder and were used as a reference to
type the individual samples, based upon their estimated sizes. All numbers are In
base pairs. Conditions as in Figure 5-23. From [559].

Alleles (bp) 7
] 6 7 8 9 93 11
182.26 186.37 190.39 194.32 198.35 201.51 206.22
190.85
198.70 201.84
201.75
- 186.46 ‘ . 198.64
- 190.65 194.57 .
- 186.65 - S : - - 201.90
. 190.65 ... 20073
194.74 198.66 o
190.54 194.47
190.64 198.60

182.06 186.10 190.23 194.27 198.14 201.40 206.05
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In all of these studies, genotyping was performed by comparing the calculated
size (in bp) for an individual sample to that obtained from the previously run allelic
ladder (Figure 5-23). For example, the second sample shown in TABLE 5-7
contains two alleles which were sized as 198.70 bp and 201.84 bp. The first allele is
closest in size to allele 9 (calculated size = 198.35 bp) in the allelic ladder, and the
second allele is closest in size to allele 9.3 (calculated size = 201.51). Any result
falling outside 3.3 standard deviations (i.e., can be called with 99.9% certainty) of the
calculated bp size obtained for the standard alleles was rejected. As the pooled
standard deviation is less than 0.3 bp (determined with 100 samples), a sample allele
should fall within 1 bp of a given standard allele to be properly identified. In a blind
study between CE and conventional gel analysis, the results between the two methods
were found to be in complete agreement [559].

The CE system described here was unable to separate a sample containing the
two alleles 9.3 and 10. Alleles 9.3 and 10, which differ by only 1 bp (see Figure 4-
8), could be distinguished individually but not together. However, since the system
can accurately and precisely determine peak times, a "7.9.3" genotype could be
distinguished from a "7,10" genotype [559]. With five injections of each sample, the
average size for the 9.3 allele was 202.63 (£0.08) bp while the 10 allele was sized at
203.37 (40.05) bp. In the same analysis set, the 9.3 allele contained in the allelic
ladder was sized at 202.61 bp. The match criteria for this set of injections would be
+0.26 bp {(£0.08bp) x 3.3¢}. For calling a 9.3 allele, the calculated size must be
202.37 to 202.89 bp (i.e., +0.26 bp around the 202.61 bp allelic ladder 9.3). Thus,
the individual sample with the "7,9.3" type met the match criteria for allele 9.3 while
the "7,10" one did not.

The feasibility of typing D1S80 alleles with CE has also been demonstrated
(Figure 5-25). Using only the 300 bp peak to adjust for migration time variation
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- . (i.e., due to the non-linear nature of the D1S80 Hregi‘,c_)p_,_ ;tl__le dual internal standard
approach is not appropriate), five samples were ,porrﬁcctly. typedfor DlSSO, As part
of the same set of samples, the amelogenin (sex-typing marl\ce;),,ﬁallelés, which _differ
by only 6 bp, were resolved and accuratly sized with the dual internal sandard
procedure (Figure 5-25). - N
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Figure 5-25. Determination of sex and D1S80 type in 20 minutes. The sizes for the amelogenin
alleles were determined using the dual internal standard system (150 and 300 bp markers) while the
D1S80 type was assessed using the single internal standard method with the 300 bp marker.
Condmons as in Flg 5-23 except 0.3% HPMC (40000P) and EK: 5's @ 2 kV.
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3. Accuracy in Sizing

Accuracy in sizing refers to the ability to determine the actual length of the
DNA fragment (i.e., equivalent to the result obtained by sequencing). Sizing of DNA
fragments can vary depending on intercalation dye binding and the magnitude of the
electric field, both of which affect the DNA conformation (TABLE 5-8). Higher
fields or dye concentrations lead to a larger spread between the 150 bp standard and
HUMTHOI alleles and yield an estimate of a larger allele "size." While absolute
sizes may differ between conditions, run-to-run precision using the same conditions
was still excellent. When using constant conditions, precision of <0.2 bp has been
routinely demonstrated (see above). At higher voltages, resolution is not as good and
so sizing may be less accurate (e.g., "CV:10kV" run in TABLE 5-8).

The HUMTHO] alleles were recently sequenced and determined to be in the
size range of 179 (allele 5) to 203 bp (allele 11) [161]. However, the calculated sizes
for the alleles (TABLE 5-8) usually range from 3-4 bp larger than the actual sizes,
and so, do not represent the actual length of the alleles. This is likely due to
sequence or length variations between the internal standards and the samples of
interest [161,319]. Although the GC contents of HUMTHOL1 alleles (50.3%) and the
internal standards (~50%) are approximately equal, AT-rich domains may differ,
which would lead to anomalous migration [646] when compared to the 150 bp and
300 bp DNA fragments. Other researchers have also determined the size of
HUMTHOL alleles to be slightly larger than the actual sequenced size. In one of the
first papers regarding the HUMTHO1 locus, the alleles were sized in the range of
183-207 bp by Edwards et al. [160]. Fregeau and Fourney [417] noted that the
repeat nature of STRs may influence the structure of the DNA product and alter their
migration upon electrophoresis relative to non-repeat DNA markers. This may

account for the discrepancies between the predicted and observed lengths. Thus, an
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allelic ladder may be desirable for calibration, particularly for interlaboratory

comparisons [268,480].

TABLE 5-8. Effects of Voitage and Dye Concentration on Sizing HUMTHO1 Alleles
(both affect conformation).

Allele 5*  SD (bp) ~Allele Spacing’

50 ng/mL YO-PRO-1
~ CV: 5kV o ~ 177.69 bp 0.35 4.0 bp
(a=8)
CV: 10kV 186.00bp . 0.95 3.8 bp
(a=9)
Gradient1 Lo - |
0-5.2min @ 15kV, 182.01 bp 0.49 3.9 bp
5.2:10min @ SkV- : (n=9) . S - o
Gradient2 | © 184.84bp 0.57 3.5 bp
0-4.5min @ 15kV, (n=9)
4.5-10min @ 5kV :
CV: 5kV , 181.98bp  0.28 . 4.0 bp
27cm x 50um DB-17 (n=10)
500 ng/mL YO-PRO-1
CV: 5kV | 182.34bp  0.10 ~ 4.0bp
i Co . _ (n=8) T
CV: 5kV 183.34 bp 0.14 4.0 bp
e R S (@=10) . .- |
Gradient 183.88 bp 0.18 | 4.1bp
0-5.5min @ 7.5kV,. c (n=10) ' N T v

5.5-11min @ 2.5kV

Loy

*Average of alleles sized with dual internal standard method. Sequenced size: 179 bp [161].
"Average between alleles 5-6, 6-7, 7-8, & 8-9. Should be 4 bp [161].

- The reliability. of the dual internal standard system introduced for the STR
HUMTHO1 has also been demonstrated with sex typing. Using same 150 bp and 300
bp internal standards, but with a different buffer system, the X and Y alleles from the

-amelogenin locus were accurately typed in several samples (see Figure 5-25). The X
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allele was sized at 212.08 (+0.56) bp (n=7) while the Y allele was sized at 218.00
(£0.53) bp (n=7). The actual sizes of these alleles, as determined by sequence
analysis, are 212 bp and 218 bp, respectively [681]. Obtaining the exact sizes in the
case of amelogenin alleles may be a result of similar DNA secondary structure
between the alleles and the internal standards.

_ To summarize, absolute migration times cannot be used for accurate sizing.
Changing capillaries or buffers can produce migration time differences. In one
instance, switching columns resulted in a 0.2 min (equivalent to 16 bp) decrease in
absolute migration time for the 150 bp peak (all other conditions were held constant).
However, the relative migration times between the internal standards and the samples
remained constant and high precision between runs was obtained. It should also be
pointed out that the "actual size" obtained with this method does not matter for

correct genotyping as long as the allelic ladder is used for a reference standard.
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IV. Quantitation of PCR Products
A. ANALYTICAL LIMITS OF CE METHOD
“The issues of seénsitivity, linear range, and precision were studied in order to
develop a rapid quantitation system for PCR products.. The PCR products examined

in these studies were produced from the mitochondrial DNA- D-loop region.

1. Sensitivity

Before discussing the minimum detectable quantity. of DNA determined in
these studies, it is important to point out several things. , First, the quantity of DNA
measured on the column is dependent upon the type and duration of the injection. As
- discussed earlier (see Figure 5-2), EK injections can load more DNA onto the column
than HD injections. However, pressure injections, which introduce a uniform plug of
sample material, were found more reproducible and effective for quantitation
purposes. Second, the quantity of DNA measured by CE-LIF methods is related to
the number of fluorophores detected, not the actual DNA. Peak heights and areas
increase incrementally as DNA size increases. This results from the fact that the
number of fluorophore binding sites increases in direct proportion to the DNA size
with intercalating dyes. This phenomenon may be seen with a restriction digest (see
Figure 5-1). Equivalent numbers of each fragment are present, but larger fragments
have a greater number of bound fluorophores. In fact, a linear relationship exists
between both peak area (squares) and peak height (triangles) and DNA fragment
length for equimolar fragments of a restriction digest (Figure 5-26). Thus, when
noting the limit-of-detection for a CE system, the length of the DNA must be
considered because longer DNA fragments will bind more fluorophores and produce a
greater signal.

The limit-of-detection for the rapid mtDNA quantitation procedure described
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below was found by diluting a previously quantitated PCR product. A 402 bp PCR
product could be seen from samples with levels of DNA as low as 400 pg in a 25 pL

volume (signal-to-noise = 3).
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Figure 5-26. Plot of fluorescence response vs. DNA fragment size for $X174 Haelll. Both peak
area (squares) and peak height (triangles) showed a linear increase with DNA fragment size
illustrating the increasing number of bound fluorophores. The DNA fragments of the $X174 Haelll
digest were at equal concentrations. Conditions: Capillary: 100 pm 1.d. x 57 cm DB-17; Buffer: 1%
HEC, 100 mM TBE, pH 8.7 w/ CsOH, 50 ng/mL YO-PRO-1, 1.27 uM EB; Temp.: 20 °C;
Injection: 10 s @ 5 kV; Separation: CV: 15 kV (42 pA); Sample: 400 ng/mL ¢X174 Haelll digest.

2. Linear Range
A serial dilution of a 402 bp PCR product (mtDNA HV2 region) was used to
examine the linear range of response between DNA quantity and the detected

fluorescence. Both the peak area and peak height response were linear (r = 0.9999)
over a range of 1.5 to 200 ng (Figure 5-27).
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Figure 5-27. Serial dilution of a 402 bp PCR product (mtDNA HV2). Both the peak area (squares)
and peak height (triangles) were linear (r=0.9999, n=8) over a range of 1.5-200 ng. Measurements
were made from 25 uL samples.: Conditions as in Figure 5-30.

3. Peak ‘Area Precnslon

Peak premslon was studred by preparing eight samples of a 402 bp PCR
product and sequentially analyzing them. The pea.k areas and helghts were
numerically integrated by the computer program (Millenium software). ‘The peak area
precision was found to be 4.15% R.S.D. (n=8) while the peak _height precision was
slightly higher at 5.34% R S.D. (n=8). A gradual loss in Signb.l (dotted lihes) was
observed for both peak area and peak height over the course of the eight runs (Figure
5-28). Thrs phenomenon may be attnbuted to gradual loss of the intercalating dye
and other buffer ions from the outlet buffer vial. Wrth lower levels of fluorescent

intercalating dye available in the buffer, less dye wrll bmd to the DNA and result in a
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lower fluorescent signal (as well as the faster migration times discussed earlier). In
an experiment where the outlet buffer vial was changed between every run rather than
every 10 runs, the peak area precision improved from 8% to 3% R.S.D [151].
However, in a routine operation, the inferior precision may be tolerated to avoid the

frequent changes in buffer vials.
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Figure 5-28. The fluorescent signal response from 8 vials each containing 20 ng/uL of a 402 bp
PCR product (mtDNA HV2). The peak area precision was 4.15% R.S.D.; the peak height precision
was 5.34% R.S.D. The downward trend (dotted line) has been attributed to YO-PRO-1 depletion
from the outlet buffer vial [151]. Conditions as in Fig. 5-3D.

4. Peak Signal is Related to Time in the Detector Window
Experiments were conducted to determine the importance of accounting for the
length of time a DNA fragment spends in front of the detector. An increase in peak

response was observed when DNA fragments moved slower through the capillary



(i.e., spent ‘more time in front of the detector) (Figure 5-29).
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Figure 5-29. A comparison of the changes in peak response depending on the speed at which the
DNA fragment passes the detection point. Voltage: programming (dotted line) was 'used to alter the
time which the DNA spent in front of the detector. Conditions: Capillary: 50 pm i.d. x 37 cm DB-

* 17; Buffer: 1% HEC (Aldrich), 100 mM TBE, pH 8.1, 50 ng/mL YO-PRO-1; Temp.: 25 °C;

Injection: 10 s water, 45 s sample @ 0.5psi; Separation: (A) 0-6 min @ 15 kV, 6-8 min @ 5kv, .8'
10 min @ 15 kV: ‘(B) 0-5.75 min @ 15 kV, 5.75-7 min @ 5 kV, 7-10 min @ 15 kV; (C) 04.5 min
@ 15 kV, 4.5-15 min @ 5 kV; Sample: 588 ng/mL ¢X174 Haelll digest.
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Using voltage programming, the peak sizes of a restriction digest were
observed to grow larger than expected with a lower voltage in that region (Figure 5-
29). The dotted lines show the changes in applied voltage. When the electric field
strength was lower, the DNA moved slower and produced abnormally high peak
signals because they were in the detector window for a longer period of time. For
example, compare the peak size for the 603 bp fragment in Figure 5-29A, where the
DNA was moving slower from a lower applied voltage, to the results in Figure 5-
29B, where the DNA is moving much faster. The 603 bp peak is much larger in Fig.
5-29A because it is moving past the detector slower. A more dramatic change in
peak signal was observed with the 281 and 310 bp peaks in the same figures. Figure
5-29C has been included to demonstrate the expected peak signal size for each of the
DNA fragments. These results indicate that for peak reponse is influenced by the
time spent in the detection window, which is related to how fast the DNA is travelling
through the capillary.

The consideration of how fast DNA moves through the capillary becomes
important when trying to relate the quantities of two fragments which may differ
significantly in size. Depending on their length, DNA fragments move through the
sieving buffer at different rates. Larger DNA has a greater frictional capacity to
interact with the entangled polymer solution, and as such, moves slower. As a peak’s
intensity is related to the time spent in the detector window, adjustment must be made
for longer DNA fragments. The time which a DNA molecule spends in front of the
detector is related to its length and the mechanism by which it is separating. Thus,
when using internal standards to quantitate PCR products (see below), it is desirable
to have a DNA fragment which is similar in size so that it will pass the detector at a

similar rate as the unknown DNA.
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S. Use of Internal Standards Gesa oo nn ey, \

Absolute peak areas can fluctuate day-to-day because of dlfferences in laser
_ intensity, capillary cartidge mirrors, capillary light scatter, and vanattons in buffer
and dye concentration. In. addmon changes in buffer v1s0031ty can affect the amount
of sample mtroduced onto the column.. Thus, it is 1mportant to use an mternal
standard of known concentration to adjust for these variations. Good reproduelbﬂity
- was achievable when the quantities of PCR products wer“e’ lcompareditc‘) an internal
standard (TABLE 5-9). The adjusted area was calculated by di,Y_idir,l,g. th.¢ peak area
by the migration time for each peak. The area’ratio,_was‘ obtajned through dividing
the PCR product adjusted area by the 200 bp adjusted area. The ’relationship between
the 200 bp internal standard and the PCR product remained constant, as evidenced by
_the area and MT ratio, even when measured under different conditions. Thus,

internal standards are useful in obtaining consistent results.

TABLE 5-9 Reproduc1b1e Results May Be Obtained with an Internal Standard, even
if different columns and injections are used. MT = mlgratlon t1me :

‘Adjusted Area . MT.(min) Area Ratio ~MT Ratio
‘mtDNA Sample’ . | -

Product . - - 7228 - 14.983 0.668. - 1.205
200 bp 10828 12.433 |

Same Sample repeated 1 wk latert

Product ” 12262 14.233 0.668 1.210
200bp 18356 - 11.767. .‘

50 ym i.d. x 57 om DB-17; EK: 105 @ 5 kV; CV: 20 kV (16 pA)
100 pm i.d. x 57 cm DB-17; EK: 15 s @ 5 kV; CV: 20 kV (67 pA)..
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B. PCR-AMPLIFIED MITOCHONDRIAL DNA

Once the conditions for reproducibility and reliability of PCR product
quantitation by CE-LIF were established and compared to traditional techniques (see
below) [151], they were applied to the quantitation of PCR-amplified mitochondrial
DNA fragments [247]. As noted in a recent report, the quality of the DNA
sequencing is highly dependent upon the quantity and cleanliness of the DNA template
in the sequencing reaction [439]. The amplitude of any peak within a sequencing
chromatogram is a function of three parameters: (1) the sequence and concentration of
the template, (2) the primer used for sequencing, and (3) the nature of the enzyme
and the resulting reaction [247]. If contaminating PCR products are present in the
sequencing reaction, they can generate a mixture of signals at positions throughout the
chromatogram where the sequence of the contaminant differs from the template of
interest. In addition, failure to remove unreacted PCR primers following the PCR
reaction may result in mispriming of the DNA template during cycle sequencing
[247]. Both of these scenarios increase the noise in a sequence chromatogram, which
makes it more difficult to unambiguously determine the sequence. Thus, it is
desirable to have a pre-sequencing method which can detect any contaminating DNA
fragments and the presence of excess PCR primers and quantitate the PCR products of
interest. A capillary electrophoresis method has been developed to meet these needs.

Due to the presence of co-extracted inhibitors and unknown template number
for PCR, mitochondrial DNA (especially that obtained from hairs) does not always
amplify with the same efficiency [247]. As it is desirable to have 20-50 ng of
template DNA for cycle sequencing [247], CE can provide an accurate assessment of
the amount of PCR product present for the sequencing reaction. In addition to being
automated, only 1 pL of the limited PCR product is consumed in the analysis because

of the sensitivity of CE-LIF. Prior to development of this method, a mini
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polyacrylamide gel with silver staining was run to assess amplification, and

fluorescent spectrophotometry [26]‘was used-to determine PCR product quantity. Not

* . ~only was'this two-step process: time-consuming; but it also expended ~ 10 uL of a 25

~uL PCR product. In addition, the fluorescent _spectrjgphotometryh'Ilnevthp‘_dﬂ.uyyop,ld often
give falsely high readings when excess PCR primers were present. If the. PCR
product rieeded to be sequenced several times or if the amplification was poor (e.g.,

only a few ng/uL), most of the PCR product would be consumed by. the previous

" methods.

1. Analysis by Other Quantitation Techniques. - ‘
" A direct comparison of CE-LIF results with those obtained by other methods

.. demonstrated the quantitative potential of CE (TABLE 5-10). The\hybridization and
spectrophotometry methods are described in Chapter 4. In samples 1, 2, 5, 6, 8, 9,
and 12, the CE results compared. favorably with the fluorescent spectrophotometer.
. Fluorometric measurements may be higher than CE results in most of the samples
because the primers have not been adequately removed. Since analyses of PCR

- products based on fluorescence or UV absorption measure total DNA content in the
" sample, thiey cannot discriminate between amplified product and excess_‘p’r.‘_i»mers.
Consequently, without purification to remove the single-stranded, DNA primers,
accurate conclusions as to the quantity of amplified product may not be made. The
resiilts for samples 7, 10, 13, and 14 in TABLE 5-10 illustrate this limitation due to
primer contamination. At low levels of PCR product, the hybridizatign and CE
résults are comparable, while the fluorometric readings are higher. In.fact, in all of
these samples, the slot blot.and CE approaches show similar-results.. As the
" hybridization method is specific for the target DNA, a corresponding: CE result

demonstrates the reliability of the technique:




TABLE 5-10. Results from DNA Quantitation Methods. From [151]. HVI1A,
HVIB, and HV2 PCR amplified mtDNA samples were quantitated by CE-LIF,
fluorescent spectrophotometer, and hybridization (slot blot). MDQ = minimum
detectable quantity (~ 1 ng/uL for this CE-LIF method). All results are listed in

ng/uL.
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Sample Description

fam—y

HV1A
HV1A
HV1A Control*
HV1A Control
HVIB
HVIB
HVIB
HVIB

© M N L A WD

HV1B Control

o=
o

. HV1B Control

[a—y
fe—y

. HV2

—
[\

. HV2

[
w

. HV2 Control

....
~

. HV2 Control

CE Results®

30

15

below MDQ
below MDQ
56

26

1.1

2.2

5.5

below MDQ
3.0

21

5.0

below MDQ

Spec’ Hybridization®

29.0
17.9
2.98
5.49
55.1
32.5
5.70
4.25
4.99
12.6
6.97
23.8
18.8
8.60

ND*
ND
ND
ND
100
25
0.6
1.3
2.5
0.6
5
20
5
0.6

°CE conditions as in Fig. 5-27, except 5 s @ 5 kV.

*Fluorescent spectrophotometer conditions as listed in experimental. Measurements were made in

triplicate and averaged.
‘Hybridization procedure as described in experimental.

“ND = not determined. No slot blot HV1A probes were available at time of study.
‘Controls are PCRs run without template DNA.
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2. CE-LIF Analysis _ . o
A 200 bp internal standard was added to each samplé for quantltatlon
' purposes.“ The ratio of the adjusted product peak ‘area to the adjusted mtemaln
standard peak area was used to calculate the quantity of the product (see Eq. 4-1). In
addition, thé lengthof the I;CR produét can be:‘d’étermined; by ‘cé)mpaﬁng theﬁp‘eak
migration time to sizing standards (containing the same internal standard) run under

similar conditions.

[ 200 bp
o 10 ng
o Negative Control

Relative Fluorescence Units

°P 10 ng
! Amplified Extract

St . ffOID.IIair ’ ‘s o
N i+ HV1

1.00 |-
2.00 -
3.00 |

Q
=]

3
[~

MINUTES

Figure 5-30. Rapid mitochondrial DNA quantitation. The negative control contained no template
DNA. The quantity of the HV2 PCR product (402 bp) was determined by Eq. 4-1 through
comparison of its peak area to the peak area of the 200 bp internal standard. Conditions: Capillary:
50 pm i.d. x 27 cm DB-17; Buffer: 1% HEC (Aldrich), 100 mM TBE, pH 8.2, 50 ng/mL YO-PRO-
1; Temp.: 25 °C; Injection: HD: 45 s @ 0.5 psi; Separation: 15 kV (~20 pA); Sample: 1 uL PCR
product + 24 uL 200 bp (0.4 ng/uL) in water.
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Separation time has been reduced to less than four minutes by utilizing higher
field strengths (Figure 5-30). Typically, unreacted and unremoved PCR primers will
appear at approximately 2 minutes with the 200 bp standard and either HV1 (437 bp)
and/or HV2 (402 bp) at around 3 minutes. When the entire D-loop (1021 bp) is
amplified, it may be seen at 3.6 minutes (Figure 5-31). It should be noted that
resolution of the system is still adequate to resolve HV1 (437 bp) and H_V2 (402 bp)

should multiplex amplification of these regions be performed (Figure 5-31).

D-loop

1021 bp

HV2
402 bp

437 bp

J—
FLUORESCENCE

.20
3.60

3.40 |

Figure 5-31. PCR products from the multiplex amplification of the mtDNA HV1 and HV?. regions
can be resolved. The peak shoulder on the front of the D-loop peak was a resuit of not using a 10's
water plug prior to sample injection. Conditions as in Fig. 5-30.
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 This CE method has been used to analyze several thousand PCR-amphﬁed
mtDNA samples and 1s bemg prepared by the Halrs and Flbers Un1t of the FBI
-~ Laboratory for use in mitochondrial DNA casewqﬁrlf.
3 Application_to;Problegxsi yit_h‘ mtDNA o | N
Melanin Inhibition o

One of the d1fﬁcu1t1es of amphfymg mltochondnal DNA from ha1r 1s that Taq

polymerase inhibitors (such as melanin) can be co-extracted with the DNA [535]
These inhibitors potentiaily reduce the efficiency of the amplification by blocking the
active site of the polymerase [535]. In one experiment, where a grey hair (i.e.,
negligible amounts of melanin) and a dark hair (i.e., melanin containing) from the
same individual were extracted and amplified side-by-side, the CE quantitation
method showed a 5-fold better yield for mtDNA from the grey hair as compared to
the black one. Without the separation power of CE to show that no contaminanting
DNA was present (e.g., spectrophotometry can only give an overall reading and
hybridization methods cannot detect non-specific fragments), assessment of the
relative quanititative yield of the PCR reactions could not be easily performed. To
overcome melanin inhibition, extra Tag polymerase can be added to enhance

amplification of dark hairs [Mark Wilson, personal communication].

Loss of DNA During Post-Amplification Purification

The removal of primers following PCR can be important to future steps in
sequence analysis of the amplicons. However, in some cases, it appeared that
portions of the PCR product were also being removed. By adding internal standards
to PCR products before and after the post—amphﬁcatlon ﬁltratron cleanup procedure

the loss of DNA during the centrifugation was examlned In one expenment
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approximately 45% of the PCR product was lost during the filtration process (Figure
5-32). The DNA of interest most likely adsorbed to the filter as the concentrated
filtrate (i.e., the material which came through the filter) showed only primer peaks
[151]. Based upon these results, measures have been taken to more efficiently
recover amplified DNA from the centrifugation filter. Traditional fluorometry and
quantitation by hybridization could not separate and quantitate the individual
components of a sample and were therefore unable to perform this type of analysis.
The ability to determine this result highlights one advantage of using CE as a

diagnostic tool.
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Figure 5-32. PCR product is lost in the primer cleanup step. Electropherogram of 1 uL of HV1A
PCR product. The ratio of the product peaks indicates that 45% of the DNA is lost in the cleanup
step. BEFORE = 1 uL PCR product prior to filtration added to 34 uL of 200 bp standard. AFTER
= 1 uL Microcon 100 retentate added to 34 uL of 200 bp standard. Conditions as in Fig. 5-1.26
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V. Summary

A. FACTORS INFLUENCING RESOLUTION

High resolution of DNA fragments ranging in size from 100-1000 bp depends
upon:th¢ relationship of the DNA size to the mesh size in the polymer netwogk.
Smaller PCR products (e.g.; STRs, 100-350 bp) were well separated with 1% HEC
(Aldrich; ~40;000 MW) while the t?est_»resolution for larger PCR products (e.g.,
~D1S80, 350-1000 bp) was obtained with 0.3% HEC (140,000-160,000 MW) Low
concentrations of high molecular weight polymers were able to form a.wider mesh
than high concentration of shorter polymers, which most likely slowed the onset of
reptation and the subsequent loss in resolution. Lower voltages also improved the
resolution of large PCR products by reducing the amount of DNA stretching and
alignment in the electric field. Voltage programming, where a high field strength was
applied for several minutes followed by a lower field around the region of interest,
was found useful for improving the speed of the separation without reducing
resolution [152].

The type and concentration of an intercalating dye can influence a separation.
For the STR separations examined in this study, 500 ng/mL of the tfhono-intercalator
YO-PRO-1 gave the optimum results [559]. A short (20 cm effective length) and
narrow (50 pm i.d.) capillary with a hydrophobic coating yielded ex,e;elient results for

hundreds, and sometimes even thousands, of separations.

B. IMPROVEMENTS IN INJECTION PROCEDURES
Hydrodynannc [151] and electrokmetlc [559] injection procedures were
developed for rapid and sensmve PCR product analysm by CE. Effective sample

stackmg was demonstrated. by lowenng the sample’s ionic strength with a 50-fold

R dllutlon in. water. When combmed w1th sensmve LIF detectlon tlme consummg pre-
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injection cleanup steps, which were required prior to this work, were eliminated.

C. PCR PRODUCT SIZING

The use of dual internal standards for PCR product sizing was introduced
[152,559]. Good agreement between CE methods and traditional gel electrophoresis
techniques for STR typing of the HUMTHO1 locus was demonstrated with over 100
samples analyses [152,559]. A standard deviation of 0.14 bp (n=70) was obtained
with the proper CE conditions [559].

D. PCR PRODUCT QUANTITATION

A method for the rapid quantitation of PCR products was developed to
evaluate PCR-amplified mitochondrial DNA prior to cycle sequencing [247]. Results
obtained from the CE method were comparable to fluorescent spectrophotometry and
quantitation by hybridization but with the advantages of being able to detect the
presence of primers and contaminating DNA fragments [151]. With a 402 bp PCR
product and 50 ng/mL of the intercalating dye YO-PRO-1, fluorescence was found to
be linear from 200 ng/mL down to ~400 pg/mL. A run-to-run peak area precision
of 3% R.S.D. was obtained with an internal standard and hydrodynamic injection
[151]. Important factors to consider for obtaining reliable results include precise
pipetting of samples and internal standards, sample mixing with the pipets, and

regular replenishment of the buffer vials.

E. SYSTEM STABILITY
Good stability has been demonstrated with the methods developed as part of
this work. Routine application of these CE procedures is now possible. Several

reasons exist for the improved stability. First, lower field strengths, which are
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permitted with short columns,  preserve the column coating because of lower Joule
heating (see [157]). Narrower capillaries also help in this regard ’Ihe hlgh polymer
concentration increases the viscosity (which lowers an){l,“E\()Fe:see.,’[19“_2])‘ and, 1muts
interaction of positively, ,c.haxged buffer components (e. g intercalatorg_like ethidium

- bromide or YO -PRO-1) with the caplllary wall (see [52, 53]) Less DNA 1s also
.injected when using LIE detecnon, which can reduce the amount of materxal avallable

for interacting with the capillary surface.
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CHAPTER FOOTNOTES
Chapter 1 ‘

(1A) For a genetic marker to be useful in forensic identification, several characteristics
should be met. These marker attributes include (1) a well established pattern of
inheritance, (2) a polymorphic character with a high degree of heterozygosity, (3) an
independent inheritance from the other markers used, (4) a low mutation rate, (5) well
established population data consisting of allele, phenotype and/or genotype frequencies,
(6) analysis techniques which are simple, rapid, reproducible, and of reasonable cost, (7)
reliable allele detection, and (8) small sample requirements [347].

(1B) In the original Jeffreys method [212], a single probe labeled multiple VNTR loci
under low stringency conditions and generated a complex pattern resembling the bar
codes used by supermarkets. This process is commonly referred to as "DNA
fingerprinting." However, in forensic samples, where there is the possibility of mixed
samples, a multiple locus system could generate patterns which would be difficult to fully
interpret. Thus, most RFLP typing performed today in forensic laboratories involves

single locus probes, where only one (a homozygote) or two (a heterozygote) alleles are
seen [343].

(1C) The RFLP process can take several weeks to complete. First, a sample of blood
or some other biological material is collected. The DNA is extracted from the cells by
breaking open the ceil walls and removing the protein packaging (histones) of the DNA.
Next, a restriction enzyme is added to cut the long, extracted DNA fragments into
smaller pieces. The most commonly used restriction enzyme in the United States is
Haelll which recognizes the sequence GG/CC [207]. Every time "GGCC" appears in
the genome, two DNA fragments will be produced--one ending in "GG" and the other
beginning in "CC" (the reverse would be true on the other strand). The chopped up
DNA fragments are then run on an agarose gel in order to separate them based upon
size.

Next, a Southern blot is performed. Here, the bands of DNA are transferred
from the gel to a nylon membrane. By using a highly alkaline solution, the DNA strands
become single stranded. One of the strands is affixed to the membrane by crosslinking
the DNA onto the membrane with UV light (or using a positively-charged membrane).
A radioactive or chemiluminescent probe, which contains a VNTR sequence, is allowed
to hybridize to the DNA attached to the nylon membrane. Stringent binding can occur
at the proper hybridization temperature and ionic strength, allowing the probe to find its
complementary sequence with complete fidelity. Excess probe is removed with several
stringency washes. Finally, the location of the probe is noted by placing the membrane
in contact with x-ray film. The resulting samples in the autoradiogram should contain
two bands representing an allele from one’s mother and another allele from one’s father
(one band if both alleles are the same size). Human identity testing is primarily done for
forensic and paternity purposes (Figure 1-4).



158

(4) Forensic Testing ~ (B) Paternity Testing
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Figure 14. The use of RFLP profiling in (A) a forensic case and (B) a paternity case.

(1ID) The temperature cycling for PCR proceeds as follows. The DNA template is first
heated to approximately 95 °C for 30 s or more to completely separate the two strands
of the DNA molecule. Next, the temperature of the PCR reaction mixture is lowered
to approximately 60 °C where the two primers (synthesized oligonucleotides 20-30 bp in
length) bind to their complementary sequences. The annealing temperature used here is
only an example and depends on the template sequence. These primers are synthesized
in order to bracket a preselected segment of the DNA template. With the proper choice
of annealing temperature, the binding of the primers can be stringent enough to prevent
‘any single base mismatches. The first primer matches part of the upper or "Watson"
strand at one end of the segment, while the second primer matches the lower or "Crick"
strand at the other end. Finally, the temperature of the solution is raised to 72 °C, the
optimum temperature for synthesis of DNA by the Tag polymerase, and the area between
the two primers is filled in with the complementary nucleotides (dNTPs) by the
polymerase. Since the result of this process is a doubling of the number of strands of
targeted DNA, repeated cycles of heating and cooling lead to a chain reaction. Each new
PCR product becomes the template for the next cycle.

'(1E) More advanced methods of PCR prqdlict detection are discussed by Lazar [322]
and include automated gel-based fluorescence detection [163,541], CE [152,559], HPLC
[118,124], and sequence-specific oligonucleotide probes [425,427]. o
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(1F) The variety of STR lengths which can exist within a population is thought to
originate from strand slippage during DNA replication [257,547,644]. Figure 1-5
illustrates how a few alleles produce the multiple genotypes which are useful in
distinguishing between individuals.

| - Allele 1

—
—_— | 1 - Allele 2
— | | | = Allele 3

Genotypes
1/1 1/2 1/3 2/2 2/3 3/3
— S
— N

Figure 1-5. Variation in the oumber of tandem repeats. If n is the number of alleles, thenn + (n-1)
+ (n-2) + ... equals the number of possible genotypes.

(1G) By way of example, 29 alleles have been identified for the D1S80 (pMCT118)
locus, with a heterozygosity of 0.95 [683]. These D1S80 alleles differ from each other
by a 16 bp repeat [259]. D1S80 alleles, which are named for the number of repeat units
they contain, usually range between 14 and 41, aithough a few alleles have been reported
with more than 50 repeat units [683]. The D1S80 VNTR system has been extensively
tested and is now commercially available [683].

(LH) While plenty of STR systems exist which have a simple repeat unit, many STRs
exhibit complex repeat patterns. The human beta-actin related pseudogene H-beta-Ac-
psi-2 locus (ACTBP2, also known as SE33), for example, is generally a tetranucleotide
repeat, but allele size differences of 1, 2, or 3 bp also exist [475]. While this makes the
system much more polymorphic, and thus, more worthwhile in a forensic context,
extremely accurate sizing is required. The situation can be further complicated if allelic
variants with the same overall size, but different internal sequence, are possible
[268,325,475]. Different separation techniques may have different effects on DNA
mobility, which would make it difficult to compare results across different laboratories.
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. For this reason, the DNA Commission of the International Society of Forensic

Haemogenetics [480] has recommended that all alleles in an STR allelic ladder be
sequenced in order to establish the sequence‘ of the repeat unit(s), the number of repeats
present, and the actual size of the allelic fragment (see [161]). =~ = .

(1)) Multiplexing can save time and money, but difficulties may arise when co-
amplifying several loci. Tully er al. [164] found that the primers for one locus could
complex with those of other loci and thus completely inhibit amplification. Finding the
optimum PCR conditions, particularly the annealing temperature and the primer
concentrations, can be challenging and time-consuming. For example, in evaluating the
multiplex amplification of VWA, THO1, F13A1, and FES/FPS, Kimpton ez al. [344]
examined the effects of the concentration of the buffer, the individual primers, the
dNTPs, the Taq polymerase, and the template DNA. The number of amplification cycles
and the denaturing and annealing temperatures were also studied.

(1K) Another dpproach to analyzing multiple sites on the genome while conserving
limited DNA has been demonstrated by Lorente ef al. [448,478]." These studies involved
recovering the original genomic DNA template following each PCR amplification and
reusing it for the next reaction in what is termed sequential multiplex amplification
(SMA). Using SMA, less than 5 ng of template genomic DNA was needed to type five
different loci [478].

(1L) The first commercialized and most widely used PCR-based test of forensic DNA
samples is the AmpliType™ HLA-DQa Forensic DNA Amplification and Typing Kit
developed by Cetus Corporation (Emeryville, CA). A reverse dot blot system (Figure
+ 1-6) is-used with allele-specific oligonucleotide probes to detect each of the DQa alleles.
Six alleles, known as 1.1, 1.2, 1.3, 2, 3, and 4, can been distinguished for the 242 bp
~ region (239 bp for alleles 2 and 4) in the second exon of the DQa gene [425]. Twenty-
one genotypes are possible with various combinations of these alleles.

(IM) For the reverse dot blot hybridization scheme seen in Figure 1-6, biotin-labeled
primers are used in the DNA amplification. During hybridization of the PCR product
to the oligonucleotide probe which is attached to the membrane, 2 streptavidin/
horseradish peroxidase complex is added. The streptavidin binds to the biotin, which is
present on the 5’-end of every amplified DNA molecule. Horseradish peroxidase (HRP)
- catalyzes the oxidation of the colorless soluble substrate 3,3’,5,5 -tetramethyl-benzidine
(dye) into a blue precipitate. Thus, hydridization is detected by the formation of a
colored dot [425]. 3
' This reverse dot blot system has been validated for forensic casework [425] and
has sufficient sensitivity to type HLA-DQAL alleles from cigarette butts [239]. More
" recently, other sequence variable loci have been coamplified and typed with the DQ«
system [286,682]. - . , C e b
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Figure 1-6. Reverse dot blot detection with allele-specific 6ligonucleotide (ASO) probes.

(IN) Simultaneously amplification and detection of multiple sequence polymorphisms
may be performed with the AmpliType™ PM PCR Amplification and Typing Kit [682].
The genetic loci amplified with the polymarker kit include HLA DQc, Low Density
Lipoprotein Receptor (LDLR), Glycophorin A (GYPA), Hemoglobin G Gammaglobin
(HBGG), D7S8, and Group Specific Component (GC) [286,682]. These markers are
also typed by reverse dot blot technology. The amplified PCR products from the last
five loci are hybridized to a nylon membrane that contains 13 immobilized
oligonucleotide probes. The HLA DQa locus is typed on a separate probe strip. The
chromosomal location, size of the PCR products, and number of alleles for each locus
is shown in TABLE 1-4 [88].

TABLE 1-4. AmpliType™ PM Loci. From Ref. [682].

Locus Chromosomal Location ~ PCR Product Size Number of Alleles

HLA DQu 6 242/239 bp 6
LDLR 19 214 bp 2
GYPA 4 190 bp 2
HBGG 11 172 bp 3
D7S8 7 151 bp 2
GC 4 138 bp 3
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Product literature lists the combined power of discrimination for U.S. Caucasians at
0.9997 [682]. Population studies and forensic validation of the PM loci were recently
performed by Budowle er al. [286]. The AmpliType™ PM PCR Amplification and
Typing Kit is currently being used by the FBI Laboratory in forensic cases.

(1P) Mitochondrial DNA has several advantages in a forensic context. First, the
small, circular nature of mtDNA makes it more robust ‘and resistant to degradation.
Second, the high copy number means that small amounts of recovered biological evidence
are more likely to be successfully typed. Most mammalian cells contain hundreds of
mitochondria and thousands of mtDNAs. Third, all copies of an individual’s mtDNA
sequence are identical, since they only come from one’s mother, making mtDNA easier
to sequence for forensic purposes. (In order to unambiguously sequence a nuclear DNA
gene, the two alleles must fifst be separated [190].) However, disadvantages also exist
for using mitochondrial DNA in human identification. Since genetic recombination does
not occur with each generation, not as much variation exists in mtDNA. However,
mutation rates are 10-50 times higher than nuclear DNA, though, which can add
variability in a population. Barring mutation, siblings and maternal relatives have an
identical mtDNA sequence.

(1Q) The sensivitity of PCR necessitates constant vigilance on the part of a laboratory
to ensure that contamination does not affect DNA typing results.
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2A)
TABLE 2-2. Comparison of CE and Slab Gel Electrophoresis.

CE Slab Gels
Automation Capability yes some
Speed minutes hours
Quantitative yes (real-time) extra step
Waste Generated nL-pL mL-L
Sample Processing sequential simultaneous
Multiple Samples Run can be parallel (arrays) multiple lanes
Sample Consumption few nL 1-5 uL
Cost $25,000-65,000* $2,000-5,000
Preparative Technique? no yes
Established Technique? still evolving yes

*UV detection ($25,000); LIF detection ($65,000)

(2B) The high surface area-to-volume ratio of capillaries gives them good heat
dissipation characteristics. It is this feature which permits voltages to be applied in CE
that are an order of magnitude higher than those permitted in slab gel electrophoresis.

(2C) The problem with pressure driven flow, as used in systems such as HPLC, is that
parabolic flow profiles are produced yielding more disperse analyte zones. Band
broadening is reduced in CZE (relative to HPLC) as the bulk flow past the detector is
driven by electroosmosis, which has a relatively flat flow profile. Separations with
efficiencies of one to two orders of magnitude higher than HPLC are not uncommon in
CE [251].

(2D) An analysis proceeds with first filling the capillary with the electrolytic buffer.
Some instruments use high pressure on the inlet side while others use a vacuum suction
on the outlet side. High pressures are important to load viscous buffers used in DNA
separations. Next, the inlet buffer vial is replaced by the sample vial and injection of the
sample takes place either under pressure or the application of an electric field [372].
Typically only a few nanoliters of sample are placed in the capillary. The separation
proceeds once the inlet buffer vial is replaced on the capillary and the high electric field
is applied. Finally, the analytes are inspected as they move past an on-column detector.

(2E) Commercial CE instruments, with autosamplers, offer fully automated injection,
separation, and detection. Real-time data analysis of peak areas, peak heights, anq peak
migration times in the electropherogram (E-gram) are available with sophisticated



164

computer programs. Much of the commercially available software was developed in
large part from previous HPLC experience. ‘

(2F) The movement of DNA through-a column,is dependent upon;the'conditic'm‘of @e
inner wall of the capillary and the extent of EOF (Figure 2-5). Wit.h uncoated capﬂlapes
and large EOF, counter-migration CE occurs bécause the DNA "swims upstream"” against
the EOF.: ‘

Uncoated Capillaries

EOF ———»
[FrrFrrETas

L
Do g o e gl
«——DNA
Net Flow ———

large‘ o

- Wi A small

Coated Capillaries
EOF = 0 .

large |

small

DNA——»
_Net Flow——,

.Eg.ure 2-5. The‘o‘rder of DNA eluting from the”capillary is dépendent upon th,e'cdlu.mh inner wall
coating. Depending on the extent of electroosmotic flow, DNA fragments elute by size either (A) large
- small (uncoated) or (B) small - large (coated)..

(2G) HD injections can be performed by several means including (a) the appli.cati.on of
pressure at the inlet side which pushes the sample into the column, (b) the apphf,efuon of
a vacuum at the outlet side which pulls the sample into the column, or (¢) raising the
inlet side which forces the simple into the capillary through siphoning due to gravity.

(2H) Several methods have been developed to reduce the salt content of a PCR sample
prior to CE injection (TABLE 2-3). While most of these sample‘.c.leanup procedu.res
work nicely, they require an extra step, which reduces the capability for automation
[155). . B S | |
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TABLE 2-3. PCR Sample Purification Methods.

Type of Clean-up Method of Salt Removal
Float Dialysis salts diffuse through a membrane

into a Petri dish of deionized water

Ultracentrifugation salt are spun through a filter;
DNA is recovered by inverting the filter

Spin-Size Exclusion DNA comes through the filter pores;
salts are retained by the filter

Ethanol Precipitation DNA is recovered as a pellet;
salts are washed away with water

(2J) This is the result of Beer’s law, in which absorbance is equal to the products of
the sample absorbivity (e), the pathlength of detection (b), and the sample concentration
(c). As e is fixed by the chemical nature of the sample, in order to improve the
sensitivity in CE, either more sample must be injected onto the column or the pathlength
can be increased [6].

(2K) Fluorescence has been recognized since the early 1980s as important to sensitive
detection with CE. Jorgenson and Lukacs [4] demonstrated good sensitivity with
fluorescamine-derivatized peptides. Early work with fluorescent detection involved arc
lamps [4], which are difficult to focus onto a narrow capillary. Richard Zare (Science
1985, 230, 813-814) is attributed with the introduction on-column laser-induced
fluorescence (LIF) in 1985.

(L) Direct detection of DNA has also been demonstrated based on the native
fluorescence of the DNA molecule in its natural state, with low-UV lasers as an
excitation source [354].

(2M) While superior sensitivity is available with LIF, several difficulties prevent its
widespread use. Limited excitation wavelengths are available with lasers meaning that
fluorophores must be found which can be efficiently excited with a particular laser. In
addition, the expense of some lasers prohibit their use in most laboratories. The most
commonly used lasers in connection with CE include the argon ion laser (4838 nm
excitation) [29] and the green HeNe laser (543 nm) [522] although several UV lasers
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have been used [53,409]. See Schwartz et al. [315] for a complete list of lasers used in

(2N) Using fluorescently tagged primers allows the detection of overlapping fragment
sizes, which can be useful in multiplexed STR amplification and detection [163,473].

(2P) Growth-in the field of dsDNA separations by CE has been exponential over the

past few years (Figure 2-6). Over 100 papers have been published describing CE as a
qualitative and a quantitative tool for DNA analysis (APPENDIX 1).

30\ 4sDNA

EBCB‘An_a‘Iwis .
40

30
20

10

1988 1989 1990 1991 1992 1993 1994 1995*

Figure 2-6. Papers in the literature describing dsDNA separations (dark bars) using CE. PCR product
~ . analysis by CE (lined bars) is also on the rise. Results are compiled from the infor ;‘ation in APPENDIX
1. * = papers are tabulated through May 1995. ' ' B

(2Q) An evaporation rate of 0.05 nL/s has been reported for sample volumes of SuL,
which corresponds to more than 4 uL per day [84]. In the Beckman P/ACE instrument,
microvials are covered with silicone rubber caps to prevent evaporation (Beckman
* Technical Bulletin 101B). ' '

(2R) .Arakawa er al. [309] did use an external calibration curve from ¢$X174 Haelll to
size PCR products. However, because they report a migration time precision of only
0.47-2.77% for $X174 HaeIll, they don’t have the ability to accurately relate the size
of the external standard to the actual sample. In a later report, this same group improved
their precision to 0.55% RSD (within-run, n=10) and 0.71% RSD (day-to-day, n=6)
for $X174 Haelll peak migration times [383]. ‘
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(2T) Del Principe and coworkers [467] observed that migration time diminished by 15
(+1) second from run-to-run (over 7 runs). Since the drift was constant and predictable,
they calculated the DNA fragment sizes taking the migration time variation into account.
The original calibration curve was formed with a log (bp) vs. migration time plot of a
pBR322 EcoRI standard. This technique can be risky if unforeseen changes occur
between runs and requires careful calculation of adjustment factors.

(2U) The use of internal standards for DNA fragment sizing was first shown to
improve migration time reproducibility by Guttman et al. [251]. Using the migration of
a 40-mer relative to that of a 50-mer, they improved the column-to-column precision
(n=11) from 4.8% R.S.D. to only 0.7%. R.S.D. [251]. Using a 24-mer internal
marker, the ability to accurately size to within 99% has been shown [400]. The internal
marker is run first with a 100 bp ladder external calibration standard followed by the
sample with the same internal marker to relate the sample to the standard.

(2V) Using ¢X-174 DNA-Hincll digest as an internal standard, Nathakarnkitkool e al.
[35] analyzed a 361-bp segment of an androgen receptor mRNA transcript in less than
20 min with a peak area relative standard deviation (RSD) of 3.06% (n=6). Schwartz
and coworkers [23] obtained peak area precisions (n=7) for the 11 DNA fragments in
X 174 Hae I1I digest ranging from 1.91-8.43% RSD.
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(3A) Thirteen different types of polymers have reportedly been used as DNA separation
media [675]. These polymers are available from numerous sources in several different
_molecular weights (MW) and can be dissolved in aqueous buffers over a wide range of
concentrations. TABLE 3-2 illustrates the number of different polymers which have
been used in the literature with HEC, MC, and HPMC. A consensus has yet to be
‘reached as to which polymers (type, MW, or concentration) are better to use for a
particular separation, partly because the results between different laboratories involve
dissimilar polymers, DNA samples, or CE conditions. ' o

- (3B) Experimental determination of $° may be performed by plotting the log of the
specific viscosity, 7., as a function of the polymer volume fraction [45]. For
noninteracting polymer molecules, i.e., ® < &°, dilute solution theories predict that the
slope of such a plot should be approximately 1.0. When the polymer chains begin to
interact, the slope should increase. . Thus, the point at which the slope deviates from
~ 1.0 is indicative of chain interaction, or in other words; ®". \

. (3C) Using dynamic light-scattering studies, Grossman et al. [307] found the empirical
relationship between polymer concentration (C, g/mL) and the mesh-size of the entangled
polymer network (£) to be, i '

£(A) = 6.0 C%®
for their HEC solution.

(3D) While the dynamic nature of the system makes it difficult to model, the flexibility
of the polymer network can be beneficial when trying to separate a wide range of DNA
fragment sizes. DNA fragments, ranging in sizes of over three orders of magnitude,
may be separated in a relatively short period of time (Figure 3-8). This separation was
performed with a 0.4% HPMC (~90,000 MW) solution. The viscosity of the polymer
solution was only slightly greater than water. Conventional gel electrophoresis, with
rigid chemical pores, would probably require multiple gel compositions to accomplish
the same separation. Tightly cross-linked gels with small pores would be needed for the
smaller fragments (<587 bp) while more loosely formed gels with larger pores (.e.,
agarose) would be required for the larger DNA (2027 - 23,130 bp).
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TABLE 3-2. Cellulose Derivatives Used in CE/DNA. Information was compiled from
APPENDIX 1. Only one reference per polymer has been displayed for clarity. The
most widely used include HEC (86-113¢cP), MC (4000cP), and HPMC (4000cP).

Polymer Source Molecular Weight Viscosity =~ Reference
(2%so01,25°C)

Hydroxyethyl Cellulose

(HEC)
Aldrich Not Known 86-113cP [559]
Serva Not Specified 300mPa.s [35]
Fluka "Cellosize-WP-40" 75-125mPa.s [39]
? 191,800 MW Not specified [34]
Polysciences 24,000-27,000 MW Not specified [36]
Polysciences 90,000-105,000 MW  Not specified [36]
Polysciences 140,000-160,000 MW  Not specified [36]
Aquaion ~ 35,900 MW Not specified [36]
Aquaion ~ 63,800 MW Not specified [36]
Aqualon ~ 306,000 MW Not specified [36]
Aquaion ~ 438,800 MW Not specified [36]

Methyl Cellulose

MC)
Sigma 100,000 MW 4000cP 271
Sigma 20,000 MW 15¢P [382]
Aldrich Not specified 4000cP [387]
Fluka Not specified high [16]
Polysciences 86,000 MW Not specified [471

MC-4000 ShinEtsu Not specified 4290cP [69]
MC-8000 ShinEtsu Not specified 7980cP [69]

Hydroxypropylmethyl Cellulose

(HPMC)
Sigma ~90,000 MW 4000cP [23]
Sigma ~26,000 MW 100cP [23]
Sigma? Not specified 50cP [149]
Aldrich Not specified 4000cP [145]
Serva Not specified 15000cP [269]
HPMC-4000a  ShinEtsu Not specified 4550cP [69]
HPMC-4000b  ShinEtsu Not specified 4390cP [69]

HPMC-15000  ShinEtsu Not specified 15900cP [69]
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PBR322 Haelll and A-HindIIl Restriction Digests
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~ Figure 3-8.. The efficient separation of DNA fragments ranging in size from 21 bp to 23,130 bp
demonstrating the flexible nature of the mesh formed with soluble polymers. Conditions: Capillary: 50
~umi.d. x 27 cm DB-17; Buffer: 0.4% HPMC (4000cP), 100 mM TBE, pH 8.2, 500 ng/mL YO-PRO-1;

Temp.: 25 °C; Injection: 5 s @ 1 kV; Separation: 5 kV; Sample: 204 ng/mL pBR322Haelll mixed with
200 ng/mL A\-HindlIl. ‘ o

(3E) From the data compiled in APPENDIX 1, there has appeared in the CE literature
52 references where intercalating agents were used to improve sensitivity and/or
resolution of DNA fragments. The most commonly used intercalators include ethidium
bromide (used 28 times) and thiazole orange (used 9 times).

(3F) Srinivasan et al. [52] speculate that TOTO-1 in the run buffer binds to free
capillary surface silanols and creates cationic charges that may interact with DNA
fragments and result in band broadening. Clark and Sepaniak [53] found that micromolar
levels of the dimer POPO-3 produced unresolved fragment profiles while ethidium
bromide, a monomer, could be used at levels up to 12.5 uM without deleterious effects.
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ABBREVIATIONS

base pair

capillary electrophoresis
constant voltage

capillary zone electrophoresis
deoxyribonucleic acid
double-stranded DNA
dithiothreitol

electrokinetic

electroosmotic flow

ethidium bromide
hydrodynamic

hydroxyethyl cellulose

high performance capillary electrophoresis
hydroxypropyl methyl cellulose
internal diameter

laser-induced fluorescence
linear polyacrylamide

methyl cellulose

mitochondrial DNA

molecular weight

number of theoretical plates
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polyacrylamide gel electrophoresis
polymerase. chain reaction
poly(ethylene oxide)

photomultiplier tube

- pounds per square inch
.. resolution

+ radius

restriction fragment length polymorphism

relative standard deviation

-short tandem repeat

Tris-borate-EDTA
migration time
electrophoretic mobility

variable number of tandem repeats
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APPENDIX 1

dsDNA Separations in the CE Literature

An Examination of the Conditions and Resuilts

Legend:

= no information provided for that parameter

Reference:
Reference number refers to listing in the literature survey; the primary researcher was also included

Sample:
DNA restriction digest or PCR samples and their sizes

Conditions:
CE instrument, column length (length to detector) x column inner diameter, column coating, temp.
Buffer type, pH, separation medium (e.g., 1% HEC), additives (e.g., 500 ng/mL YO-PRO-1)
Injection type (EK or HD): time @ kV or psi; Separation (CV, gradient, pulsed): applied voltage

Detection:
UV or LIF with wavelength(s)

Separation:
Electrode polarity and the time required to elute the last (or major) peaks

Resolution:

Average resolution under the conditions listed. Typically involved evaluation of the ability to split the
271 and 281 bp peaks in the $X174 Haelll digest.
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APPENDIX 2

TROUBLESHOOTING GUIDE
Beckman P/ACE 2050 CE

I. Most Common Problems
A. No Current (when voltage is applied)
1. Capillary is plugged - attach syringe to the inlet and push water
through; if water droplet does not form at the outlet then remove
a small portion of both capillary ends and repeat syringe purge
2. Capillary is broken - replace capillary
B. Poor Resolution
1. Bad capillary - replace capillary
2. Wall adsorption - rinse capillary with methanol and buffer (10 min
each) and repeat run; if no significant improvement in resolution,
replace capillary
C. No Peaks Detected
1. Laser is not turned on (Error 33) - turn it on!
2. Fiber optic connection is dirty - clean out any dust or other particles
3. Intercalating dye was not placed in the buffer - prepare new run buffer
D. Vial Sticking (Error 11 or 12) - Silcon rubber vial tops have become sticky
from the buildup of HEC buffer - rinse both the piercing levers and the
vial tops

E. Error Messages

1. Error 18 - voltage leak; make sure the lid is down and the interlock
button is pushed in

2. Error 11 - inlet tray position error; vials are getting caught and need
to be cleaned; "f50" to set autosampler tray to the home position

3. Error 33 - low excitation light; turn on the laser (or replace)
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4. Error 20 - low coolant; add 10-15 mL of coolant
II. Instrument Mamtenance

A. Overnight/Long Term Storage
1. Rinse the caplllary ,With water, agd_plac{ﬂc, both c;n,ds in water vials
2, Turn off the laser

B Dally Cl‘eaning_l
1. Vial caps - rinse with water

C. Weekly Cleaning - spring-loaded piercing lever which the vials caps touch

1. Remove cover, detector, papillary catridge, and catridge protector.

2. Scrub polymer residue from the sprmg -loaded plastic piece and rinse
well with water.

3. Replace all of the pieces in reverse order.
III. Other Considerations

A. Buffer Vials - the buffer must have no bubbles at the top of the vial as these
can be injected into the caplllary and prevent the flow of current; bubbles
may be removed from the viscous polymer buffer with a transfer pipet

B. Humldlty - durmg the summer months (in Virginia) a dehumidifier was found
necessary; operating above 65-70% humidity is not recommended in order
to avoid a corona discharge (i.e., arcmg between electrodes and water
condensation)
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APPENDIX 3

PREPARING CE FOR CASEWORK AND THE COURTROOM
To the best of my knowledge, capillary electrophoresis has not been
introduced to the courtroom. However, forensic research using CE has been
conducted for analysis of illicit drugs [58;293,296,503,574,578,664], gun shot residue
[137,295], explosive residue [136,138,485], and now PCR-amplified DNA [152,559].
These forensic applications of CE have been reviewed [56,248]. Ion analysis methods
developed by Hargadon and McCord [138] have been used to confirm explosive
residue analyzed by ion chromatography, althodgh the cases were settled out of court.
It is not anticipated that there will be a court admissibility issue with CE due

to the fact that it is an electrophoretic process and is similar to the separation process
utilized in RFLP protocols. However, several issues need to be considered as CE is
validated for DNA typing in forensic casework. It should be recognized that the high
volume of samples which can be handled at a single time with CE requires the
constant vigilance of the operator. Methods and checks need to be developed so that
samples will not be switched, either in preparation, in loading the autosampler, in
filling out the sample spreadsheet on the computer, or in analyzing the data. When
dozens of samples are being rapidly processed in a routine setting, a careless mistake
may not be caught using the presént procedures. These sample identification
problems may be diminished in several ways: (a) the injection could be performed
from a microtiter plate format, in combination with robotic sample preparation and

thermal cycling, which would minimize user interaction; (b) a barcode reader could
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be used to scan a unique label on each sample, as it is lifted up to be injected, with
the sample L. d bemg electromcally recorded with the electropherogram and the final
results (c) computer software could be 1mplemented for automatrc DNA fragment
sizing (based upon internal standards) and genotype des1gnat10n (based upon
appropriate allelic ladders), and (d) quahty assurance/quahty control samples could
(and should) be blindly tested on a regular basis. ‘ |

Data storage w1ll qulckly become an 1ssuel when routrne processmg beglns
For examplew ay 15 mmute run, wrth data(pomts collected at a rate of 5 Hz generates
approxrmately 100, OOO bytes of mformatron (on P/ACE wmdows software) While
this does not seem s1gn1f1cant for an 1nd1v1dual sample, for routine analy51s it quickly
adds up to almost half of a megabyte of information generated every hour At higher
~ data collectron rates (e g 10-20 Hz), such as those requlred for rapid sepa.ratlons
(e.g., under 5 rmnutes), the computer storage needed will be even greater. File
, _malntenance protocols will have to be de31gned for regular backup and hard drive
purgmg | | |

Changmg buffer v1als afterevery run, to av01d buffer depletron veffects is not
an efﬁc1ent method for routine analysrs and reduces the number of samples which can
be loaded mto the autosampler If it becomes desrrable to change buffer v1als often
(e.g., every run), the design of smaller buffer v1a1s (less than the 4 mL currently used
in the Beckman) may be desrrable |
As not all human 1dent1ty testmg laboratories wﬂlhaye access to or the need

for a CE, universal consistency of typing will need to be demonstrated against
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procedures and protocols used in other laboratories. A preliminary validation has
been performed with a direct comparison of CE results to silver-stained
polyacrylamide gels [559].

A calibration procedure should be performed to ensure that everything is
working fine. For example, a restriction digest could be run prior to the PCR
samples to confirm that the capillary is providing adequate resolution and the proper
sensitivity. The frequency of this calibration should be at least once a day, or every
30-40 runs when numerous samples are being processed. In addition, the stable
threshold of each parameter should be determined, i.e., where and under what
conditions does the system break down. Issues to consider include intercalating dye
storage time, capillary degradation, uniform buffer preparation, and injection artifacts.

Thresholds should be set as to what constitutes a match between alleles and the
allelic ladder. If peaks do not match exactly (and they almost never will because of
slight variations between runs), how should this result be reported? What should the
match criteria be and how should they be determined? This work used 50 runs to
define the system standard deviation with a match window existing over +3.30
(99.9% confidence). Should more separations be used to define the precision
window? Should a floating bin approach be taken with only sizing the allele
fragments as some are doing for the GENESCANNER (Ron Fourney, TWGDAM
talk, June 1995)? Or should allele designations always be made against an allelic
ladder, as recommended by Smith [474]?

Lastly, evaluation and implementation of new technologies (e.g., microchips)
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- and/or CE systems  must be ongoing. Separation matricgs_-wh_ich rival or exceed those
currently used may. become available at some. future time and should be considered.

Commercially available materials should also be evaluated in order to.give uniformity

' across laboratories. - The biotechnology field.is evolving rapidly with techniques

‘which can revolutionize:DNA typing procedures.,. This work is by no means the final

solution to DNA typing but rather a foundation for the future. . -

 The Diréction of the CE/DNA Field- - —
'CE has yet to gain a substantial foothold in the molecular biology or the DNA

typing communities, primarily because of the lack of quantitative. CE methods, such

as those described in this work, and poor sample throughput. - Sample processing

* speed may be increased in several ways with CE: (1) more rapid single sequential

‘runs [152,382], (2) multiple wavelength analysis, where several samples and/or
- standards are simultaneously injected and separated but resolved spectraily with
different color fluorophores.[431], and (3) multiple parallel capillaries where 8 [99] or
-.everi*100.[250] samples-are separated simultaneously. The future will probably
include some combination of all three methods. A commercial capillary array system
with multiple color detection is currently being developed. Miniaturization, will also
aid in speed and throughput. Several groups are designing miniature CE systems on
" microchips which will allow rapid separations. on a nanoscale [143,471,652,656]. It
is anticipated that work in all of these areas will be wvaluable in rapid DNA typing, in

many cases buildirig upon the work described here.. -+ .« =
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