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single disease concept. However, it has become increasingly
clear that genetic approaches alone are insufficient for the
satisfactory description and diagnostics of complex pheno-
types. Monogenic diseases such as Duchenne muscular
dystrophy, hemophilia, or sickle cell anemia represent less
than 2% of the total human disease burden. The rest are
polygenic diseases and must be viewed in the larger context
of a cell or an organism. Even though it is clear that detection
of individual molecular genetic markers cannot completely
replace a complex diagnostic approach, the importance and
necessity for reliable high-throughput analytical technologies
and sensitive tools for molecular diagnostics is unquestion-
able?

Every living organism accumulates changes to its DNA
material during its life span. These changes occur in a number
of ways: (i) copying errors during replication; (ii) changes
caused by the environment (radiation, exogenous chemicals,
toxins, hormones, or even diet); (iii) spontaneous DNA
damage (depurination, depyrimidination, and deamination),
resulting in loss of a nucleotide base or a change in the base-
pairing properties of a base. When speaking about DNA
mutations or polymorphisms, we mean only the stable
changes in the nucleotide sequence of the genome resulting
from damage or alterations to the DNA material that have
not been corrected. While polymorphism represents changes
in the DNA sequence that are present in at least 1% of the
population and are not considered harmful, mutations are
less common (less than 1% of population) and frequently
result in disease or an increased risk for developing a disease.
Alternative forms of genes at a particular locus are called
alleles. Identical or different alleles at a particular locus in
an individual are referred to as homozygous or heterozygous,
respectively’

Sequence variations at the DNA level can be characterized
as (i) substitutions of a single nucleotide, also called point
mutations, (ii) deletions of a single or multiple nucleotides,
and (iii) insertions of single or multiple nucleotides, which
can also have the character of duplications. Even a single
nucleotide deletion or insertion can result in translation of a
defective protein or no protein at all. This is due to the fact
that the amino acid sequence of a protein is determined by
the sequence of three-nucleotide codons. Thus, most inser-
tions and deletions induce a reading frame shift of codon
sequence. Sequence variations in noncoding regions do not
affect a protein sequence directly but can result in proteins
being made at the wrong time, in the wrong cell type, or in

Early molecular methods in clinical genetic diagnostics altered quantities.
were frequently regarded as unambiguous and definitive. The One particular type of polymorphism is called tandem
power of modern molecular biology was seen as sufficient repeat polymorphism, frequently analyzed for medical and
for providing, in theory at least, a successful genetic analysis. forensic purposes as a “barcode” for an individual’'s DNA
This could even lead to a therapy based on a single-gene identification. In practice, two kinds of these highly poly-
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In recent years, increasing interest has been paid to analysigears he was a prominent speaker at many national and international
of polymorphism at a single-nucleotide level. This is called scientific meetings, and his presentations always provided new insights.
single-nucleotide polymorphisms (SNP). SNP analysis is
gaining in importance for diagnostic and therapeutic purposes Capillary electrophoresis (CE) is an analytical method with
as well as determining the genetic predisposition for certain low operation costs; it is suitable for high-throughput
diseases. A SNP can result in either a disease-causing poinanalyses due to its high-speed separation capabilities and the
mutation or a neutral polymorphism (resulting in no apparent potential to be fully automated. These clear advantages have
change in phenotype). SNP occurs in the human genome orbeen responsible for the increasing range of applications of
average once every kilobase, and hence, it is the mostCE in clinical diagnostics over the past decade. In this paper,
frequent form of sequence variation among individuals. It we present a comprehensive review of the methodological
is also the simplest, most common, and stable form of DNA and instrumental development of CE systems toward ultrafast
polymorphism. The frequency, stability, and relatively even and sensitive DNA diagnostic techniques as well as a survey
distribution of SNPs in the genome make them particularly of the related principles and applications. This review is
valuable as genetic markers. By analyzing SNPs it may be aimed at (i) the experts in DNA diagnostics by providing a
possible to predict the genetic risk of a developing certain useful reference on the current status of the relevant CE
disease, diagnose a disease more accurately, or predict aethodology and its future potential in the field, (i) CE
therapeutic response to a drug. Over 2 million SNPs haveexperts as a reference on current applications in DNA
already been found in the human genome, of which more diagnostics, and (iii) newcomers in both fields as well as
than 60 000 have been identified in coding regions. Evaluat- the broader chemical community as a useful overview and
ing the influence of these variations on the activity of the comprehensive literature survey. We also include a brief
enzymes involved in the metabolic pathways of the cell has outline of the principles and features of CE essential for
important implications for pharmacology. Thus, effective applications in the field of DNA analysis, in particular, the
analytical strategies for SNP detection will aid in the goal issues of separation selectivity and sensitivity. More general
of developing a therapy based on an individual patient's applications can be found in some comprehensive over-
genetic profile. Moreover, large-scale SNP analysis will views3 ! CE applications in DNA analysis are also ad-
provide new insight into evolution in biology as well as the dressed in several monographs® and review articledé—24
history of human populations. In order to be both practical  Extensive utilization of DNA diagnostics including se-
and cost effective, such complex genetic diagnostic ap- quencing has stimulated development of other high-
proaches will require high-throughput analytical methods throughput and cost-effective techniques as alternatives to
amenable to automation. Further details and a more thoroughCE 25-28 Among those methods which have already proved
introduction into the principles of genetics and genetic their potential in this field are hybridization on chemical chips
analysis can be found in the literature cifed. (or DNA microarraysf?3tin situ hybridizatiort? denaturing
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detection The detection system consists of a detector as well as the
capillary effective longth (L) [~ | A l data acquisition and evaluation system. The most frequently
| used detectors are spectrophotometers or fluorimeters work-

capillary total length (Lg)

injection point

ing in the UV or visible region and mass spectrometers. The

——_purge pressure detection window for the optical detector, which is made by
BGE | separation capillary {1 | BGE removing the protective layer from the capillary, is usually
e T distanced by a few centimeters from the capillary outlet (see
clectrode  |(D)a) lectrophoretic | .. detection window | electrode the detail in Figure 1).

chamber electroosmotic detail chamber
———

@B}electroosmgtic mobility

electrophoretic
tfi—

2.1.1. Electrophoretic Mobility and Separation Selectivity

When a voltage is applied to an electrophoretic system
high the ions of the analyte start to migrate. Their migration
yelwae velocity depends on their properties in the BGE and the

Figure 1. Basic CE instrumentation. (A) Negative electrode at the appllgd yoltage, 1.e., on the_ electric ]‘|eld strengih The
injection end-EOF slows down electrophoresis of anions. () €lectric field strength is a ratio of applied voltageand the

Positive electrode at the injection enBOF also carries anions to  total capillary lengtfiLc (E = U/Lc). By relating the velocity
the detector in the reverse order to their electrophoretic mobitities v to the unit electric field strengtk we derive the elec-
the higher the mobility of an analyte, the longer its migration time. trophoretic mobilityu

liquid chromatography®—2° mass spectrometry,flow cy- v

tometry# quantitative or real-time polymerase chain reac- “E @)

tion (PCR)#? pyrosequencin®*’ and single-molecule

sequencing’%° The electrophoretic mobility is the velocity of an ion in an
electric field of 1 V/m and considered to be characteristic

2. Capillary Electrophoresis for an analyte in a separation medium of a given chemical

i composition, pH, ionic strength, temperature, etc. It is

_The most successful development of an analytical tool for jhdependent of the applied voltage and capillary used and,
high-throughput, cost-effective, and reliable DNA analysis tnerefore, can be considered to be a qualitative parameter,
is in the area of miniaturized CE systefid>***®"including  je. a parameter serving for identification of separated
electrophoresis on micromachined microfluidic devices (or gypstances.
chips)®®~# The most important advantage of CE, when  The mobility can be evaluated from an electropherogram
compared to other liquid-phase separation techniques, is theysing a migration time., of an analyte zone migrating the
analysis speed combined with the extraordinarily high gistancel, from the injection point to the detector at a

separation efficienc§® In narrow capillaries with high  yoltageU applied across a capillary lengtt
electric resistance and high capacity to dissipate Joule

heating, electric field strengths as high as 1 kV/cm can be LpLc

used. Consequently, the analysis time is typically 1 order of Happ= T (2)
magnitude shorter than that found in conventional slab gel m
electrophoresis (SGE). Another remarkable feature of CE is
that the operational conditions can be kept constant, defined,
and reproducible for weeks by filling the capillary with fresh
electrolytes prior to each analysis. The analytical potentia
of CE has been proven by the massive implementation in
the Human Genome Project (HGP) in which about 3 billion
base pairs (bp) of human DNA were sequenced de novo
utilizing capillary sequencers.

The subscript app indicates that it refers to the apparent
mobility since a bulk movement of the liquid inside the

| capillary may be present due to electroosmotic flow (EOF).
This kind of convective mass flow is an inherent feature of
electrophoresis. In CE it is a bulk solution movement with
respect to the inner charged surface of the capillary.

Since the silica capillary wall is negatively charged due
to the ionized silanol groups, the induced net charge of the
2.1. Basic Principles _solution inside the capillary is positive;_t_herefore, the EOF

is cathodic. The movement of the positive uncompensated

The basic CE instrument setup is presented in Figure 1.charges in the electric field toward the cathode is spread due
The key element is the separation capillary. At present, to the viscous forces through the bulk liquid inside the
separation capillaries are made of fused silica with outer capillary. The mobility of the electroosmotic flomeor can
surfaces coated by a polyimide to protect the fragile material be defined similarly to that outlined in eq 1. The net effective
during manipulation. The most common dimensions are electrophoretic mobility can be evaluated from the apparent
as follows: the inner (i.d.) and outer diameters (0.d.) range mobility sapp as follows
from 10 to 100 and 106360 um, respectively; the thick-
ness of the protective polyimide layer is approximately 15 U= Happ ™ HeoF 3
um; the effective [p) or total (Lc) lengths are usually
between 20 and 60 cm. The applied voltage is generated byif an analyte is neutral and moves only due to EOF, then its
a high-voltage power supply; usually it ranges from 2 to 30 migration time isteor, the effective electrophoretic mobility
kV and once selected is stabilized. The electric current u is zero, and its apparent mobiliy.p, is equal tougor.
through the capillary typically lies between 2 and &8, Such an analyte can be used as an EOF marker. It follows
and it is obviously dependent on the applied voltage and then thaiueor can be evaluated by substitutiontgfby teor
electrolytic conductivity of the background electrolyte (BGE) in eq 1. It should be kept in mind that mobilities are signed
used. guantities. Cathodic electromigration of an analyte is des-
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ignated as positive{) along with the mobility (scheme B
in Figure 1). Anodic electromigration and mobility are
negative ) (scheme A in Figure 1).

The power to separate two similar ionic species by
capillary electrophoresis is quantitatively described by the
separation selectivityS. This is defined as the relative
difference in velocities between two analytes migrating in
the same direction (either cathodic or anodic).

Using effective mobilities the selectivity is expressed as

Au

S=—"F— 4

Hay + Ueor ( )
where u,, is the average of the effective mobilities. For
closely migrating analytes, the average of the effective
mobilities may be replaced by the effective mobility of one
of them?

As mentioned earlier, mobilities are characteristic for
individual species and may be used for analyte identification.
In current practice, however, the most practical qualitative
parameter is the migration tintg. Of course, the prerequisite

Klepérnik and Bocek

A) pressure injection
purge pressure

a) | sample I @5 @ BGE
[r— stacked zone

b) BGE I [oF oN BGE

_\— high voltage
B) electromigration injection

a) | sample I W BGE
stacked zone

b) | sample u @ BGE
_\— high voltage

Figure 2. Scheme of sample stacking during (A) pressure and (B)
electromigration injections. Kohlrausch regulation functions: BGE

is that the same voltage is always applied across the same= ,, hydrodynamically injected sample zorew,.

capillary and the capillary exhibits constant EOF. Moreover,
the samples should be of similar composition, and it is
especially important that the ionic strength of the analyzed
sample should remain constant. If not, the migration time
of a given analyte would vary and its value as an aid for
identification would be lost.

2.1.2. Concentration Effects

Obviously, ionic species of the sample may contribute
significantly to the electric conductivity of their own zones.
Thus, the local electrolytic conductivities of zones vary with
their composition and concentration. An inherent feature of
CE is that the electric conductivity at a capillary cross section

Figure 2A represents sample stacking in the case of
hydrodynamic or pressure sampling, where the plug of a low-
concentration sample is introduced by overpressure applied
in a vial with the sample. Panel a indicates that the zone of
a sample with a KRF value @#, is introduced behind BGE
with a KRF of w;. In classical commercial instruments, the
zone is several millimeters long. Then, the injection end of
the capillary is dipped into a vial with BGE and the voltage
is applied (panel b). The sample zone is stacked so as to
reach a KRF ofv;. It should be noted that the BGE behind
the boundary between zones and w, will have a low
concentration resulting from its adjustment to a KRF value

determines the electric field strength, and therefore, the Of @2 as in the original sample.

migration velocity of the ions may vary both with position
and time? This results in important phenomena such as

Figure 2B depicts stacking during electrokinetic sample
injection. In panel a, the capillary filled with BGE with a

sample accumulation or dilution. These effects are especially KRF 0f @1 is placed in the vial with a sample. Then, the

pronounced at the point of sample injection. To predict the Voltage is applied (panel b), and the sample is stacked in
behavior of the system, some fundamental principles must©rder to reach a KRF ab; inside the first few millimeters

be considered. The most important one is the Kohlrausch of the capillary. Then the voltage is interrupted, the capillary

regulation function (KRF). This function expresses the fact

inlet is dipped into a vial with BGE, and analysis starts by

that the electrophoretic processes are regulated by the initia@PP!Ying the voltage again. Of course, stacking of the analyte

conditions of the system. Its numerical valueis locally
invariant with time and defined as
G

T |kl

w'=

()

provided that only systems with fully ionized monovalent
ionic species are involveld.c; andy; refer, respectively, to
the concentrations and actual mobilities of all ionic species.
For weak uni-univalent electrolytes, the specific derivation
of KRF can be found elsewhe?&The governing principle
can be explained as follows: when a sample with a KRF
lower than that of BGE is injected, the analytes are then

is only possible if the sample is less concentrated than BGE
(w1 > wy). If the sample has a higher KRF value, then it is
diluted during electromigration.

Another aspect of sample stacking is related to both the
stabilized and nonstabilized moving boundaries. If the
mobility of an analyte is smaller than that of a co-ion of the
BGE, then the front boundary of the sample zone is
stabilized, i.e., it is in a steady state. This phenomenon is
called the self-sharpening effect, i.e., electromigration acts
against diffusion dispersion. Simultaneously, the rear bound-
ary of the sample zone becomes more and more dispersed
with time. In the opposite case, when the mobility of the
analyte is higher than that of the co-ion of a BGE, the rear
boundary of the sample zone is sharp and steady and the

concentrated by crossing the original boundary between thedispersion of the front boundary increases with time.
sample and BGE zones. Since the conservation of mass Obviously, it is best to stabilize both the front and the
obviously applies to the analytes this results in the sample rear boundaries simultaneously using appropriate running
zone becoming shorter in a capillary of constant inner cross electrolytes: a leading electrolyte in front of the sample and
section. This process is called migrating electrolyte sample a terminating electrolyte behind it. This procedure is called
stacking and a direct consequence of the concentrationisotachophoretic stacking. Using this method even trace

adjustment according to KRF.

components of a sample can be stacked effectively between
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Figure 4. Schematic interpretation of DNA migration regimes:
(A) Ogston sieving, (B) reptation, (C) reptation with permanent
stretching.Rs = radius of hydrodynamic equivalent spheme=
mean mesh size.

the polynucleotide molecule changes the constant ratio of
the charge to the friction of a free-drained DNA polymer
coil. Thus, the “hydrodynamic parachute” increases the
friction force by a constant resulting in the differences in
the free solution electrophoretic mobilities of modified DNA
molecules being determined mainly by their charges. As a
result, the end-labeled molecules with longer DNA segments
Figure 3. DNA primary structure: A= adenine, T= thymine, C migrate faster than the shorter ones. The potential of this
= cytosine, G= guanine. technique has been demonstrated by the separation of DNA
sequencing fragmeritd and detection of SNP4?3
a terminator and a lead&tVarious concentration techniques The separation mechanisms of DNA in sieving media have
sensitivity and the resolution of DNA analyses. By introdu- theoretical physical analys&&; 12 computer simulation&5126
cing the electrokinetic injection from relatively large volumes - gpectroscopic studies, and the direct monitoring of individual
(several microliters) of carefully desalted samples, a more mglecules by video microscop§tl?’ Three migration
than 100-fold concentration can be achie¥&d? On the  regimes of a sample polyelectrolyte may be distinguished
other hand, the presence of anions with high electrophoretic\yhile it moves through sieving networks of various concen-
mobilities in the sample can positively affect its concentration trations. Figure 4A shows a DNA polymer coil with the
during injection:®-1®2For example, chlorides or hydroxide  ragdius of hydrodynamic equivalent spheRg, smaller than
anions, migrating in front of the lower mobility DNA during  the average mesh size, of the network. In this scenario
injection, can create a transient zone behind which the migration is controlled by the accidental interactions of the
polynucleotide anions are stack€®.*% This technique is  ¢ojl with the obstacles of the sieving medium. A rather
frequently called on-column transient isotachophoresis. It has gifferent situation occurs when th of the DNA polymer
also been found that a concentrated zone of sodium anions:hain is comparable to the mesh siméFigure 4B). In this
migrating in the opposite direction against DNA zones can case, the DNA molecular coil is occasionally elongated by
imprOVe their fronting in the regular tl’is-borate buffé?é Squeezing through narrow pores and tends to expand in Void
I regions. Sometimes it can get temporarily “hooked” and
2.1.3. Electromigration of DNA subsequently unravels like a rope sliding over a pulley. The
Size-based separation of homogeneous polyelectrolytesyelocity of such a migration is then strongly dependent on
e.g., DNA, SDS-denatured proteins, or other linear polymers the length of the DNA chain. This mechanism of electromi-
with constant charge to size ratios, is not feasible in a gration is called biased reptation. When the DNA molecule
continuum environment of free solutions of electrolytes. This is much longer than the average mesh spacing (Figure 4C),
is due to the proportionality of the friction hydrodynamic a strong entanglement of the sample in the mesh may be
force and total charge of the molecule to its length. The expected and the molecule migrates in a “stretched” state
friction hydrodynamic forces exerted on the relatively loose nearly all the time.
free-drained polymer coil while it moves as well as the A schematic dependence of the relative electrophoretic
accelerating electrostatic force both increase proportionally mobility of a polyelectrolyte on the logarithm of its molecular
with addition of a nucleotide to the chain. This can be seen sizeM is presented in Figure 5. The dependence illustrates
by considering the DNA primary structure shown in Figure the typical variation of mobility for molecules which migrate
3. through a sieving medium in the three regimes mentioned
Therefore, in order to induce a size-dependent effective above. Its course is also determined by the concentration of
electrophoretic mobility, molecular mechanical obstacles are the sieving medium and electric field strength. In region A
dissolved in BGE. Such obstacles are called sieving mediathe polymer coil can be considered to be a rigid sphere
and can consist of physical or chemical gels as well as undergoing biased Brownian movement. The sample separa-
solutions of linear polymers. Once a sieving medium is tion under these conditions is explained by the sieving model.
present in the BGE, the migrating polyelectrolyte analytes The mobility of the sample is inversely proportional to the
are selectively retarded depending on their sizes and con-probability of its interaction with the fibers forming the
formations. sieving network. In this region, called the Ogston migration
In several papers the concept of end-labeled DNA frag- regime!?8the spherical particle collides with the network at
ments separated in free solution (ELFSE) was theoretically only one place at a time, i.e., the polymer chain is not
explained and experimentally confirm&§.1%4 The principle entangled with the sieving matrix. Under this assumption
of this technique is that an uncharged polymer attached tothe following relationship between the electrophoretic mobil-
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QOgston sieving

reptation without stretching

reptation with stretching

R >m

A Cc

logM

Figure 5. Schematic dependence of the logarithm of the relative
mobility u/ug on the logarithm of molecular sizkl. Migration
regimes: (A) Ogston sieving, (B) reptation, (C) reptation with
permanent stretching®; = radius of hydrodynamic equivalent
sphereym = mean mesh size.

ity, u, the sieving medium concentration, and the radius
of hydrodynamic equivalent sphere of a DNA polymer coil,
Rs, has been derived by Rodbard and Chrambéach

1 = o exp-KT(r + R ®)

Uo is the electrophoretic mobility in a free electrolyteis

the thickness of an obstacle fiber, aais a proportionality
constant. The most significant drop in electrophoretic mobil-
ity with the molecular mass of the sample is in regime B. In
other words, the separation selectivity is the highest here.
According to Lerman and Frisch’s mod#&lthe mobility of

a flexible molecule migrating by the reptation mechanism
is inversely proportional to its sizel

1
Y (7)
This relationship, however, is valid only if the electric field
strengthE is small. WherE increases, another term, which
is size independent and dependsEymust be added. This

Klepérnik and Bocek

crucial for successful application of CE to the HGP.
Employment of separation capillaries coated with permanent
or dynamic coating8>'33and filled with replaceable sieving
media allow a separation efficiency approaching 10 million
height equivalents of the theoretical plates (HETP) to be
reached. Several reviews following these developments have
been published?t0134+142 The choice of the suitable sieving
media for CE was influenced mainly by more than one-half
century’s long experience with slab gel electrophoresis
(SGE). The first gel electrophoresis experiments were most
likely those performed by Tiselius in 1927, when he
separated red phycoerythrin from blue phycocyanin in a slab
of gelatin}*® Probably the earliest report on the use of a
hydrophilic support medium was published in 1950 by
Gordon et al., who proposed 3% agar for the separation of
proteins!44

2.2.1. Chemical and Physical Gels

Analogous to SGE, chemical or physical gels were the
first sieving media used for separation of DNA fragments
in capillaries!*>14° The rigid structure of polymers in the
gel state was frequently regarded as an unavoidable prereg-
uisite for satisfactory resolution. Cross-linked polyacryla-
mide, prepared by an in situ radical copolymerization reaction
of acrylamide with varying amounts &,N'-methylenebi-
sacrylamide (Bis), as cross-linker, catalyzedNyi,N',N'-
tetramethylethylendiamine (TEMED) and ammonium per-
oxydisulphate (APS), was a widely used medium for
separation of homogeneous biopolymgps!8150The mono-
mer and cross-linker concentrations in mass percent are
usually denoteds% T (mass percent of monomer in the
solution prior to polymerization) ah% C (mass percent of
cross-linker with respect to the total amount of polymer),
respectively. The usual concentration of polyacrylamide gels
polymerized in capillaries was in the range®&% T and
5% C.

Alternative cross-linkers, e.g., ethylene diacrylate, poly-
ethylene glycol diacrylatéy,N'-1,2-dihydroxyethylene bisacryl-
amide,N,N'-diallyltartardiamide N,N'-bisacrylylcystamine,
N,N'-bisacryl piperazine, and allyi-cyclodextrin, have been
investigated with the aim of achieving not only optimal
separation properties but also the highest possible order of
reactivity for copolymerization with acrylamidé®151.152

mechanism of so-called biased reptation with stretching was Similarly, various derivatives of acrylamide monomers,

described by Lumpkin et &p!

1
= fyy + bE) (8)
Here,b is a function of the mesh sizey, of the polymer
network, charge of the migrating polyelectrolyte, and tem-
perature. From this equation it can be derived that the
mobility of the migrating molecule tends to be size inde-
pendent if eitheE or M is very high. The reason for this is

a permanent elongation of the molecule dragged through the

separation medium. As is clear from Figure 5, the tendency
for the permanent stretching of a molecule increases with
its length, but even short molecules can be permanently
stretched if the electric field strength is high. The subsequent
decrease in the separation selectivity is presented in Figur
5, region C.

2.2. Sieving Media for DNA Separations
The intensive development of sieving media and optimiza-

mostly mono- and disubstituted acrylamides, have been
studied because of their high reactivity and in order to
improve the physicochemical properties of the gélshe
acrylamido sugars, such &bkacryloyl-1-amino-1-deoxy-
glucitol, produce highly hydrophilic polymers of high
molecular mass allowing preparation of matrices of increased
porosity!>® Gels derived from acryloyl morpholine cross-
linked with bisacryl piperazine ard,N'-dimethylacrylamide
copolymerized with hydroxyethyl methacrylate (tradename
HydroLink) are amphiphilic, i.e., compatible with a number
of polar organic solvent®* The remarkable improvement

in stability providesN-acryloylaminoethoxyethanol (AAEE
andN-acryloylaminopropanol (AAPY® gels with more than

a 500-fold increase in resistance to hydrolysis when com-

epared to conventional acrylamide gels. In addition, these gels

show high hydrophilicity, which is essential for protein
separations. The AAP monomer was developed as a medium
without the tendency to autopolymerize, which is otherwise
observed in stock solutions of AAEE!

The acrylamide gels are separation media with small pore

tion of separation conditions over recent decades has beersizes, making them suitable for separation of proteins and
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oligonucleotides. The pore sizes range from a few nanometergohenomenon is the change in mobilities of the electrolytes
in concentrated gels (20% T, 5% 1.2 nm) to up to tens ~ when migrating from free solution into a gel and vice versa.
of nanometers in diluted gels (5% T, 2.66%C30 nm)*8 Such a change in mobility is likely to be a result of the

It has been shown, however, that gels with pores as large ascollisions of the electrolytes with the polymer molecules of
500 nm can be produced. This occurs when gelling proceedsthe matrix. When the mobilities of an ion and co-ion do not
at a low temperature or in the presence of another polymerchange by the same factor, i.e., their transference numbers
(e.g., polyethylene glycol, polyvinyl pyrrolidone, or hy- differ, there will be unequal rates of transport of each ion at
droxymethyl cellulose), thus forming so-called mix-bed the two sides of the interface. Consequently, changes in ion
matrices'38140.158.15The effect responsible for the substantial composition are developed as described by Hittorf in his
increase in pore size is an interchain bundling of the growing well-known experimental method for measuring transference
polyacrylamide chains prior to the cross-linking reaction. numbers®® Thus, an ion is depleted on one side of a gel
Thus, pores are generated by competition between gelationcolumn, while its concentrated zone appears on the opposite
and phase separation (called spinodal decomposition of theside. Moreover, if the transference numbers are concentration
sol) similar to that found in agarose solutions. The size of dependent, one can expect the movement of such zones
the pores is determined by the stage at which the gelationthrough the columt¥®as well as a resulting change in pf4.
process stops the decomposition. Whereas in agarose sol3his will, of course, affect not only the overall conductivity
the pores are closed by the physical entanglement of theof the column but also migration of the solute zones. In
polysaccharide helices, in polyacrylamide-decomposed solspractice, two procedures help to compensate for these
it is achieved by the chemical reaction of a cross-lifkér.  effects: (i) periodical trimming of the ends of the capillaries
In such mixed-bed gels DNA fragments as large as 21 kbp to remove the ion-depleted zones before each analysis and
can be separatéf Chiari et al. reported gels containing (i) performing electrophoreses with the capillary ends
polyacrylamide covalently linked to agarose with an average immersed in electrode chambers filled with the gel of the
pore size 30% higher than the value of a regular Bis-cross- same composition as the one inside the capillary in order to
linked gel of the same % T. Due to the agarose-induced adjust equal transference numbers.

gelation process during polymerization, the matrices are more g |5test developments in polymer chemistry have opened
eIa§t|c anderglechanlcally stronger than classical polyacryl- up new possibilities in the preparation of cross-linked
amide gels! polyacrylamide gels. Recently, use of a photoinitiated
The extent of incorporation of the various monomers into polyacrylamide gel (ReproGel; Amersham Pharmacia Bio-
the polyacrylamide gels was an issue intensively studied in tech, Piscataway, NJ) in a microfabricated device has been
the early 1990s. In the conventional system with TEMED demonstrateét™ 16° By substituting UV-activated initiators
and APS as initiators the degree of conversion from monomerfor standard chemical initiators, relatively short polymeri-
to polymer reaches approximately 90% within the first 15 zation times (typically 10 min) have been attained. Moreover,
min.!t In the photopolymerization of polyacrylamide gels the electrophoresis gel can be precisely positioned at any
in the presence of methylene blue as photoinitiator together|ocation within a microfluidic network by selectively masking
with a redox couple (sodium toluene sulfinate, a reducer, the device during UV curing. However, in spite of these
and diphenyl iodonium chloride, an oxidizer) very high advantages the application still suffers from the common
conversion efficienciesX96%) over the pH 310 range  drawbacks of gel electrophoresis as discussed above. Overall,
were attained. These gels produced by photopolymerizationthe main reason for employing cross-linked polyacrylamide
were considered the most suitable for gel electrophot&sis. gels was to enhance the resolving power in microscale
Preparation of gel-filled capillaries is not an easy task. Systems allowing for resolution of DNA sequencing frag-
Shrinkage of the gel and formation of bubbles during ments on compact microchips. Thus, separations of a
polymerization must be prevented. Several strategies, includ-standard single-stranded DNA (ssDNA) ladder with frag-
ing polymerization under high pressure, polymerization with ments differing by 20 bases as long as 400 bases and ssDNA
addition of a neutral linear polymer, or gradual polymeri- fragments of 195, 200, and 205 bases were demonstrated
zation along the capillary length, have been described in thefor 8% ReproGel with migration distances of 1.5 and 1 cm,
literature (reviewed by Dolni®%. The fact that the gel cannot  respectively. Enhanced size resolution on cross-linked high-
be replaced between analyses presents other issues. Angoncentration gels is also a prerequisite for application of
change in the chemical or physical structure of the gel inside very low voltages across short migration distances. This
the capillary affects the reproducibility of migration times. makes the idea of a portable battery-powered device realistic.
The most common reasons for degradation of gel capillaries The standard fragments were separated at an elevated
are a low resistance of the gel to alkaline or acidic hydrolysis, temperature of 50C at an electric field strength of 16 V/cm
formation of bubbles due to the Joule heating during in 15 min?3 Cross-linked polyacrylamide was judged as the
electrophoresis, mechanical damage to the gel in flexible most versatile sieving matrix for separation of both ds- and
capillaries, and deterioration of the gel by impurities, e.g., SSDNA fragments (from oligomers to 1000 bases) over
by long fragments of DNA sequencing templates, sequencingdistances around 1 cm. A solution of 13% linear polyacryl-
enzymes, etc. However, the principal problem affecting the amide (molecular mass not specified) was found to be a
ability of a capillary to be reused is the consecutive increase medium with less than optimal performance in microfabri-
of the resistance due to ion depletion at the capillary ends. cated systems, especially at low electric field strengfths.
Thus, gel capillaries are typically used only for three or four Agaroses and various copolymers including Pluronic gels
analyses. represent the most common of the physical gels used in
Theoretical analysis of the formation of anomalous Capillaries. These substrates can be easily filled into a
conductivity zones in gel electrophoresis as well as experi- capillary and replaced after analysis in the state of Sol.
mental verification of this phenomenon has been investigated Besides the cross-linked polyacrylamide chemical gels
by Spencet’31%5 He showed that the main reason for this described above, physical gels represented by a polysaccha-
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ride agarose have been tested as a separation medium ipositive role in the separation since it reduces the tendency
capillaries. Agarose, a widely used large pore size mediumto the permanent DNA stretching, a reason for zero selectiv-
in SGE, exhibits a marked thermal hysteresis in-gml and ity in dense media and at high electric fields.

gel—sol transitions. The capillary is_first fiIIe_d With_a solution In 1977, Bode demonstrated the sieving effect for polymer
of agarose at a temperature over its melting point, and thenseutions of polyethylene glycol (PEG) and linear polyacryl-
the sol is allowed to gel inside the capillary, which is cooled amjide (LPA) for separation of SDS-denatured proteins in
below the gelling temperature. After separation the medium glass cylindrical column&4175Since that time considerable

is removed at a temperature increased to over the meltingeffort has been spent optimizing the separation conditions
point. Both temperatures, which differ by several tens of and testing the ability of different polymer solutions to
degrees Celsius, are dependent on the chemical compositiorffectively separate both ss- and dsDNA fragments. In 1989,
of the polysaccharide. Nowadays, there is a wide choice of zhy et ali’6and Hjerfa et al?’” demonstrated the separation
modified low melting point agarose media suitable for CE of DNA standards in capillaries filled with 0.5% solutions
applications. Schomburg’s group demonstrated complete of hydroxypropylmethyl (HPMC) and methyl cellulose (MC).
separation of ODNA restriction fragmentsX—174, Hae Ill Botek et al. demonstrated the separation of DNA standards
digest) in a 2% agarose gel at temperatures of 10, 15, and,qing in size from 72 bp to 12 kbp in a liquefied low
25°C. A low melting point Agarose Wide Range (Sigma) ejting point agarose. The agarose sol was prepared at a

(mp 65°C, gp 35°C) medium at concentrations of 6:5% temperature well above its melting point and subsequently

was replaced after each analysis at ‘@' Zhao et al. cooled down to a separation temperature of@Qwhich is
demonstrated a fast separation of PCR fragments in 3.5 cm X P 0

i ) i . still above the gelling temperature (28).17818%|n following
long channel microfabricated from poly(dimethylsiloxane) o hjications the use of solutions of linear polyacryl-
and filled with agarose gér

amidé®l182and liquefied agaro$®84in DNA separations

. using CE was described. The comparison of cross-linked (3%

2.2.2. Polymer Solutions T, 5% C) and linear (9% T) polyacrylamides revealed that
Implementation of polymer sols into the practice of CE the same separation selectivity can be achieved in both cases.

has been the most efficient approach solving all the problemsHowever, in the case of the linear polymer this is at the
connected with gel-filled capillaries. These true polymer expense of higher concentration and, hence, results in longer
solutions provide relatively low viscosity media which can analysis times. The LPA proved to be capable of resolving
easily be replaced after each analysis, and thus, identical@ broader range of fragment siZ&s.

analytical conditions can be ensured for all consecutive In addition to the low melting point agaroses, some other
separations. There are other advantages which favor polymepolysaccharides, such as glucomariffaand galactoman-
solutions to gels: (i) mechanical destruction of the sieving ans!®” were investigated for their potential as efficient
polymer by capillary coiling is avoided, and hence, wall sieving media. Numerous derivatives of cellulose, hydroxy-
coatings predominantly determine the life time of capillaries; ethyl (HEC)88205 hydroxylpropyl (HPC)}27:199.206209 Ly

(i) samples can be introduced by either a hydrodynamic droxylpropylmethyl (HPMC),02:176.177.198,25217 and methyl
injection controlled by overpressure or a vacuum at the (MC)2'8222 celluloses, were also investigated. These cellu-
capillary ends; (iii) EOF induced in bare fused silica loses as well as other polysaccharides are frequently used
(noncoated) capillaries can be used as a nonselectiveas sieving media for ultrafast separations of DNA fragments
transport, carrying DNA fragments to the detector against in microfluidic glass and plastic devices because of their good
their electromigration, i.e., in an order inversely proportional separation and coating properti@§201.204.205,209,28217,223,224

to their sizes; (iv) both the concentration and type of sieving The polysaccharides were also successfully used for separa-
medium can be changed in consecutive runs; (v) selectivity tion of RNA?12213.225and ssDNA&?5227 fragments. Barron

of the separation in polymer solutions of optimized molecular et al. compared the separation properties of dilute and
mass is just as high as in polymer gels; (vi) polymer solutions semidilute solutions of LPA, HEC, and HPC polysaccharides
facilitate automation of CE analyses. of several different average molecular masses for DNA

To explain the separation of DNA fragments in the fragments ranging from 72 bp to 23 kb{3.They demon-
polymer sols, the concept of transient dynamic pores or tubesstrated the superior resolution of DNA fragments in 0.2%
in the entangled polymer solutions has been adoPféthe solutions of HEC compared to PAA and HPC of the same
dynamics of temporary transient states of a mesh of polymerconcentrations. The reason may be that HEC shows higher
fibers can be described by its relaxation time, a medium hydrophilicity and stiffer molecules with extended conforma-
lifetime of the dynamic “pores". If the selective retardation tions. The molecular stiffness is described as the perSIStence
of migrating molecules is expected, the contact time of theselength of a polymer and can be used as a parameter
molecules with the mesh (determined by their mobilities and characterizing the sieving properties of polymer solutions.
electric field strength) should be higher than the relaxation Persistence length is a statistical quantity characterizing the
time. By comparing the characteristic relaxation times of mean length of a part of the random chain which “persists”
entangled polyacrylamides~6.9 x 107 s), cross-linked ~ as a straight line. The chain stiffness of hydrophilic HEC
polyacrylamide gels¢4 x 10-3s), and the contact time of ~ (Persistence lengtky 8.3 nm) is much higher than the chain
DNA fragments £1—8 x 107*s) it was concluded that the ~ Stiffness of more flexible polymers such as LRAL.73 nm,
sharp resolution of long DNA fragments needs the separationPoly(dimethylacrylamide) (PDMA)~ 1.1 nm, or poly-
medium to consist of long moleculé®. The fact that the  (€thylene oxide) (PEO) 0.65 nm:%222]t follows that the
dynamic pores in polymer solutions are not rigid obstacles stiffer polymers adopt more relaxed conformations and,
for migration of polynucleotides was described as the therefore, are entan_gled and provide a reasonable resolution
constraint release migration mechanism. Thus, the long DNA at lower concentrations and/or molecular m#$s.
molecules penetrate a sieving medium without a proper The effect of molecular stiffness was also demonstrated
retardation. However, the constraint release can also play aby the successful separations of long DNA fragments in
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ultradilute (<0.002% wi/w) solutions of LPX° and and proteing>%251 Yeung's group used PEO as a sieving
HEC 192229230t has been shown that an extended conforma- matrix in a denaturing medium for high-speed DNA
tion of stiff molecules increases the molecular retardation sequencing®? 254 Separation of ssDNA fragments up to 1000
of DNA fragments as well as their separation selectifiy.  nts was demonstrated in a 3% PEO solufitfiThe same
Since the concept of dynamic pores is unacceptable in suchresolution was obtained using pulsed field capillary electro-
media where their concentrations are far below the entangle-phoresis for DNA sequencirf§® At a temperature gradient
ment threshold, the principle of the size separations wasup to 65°C or at a constant temperature of 85 (40 °C
postulated as causing DNA transient hooking and subsequenbptimum), separation of sSDNA sequencing fragments was
dragging of the uncharged polymer chains during migration. feasible even in a nondenaturing PEO solufitf#>’A PEO
This migration mechanism was confirmed by videomicros- solution was also used in the integrated on-line system
copy! as well as by a theoretical modé?. It is obvious coupling: a microreactor for a dye-labeled terminator cycle-
that stiffer polymers exert a higher friction force on the sequencing reaction, subsequent sample purification in a size-
migrating DNA—polymer complex than more flexible chains. exclusion chromatographic column, and CE separation of
Among the synthetic polymers used in CE, the linear the sequencing fragmerit$.PEO solutions are also compat-
polyacrylamidé® 23 and its derivative poly{,N-dimethyl- ible with 96-capillary DNA sequencing syster#S.
acrylamide) (PDMAJ33.236-239 gre by far the most frequently Application of PEO to genetic typing was demonstrated
used replaceable sieving media for separation of both ss-by observation of VNTR polymorphism in the human D1S80
and dsDNA fragments. Other derivatives, based on the mono-locus. Here, a pooled allelic ladder, which contained the 27
and disubstituted amido nitrogen of the acrylamide, were most common human alleles, was used as the absolute
synthesized with the aim to (i) improve their resistance to standard. Repeated separation runs of dsDNA were per-
alkaline hydrolysis, (ii) increase their hydrophilicity, (i)  formed in the same uncoated fused silica capifétZhang’s
optimize the porosity of the final polymer, (iv) enhance the group applied EOF to drive a counter-flow of PEO solutions
self-coating ability, and (v) reduce the viscosity of the through the capillaries. They showed several model separa-
polymer solutiong35198.246245 The resistance of LPA mol-  tions including sweeping concentration of samples to prove
ecules to alkaline hydrolysis is low. At alkaline pHs the the advantages of this arrangem&f€®t 265 The same group
amide bonds are partly hydrolyzed and negatively chargedused this strategy to diagnoSehalassemia through separa-
carboxylic groups are formed on the polyacrylic chain. tion of PCR products (330 and 334 bp) taken from both a
Experimental results showed that the degree of hydrolysis healthy person and an affected patient. Separation was
of LPA reached 5% at 50C and pH 12.5in 1 h. Arapid accomplished within 15 min using a 1.5% PEO solution
onset of hydrolysis was observed at a temperature 6€C70  containirg 2 M urea at 30°C2% Xu et al. used a 1.3%
and pH 13. Under these conditions 17% of the LPA amide solution of HPMC to separate dsDNA fragments—590
groups hydrolyzed after 1 #% Various modifications of bp and mixed solution of PEO at a total concentration of
polymers based on the polyacrylamide chain have been0.1% to separate fragments 520 bp to 20 kbp on a plastic
designed to increase the stability. Righetti’'s group showed chip?2% Similarly, Madabhushi et al. used a mixture of a 0.5%
that mono- and disubstituted polyacrylamides are substan-solution of PEO (1 MDa) to separate dsDNA fragments up
tially more resistant to alkaline and acidic hydrolyses than to 1.5 kbp, combined with 0.1% PEO (8 MDa) to separate

the corresponding unsubstituted speéf€st>’:247 For ex- fragments between 1 and 40 kbp, at Z5 within a single
ample, polyN-acryloyl-2-amino-2-hydroxy methyl-1,3-  run without the use of pulsed fields!
propane) exhibited a 2-fold and poly(N-dimethylacryl- Poly(vinyl pyrrolidone) (PVP) is a commercially available

amide) an even higher 500-fold resistance to alkaline polymer with good sieving properties, low viscosity at
hydroly5|s than LPA}FS'W T.he greatest resistance to hy-  moderate concentrations- (5%), and excellent self-coating
drolysis was found in solutions of pol).l(acryloyl amino- properties, which may reduce EOF to a negligible 186168
ethoxy ethanol) and politacryloyl aminopropanol) with  yeung's group tested solutions of PVP (molecular mass 1
only 1.22% and 1.1% of hydrolyzed amido bonds after 60 h MDa) for DNA genotyping, mutation detection, and se-
treatment by 0.1 M NaOH at 70 .**° It was found that the  quencing in individual uncoated capillaries and capillary
presence o_f substituents on the amido nitrogen in poly- array electrophoresis systems (CA8270 They successfully
(acryloylaminoethoxy)ethyf-p-glucopyranoside reduced the  separated dsDNA fragments amplified on the human D1S80
viscosity of the polymer solution without changing the |ocys (exhibiting VNTR polymorphism) and on amelogenin
separation selectivity. In addition, an increase in the MONOMer 3 sex determination protein) as model samples. The STR
size led to formation of a network with larger pore siz€&s. i, VWF, THO1, TPOX, and CSF1PO loci as well as the
Investigation of some other synthetic polymers revealed sequencing fragments of the M13mp18 plasmid were sepa-
interesting separation properties. Poly(ethylene oxide) (PEO)rated in the form of ssDNA up to 500 bases with a good
has been successfully used at concentrations from 1% toresolutior?®® Munro et al. recognized the self-coating proper-
3.5% for the separation of ds- and ssDNA fragments by ties of PVP applied as a sieving medium in microchannels
several research groups. PEO, which is commercially avail- for chip-based assays of T- and B-cell lymphoproliferative
able in a broad range of molecular masses (100 kDa to 8disorders’ Although HEC provided adequate separation
MDa) in powder form (Aldrich, Milwaukee, WI), provides  power for the separation of PCR-amplified fragments from
some valuable features such as easy preparation of homothe variable region of the T-cell receptor-gamma gene<{150
geneous solutions, self-coating abilit§f,and relatively low 250 bp range) and the immunoglobulin heavy chain gene
viscosity when compared to solutions of LPAR.PEO (80—140 bp range) the additional coating step was necessary.
together with poly(ethylene glycol) and poly(propylene PVP seemed to provide an adequate separation matrix
oxide) are the components of the triblock copolymer Pluronic without the need for the coatirfg: Good surface dynamic
polyol F127, an effective separation medium used in CE for coating properties of PVP in combination with other coatings
separation of biomacromolecules such as DNA fragments such as allyldimethylchlorosilane, 4-chlorobutyldimethyl-
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chlorosilane, ¢-methacryloxypropyl)trimethoxysilane, chlo-
rodimethyloctylsilane, and 7-octenyltrimethoxysilane in fused
silica capillaries as well as in glass chips have been
found?°4272 PVP has been used as a promising sieving
medium in capillarie¥3?7* as well as in microfluidic
separation systen?$>27° An interpenetrating polymer net-
work consisting of PDMA and PVP, synthesized by poly-
merizing N,N-dimethylacrylamide monomer directly in a

Klepérnik and Bocek

Therefore, although an increase in the capillary temperature
can lead to an improvement in the resolution of one system
it leads to deterioration in the oth&?2°* The theoretical

model of biased reptation (eq 9) predicts that the thermal
energy of a DNA molecule protects its permanent orientation
and, consequently, the separation selectivity of long frag-
ments will be improved at a higher temperatéi®°2 On

the other hand, the dynamic character of the polymer medium

PVP buffer solution, was successfully tested as a separatiomand the temporary transient mesh network of polymer fibers

medium for dsDNA fragment&?

Poly(vinyl alcohol) (PVA) is mainly used as a coating
agent to reduce EOF and adsorption of anal§te®?
However, its application as a sieving agent is also de-
scribed!®283|ts good sieving properties are diminished due
to strong tendency to self-aggregation both in solution and
even more pronounced at the silica wall. Very strong
hydrogen bonding is the reason for the relatively fast
formation of physical gel in PVA solutions.

Poly(ethylene glycol) (PEG) sols show relatively high
viscosity. Therefore, a modified PEG, end-capped with
micelle-forming fluorocarbon tails, was designed for DNA

should also affect selectivity and band broadening. A
considerable decrease in the lifetime of transient “pores” at
elevated temperatures will lead to a loss in separation
selectivity. Thus, the optimum temperature must be found
for a particular system.

In recent years, various alternatives to polymer solutions
have been reported. Aqueous solutions of monomeric non-
ionic surfactants such as thealkyl polyoxyethylene ethers
have been shown to be effective sieving matrices for the
separation of DNA fragments. These surfactants self-as-
semble into dynamic long chains in solution and behave as
dynamic polymers. Fast separation of dsDNA fragments

sequencing. This polymer self-assembles in water into anranging from 10 bp to 5 kbp and DNA sequencing fragments

equilibrium network of micelles with a well-defined mesh

up to 600 nts were achieved in bare fused silica capill&ffes.

size. The strong non-Newtonian rheological properties of this Mechanical obstacles less than micrometer size (prepared
gel-like structure are characterized by the viscosity decreasedy a lithography technique in a separation channel) or
under shear, which is advantageous for replacing the mediumsuspensions of nanomaterials are other examples of alterna-

after sequencing analysis. Under optimum conditions the
resolution limit was 450 nts at 200 V/c#

Theoretically, for the successful separation of DNA
molecules, their physical contact with a sieving medium is
essential and sufficient. In practice, however, the situation
is more complex and various enthalpic interactions affect
migration of the polynucleotide chain. Not only the chemical
interactions of DNA with the sieving media and BGEg86
but also interactions of BGEs with the sieving mét#id®’

play an important role in some instances. While the transient

chemical interaction of a polymer analyte with a sieving

tive separation strategié¥ 2% Recently, several new ap-
proaches have been published: (i) entropy-based separa-
tions in an array of narrow and broad channel segnéhits,
(i) arrays of pillar-like obstacle®%3%! (iii) randomly dis-
tributed nanospheres or magnetic self-assembling struc-
tures3923%3and (iv) small adhesion surface segments. Incor-
poration of nanostructures and nanomaterials into the practice
of DNA analytical separations has recently been reviewed
by Lin et al3%4

2.2.3. Sieving Media for DNA Sequencing

medium can reduce the separation efficiency due to the slow  polyacrylamide gels were initially tested for the CE

kinetics, the existence of complexes of some BGE compo-
nents with the medium improves the sieving properties and
separation resolutiof¥’ Formation of complexes between

separation of DNA sequencing fragments. The separations
were demonstrated to be three times faster with better
resolution and higher separation efficiency than conventional

borates and polyhydroxy polymers such as agarose andautomated slab gel DNA sequencing instruméfft&7 305311
derivatives of cellulose can improve the entanglement of their The |ow stability and limited lifetime of the gel-filled

diluted solutions. In this case, tetrahydroxyborate anions
B(OH),~ act as a central linkage and form a cross-linked
polymer network of boratediol complexes. Low molecular

capillaries were the main obstacles for the development of
fully automated instrumentation with the capability to control
many parallel analyses. Thus, development of replaceable

mass polyhydroxy additives such as mannitol, glucose, or sieving media was especially important for developing high-

glycerol in HPMC solutions with or without TBE buffer (1
x TBE buffer, pH 8.3, consists of 89 mM Tris, 89 mM boric
acid, and 2.5 mM N#&ZDTA) also provide more selective
DNA separationg!>287288=grmation of hydrogen bonds with
the HPMC matrix and/or DNA probably increases the
coupling interactions between the matrix and DNA mol-

throughput DNA sequencing technology. Intensive research
in this area showed that highly entangled solutions of
hydrophilic, high molar mass polymers are required in order
to achieve a high separation efficiency as well as a long read
of DNA sequencé!?313Karger's group was the first to use
replaceable LPA as a sieving matrix for DNA sequencing.

ecules. As a result, very fast separations can be performedrhe sequence of 350 nucleotides of phage M13mp18 was

in easily replaceable, relatively low viscous, low molecular
mass HPMC (11.5 kDa) in a microfluidic device with a
migration path of 3 cnd!® On the other side, formation of

determined in 6% LPA in 30 mift* Dovichi's group also
discovered various separation conditions for the application
of replaceable LPA>317 The relatively short read length

borate-agarose complexes, which increase the net negativewas improved using capillaries filled with a replaceable LPA
charge of the agarose gel fibers, is responsible for the matrix operated at elevated column temperatures of up to

increased EOF in agarose gels prepared in TBE btiffer.

60 °C. As a result, Kleparnik et al. demonstrated the

The effect of temperature on the separation selectivity and separation of DNA sequencing fragments extended to lengths

efficiency in CE of DNA fragments has been investigated
by several group¥+28%2% Temperature affects the behavior
of both the DNA fragments and the sieving medium.

greater than 800 bas&%:318 An elevated temperature not
only increased the sequence read length and analysis speed
but also enhanced the denaturing ability of the separation
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environment®%:31%:32By combining an elevated temperature into changing vials via a sheath flow liquid around the
with the optimum composition of low and high molecular separation capillary ex#°36*and (iv) continuous compre-
mass LPA and a sample cleanup from the DNA template, a hensive collection from multiple capillaries into a moving
considerable increase in the sequence read length up to 130@rray of microvials formed directly in the slab of a conductive
nts was achievedt?32+325 A long read length, due to high  agarose geft>367

separation selectivity and efficiency, is very useful especially

for large-scale sequencing projects. It reduces the number2.3.1. Fluorescent Labeling

of analyses and, thereby, the number of reactions and amount
of reagents needed.

A low-viscosity solution of PDMA, developed for separa-
tion of DNA sequencing fragment& became the sieving
polymer in commercially available media POP-4 and POP-6
(PE Applied Biosystems, Foster City, CA). Both polymers
dynamically coat the capillary surface, and therefore, bare
fused silica capillaries can be used. Replaceable sieving
matrices based on long-chain LPA require coated capillaries.
The best results were obtained with the PVA covalently
coated capillarie$?>3%6 As already been mentioned, some
other linear polymers HE&$227PEO?>? and PVP?’ have
been used for separation of sSDNA sequencing fragments

Thermo-responsive and shear-responsive polymer solution
with “switchable” viscosities have been proposed for ap-
plications as DNA sequencing matrices for capillary and
microfluidic device electrophoresié The shear-responsive
(non-Newtonian) polymer matrices exhibit a rapid drop in

Since the quantum yield of intrinsic fluorescence of the
nucleotides is poor and requires deep UV excitation, labeling
with covalently attached tags or fluorescent noncovalent
staining dyes is necessary for sensitive detection. Dyes
suitable for use as covalently attached labels for LIF of DNA
must fulfill several criteria: (i) the absorption and emission
maxima of an individual label should be as far from each
other as possible in order to minimize the background due
to the laser light scattering; (ii) the emission maxima of the
applied dyes should be well resolved, allowing clear iden-
tification; (iii) the dyes should have high molar absorbances
and quantum yields to provide sufficient detection sensitivity;
(iv) they should not significantly affect the annealing of the
Sprimers or incorporation of labeled terminators during the
polymerase reaction; (v) the electrophoretic mobility of the
sequencing fragments should not be affected significantly.
The effect of fluorophor labels on migration of sSDNA

viscosity as the applied shear force is increased. The thermo-f ragments has been reported in several papers, and it is worth
y PP : mentioning that different labels may influence mobilities to

responsive polymers display either a lowered or a raised o ront extentd®369The most frequently used fluorophores
viscosity as the temperature of the solution is eIevated.TheseWith emissions.in the visible region are derivatives of
properties are attained by incorporation of moderately fluorescein. rhodamine, Texas red. NBD, BODIPY, and

?'ﬁgrsoepgfglfegrzﬁgisbllz ]?(;)rn;?thp;rt ﬁ;;gesgolgrn;ﬁgﬁtﬁcﬁu:ﬁb cyanine dyes. The structures of these dyes with some reactive
P P P y roups for their attachment to the primers and dideoxy-

phobic aggregation at el'e.vated temperatures. Such SOlmior‘%ucleoside triphosphates are presented in Figure 6. Cyanine
with switchable viscosities can be rapidly loaded into dyes belong to a class of dyes containing one or more

separation channels “”d‘?r a_'o"_V a_pphed pressure. methine ¢ CH=) groups linking two nitrogen-containing
Due to the extremely high intrinsic separation efficiency heterocyclic rings: RN[—CH—=CH],CH=NR2. There are

of DNA fragments, the effective migration distance can beé o0 major classes of commonly used reagents for the
reduced to several centimeters or even millimeters and thelabeling of amines: succinimidyl esters (including sulfo-

migration time reduced to minutes or seconds, respec-gcinimidyl esters), isothiocyanates, and sulfonyl chiorides.

tive|y_1os,:329334 The Iimit_s of uItrafast_separation_s of DNA * gich amine-reactive reagents are conjugated with nonpro-
sequencing fragments in LPA solutions were investigated y,,5164 aliphatic amine groups, e.g., withi&minal amino-
in capillaries or microfluidic devices with effective migration modified oligonucleotide®

distances as short as several centimeters. Muller et al. .
resolved 300 ssDNA sequencing fragments in a capillary of _Fluorescent dyes for noncovalent DNA labeling are planar
monomeric or homodimeric molecules that are capable of

an effective length of 3 cm within 3 mi¥#2 and Woolley at . e . . : .
al. used a microfluidic device of 3.5 cm effective separation INSerting (intercalating) between the neighboring bases in a
distance to separate 433 bases in 10 #fin. ds- or ssDNA molecule. Thls kind of complexation usually
changes the conformation of the DNA molecules and
2.3. CE Instrumentation for DNA Diagnostics increases_both migration time and separation selectivity. Such
e dyes are incorporated at a rate of 1 dye molecule for every
During the past two decades the vast technological 4—10 bp in dsDNA, and therefore, the fluorescence signal
advances in CE have opened up a range of new applicationsncreases with molecular size. This is similar to what is found
in the analysis of biopolymers as well as new horizons in in absorbance detectors. Moreover, even a slightly changed
clinical chemistry and molecular biology. The fact that total conformation of the intercalated molecule results in a greater
separation volumes lower tharnul and sample volumes as than 1000-fold fluorescence enhancent&htWhile the
low as several tenths of nanoliters are feasible together with detection limits of the dyes themselves are in the zeptomolar
highly sensitive laser-induced fluorescence (LIF) detection range (10?* mol), the detection limits of fluorescently
has made the analysis of a single-cell content both accessibldabeled DNA molecules can even reach a few yoctomoles
and convenient3*33¢343 Detection of a single DNA molecule (1072 mol).3721n practice, the staining agent is directly added
is now a reality2*4353 CE instrumentation is also amenable to the sieving medium and/or mixed with the DNA samples
to the on-line automated high-throughput fraction collection prior to analysis. Although noncovalent labeling is unselec-
of DNA fragments after leaving the separation capillary. tive, its simplicity and ease of use makes it convenient also
Several instrumentation strategies of preparative CE havein automated CAE systeni&*"*The most commonly used
been described in the literature: (i) direct discontinuous intercalating dye in CE is ethidium bromid&;37>38 which
collection into the multiple vial$$8354358 (ii) continuous has the ability to bind to both ss- and dsDNA, ethidium
collection on a moving surfac®? (iii) continuous collection ~ homodimer®38+38thiazole orangé?>38238438nd oxazole
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Figure 6. Some amine-reactive dyes frequently used for DNA LOLO1 €Y1 (CHals Yy €4l 565 579

labeling. Derivatives of fluorescein (fluorescein-5-isothiocyanate), LOPRO 1 €Y, CHy 2r 567 580

rhodamine (tetramethylrhodamine-5-isothiocyanate), Texas Red (TR )

A . ./ POPO 1 (3 Xi3) (CHp)s X 41 434 (534 456 (570!
sulfonyl chloride), BODIPY (4,4-difluoro-5,7-dimethyl-4-bora- ©) Pt 2)37 P e ¢70)
3a,4a-diaza-indacene-3-propionic acid, succinimidyl ester), NBD POPRO1(3) B X1 CHa 21 435(539) 455 (567)
(succinimidyl 6-(-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hex-  TOTO 1 (3) a Yy (CHa) Yagy a4 514 (642) 533 (660)
anoate), and cyanine dyes Cy3, 5, 7 (sulfoindocyanine succinimidyl topro 1 (3,5) 0 Y5 CHa 21 515 (642,748) 531 (661.768)
ester). Arrows indicate the reaction sites.

YOYO 1(3) B Y1) (CHa)s Yy B 4 491 (612) 509 (631)
YOPRO 1 (3) B Y1 CHa 2I" 491 (612) 509 (631)

yellow.*®> Use of new cyanine dyes, thiazole orange dimer
(TOTO)195371.386:38pxazole yellow dimer (YOYO)P5371.386,387 Figure 7. Published structures of some intercalating fluorescent

and other commercially available dyes such as TOT5-3%2 dyes. Trademarks and schemes of basic structures of cyanine dyes
YOYO-1 372388 390PpOPO-F72 YOYO-3 372 YO-PRO-1215391.392 together W|(tjh_ tht?]lr ?bslorptlomabs and emissionen Mmaxima are
TO-PRO38:3933%and SYBR green 24393395398 has been > orzoc 1N Ie L.
reported. An overview of the published structures of selected o operated in a pulsed mode and exhibit several advanta-
intercalating dyes is presented in Figure 7. ~ geous feature®54%5The pulsing can easily be performed at
Several advantages of near-infrared fluorescence detectiory repetition rate from 20 to 100 MHz with light pulses of
have been reported>3%®4%? The motivation for using the  |ess than 500 ps. By using time-resolved fluorescence with
photoprocesses of absorption and emission occurring abovespecially synthesized rhodamine derivatives the maximum
700 nm includes significant reduction in scattering effects sequence read length of 660 bp has been rep6éttéthe
and a smaller background due to impurities. Moreover, the detection system used employs semiconductor technology
instrumentation is simpler and cheaper due to the advent ofonly.
semiconductor diode lasers and availability of avalanche An essential improvement in LIF detection was realized
photodiodes used in optoelectronics. The impressive detechy the implementation of resonance fluorescence energy
tion sensitivity of such simple instrumentation was demon- transfers (ET), which proved to be superior in DNA
strated by single-molecule detection in the near-IR re- sequencing and other diagnostic techniqie&Ts utilize

gion**54%using the IR140 (5/5dichlor-1,I-(diphenylamino)- ~ complex fluorophores consisting of both a donor and an
3,3-diethyl-10,12-ethylenethiatricarbocyanine perchlorate) acceptor component. The laser light excites the donor, which
dye (Exciton Chemical Co., Inc., Dayton, OH). directly transfers its energy to the acceptor via a nonradiative

Another approach for increasing the accuracy and resolu-pathway, i.e., without emission of a photon. This transfer
tion in DNA sequencing is represented by time-resolved occurs through interactions between the molecular orbitals
fluorescence. This method relies on the discrimination of the of the participating molecules. Thus, ETs can also be used
labels on the basis of their fluorescence lifetirf{@g0+409 to measure distances within or between molecules over a
The commonly used dyes for DNA sequencing, which are range of 10 nm. Applications in the structural analysis
covalently attached to a primer, exhibit fluorescence decay of biopolymers, cell surface mapping, detection of mutations,
times from 1 to 5 N’ The semiconductor lasers used can genetic typing, and various hybridization techniques includ-
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Figure 8. Chemical structure of sequencing primer labeled with Figyre 9. Chemical structure of dideoxy terminator labeled with
resonance fluorescence energy transfer. Donor (Cy3) and acceptofesonance fluorescence energy transfer. Donor (6-carbexy-4
(ROX) dyes provide a high absorbance when excited at 488 nm gminomethylfluorescein) and acceptor (5-carboxy-4,7-dichloro-
and distinct fluorescence emission at 610 nm, respectively. The rhodamine) dyes provide a high absorbance when excited at 488

arrow indicates nonradiative transfer of energy. Ten nucleotides nm and distinct fluorescence emission at 595 nm, respectivebh
between donor and acceptor in primer sequence are optimum for

high fluorescence intensity.

labeled primer sequences are requiféd??In addition to
ET primers, ET dideoxy terminators have also been devel-
oped. The main drawback in using dye-labeled terminators
is that the amounts of cycle sequencing reaction products
are less even than when dye-labeled primers are used. The
presence of either very small or very large peaks can result
in errors in automated base calling. Rosenblum et al.
successfully utilized a new linker between the dye and the
nucleotide to get more even peak heights in terminator
sequencing. They used ETs consisting of the 5-carlmexy-
rhodamine dyes as acceptors and the 5- or 6-carboxy isomers
of 4-aminomethylfluorescein as dondf8 The structure of
the ET terminator with the optimum excitation and maximum
emission wavelength is presented in Figure 9.

These dyes are the components of BigDye terminators (PE
Applied Biosystems, Foster City, CA), which are widely used
for sequencing now. The Amersham group (Amersham

ing the diagnostic application of molecular beacons are
described elsewhef@43ET fluorescent dyes have been
developed for DNA sequencing to overcome the problems
with low molar absorbances of some fluorophores at a single
common excitation wavelengtf* An example of a primer
fluorescently labeled by ET is shown in Figure 8. Here, the
donor (Cy3) and acceptor (ROX) dyes result in a high
absorbance when excited at 488 nm and a distinct fluores-
cence emission at 610 nm, respectivéfy.

Surprisingly, the Cy3 is a more effective donor than FAM,
although its fluorescence emission quantum yield is 10 times
lower. There are two reasons for this finding. First, the molar
absorbance of Cy3 at 488 nm is 2.4 times higher than that
of FAM. Second, the rate of radiationless energy transfer to
the acceptor fluorophore is much faster than the rates of

competing de-excitation pathways for the donor singlet ; : ; .
excited state. Thus, dyes with low fluorescence quantum F.narmacia Biotech, Piscataway, NJ) also published the
design, synthesis, and evaluation of a four-color set of

ields but high absorbance coefficients can be used as highl ; .
foicient dor?ors in ET primers. The fluorescence imens?tyyenergy—t(angjirzedye terminators for high-throughput DNA
of this ET primer is 24 times stronger than that of the sequencing:
corresponding primers labeled with only a single acceptor
dye#'5416Since, as stated above, the rate of transfer depend
on the distance between the donor and acceptor a series of Most of research activity devoted in recent years to CE
primers with systematically varied spacing was investi- detection systems has focused on LIF detectrd?®
gated! 418 The strongest fluorescence was observed when However, development of electrochemiéél*** and UV
the number of nucleotides between the donor and acceptorabsorbanc&> % detection systems suitable even for DNA
was 10*8419The electrophoretic mobilities of the ET primers  sequencing has also been reported. Use of MS detectors
were found to be greater than those of the correspondingconnected to CE systems has become increasingly popular
primers labeled with only one dye. The increased fluores- in recent yearé?43In the following paragraphs, because of
cence intensity of the ET primers and comparable mobilities its great importance in medical diagnostics, we will concen-
of the DNA fragments generated with the four ET primers trate primarily on the current progress in LIF detection of
allow four-color DNA sequencing using a single laser line labeled DNA*¥® Detection systems for combining CE with
at 488 nm for excitation and without the need to apply LIF may be divided into several groups according to the
mobility shift adjustment§!4417.41842042Thjs facile procedure  principle used. The simplest arrangement consists of single
for tagging primers of any sequence using ET dyes is useful laser on-column excitation with collection of the fluorescence
for diagnostic applications such as STR and SNP fragmentemission at right angles using a microscope objective. Figure
sizing as well as multiplex sequencing, where a variety of 10, shows an arrangement with two objectives and two beam

32.3.2. Detection Systems
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Figure 10. Scheme of a four-channel LIF detector. Fluorescence laser ‘ o e
emission is collected by two microscope objectives placed at aright beam A |
angle to the separation capillary and excitation laser beam. Filters {
behind objectives block scattered laser light and transmit only 15 1
selected wavelength. excited
dichroic mirror Sample 1 Open tllbll"lgs
Z A\ electrode chamber
T At LT (D }>= Figure 12. Scheme of sheath-flow cuvette. Analytes leaving
s separation capillaries, confined into wall-less cells, are transported
4 "/ downstream by flow. Laser beam is focused on sheath flow chamber
sensor objective beneath capillary tips. The lower tubes provide electric contact with
aperture the anode electrode chamber.
I .
|L‘ frequency of 2 HZ%When a four-color fluorescence signal

Figure 11. Confocal detector scheme. Laser excitation light is is detected it is first divided into four beams by dichroic
reflected by a dichroic mirror and focused by an objective on the beam splitters and then focused through a pinhole to PMTs.
specimen. Fluorescence emission is collected by the same objectivep confocal detection system is used in the commercially
passes the dichroic mirror, is spatially filtered by pinhole optics, available microfluidic Agilent 2100 Bioanalyzer (Agilent
and is focused to the sensor. ;

Technologies, Waldbronn, Germartyj.

splitters, which is preferable for high collection efficiency. One way to eliminate the laser scattering from capillary
The emission is spatially and spectrally filtered once it has walls is to position the detection spot behind the capillary
passed through the microscope objective in order to removeoutlet. In this sheath-flow detector, originally developed for
scattered excitation light. Subsequently, it is split into four use in flow cytometry®” the analyte is transported by the
beams and filtered again to select a wavelength region of flow along the capillary downstream of its outlet and detected
interest. The fluorescence is detected with a photomultiplier beneath the capillary tip confined in a wall-less é&t58-461
tube (PMT) or a semiconductor detector. Many CE sequenc- The scheme in Figure 12 demonstrates the compatibility of
ing detection systems use either a single laser operated irthis arrangement with capillary arrays. The laser beam is
multiline modé&®"44%-442 or two excitation wavelengths from  focused on the sheath flow champer 1 mmwide gap
two laserg®®443444n order to increase the detection sensitivity between the arrays of the separation capillaries, and 0.2 mm
of fluorophores differing in molar absorbance maxima. Such i.d. tubes. The lower tubes provide not only a proper
an arrangement was used for the peak identification and basénydrodynamic flow of a buffer but also an electric contact
calling in the CE-LIF system with two-color excitation using with the anode electrode chamber. The fluorescence emission
an Ar-ion laser (488 and 514 nm) and a single-element is collected at right angles by an appropriate system of lenses
detector**? and is registered by a two-dimensional detector, a CCD
More sophisticated detection systems can include a con-camerai®3460:462468 Thys, the technique enables both high
focal detector. Here an epi-illumination approach where the sensitivity and high-throughput analyses and has been
laser beam is focused on the capillary by a microscope incorporated into the development of the ABI Prism set of
objective and the fluorescence emission is collected by the capillary sequencers (ABI Foster City, CA).
same objective followed by confocal detection is LE&¢H> 450
The key element of such an approach is use of spatial 3 cf Methodology for DNA Diagnostics
filtering, or pinhole optics, which eliminates out-of-focus
light (see Figure 11). Using this technique the laser scattered Although research activity in the field of direct detection
light is also eliminated, which is important for reaching a of DNA sequence variants on a single-molecule level
high-sensitivity LIF detection. increases every yedt54351:46%476 the methodologies cur-
Confocal detectors are widely used for single-molecule rently implemented in laboratory practice are based on two-
detectiong#6:350,403,40540645The gpatial arrangement of the step procedures processing typically hundreds of nanograms
confocal detector is ideal for scanning the signal from parallel of a template DNA. In the first step a DNA template is
lines on slabg®? microfluidic devices,?4224450:452.453g¢ treated by a molecular biology procedure to produce samples
bundles of multicapillary systent8’:447454455Eijther the with characteristic sizes or conformations. Frequently, part
objective or a separation device is placed on a moving stageof this treatment is the incorporation of fluorescent or binding
and the signal is registered at individual positions. The tags. Individual segments of investigated sequences are
translation stage moves at 1 cm/s in a direction perpendicularamplified and/or distinguished by the DNA modifying
to the migration path, and the separation is registered at aenzymes, such as polymerases, restrictases, and ligases, or
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by hybridization with specific oligonucleotide probes. Inthe  DNA Primer DNA .
second step the samples are analyzed using a spectroscopi iy ™" sae® Vige’ TS
or separation method. Thus, DNA fragments of a specific —> i '
size or conformation labeled with a specific tag can easily @
be separated, detected, or even identified. In principle, the /
methods can be divided into two categories: hybridization IS TSNS 222V | CZZZZZA
(array-based) and separation (gel-based) methods. Many DA ENSSISINY . [SSSSy
DNA diagnostic methodologies have already been adapted primer \ e
for CE techniques. Examples of such CE applications well
described in the current literature include mutation detection e \ a8
or gene-polymorphism analysis based on restriction fragment ooy ::
length polymorphism (RFLP) or length polymorphism of  DNA template
PCR-amplified fragments (AFLP), single-strand conforma- ~ISISERSESY] - SYSSSSSSSY
tion polymorphism (SSCP), heteroduplex analysis, constant DNA fﬂ
denaturant (CDCE) or denaturing gradient capillary elec- primer
trophoresis (DGCE), single-nucleotide primer extension p— 1 e
(SNUPE), and DNA-DNA hybridization. Most effort, how- g \ ,
ever, has been put into DNA sequencing. Development of 8 TESSSY
these diagnostic applications has been reviewed in several ez,
pub|icationsl_823,59,47¥482 \ A
_m__)_mzzzm_

Correct copies 1stcycle: n=1 2" cycle: n=2 3" cycle: n=3
N=2r*1_-2(n+1) 22-2.2=0 28-23=2 24-24=8
Molecular diagnostics has become a rapidly evolving area Figyre 13. PCR amplification scheme. Series of amplification
of clinical testing over the past two decades. In particular, reactions are performed in 2@0 cycles over a short segment of
recombinant DNA technologies such as polymerase chaintemplate DNA. Three phases of reactiesienaturing, annealing,
reaction (PCR) amplification and the Sang@oulson DNA ~ and extensiorrare controlled by temperature cycling. The poly-
sequencing method, DNA hybridization, restriction cleavage {get[]aesireJg;‘g;ggsef‘g&astife%egg";;g?\l‘x"rfé?géﬁgsprmii asr;,r:]?ﬁée_d
b.y _endonucleases, and cloning hav_e Ope”_ed Up NEW POSgi;a4 extension products serve as templates for subsequent reactions.
S|b|I|t_|¢s_ for develop_m_ent of DNA d|_agnost|c_s_W|th_ hlgh Thus, the DNA copies accumulate exponentially.
sensitivity and selectivity. Together with the miniaturization
of analytical systems, sample preparation techniques havegenomic or cDNA, which can be then analyzed. The principle
also been adapted for ultrasmall quantities and integratedbehind PCR involves a series of amplification reactions

3.1. Sample Preparation

with micromachined device’.”7:8284.483487 performed in cycles over a short segment of the DNA (see
. the scheme in Figure 13). The basic reaction has three
3.1.1. Restrictase Cleavage phases-denaturing, annealing, and extension. The main

components of the reaction mixture are the double-stranded
DNA (dsDNA) of interest, specific oligonucleotide primers,
and thermostable DNA polymerase (Taq polymerase). The
process begins with heating of the mixture, which causes
dissociation of the two DNA strands. In the second stage
the reaction mixture is cooled to allow the primers to anneal
to their complementary sites on the single-stranded DNA
(ssDNA) molecules. Thus, in an ideal case the entire DNA
in the reaction mixture should be single-stranded except the
regions where the primers are base paired. The third stage
of the process is primer extension, in which the mixture is
OIheated again and the thermostable DNA polymerase directs
Sthe synthesis of a new DNA strand in thetd 3 direction

as an elongation of the primer sequence. At the end of each
PCR cycle the newly synthesized DNA extension product
will serve as a DNA template for subsequent cycles. Thus,

One of the major breakthroughs in molecular biology was
the discovery and use of DNA restriction enzymes. Restric-
tion DNA endonucleases are bacterial enzymes ranging in
size from 157 Pvu Il) to 1250 (Cje I) amino acids that attach
to DNA and cut both strands at sites of specific base
sequence®8 For example, restriction enzymesdRV from
Escherichia coliandHind Il from Haemophilus influenzae
recognize the sites GARTC and AAGCTT, respectively,
and cleave the DNA chain at the positions indicated by the
arrows. Hundreds of restriction enzymes are available for
use in various combinations for identifying portions of a gene
by cutting it at specific base sequences into discrete size
fragments. In the majority of cases, size-based separation
of the fragments obtained through cleavage with two
restrictases, both individually and together, provide sufficient

information to deduce the position of the restriction sites and the DNA coies accumulate exponentially and the amolified
construct a characteristic physical map of the chromosome P P Y P

or gene. The presence of deletions or insertions in the genomesegmem of DNA can be isolated from the other fragments

; . o sing gel electrophoresis.
results in the polymorphism of restriction fragments lengths u . . .
(RFLP). Sich poymopiism can be deected as a s, 108 190, O PR Tsamenss = cevrmned by e e
appearance, or disappearance of peaks in an electrophero- . S plen Y X P
; generation or elimination of such sites. Multiplex PCR makes
gram of digested DNA. : X ) .
it possible to amplify several separate sequences simulta-
3.1.2. PCR Amplification ngously in a reaction mixture. Ther(_a are potentially two
P different approaches for the miniaturization of the PCR in
PCR amplification is a technique of key importance in microfluidic devices: the chamber type, where the rapid
DNA diagnostics. Nowadays, nearly all mutation detection thermal cycling of a reaction volume of less thamull is
methods rely on PCR amplification. This technology allows controlled?01:398.48%497 gnd the flow-type, where the reaction

the detection and multiplication of a selected region of mixture flows through a channel with segments of different
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Figure 14. Sanger sequencing reaction scheme. Four reactions are performed separately with different dideoxy terminators ddA, ddC,
ddG, and ddT and the samedye-labeled primer. Separation strategies: (A) reaction products are separated in four lanes, and the migration
times are compared; (B) products of the separate reactions can be pooled and analyzed in a single lane, provided the ratios between deoxy
and dideoxy nucleotides in the individual reactions differ, and consequently, peak heights serve as markers of individual bases; (C) similarly,
four differently labeled primers in individual reactions code the bases; (D) if fluorescently labeled dideoxy chain terminators are used, only
one sequencing reaction is needed, since the specific label is associated with the base.

temperaturd®4°°PCR amplification integrated onto diag- quantity of sequencing fragments increases linearly unlike
nostic or analytical chips can also be perforrf&@d86:485486500  PCR where it increases exponentially.

3.1.3. Sanger Sequencing Reaction 3.2. DNA Sequencing

Determination of the genome sequence of an organism
provides complete information toward the understanding of

ments, was developed by Sanger's group in 197Ih 1986 its genetic basis. Thus, development of effective sequencers

the original radioactive labeling was replaced by a fluorescent represented the most attractive challenge for analytical

i i 04-506
one, which can easily be detected and automatically analyzedg zeglsit”salp tgrerga‘:ﬁg;?gaféreSiSD(NCié;eqﬁae;%?rs taaesidBl
at the time of separatiott®502503Sanger’s reaction scheme piiary y b ; Y,

. ; . . . PRISM models (ABI Foster City, CA}">% and the
together with various labeling strategies are presented in MegaBACE models (formerly Molecular Dynamics Inc
Figure 14. In principle, this reaction transforms the order of Sunnyvale, CAJI0511 are the best-selling products in thé
a base in a DNA template sequence into the length of a ’ '

. . history of analytical instrumentation. Clearly, progress in the
respective fragment terminated by a complementary base'automation of DNA sequencing was of paramount impor-

Thus, the sequence can be determined by a size-specifiGy e for HGP. As early as 1986, Smith and co-workers in
separation of the sequencing fragments. Similar to PCR, theyq4qs |aporatory developed a method for the partial
sequencing reaction is based on the enzymatic synthesis Og‘utomation of DNA sequence analysis with real-time detec-
a complementary chain on a template DNA. The difference (o 440 They used LIF detection of fluorescently labeled
is that only a 3primer is used and the synthesis of a single gequencing fragments migrating in glass or quartz tubing of
strand is randomly terminated by the dideoxy nucleotides. 1—2 mm i.d. filled with an 8% polyacrylamide gel. Some
First, the sample is heated to 98 to dissociate the two  of this technology was incorporated into partially automated
strands. Then, the temperature is reduced to@D°C so  sequencers employing electrophoresis in ultrathin slabs (ABI
that the primer can anneal to one strand, namely, the373 377 sequencers, Applied Biosystems, Foster City,
template. At 70°C a thermostable polymerase forms a CA).3% Before the decision to implement CE sequencers in
complex between the template and theBd of the primer  the HGP, several major improvements in CE instrumentation
and extends it by sequentially incorporating deoxynucleotides for DNA sequencing were accomplished. The cooperative
one base at atime. The incorporation rates are a few hundredievelopment of a variety of new analytical instruments,
bases per second. The labeled strand is extended until anethods, and reagents for nucleic acid analysis increased
dideoxynucleotide is randomly incorporated and the exten- its productivity and reliability. Compared with classical and
sion is terminated, since the OH group ati8 missing in ultrathin SGE, narrow-bore capillaries allowed for higher
the dideoxy form. In cycle sequencing, the reaction is speed and resolution of separations. Moreover, the capillaries
performed in 26-30 cycles on the same template. Thus, the were suitable for the full automation of sample injection and

The chain termination dideoxy method, now used nearly
exclusively for the preparation of DNA sequencing frag-
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loading of separation medium. The following items were all automated CE instrumentation. Celera Genomics, the com-
essential for the development of large-scale sequencing: (i)pany where the advanced technology for the human genome
systems for data acquisition and evaluation (base calling) atsequencing was developed, used 300 of these 96-capillary
the time of analysis, (ii) detection systems compatible with ABI PRISM sequencers (model 3700). They generated a 14.8
CAE, (iii) fluorescent labels with suitable chemistry, (iv) billion bp DNA sequence from 27 271 853 high-quality
replaceable sieving matrices, and (v) suitable denaturing andsequence reads (550 nt) in 9 months in the year 2800.
separation conditions. Thus, the 5.11-fold coverage of the genomes of five
The simplest way to determine a sequence is to perform individuals was attained. This project genera_ted a 2_.91-b_i||ion
four reactions separately with different dideoxy terminators P consensus sequence of the euchromatic portion (rich in
and the same'Sye-labeled primer. The reaction products 9ene concentration) of_the human genome and is consydergd
are then separated in four lanes, and the migration times ard© Pe both the largest in scope and the most challenging in
compared as shown in panel A in Figure®®2The products  Piology to date. _ .
of the separate reactions can also be pooled and analyzed in Development of CE instrumentation and methodology for
a single lane, provided the ratios between deoxy and dideoxyDNA sequencing resulted in the design and construction of
nucleotides in the individual reactions differ (panel B). In ~high-performance multicapillary commercial devices ulti-
such cases, the quantities of the individual products will also mately successfully implemented not only in the HEP>
differ, and consequently, the peak heights can serve asbut also in a range of other applications such as the whole
markers for the individual basé¥:399447.512517 However, ~ genome sequencing of drosophitd,mouse;? chimpan-
using the spectra of four-color sequencing reactions ratherzee?*® and other§?*52> The cost of these applications,
than the peak heights provides more information for peak however, is still too high for routine sequencing tasks.
and base identification using a base-calling software. TheseTherefore, microfabricated devices enabling many parallel
reactions can be performed either with primi¢ter dideoxy =~ and fast separations were expected to bring a further
chain terminatof$? labeled with four different fluorescent — improvement in the throughput and costs of analyses based
dyes. The reactions with labeled primers must be done Onthe Sanger sequencing chemigtrif.’88283:85.239.450487.526.527
separately and can be pooled before separation (panel C). IfNevertheless, the increasing demands for genomic sequenc-
fluorescently labeled dideoxy chain terminators are used, onlying data stimulated the investigation of completely new
one sequencing reaction is needed, since the specific labepeguencing strategies that promise to bring an exceptional
is associated with the base (panel D). Another advantage ofincrease in productivity>2847.5355,351.474.528.529The  most
the use of the labeled terminators is that only properly successful methods exploit the monitoring of sequencing by
terminated fragments are labeled. Thus, strands resulting fromusing synthesis in highly parallel systems of thousands of
sudden stops associated with polymerase pausing or thoséamplest>* Such methods can achieve an approximately
falling off the template without proper termination with the 100-fold increase in throughput over the current Sanger
labeled terminator are not detected. In summary, DNA sequencing technology. Thus, the idea of sequencing a human
sequencing using four-color labeled dideoxy terminators genome sequence for 1000 U.S. dollars could become reality.

provides clear advantages, and most sequencing today is done .
by this method. 3.3. DNA Fragments Length Polymorphism

An important issue of a large-scale DNA sequencing is  The most frequent application of CE in DNA diagnostics
the selection of a convenient sequencing strategy for as-js the analysis of the length polymorphism of DNA fragments
sembling many relatively short reads, the results of CE derived from genomic DNA. There are two principal methods
analysis. The most common approach used for sequencingfor generating such fragments: digestion of genomic DNA
of fragments of sizes of several kilobases is the primer py specific restriction endonucleases and PCR amplification.
walking strategy. Here, sequencing primers are systematically|n the first method, known as restriction fragment length
designed to anneal to the known sequence unidirectionally polymorphism (RFLP), the choice of individual enzyme or
step by step as the new segments of the template areq combination of two or more determines the size of the
consecutively sequenced. However, this laborious and time-genome fragments. The second method, amplified fragment
Consuming method cannot be implemented in the HGP. The|ength p0|ymorphism (AFLP), uses PCR amp”ﬁcation to
whole-genome shotgun sequencing strategy proved to besynthesize the fragments on genomic DNA with sizes
much more conveniefit® In simple terms, chromosomal  determined by the choice of the primers (see Figure 15a).
DNA is sheared randomly (physically or enzymatically) into |n both methods, the length polymorphism can be detected
pieces which are cloned into plasmids and sequenced on bottas a mobility shift of zones of fragments with different sizes
strands. The sequences of the individual fragments that areresulting from mutations caused by deletions (Figure 15b)
obtained are then analyzed for overlaps, aligned, andor insertions (Figure 15c) in a genome. A combination of
assembled into a final sequence by computer software.hoth methods is used too. In that case, a long fragment
Accidental gaps must be sequenced systematically. Thespanning a region with multiple mutations is amplified first
application of the whole-genome shotgun sequencing methodand then digested by a restrictde.The methods are
is considered as one of the crucial events in accelerating theespecially sensitive when polymorphisms or mutations af-
HGP>1 fecting a restriction site (RFLP) or a site complementary to

DNA sequencing is the most successful application of CE the used PCR primers (AFLP) are detected. Such polymor-
both scientifically and commercialRf.The HGP with its goal ~ phisms can result in either the loss (Figure 15d) or the gain
of sequencing the entire human genome began in 1990 andFigure 15e) of a restriction or primer site leading to striking
was scheduled to last 15 years. However, it was completeddifferences in fragment length; compare peaks a, d, and e in
under budget and in only 10 years mainly due to the use of Figure 15.
automated CAE sequencers. It is pertinent to present some The RFLP method is used not only for mutation detection
facts just to demonstrate the true powers of such advancedout also as a basis for the construction of restriction (or
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a) wild type sequence

cleavage site
4 primer site

cleavage site
primer site v

GAT ATCGATlTCATATCTGAAIG GAGAT|ATC

amplified / restriction fragment
| ATCGATTCATATCTGAAGGAGAT |

b) deletion TAT
v

v

caT|AaTCcGAT[TCcACTGAA GGAGAT|ATC

[ATCGATTCACTGAAGGAGAT |

c) insertion AT
\ A v
GAT|ATCGAT|TCATATCTGAAAT]|GGAGAT|ATC

[ATCGATTCATATCTGAAATGGAGAT |

d) loss of restriction / primer site — deletion A
v (S

GATIATCGATITCATATCTGAAGGAGTATC

ATCGATTCATATCTGAAGGAGTATC

e) creation of restriction site — insertion
G
v AV \
cAT|ATCGAT|TCcGATATCTGAAlGGAGAT[ATC

[ATCGATTCGAT |[ATCTGAAGGAGAT |

e e b ac d

Figure 15. Scheme of RFLP/AFLP technique. Size-based separa-
tion reveals (a) wild-type sequence, (b) deletion, (c) insertion, (d)
loss of restriction (GATATC) and primer (GGAGAT) site, and

(e) creation of restriction site (GAATC) in the investigated
segment of DNA.

electropherogram
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some instances an on-line combination of CE with MS can
help this precise determinatid®y*3The most frequently used
option is to use calibration by the addition of size stand&tds.
In this case, however, the sequence-dependent migration of
dsDNA fragments must be taken into accofit>>! The GC-

rich fragments migrate anomalously due to significant
changes in their conformatiof%: 553 Even the free solution
mobility of these DNA fragments can be affected by the
changes>* This phenomenon is more pronounced in LPA
than in agarose solutions, and it is strongly dependent on
the concentrations of sieving media and temperafirR8>55¢
Intercalating dyes can also induce significant shifts in
mobilities.

Another application of size-based separations in DNA
diagnostics is the analysis of tandem repeat polymorphism.
This type of polymorphism is characterized by repetitive
DNA sequences arrayed as tandem repeat units, mostly in
the noncoding regions of a genome. Two classes of such
sequences, minisatellites (VNTR) and microsatellites (STR),
have been distinguished and described in the literature. These
polymorphic regions are typically flanked by non-polymor-
phic DNA sequence. Thus, PCR amplification with primers
bordering the polymorphic repeat region will produce DNA
fragments of varying lengths determined by the number of
repeats. To avoid an error in DNA size determination due
to the sequence-dependent migration, allelic ladders are used
as the absolute standar§$269:333.538,557.588 relative mobility
shift evaluated with the help of internal allelic standards or
heterozygotic samples yields more reliable results for AFLP
and STR polymorphism analyses. Nevertheless, fluorescent
labels of allelic ladders can also be the cause of errors in
the determination of the numbers of repeated (Rits.

Several papers have demonstrated better separation selec-
tivity of ssDNA fragments when compared to their ds
forms 105560 Therefore, fast and high-resolution separations
can be accomplished under denaturing conditions. Fluores-
cently labeled tetranucleotide STR standards were success-
fully analyzed under denaturing conditions at @D within
30 min. The average resolution obtained was 1.4 bases for
a 200 bp fragment with a standard deviation of 0.2 b&%es.
As a result of optimization, polymorphic fragments carrying
STR regions of sizes 299 and 300 nucleotides could be
distinguished. However, the separation speed tends to be

physical) maps of various genomes. Restriction maps provide|qer due to the increased viscosity of the denaturing agent.

concise characteristics of a given genome rather than itStyg analysis was accomplished in a 2% solution of HEC in
complete sequences; hence, they are particularly useful forq, TBE puffer with 6 M urea and 10% formamide in 50

the molecular identification of microorganisis: 534

The main advantage of CE for molecular size analysis is
its high reproducibility, precision, and accuracy. Due to the
high separation efficiency, peaks representing individual

DNA fragments are very sharp. Hence, even two fragments

differing only by a single nucleotide can be well resolved
and their migration times precisely determined in fully
automatic systems with data evaluatih>3>538 High

min. Moreover, no extra peaks due to formation of hetero-
duplexes were observétf To overcome problems with
incomplete denaturing and the viscosity of urea, a highly
alkaline separation medium was used for the STR andifsis.

3.4. Single-Strand Conformation Polymorphism
Single-strand conformation polymorphism (SSCP) is the

separation efficiency also facilitates the separation of samplesmost popular technique for the diagnostic screening of

prepared by multiplex PCR amplification from several alleles
in a single electrophoretic {53542 As in chromatog-
raphy, various types of programming, such as electric field

mutations and polymorphisms in small segments of
DNA 59:479,480.561566 Mytations are detected by monitoring
mobility shifts of individual DNA strands caused by their

strength, current, power, or temperature, can easily beconformational changes. The main advantage of SSCP is its

employed to increase the resolving power of CE separa-

tions 289,543-547

capability in the sensitive detection of mutations (substitu-
tions, small deletions, and insertions) at various positions in

Separation in sieving media does not provide absolute DNA fragments. Even substitutions of a single nucleotide

values of DNA mass or base pair count. A calibration method

give rise to conformational changes under nondenaturing

is therefore needed to transform the migration time values conditions and result in a mobility shift. The scheme in

or effective electrophoretic mobility into molecular size. In

Figure 16 outlines the principle of the SSCP technique. The
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native dsDNA | denatured ssDNA | native environment POP99:589 (App”ed BiOSyStemS' Fos_ter City_' CA)' Precise
ild tv temperature control of the separation capillary allows the
HeORe operator to adjust the maximum selectivity and maintain good
reproducibility between experimerft®:586.595% Electric

field strength and concentration of a separation medium,
which exert a mechanical stress on the migrating struc-
ture, also affect the resolution of individual conform-
ers568.571,586.589.591.59 gr the separation of fragments of a
relatively short size (shorter than 400 nt), a sieving polymer
of molecular mass lower than 600 kDa provides good
selectivity and an acceptable viscosity at concentrations up
to 6%°5865% An increase in the separation selectivity by
adjusting the pH of the background electrofyt€®*and/or

the concentration of various additivés>86:587.5%2has also

—_—
point mutation

¥

—_—

o~
VT

Figure 16. Scheme of SSCP technique. Conformation and, ;
consequently, electrophoretic mobility of sSDNA fragments in the been reported. The effect of temperature and pH varies for

native environment are sensitive even to point mutations. Arrows dlffere.n_t fragmerllts..

characterize respective magnitudes of effective electrophoretic Additives to sieving gels such as glycerol, glucose, or

mobilities. sucrose are frequently used, yet their effect on the separation
selectivity remains ambiguous. These polyols probably act

arrows under the conformation structures represent theirag \weak denaturants, partially opening the folded structure
effective electrophoretic mobilities. The scheme indicates that ot ssDNA574 As in the case of SGE. addition of glycerol to

a point mutation does not affect the electrophoretic mobilities o replaceable sieving media in CE separations has been
of dsDNA fragments under native conditions as well as the reported as enhancing the resolufit§ie7 592599605 well

mobilities of their individual strands under denaturing 5q decreasing it in some instané&Borates present in the
conditions. The mobilities of dsDNA fragments are higher sieving media are known to form monomeric and dimeric
than those of thelr S anallogues mainly dye to thel_r double complexes with polyols such as glycerol, monomeric sugars,
charge. When introduced into nondenaturing conditions, the polysaccharides, or DNA and RNA. Such transient interac-
ssDNA adopts a folded structure stabilized by an intramo- tions can result in an improvement of the sieving properties
lecular duplex between complementary regions and/or basethrough stabilization of the polymer entanglemeHfs.
2:?5 gSrgaIW ggmoiﬁ::ms)tr:ag?é C;;gs;t;gu%r;tl){héhep:glsdelggeanoi Itis well established and documented in the literature that
mutations as well as the nucleotide sequence in the vicinity. tsrﬁ,eec?f?é'r,?qilta(igﬁcgsT,veﬂ??smtifr;z?f;eg dds?epqeunedrllgg ch)fnthae
Since the mobility is determined by th‘? .cpnformatlon_ of DNA fragment. This applies to both SGE separations and
:jhe DNA fragment as a whole, the sensitivity of mutation polymer solutions using CE. Hence, there are no general rules
etection decreases with its length. It is evident that in long for the optimization strategies of the SSCP technique. On

;rraegr?negstie?ews#irlzcttﬁreal Crgzg%ﬁﬁ m(()jfutt:ﬁg b¥etsheen£ugt'%nthe other hand, it has been observed by many researchers
P Y P that separations performed at temperatures oveC#g592:5%

polymorphic background increas®$.Thus, the optimum , o i
lengths of fragments analyzed by SSCP span the range fronlvivc')t:selgigt;'t%I'?Ldaﬁtrg&gtgfs I%\ﬁrﬁggxgﬁq ?T: ;SOS”CL%'QEQ?
;Lnou(iattci)oizcmtfé\o?nnetﬁtzlrsoIli)grjwh Saic%zsggle%itﬁ?'zoz%%po'mgenerally lead to a dramatic decrease in differences in
have been publgilshed 9 mobility shifts of mutant fragments and in their wild-type
In practice, the sample is denatured prior to analysis and counterpgrts. ) .
the ssDNA fragments are introduced into the nondenaturing . 1 Nere is a lack of complete theoretical understanding of
sieving medium and separated by electrophoresis. Thethe factors affecting the three-dimensional folding of sSDNA
denaturing can be accomplished chemically under highly ragments under particular physical conditions. Therefore,
alkaline condition¥°-572 or by formamid&’3 physically by mobility shifts during SSCP analysis are quantitatively
heating or by a combination of both methd@Nowadays unpredictable. Nevertheless, certain computer programs are
the preferred method is by heating the sample to a temper_avallable prowd_mg Mo—d|men5|onal models ofltgs secondary
ature over 90C for 1—5 min followed by immediate chiling ~ Structures of individual DNA/RNA strand$:%% These
on ice. The SSCP methodology was originally used in Models are quite helpful in the preliminary analysis of a
conjunction with polyacrylamide SGE%53However, CE separation problem and optimization qf the analyt_lcal condi-
in replaceable sieving media has been shown to have severafions’"*°>*A more precise quantitative description of the
advantages over SGE even for SSTP5 These advantages model of the hydrodynamically equivalent sphere of a sSSDNA
include short analysis time, full automation of parallel Cil needs a complex three-dimensional analysis.
analyses in capillary arrays, small sample volume, minimal  The typical records of homozygous and heterozygous ss
reagent consumption, highly sensitive LIF detection, and, fragments separated in a native environment are compared
most importantly, high separation efficiency. High separation in Figure 17. When SSCP electropherograms are analyzed,
efficiency is the prerequisite for detecting even very subtle they typically reveal three and five peaks for homozygous
shifts in the mobility of a mutant fragmePfl658+585 Since  or heterozygous samples, respectively. However, these
SSCP relies on the changes in DNA conformation, it is very numbers can actually be higher for either case. The major
sensitive to the physicochemical properties of the separationPeaks represent either the predominant two or four conform-
medium. The most frequently used replaceable sieving mediaers of sSDNA and reannealed dsDNA, respectively.
are derivatives of LP&® (PDEA, PDMA®Y), cellulose However, other minor peaks are frequently observed.
(HEC®®®), and commercial polymers: Genestdnand These peaks may be a result of different stable intermolecular
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a) homozygote with LIF detection. Detection based on fluorescence enables
not only high sensitivity detection but also identification of
00006 all peaks in the electropherografig!f the complementary
| dsSDNA ssDNA strands of the DNA fragments are labeled using different
fluorophores, electromigration of both strands can be re-
corded independentR/! However, in such a case the wild-
type and mutant fragments cannot be distinguished. There-
fore, for the unambiguous identification of all four peaks
(two alleles of two strands each) in the electropherograms
of heterozygotic samples, they need to be compared with
those of both healthy and affected homozygé&té#bsor-
bance detectors or a nonselective fluorescent staining are
satisfactory if the goal of the analysis is only to confirm a
given mutation. Nowadays, clinical laboratories routinely use
commercial CE instruments compatible with the two-dye
SSCP LIF technology for mutation detection.
Ultrafast SSCP analyses have been demonstrated using
microfluidic devices with LIF detection. Three common
mutations in BRCA1 and BRCA2 genes were analyzed in
less than 120 s on a single-channel glass microchip filled
with 2.5% HEC with 10% glycerol and % TBE buffer.
This analysis time represents a 100-fold decrease when
compared to conventional SGE.Two commercial devices

0.0004

0.0000

b) heterozygote for microchip electrophoresis, the Hitachi SV 1100 (Hitachi
Electronics Engineering, Tokyo, Japan) and the Agilent 2100
00009 1 " dsDNA Bioanalyzer (Agilent Technologies, Waldbronn, Germany)

using chips with migration distances of 30 and 15 mm,
respectively, were employed for detection of mutations in
the K-ras gene. The conformers of both wild-type and
mutation-carrying fragments were separated in 1.5% MC in
several minute®” These two examples of fast separations
based on the SSCP technique proved that a reasonable
ssDNA resolution is attainable even with short migration distances.

relative absorbance at 260 nm

0.0007 -

3.5. Partial Denaturing Electrophoresis

Detection of low-frequency somatic mutations is of
particular importance in mutation and cancer research as well
as in molecular diagnostics. Denaturing gradient and constant
denaturant gel electrophoreses are two DNA separation

0.0005

technologies which were developed to detect point mutations
M and rare variants of known and unknown mutations at
specific DNA loci%61 They are also frequently used in
- aeoo the search for mutations in a given locus. The capillary
time versions of the methods mentioned above, denaturing gradi-

Figure 17. Typical separations of SSCP analysis. DNA fragments €nt (DGCE) and constant denaturant capillary electrophoresis
amplified on a genome of (a) health homozygote and (b) phenyl- (CDCE), have been successfully developed, and details about
ketonuria affected individual (point mutation € T in phenyl- their instrumentation, methodologies, and analytical proper-
?Ianinezfg/ydmﬁyltase gfene on chr%mogome _12)i STeénélrat!?hn igg‘/di‘ties are presented in the literat§#&.%5In contrast to SSCP,
10NS: 0 solution of agarose oearrep In 1xX Wi 0 e i
oaride 8300 Lo 55 Lo S0~ () 169000 e B b e e S
(b) 135 V/cm. Unpublished authors’ result. ; ' . .
separations are performed in a moderately denaturing
interactions?3 In addition, homoduplexes, heteroduplexes, environment. Under these conditions, DNA fragments are
and even complexes of ssDNA and residual PCR primers partially melted and, consequently, their mobilities reduced.
could be a reason for formation of additional peék$feaks The presence of mutations can cause a substantial change
of homo- and heteroduplexes provide additional evidence in the extent of the DNA melting and, thus, also in the
that mutations are present. Thus, a tandem SSCP and duplerlectrophoretic mobility in the sieving medium. The separa-
analysis improves the sensitivity of mutation detectfgf+60% tion selectivity of these methods is based not only on the
Nowadays, certain genes and point mutations in them arenature and position of the mutation but also on the denaturing
so well characterized that they can serve as standards in theparameters during the migration through the separation
development of instrumentation and methodology for CE- column. As is apparent from their names, whereas in CDCE
SSCP. The p53 tumor suppressor gene is one such exthe denaturing parameters are constant, in DGCE they vary
ample>78.584,592,596,607,608 in space and/or tim&# The advantage of DGCE is that by
Many methodologies have been developed for SSCP changing the denaturing parameters, suitable conditions for
mutation detection in commercially available CE instruments separation of the sample components are reached at a certain
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T
melting temperature I
[°C]
85 1 23 4 5 6 7 8 9
GC
clamp
65 Y — o = wild type mutant wild type - tant - mutant
9 I dupl h dupl heteroduplexes heteroduplexes
I migration time
mutation GCvclamp base pairs Figure 19. Scheme of nine possible duplex combinations of strands

coming from one wild-type and two mutant homoduplexes. Each
Figure 18. Schematic theoretical melting profile of a two-domain of the two mutant fragments carries one point mutation, the
fragment with melting temperatufieof individual base pairs plotted ~ substitution of AT to GC pair, at different position. Mutation-
against their position in the fragment. Base pairing mismatch in containing heteroduplexes dissociate more easily (at lower tem-
heteroduplex causes a decrease in melting temperature as indicateperature) and in a more relaxed conformation migrate through a
by the dotted curve. sieving medium slower than homoduplexes.

point in the analysis. Therefore, although the parameters of g plex as indicated by the dotted curve. Under the optimum
the denaturing agents (i.e., temperature and concentrationyemperature, the dynamical equilibrium between the unmelted
do not require a precise control, the analyzed fragments areanq partially melted forms, which is sensitive to any mutation
still likely to be resolved even without knowing their exact resent, determines their respective electrophoretic mobilities.
dissociation curves. One consequence is that the conditionsas the temperature increases, the equilibrium shifts toward
forf[he separation of two partlcul_ar fragments do not remain the partially melted form with a totally dissociated low-
optimal throughout the whole time of the electrophoresis melting domain and the fragment mobility decreases. Sub-
operation period. In contrast, CDCE attempts to set optimum sequently, the separation selectivity of wild-type versus
separation conditions and keep them. That frequently provesytation-carrying fragments is also reduced. In the scheme
time consuming and technically difficult. In practice it means presented in Figure 18, the high-melting domain starts to

that it is necessary to maintain the temperature constantyissociate at a temperature over 85 and the fragments
within several hundredths of degrees Celsius. As reiteratedpecome totally denatured, dissociating into single strands.

above, the optimum separation conditions for a particular ynder these conditions the fragments with point mutations
couple of fragments may be far less than what is optimum -annot be separated.

for others. An interesting solution to this problem is the
application of pulsing temperatures designed by Minarik et
al 516617 A rapid temperature cycling of several cycles per
minute with an amplitude varying from 2 to 4 degrees
provides the optimum separation conditions for each couple
of fragments many times during the run. Thus, the temper-
ature does not need to be controlled with the precision
necessary in CDCE, and the resolution and reproducibility
are better than that obtained in a single-sweep graéfiéfif
Since the regular periodic temperature cycling is compatible
with multiple consecutive sample injections, this approach
increases the sample throughput significaftfy.

A scheme of nine possible duplex combinations of strands
coming from one wild type and two mutant homoduplexes
together with the expected temperature trends of partial
melting and migration time is presented in Figure 19. Each
of the two mutant fragments carries one point mutation, the
substitution of AT to GC pair, at different positions as
indicated. The heteroduplexes are formed as random com-
binations of strands after fast cooling the mixture of
completely dissociated fragments. The mutation-containing
heteroduplexes dissociate more easily and in a more relaxed
conformation migrate through the sieving medium slower
: ; . than the homoduplexes. As a result, the homoduplexes and

DNA fragmgants suitable _for partial dgnaturlng electr.o- heteroduplexes containing different mutations can be sepa-
phoresis consist of two contiguous domains: a low-melting rated from one another
segment where a mutation is present, and a high-melting one Th i h . t be vi d d ical
(also called GC clamp) which stabilizes the structure and € Separalion mechanism must be viewed as a dynamica
ensures it will melt only partiallj?° Such a high-melting ~ PrO¢€ss: The more frequent the dissociated state of the low-
domain can be a natural part of the fragment or easily be M€lting domain, the slower the migration of the fragment

through the sieving medium. This dynamical concept of

attached by use of one GC-rich primer of about 40 nt in the migration of partially melted fragments is also supported by
PCR amplification of the analyzed fragment. Another way the fact that the width of their zones decreases with

to attach a clamp to any target of interest is through a ligation temperature and increases with electric field strenath. Such
proceduré The schematic melting profile of a two-domain behgvior liJndicatesI the effectvg)x‘ a relati\;el); slow disgociatilcjm
fragment with the melting temperature of a base pair plotted Kinetics624625 The unmelted, double-stranded molecules

against its position in the fragment is presented in Figure . te fastest. and thei K h
18. The curve can be constructed theoretically based on anigrate fastest, and their peaks are much narrower.

nucleotide sequence and the concentration of electrolytes an

denaturants present in the solutf3h®2®In Figure 18 the %.5.1. Constant Denaturant CE

low-melting domain starts to dissociate if the temperature  The methodological and instrumentation principles of this
increases over 65C. Most striking is the effect of base particular CE technique combined with LIF detection were
pairing mismatch on the melting temperature of a hetero- first described by the Thilly and Karger groups in 19%4.
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homoduplexes

heteroduplexes

relative fluorescence units
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migration time [min]
Figure 20. Separation of three homo- and six heteroduplexes
shown in Figure 19. Fragments amplified from p53 gene.=Wt
wild type DNA; m1, m2= mutation substitutions A& G at different
positions. Separation conditions: 14% solution of LPA (180 kDa)
in 50 mM Tris—TAPS buffer at 79C; Lc = 55 cm;Lp = 40 cm;

E = 360 V/cm. Unpublished authors’ result obtained in cooperation
with the laboratory of Prof. B. L. Karger, The Barnett Institute,
Northeastern University, Boston, MA.

In this paper, the effect of electric field strength {830
V/cm), temperature (3340 °C), and concentration of
denaturing additives (3.3 M urea and 20% (v/v) formamide)

on the migration of a model sample were studied. In later
studies addition of denaturants was omitted and an elevate
temperature was the only parameter found to control the

partial denaturin§?4626 It has been found that the above-
mentioned phenomena of meltingeannealing kinetics play

a crucial role in the separation efficiency, and therefore, high
temperatures and optimum migration velocities are beneficial

for resolving electrophoretic zoné%. Another parameter
which controls the kinetics is the counterion concentration.

It is known that a higher cation concentration accelerates

the renaturation. Thus, addition of 30 mM Nas sodium

borate to the conventional TBE buffer is used to reduce peak

broadening in CDCE?*
An important variation in CDCE is the conversion of

mutants into heteroduplexes with the wild-type sequence.

By boiling a mixture of a mutant sample with a predominant

Klepérnik and Bocek

5-fold increase in analysis tinf8” The sensitivity demands
are not so severe when mitochondrial point mutations are
analyzed since their rate is 20 times higher than in nu-
clear DNA. Thus, an injection of £Gcopies and detection
limits better than 10° proved satisfactory for detection of
mutations in human mitochondrial DNA in 7bm i.d.
capillary 528629

Application of high-fidelity PCR is one prerequisite for
improving the sensitivity. The errors which occur during
DNA synthesis (PCR noise) introduce additional artificial
mutations which can confound the mutation analysis in DNA
diagnostics and screenifig:%3!It has been shown that with
DNA polymerasePfu, the average error rate is decreased
to 6.5 x 1077. This is a rate which is low enough for
detection of point mutations in nuclear DNA:632

CDCE proved to be the most sensitive in the detection of
mutations in the K-ras gene exon 1 when compared to either
the allele-specific polymerase chain reaction or temporal
temperature gradient electrophoré8isRecently, a CDCE
methodology was developed for automated analyses in
commercial single-capillaf§*%37 and capillary arra§?863°
instruments with LIF detection. The most important advan-
tage of CDCE is the ability to detect rare mutations in the
pooled DNA samples of many individuals. Thus, the 1%

c]detection limit of CDCE for variants in the epithelial sodium

channel genes, which causes a severe form of hypertension
(Liddle syndrome), indicates that up to 100 individuals can
be analyzed in one CDCE réff. Other studies illustrate that
the CDCE-based mutational spectrometry of DNA pools
offers a feasible and cost-effective means of testing in order
to define the fine structure map of genetic variation in large
population samples. The cytotoxic T lymphocyte-associated
antigen-4 genes in type 1 diabetes were scanned for unknown
point mutations in pools of genomic DNA from a control
population of 10 464 young American aduit$ Also using
CDCE the mutations of the human P-globin gene were
scanned in a population of 5028 individuals as a single
pooled DNA sample. Three point mutations were identified
ranging in mutant frequency from 0.13 to 0.0005.

A substantial innovation in mutation screening is repre-

wild-type sequence, mutant homoduplexes are converted to S X
heteroduplexes containing one wild-type strand. Such het_sented by the automated multicapillary instrument HTMS

eroduplexes have significantly lower melting temperatures (SPectruMedix LLC, State College, PA) for high-throughput
than wild-type homoduplex, and thus, mutations can be mutation spectrometry furmsh_ed Wlt_hafracnon colleéfﬁr.
readily detected. An exampl,e of such a’n analysis is shown The fraction collection module is a microwell plate fabricated
in Figure 20. Here, the separation of three homo- and six from buffer-saturated agarose gel moving during the separa-

heteroduplex fragments amplified from p53 gene with two tion on a 3-axis translation stag®.The motivation for the

mutations at different positions (already described in Figure Preparative step is that the collected fractions can easily be
19) demonstrates the capability of this method. subjected to further treatment including PCR, restriction

It has been estimated that in order to study some rareanaIYSis’ sequencing, etc., to iden_tify the d?FePted mutat_ion.
variants of mutations in human populations, sensitivity to The instrument features high optical sensitivity (detection

. T : )
detect one mutated molecule amond wld-type ones is il 1 B i matr replacement. and fiaction collec
required®*? This number determines the total amount of DNA tion Tzé cJa lary array is ch)ivided into Six arouns of four
which must be injected into the capillary if a low-frequency X piffary y group

mutation is to be detected. Since the detection limit of LIF ;:apnlarlets, eacht o;gvchlcthan be.”_‘dep‘;igeglt'},’csgt at a
in capillaries is 18-10° of fluorescently labeled DNA emperature up to with a precision OE=v. y

molecules, the total amount of DNA loaded into capillaries solid-state heaters. Detection of low-frequency alleles from
should be derived from more than®Ifuiman cells to satisfy pooled samples using CDCE demonstrates the capability of

the sensitivity thresholff” This fact obviously represents the systent®’
serious limitations for the narrow bore capillaries routinely ; :
used in CE. Therefore, wide-bore capillaries of i.d. up to 3.5.2. Denaturing Gradient C&

540 um have been tested. The capacity and sensitivity to DGCE developed by Righetti's grotii$3625is a capillary
detect point mutations was improved by 3 orders of mag- modification of gradient gel electrophore§i8520.643645 Ag
nitude. However, in order to keep the separation efficiency, outlined earlier, the denaturing gradients can be generated
the separation speed had to be reduced, which resulted in as either space or temporal variations of the denaturing agents
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and temperature. In Righetti's experimental design the SNuPE reaction SNuPE products
temporal temperature gradient of the electrolyte inside the
capillary is generated internally simply by changing the a) wild type sequence

running voltage applied at the capillary ends. Thus, the Joule dT*TP
heating due to a gradual increase in the electric current CAATAC I —_— CAATAC
produces the temporal gradient of temperature which is ~ATGCCATG|C|TCG ~

evaluated theoretically by a computer progrdff?*’ In
temperature gradient capillary electrophoresis TGCE native
fragments are injected into a capillary maintained at a "
temperature (typically about 6@) below the melting point dT=TP CAATACT
of the low-melting domain and during the course of elec- CAATAC

trophoresis the temperature increases slowly (6@3 ~ATGCCATG|A|TCG ~

°C/min) above the melting temperature. Since the temper-

ature ramp must be very shallow' for good resolution, the ¢) repetitive nucleotides

absolute temperature increment is1L5 °C. In order to dT*TP

generate.this temperature gradient, the increase in \(oltage CAATACIT T — CAATACTT*
needed is typically over several kilovolts. The time- _aAtgccATG|AAlcG~

programmed temperature approach has been applied for
detection of point mutations in the human gendiiig+8.64°
Gelfi et al. used DGCE with temperature programming for
detection of mutations in cystic fibrosis transmembrane dT*TP

conductance regulator géhg®*8andS-thalassemia mutations TACAATA C > TACAATACT
A|ITCG ~

b) point mutation

d) longer primer

in S-globin gene*? ~ATGCCATG
Several papers focused on development of high-throughput
automated instruments with precise control of spatial and
temporal temperature gradiefi$8.Yeung's group used two
simple heating devices controlling a temperature gradient in
separation capillaries for detection of unknown point muta-
tions. A temporal gradient was established by the tempera-
ture programming of an aluminum heating plate connected

n arr f illaries through a thermal con iv
to an array of 96 capillaries through a thermal conductive Figure 21. Scheme of SNuUPE technique. Size-based separation

70 I -
paste’ In. another arrangement a °°”°ef“”9 heat ex reveals extension of primer: (a) no extension on wild-type template
changer with counter or parallel flow of deionized water (inyisible peak), (b) single nucleotide extension on expected point
through an inner and outer jacket provided continuous spa-mutation, (c) extension of two nucleotides, (d) several mutations
tial or temporal temperature gradiefits.In both cases, can be detected by multiplex reactions with primers of different
differences between homoduplex and heteroduplex frag-lengths. The asterisk (*) marks the fluorescently labeled deoxy-
ments were recognized in temperature gradients as high aghymidine triphosphate.
10 °C (6070 °C) per analysis run or capillary length. A . . . .
similar gradient (55°C for 10 min, 55-65 °C for 25 min) 3.6. Single-Nucleotide Primer Extension
generated in an adapted commercial Beckman P/ACE 5010 The single-nucleotide primer extension (SNuPE) method

system enabled detection of the Prol02Leu mutation in was developed for detection of known point mutations and
the open reading frame of the prion gene associated withgNps859.660 Nowadays, two main approaches are imple-
the GerstmannStraussler-Scheinker diseasé? Tempera-  mented in clinical practice: analysis of SNUPE products by
ture gradients, which cover a broad range of melting separation techniques or using microarr&y=t¢3 SNUPE is
temperatures, are advantageous for massive screening o4 modification of the Sanger sequencing reaction, where only
unknown mutations. It follows from the previous discus- dNTPs or ddNTPs of a single base are present in the reaction
sion, however, that the separation selectivity and effi- mixture together with a template, oligonucleotide primer, and
ciency decreases with the breadth of the temperature rampthermostable polymerase. Therefore, the term minisequencing
Thus, it is always a trade off between the separation (usually when primers or templates are immobilized on a
resolution and range of detectable mutations. The Spectru-solid surface) can also be found in the literature. Primers
medics HTS 9610 was developed for high-throughput and dNTPs are chosen to be complementary either to the
mutation detection by TGCE followed by sequencing of sequence immediately upstream of the mutation site or to a
chosen fragments. It is a 24-, 96-, 129-, or even a 386- nucleotide at this site Thus, a DNA polymerase recognizes
capillary fully automated sequencer with on-column LIF a nucleotide at the mutation site with a high specificity and
detection. Temperature control of the capillary array is dNTP extends the primer only if it is complementary. The
provided by hot air circulation with a precision of 0°C. advantage of this enzymatic reaction over hybridization with
Typically, a temporal temperature gradient of D (60— a specific probe is its high specificity, accuracy, and
70°C for 21 min) at a step rate of 0.4&/min is used>36>4 robustness. SNP tests can provide several extension products
Under similar conditions, the sensitivity of detecting a as shown in the schemes in Figure 21. Model reactions a
heterozygote in pooled samples, modeled as the ratio of theand b represent the setup where dT*TPs (asterisk marks the
amounts of mixed wild-type and mutant homozygous fluorescently labeled deoxy-thymidine triphosphate) are
samples, was evaluated as being 20n the past few added to the reaction mixture to detect the presence of the
years, temperature gradient CE has been becoming increasA > C substitution in a model sequence. Therefore, no
ingly popular in medical practic&>6%8 primer extension occurs on the wild-type sequence

electropherogram b c d

(TTLEN)
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(reaction a), while the presence of adenine substitution leads
to incorporation of labeled dT*TP into the primer (reaction
b). If ddNTP terminators are present in the reaction mixture,
either a single or no nucleotide is attached to the primer
sequence. However, if INTPs are used and there are two or
more of the same nucleotides in a row at the mutation site
on the template, then the respective number of the nucleotides
will be attached to the primer sequence (reaction c). Using
primers with variable sizes enables multiplexing of SNuPE

A4ATP
ddUTP-TAMRA

AdCTP-TAMRA
44aGcTp

T AL
- bbosehit AL AL LA et A b b -5

Allele-specific templates
S * - CCARAGTGCTGCTCAACAAGAGTT

3

[y aaad st

sn v L EELE LR L L e
3 -GGGEGAATTAGGTTTCACGACGAGTTGTTCTCAAATTCTGTTGACCTGTCCTT-5

reaction$®* Thus, more than one point mutation in a single Extension products
reaction can be detected at different positions on a template

and the primers of different sizes provide a size-selective 3! -CCARAGTGCTGCTCAACARGAGTTC-TAMRA
separation of products (reaction d). The electropherogram 5" -CCARAGTGCTGCTCAACARGAGTTU-TAMRA

Poak haight
. § 388, 88§

in Figure 21 shows a schematic separation of SSDNA
products, usually performed in conventional denaturing
electrolytes for DNA sequencing. Here, the invisible zone g Fragment analysis on ABI Prism 310
of unextended primer (reaction a) is followed by the products Allels C
of reactions b-d. A
Similar information can be obtained when a single
fluorescently labeled primer is extended by more than one Allste Allele T
nucleotide in a mixture of a single ddNTP (complementary / \ f \
to a point mutation) and other three dNTPs. In this case the
presence or absence of the mutation are indicated by
fragments of specific sizes since the ddNTP blocks the
extension either at the position of the substituent or at the
subsequent occurrence of the same nucle§tfdehis way,
only a single primer extension reaction is satisfactory for Oata point
identification of a heterozygote. Barta et al. used this strategy Figure 22. Schematic representation of the SNUPE assay exempli-
for detection of the most common mutation in the 21- fieq py analysis of theCYBB 285C > T point mutation. (A)
hydroxylase gen&® The occurrence of the individual peaks Depending on the allele, the SNUPE primer is extended by either
of Cy5-labeled 19-mer primer in excess together with 26- ddCTP-TAMRA or ddUTP-TAMRA in a one-tube reaction. (B)
and 35-mer products corresponds to this type of mutation. The resulting allele-specific products are distinguished and identified
Thus, the presence of 19- and 35-mer, 19- and 26-mer, and2" thetbgs's.tr?f Seq‘?en.ce'?ePe”dfegggmg”'ty in h';'%%g \f\}/.lstem-
19-, 26-, and 35-mer indicates the wild-type template and Liignlnng ;V'Subps?é?;'g/sgn‘]gﬁpvﬁey &Soggyrllr?c ney-
homozygous and heterozygous mutations, respectively. The '~ T
Emgler:;‘gsmfgtiﬂg:;eins%%a;ated in a 10% solution of PVP Three unique oligonucleotide primers designed as probes for
: : mutations of clinical importance in the human p53 gene were
Considerable effort has been invested to increase thecovalently attached to three unique frictional end labels, poly-
multiplexing capabilities of SNUPE analyses. A SNP geno- (N-methoxyethyl)glycine oligomers of 10, 20, and 30
typing of multiple loci of a sample in a single reaction and monomers in length. The short DNA molecules elongated
single subsequent analysis is a prerequisite for high- py an uncharged polymer chain do not behave like homo-
throughput and cost-effective clinical screening. High- geneous polyelectrolytes, their charge to size ratios differs,
resolution CE with LIF detection provides several ways t0 and therefore can be separated in free solution. The advantage
increase the throughput. An increase in information outcomesof this technique is a fast separation of SNuPE products in
from the analyses can be achieved not only by application free denaturing electrolyte, which can easily be performed
of capillary arrays for multiple parallel analy$&&553:667.668 i, icrofluidic devices.
but also by the selective size of primefs497and four The end-column electrochemical detection of SNuPE
or more Oilfsllé'gggiigg 4Iabe|s attached to dNTPs, ddNTPs, hq4ycts was described as an alternative to LIF deteétion.
Or primers. === "% The sizes of the primers indicate A 32 ,m carbon fiber inserted into the anodic end of the
the position of the polymorphism, and the fluorescent tags geparation capillary plays the role of a working electrode
can identify the polymorphic nucleotide at a site. To allow ¢ the sinusoidal voltametf® of DNA fragments labeled
the control of optimum annealing conditions for each primer, py ferrocene acetate. The electroactive molecule is covalently
individual reactions can be performed in separate tubes andsitached to the 'S5end of a primeB or to a ddNTP
pooled before the separatibfif. A significant sequence-  tgrminator33 The idea behind the implementation of elec-
dependent mobility shift of SNUPE products extended by ochemical detection is to construct a miniaturized, relatively
different nucleotides has been demonstrated by Matyas efineypensive and portable instrumentation for clinical practice.
al. They separated products of the same size, synthesized\psequently, this electrochemical detection system was
on the genomes of heterozygous individuals extended byiasted for SNUPE analysis in a microfluidic fornizt.
TAMRA-labeled ddCTP and ddUTP, respectively. (See
Figure 22)7®
Baron’s group used free-solution separation (ELFSE), i.e.,
without a polymer sieving medium, in a 96-capillary system  Various DNA diagnostic methods have very important
to demonstrate multiplexed SNP genotyping of several loci applications not only in the field of clinical chemistry but
in a single reaction with a single subsequent analydis. also in genetic and medical research as well as in forensic

4. Applications
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science. In recent years, an increasing number of papers have normal allele
focused on the development of CE methodologies for both 0ol mutated allele [| 8PP
detection of known mutations implicated in human diseases ' 95bp

and discovery of new oné§59.581.676680 Mytations in both

0 nm

coding and noncoding regions of genomic DNA lead to 08
multiple hereditary diseases including metabolic disorders ¢©
and neuropathological diseases. They are also implied in a.N_,
vast array of disorders such as cancer, heart diseases, atopi® 7]
disease, autoimmunity diseases, etc. Molecular identification 3
of pathological microorganism based on DNA analysis is % 061

another important example of the use of DNA diagnostics 2
in clinical medicine?'2:27753The potential of CE techniques
for haplotyping, an essential method for the association-basedQ 957 heteroduplexes
gene mapping of disease-susceptibility genes in the study 4,

apso

of Mendelian and complex diseases, was also demon-2 g,
strated'®268! ©
o
4.1. Cystic Fibrosis 031
Cystic fibrosis is a monogenic, chronic disease affecting : : : . : . :
multiple organ systems, leading to death with an average 30 31 32 33 34 35 36

life span of 28 years. It is one of the most common autosomal time [min]
recessive disorders found in Caucasians in Europe and North

America with an incidence estimated at 1 in 3000 live births. Figure 23. Detection of the most common mutatiaxF508, a
Detection of mutations causing cystic fibrosis (CF) has been 3-base pair (CTT) deletion, in cystic fibrosis transmembrane

- regulator CFTR gene of a heterozygote. AFLP method provides
the object of tremendous research efforts over many years.quments of sizes 95 (mutant) and 98 bp (wild type) and their

Linkage analysis indicates a presence of a single CF locuscompinations in the form of heteroduplexes. Electrophoresis at 164
on the long arm of the human chromosome 7, band € 31 v/cm in a 50 cm long fused silica capillary filled with 2% solution
32. The locus spans approximately 250 kbp, contains 24 of SeaPrep agarose in 1xXTBE buffer. Unpublished authors’ results.

exons with a total length of 6129 bp, and encodes a

polypeptide of 1480 amino acids entitled the cystic fibrosis eH o C
transmembrane regulator (CFTRA 3 base pair (CTT) “NH SN

deletion is the most common mutation in the CF gene and H I N/g

results in the absence of the phenylalanine codon at position °

508 of the amino acid sequence. This mutation has been N o G
designatedAF508 and is thought to affect a putative ATP L

binding domain of CFTR. The commonly used primers for o” ™ </N I NH

a PCR assay for detecting th®F508 mutation provide H N ~“m,

fragments differing by 3 bp can easily be resolved using
electrophoretic techniques (see Figure 23). Fast and easy
analysis using capillary electrophoresis is especially suitable Figure 24. Segment of peptide nucleic acid.
for rapid detection oAF508 in “urgent samples” in prenatal
diagnostics, thus permitting a low-cost screening of the histidine buffer (pH= pl = 7.6) in 10% polyacrylamide.
population??682-686 The combination of very low conductivity together with a
More than 1500 CFTR mutations are listed in the CF satisfactory buffering capacity allowed separations in less
Mutation Database. Gelfi et al. used various CE tech- than 10 mirf®8
niques for detection of many of the frequent CF muta- An interesting approach to mutation detection is the use
tions513.625,683,684,687.68Fhey analyzed point mutations located of labeled peptide nucleic acid (PNA) oligomers as hybrid-
in exon 11 (G542X and others), exon 17b (R1066H, R ization probe$860The structure of a PNA chain segment
1066C, F1052V), exon 20 (S1251N), and two polymor- carrying cytidine and guanine bases is presented in Figure
phisms located in exon 14a (V868V, T854T) of the CFTR 24. PNA oligomers have a higher affinity and selectivity in
gene using DGCE with temperature programnfifg?® binding DNA and RNA than the naturally occurring nucle-
Sequence variation is sometimes designated as polymor-otides. This permits specific sequence detection with simul-
phism, indicating that it is not in fact disease causing. The taneous size separation of the target DNA. Perry-O’Keefe
same group identified two main allelic forms, one hexameric et al. tested this method for detection of a single base
and one heptameric of a tetranucleotide (GATT) repeat mutation in a clinically relevant assay. They detected a very
polymorphism at the junction of intron IVS6a and exon frequentW1282Xmutation, a substitution of G for A at
6b 525687The hexameric allele has been found to be strongly position 4041 in exon 20 of the CFTR gene of cystic fibrosis
linked to the AF508 mutation and, in combination with carriers®®® First, a fluorescein-labeled PNA probe was
additional polymorphic markers the GATT repeat, may allow hybridized to a denatured DNA sample at low ionic strength.
determination of the chromosomal background from which The probes which carried 15 bases were synthesized for both
AF508 arose. The poly-T tract in intron 8 of the CFTR gene mutant and wild-type sequence. Then the sample was injected
was identified in three variants 5T, 7T, and 9T (5T generates into the capillary filled with a solution of 1% PEO in 1XTBE
anomalous protein) and analyzed in isoelectric 200 mmol/L buffer, and the PNA/DNA complex was separated from any

fragments of sizes 95 (mutant) and 98 bp (wild type). Such
L3
o
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excess of the PNA probe at a temperature of°60 The identical TAMRA dye were completely separated (see Figure
elevated temperature increased the stringency of the method22). Thus, not only the presence of different alleles but also
The only charge of the neutral PNA backbone is that of a their relative frequencies could be determined both repro-
fluorophore. In principle, the analysis can be performed also ducibly and accurately. It has been shown that a difference
in free denaturing electrolyte, i.e., without a sieving medium. in allele frequencies as low as 0.8% and relative allele
frequencies as low as 1% can be accurately detected by this

4.2. Down Syndrome method®7®

The good quantitation possibilities of CE can also be 44 Thalassemia
demonstrated in gene dosage analysis in prenatal diagnosis
of Down’s syndrome. Down'’s syndrome is caused by partial  The thalassemia diseases are a group of inherited anemias
or complete trisomy of chromosome 21. The hallmark of characterized by a reduced production of hemoglobin. The
this disease is mental retardation and cardiac and othermost common type of adult hemoglobin, hemoglobin A, is
malformations. Detection of chromosome 21 dosage in fetal composed of four heme groups, tweglobin chains and
cells obtained from amniotic fluid or neonatal blood allow two -globin chains. There are two-globin genes on each
for prenatal or postnatal diagnosis of trisomy 21, respectively. chromosome 16 and orfeglobin gene on chromosome 11.
It is clear that the initial step of PCR amplification has to be The a- or f-thalassemias are characterized by deficient
conducted in a quantitative manner to ensure that the amounfroduction of the respective- and 3-globin polypeptide
of product is proportional to the amount of the original chains. There are hundreds of mutations withinfdfgobin
template?®? gene, but approximately 20 different alleles represent 80%
Furthermore, the injection and detection procedures in the of the mutations described worldwide. Gelfi et al. detected

CE system should not discriminate any of the analyzed DNA three point mutations and one deletiorfkglobin gene using
fragments; otherwise, the extent of the discrimination must DGCE®* The same group developed an interesting method
be knownt®36% The method was developed for a highly for separation of relatively short fragments of globin-
polymorphic tetranucleotide STR region of the chromosome €ncoding DNA in free solution acidic buffe?®: The four

21, the specific D21S11 mark&®¢ Since the polymorphism  different nucleotides have significantly different charges at
serves only as a marker which does not cause the disease?Hs lower than 3.5. Thus, this technique allows electro-
the following quantitative results can be expected. (1) For Phoretic separation of fragments shorter than 100 bases
normal homo- or heterozygotic individuals, a single peak differing even by a single nucleotide in an electrolyte without
with double intensity or two peaks with equal intensity will ~addition of a sieving medium. In this study the point mutation
be present, respectively. (2) For individuals affected by -39 (C > T) in codon 39 off-globin gene was analyzed.
trisomy 21, three variants are possible: (i) three peaks with At pH 3in 50 mM of phosphate buffer wit7 M urea the C
equal intensities, (i) two peaks, one with double and one base is protonated while T does not carry any charge. Thus,
with single intensity, and (jii) a single peak of triple intensity the difference in charges of the mutant and wild-type ss

in rare cases of homozygosity_ fragments is sufficient for the baseline separation in the free
solution%96
4.3. Marfan and Ehlers —Danlos Syndrome Multiplex minisequencing with site-specific primers and

fluorescently labeled dideoxynuxcleotides was successfully
Marfan and EhlersDanlos syndromes are genetic disor- uysed to detect several commghthalassemia mutations.

ders resulting in defects in connective tissue formation and Mini-sequenced products were separated and detected by
subsequent defects of skin, joints, bones, eyes, and aortagapillary electrophoresis followed by automated genotyp-
The former is caused by a mutation in the fibrillin gerigN1 ing 573
and the latter by defects in genes encoding various types of
collagen COL family). Another example of a quantitative 4 5 Duchenne and Becker Muscular Dystrophies
CE analysis in DNA diagnostics is the quantified analysis
of SNPs as genetic markers for these diseases. SNPs are Numerous research groups have focused their efforts on
increasingly popular as genetic markers because of their greathe detection of mutations involved in hereditary muscular
abundance and amenability to fully automated genotyping. dystrophies, e.g., Duchenne and Becker muscular dystrophies
As already shown, SNUPE technology in connection with (DMD/BMD). These genetic disorders are characterized by
fluorescently labeled dideoxy terminators has numerous progressive muscle dystrophy and weakness that frequently
advantages for detection of SNPs using CE. Matyas et al.lead to complete immobility and, subsequently, death due
used a CE-LIF system for an accurate quantification of SNP to respiratory infections. Molecular genetic mapping studies
variants in transcripts and pooled DNA in a one-tube SNUPE indicate that both diseases are X-linked disorders caused by
reaction to determine the transcript levels of the heterozygousmutations in the remarkably large gene, spanning 2.5
human gene$BN1 and COL5A1%7> The FBN1 gene on megabases atp21 This gene encodes a protein of 427 kDa
chromosome 15 encodes fibrillin, while tH@OL5A1 on called dystrophin. Duchenne dystrophy affects approximately
chromosome 9 encodes type V collagen. Fragments of four3in 10 000 live-born males, while Becker dystrophy is about
different geneskBN1, COL5A1 CYBB andHBB) contain- 10 times less frequent. Approximately two-thirds of the
ing seven different SNPs representing three different basemutations responsible for these two disorders are deletions
changes (G T, A > G, and A> T), were chosen to validate  of one or many exons in the dystrophin gene. About 30% of
the methodology. The SNUPE reaction products labeled with cases of Duchenne dystrophy are mutations de novo, and
TAMRA fluorescent dye were separated in a POP-4 separa-thus, 70% of mothers of affected children are carriers of the
tion medium. Interestingly, all product pairs, both mutated mutation. In the remaining 30% of cases the disease results
and wild type, 26-25 nucleotides in size, differing only in  from a new mutation. Therefore, a fast and relatively simple
their 3 extended base composition and labeled with the screening method for this mutation would be highly desir-
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able?!! Gelfi et al. optimized the molecular mass of a sieving
polyacrylamide and composition of PCR primers for mul-
tiplex amplification of fragments related to frequent deletion
sites in 18 exons of the dystrophin gene. The 18 fragments g
(sizes 88, 113, 139, 154, 170, 196, 202, 238, 268, 271, 313,5

A. $X174 Hae I1I Ladder «—1353bp

603 bp

ence

res

281 bp
’ ) l 1 27 bp
and successfully separated in a 6% solution of LPA (mol 118 bp \l

mass 250 kD&") in 1xTBE buffer (pH 8.3)>%° l

Characterization of carrier status in females as well as exon o) A h M
duplications or deletions in affected males can be achieved i ; i
using various precise quantitative approaches for gene dosage 0 100 200 300
analysis. It should be emphasized here that a simple Time (sec)
quantitative estimation of a component from the respective
peak height or by a simple visual inspection is inaccurate in
the majority of instances. In any quantitative analysis the
relationship between the sample amount and the detection
signal must be known. The area of a peak in CE-LIF is
determined not only by the amount of the sample injected
but also by its migration velocity and the intensity of the
fluorescence. Thus, the recorded peak areas must be cor-2
rected. Fortina et al. reported the use of a quantitative CE-
LIF analysis of multiplex PCR products for determination - g
of carrier status of DMD/BMD. The authors used a 0.5% 0 100
solution of HPMC in x TBE buffer with addition of 0.5%
glycerol and an intercalating fluorescent dye YO-PRO-1 for
separation of the mixed products from multiplexed PCR
reactions. All products ranging in size from 113 to 547 bp
were separated in a mere 10 rithObviously, the PCR must
be truly quantitative, i.e., all fragments must be amplified
with the same yield. In the case of X-linked disorders such
as DMD, there are only three possible quantities for the
fragments amplified on particular exons: (i) double the
amount of the product amplified on the gene of a healthy
woman or an affected man with an exon duplication, (ii) an . . . ,
amount equal to a male or a carrier heterozygotic woman, 0 100 200 300
or (iii) the absence of the respective fragment in the case of Time (sec)

a proband. Therefore, only a relative correction method using Figltlre 25(A)Mgcr00hirt), Sepé}}raDﬂ'i\?Rsl eégpmyiqg t:?es é}pmli(z;e% 8Uffi;
system. eparation o adder with 3.5% , 80 m
a standard fragment (756 bp) vyas uséd. . MES/40 mM TRIS buffer system with a field strength of 375 V/cm.
Several reports showed an increased throughput in the(g) Separation of a mulitpiex PCR sample from a patient negative
detection of mutations causing DMD/BMD using a CAE for DMD utilizing the optimized buffer system. Field strength of
system with a bundle of 48 capillarf® and ultrashort 375 V/cm. (C) Separation of multiplex PCR sample of a patient
migration distances in microfluidic devicé¥:5986% An diagnosed with DMD utilizing the optimized buffer system. Field

; ; S strength of 375 V/cm. Reprinted with permission from ref 209.
example of such fast separations is sh.0\'/v.n in Figure 2&?. Copyright 2003 American Chemical Society.
Cheng et al. demonstrated the feasibility of performing

complex PCR assays in microfabricated devi¢ésan Ferrance et al. used commercially available microchip
effective method for amplification of. Fhe loci cont_rlbutlng electrophoresis instrumentation and methodoléffipr the

to DMD/BMD was performed on a siliconglass chip and  analysis of DMD-associated mutations in less than 2 §#in.
transferred to another microfluidic device for electrophoretic Automatically calculated peak areas of normal PCR- ampli-
analysis. The micromachined device used in this study hadsigq fragments were compared to those amplified using
channel widths of 5660m and a depth of 10m; sample  genomes with mutations. It is known that not all DNA targets
injection was by channel cross, and the separation distance;mplify to the same extent, and concentrations of amplified
was 2.5 cm. The channels were filled with an in situ nroqucts may vary between reactions. Thus, multiplex PCR
polymerized separation matrix, 3% (w/v) LPA in &$BE amplification may introduce an error in quantification.
with addition d a 1 mM TO-PRO intercalating fluorescent Therefore, the authors reduced the number of PCR cycles

dye. Migrating DNA fragments were excited by the 514 nm 5 |ess than 20 in order to obtain more accurate quantifica-
line of an argon-ion laser, and the fluorescence signal wastjg, 699

collected using a 20 objective lens (NA= 0.42), followed

by spatial and spectral filterirf§® It is worth mentioning , ; ;

here that microfluidic devices have the advantage of elimi- 4.6. Leber's Hereditary Optic Neuropathy

nating the electrophoretic injection bias frequent in CE since  This disease is caused by three types of mutations affecting
the samples of DNA fragments are introduced hydrodynami- genes coding for the protein involved in mitochondrial
cally via the classical channel cross. This bias deteriorateselectron transport. Clinically, the disorder is characterized
gquantitative analysis due to fragment size discrimination by apoptotic cell death of the retinal ganglion and subsequent
when electromigration sampling is appli&g5%* optic nerve atrophy. Affected individuals suffer from pro-
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gressive vision loss frequently to the point of complete marker of cancef?* 73° Mathies’ group developed a sensitive
blindness. There is no known therapeutic approach for two-color labeling method with ET primers for the high-
stopping or reversing the process. The three point mutationsthroughput STR-based screening of bladder cancer pa-
(G > A) responsible for the disease in the mitochondrial tients’3! Detection of a size difference in PCR amplicons
genome at positions 3460, 11 778, and 14 459 were suc-from normal and tumor DNA is an indication of expansion
cessfully analyzed using the ligase chain reaction (I3X®¥R) or deletion in the microsatellites in the five different loci
and SNuPE“ products. Muth et al. optimized the temper- used as markers. Normal and tumor DNA were labeled using
ature and number of cycles of LCR as well as the separationET primers with 5-carbohydroxyrhodamine-6G (R6G) and
conditions for a fast CE analysis with LIF detection. Three ROX as acceptors, respectively. (See Figure 7 for the
fragments carrying the mutations were amplified by multiplex structure of the ET primer.) The labeled fragments were
PCR on the mitochondrial DNA template followed by LCR. separated in capillary arrays filled with a solution of 2% HEC
The primers designed for LCR at positions 3460 and 14459 with 1xTBE, 5.6 M urea, and 32% formamide. The
had additional polythymidine tails of 10 and 20 bases, variations in the ratios of the integrated peak areas of
respectively. Thus, the length differences of the LCR individual alleles (tumor/normal) served as criteria for the
fragments were modified for easier separation. The fragmentstumor diagnostics.

intercalated by ethidium bromide were analyzed in the A widely used strategy for the preparation of fragments
capillary of an effective length of 7.5 cm filled with a solution  from coding regions of genomic DNA utilizes reverse
of 1% methylcellulose in only 90 ¥° Piggee et al. transcription of mMRNA to cDNA and its subsequent PCR
demonstrated the use of the SNUPE method for detection ofamplification (RT-PCRY.732740 Another method used in
the same set of mutations. They also amplified three DNA cancer diagnostics is the monitoring of telomerase activity,
fragments from three mitochondrial DNA samples for use a useful biomarker for early detection of cancer. Telomerase
as templates in the SNUPE reactions. Fluorescently labeledactivity correlates with tumor progression, indicating that
dideoxy adenosine or guanosine was used as a terminatotumors expressing this enzyme exhibit aggressive clinical
for the extension, making it possible to distinguish between behavior and unlimited proliferation and immortalization of
the wild-type DNA (containing cytosine) and the mutant one cells27474-743 Many other useful applications of CE in cancer
(containing thymine). The products were separated in the research857.744747 gnd clinical diagnosti€es.721.732.734,738,74351
capillary filled with a solution of 10% polyvinylpyrrolidone  have been published including the implementation of mi-
in 50 mM Tris-TAPS buffer and 3.5 M uré&? crofluidic devices71.710.720,737,742

4.7. Cancer

In contrast to hereditary disorders, which are either 4.8. Forensic Applications
inherited or occur de novo, almost all cancers result from  The speed and reproducibility of CE analysis makes it
multiple mutations accumulated in an individual's gene- especially useful in forensic applications. DNA typing based
tic material later in life. DNA diagnostic methods are on recombinant DNA technologies has become one of the
used routinely to detect residual malignant cells (indi- most powerful tools in forensic medicine and criminal
cating residual disease) after chemotherapy, whole bodyinvestigations including personal identification and deter-
irradiation, or stem cell transfer therapy. The following mination of paternity?®7>27>3Nowadays, PCR-based tech-
DNA analysis techniques are frequently used for detection nologies detecting short polymorphic stretches of DNA are
of mutations causing cancéf® 7% RFLP/AFLP;02-707 becoming increasingly utilized to replace classical finger-
SSCPP68569,575,578,579,589,592.509,604 7 (CDC[E364/627/633635,637,638, 713715 printing. The DNA loci containing suitable polymorphism
TGCEPS16.7167175qyPES84675.718.71%nd heteroduplex analy- — sites are situated exclusively in noncoding regions, which
Sis272705.714,720722 Kyypers et al. developed a method for in fact represent about 90% of the human gendtha@he
quantification of residual disease in patients undergoing targets for the classical VNTR are loci of up to 10 kb long
treatment for follicular lymphoma®&3In 70—90% of patients ~ and composed of segments of hundreds of nucleotides and
with this type of lymphoma a reciprocal translocation can have more than one hundred repeats. However, analysis
between chromosomes 14 and 18 is found and serves as &f polymorphism in VNTR typically requires-510 ug of
tumor-specific marker. This very common tumorigenic intact genomic DNA, an amount that is frequently difficult
translocation is a reciprocal chromosome exchange thatto obtain®® Forensic DNA typing, therefore, often requires
places théacl-2 proto-oncogene (located on chromosome 18) use of techniques that allow the use of much smaller samples
under aberrant transcriptional control of the promoter for the and detection of much shorter repetitive loci. Such loci
immunoglobulin heavy chain gene (located on chromosome proved to be STR, which are composed ef2nucleotides
14). Thus, PCR amplification of the region containing the repeated up to a length of 8@00 bp. Due to the short
translocation breakpoint can sensitively detect the presencesegment of STR loci, the PCR of a single STR often requires
of any malignant cells. The amount of cells can be estimatedas little as 50 pg of template DN#8680.754
by a comparison of the peak areas of two DNA fragments  As we know from Mendelian genetics, for any given gene
with different sizes amplified using both the patient’s and one allele is inherited from the mother and one from the
the standard genomes simultaneously. This competitive PCRfather. Thus, the comparison of about five single-locus DNA
amplification effectively eliminates the usual problems with profiles produces strong evidence for identity and establishing
variation of the product yield due to small changes in reaction paternity/maternity. In DNA typing, the identity is deter-
conditions and provides a reliable quantification. Obviously, mined by calculating the probability that a given individual
standards of related fragments and calibration are neededvould have a specific set of alleles at a given STR locus.
for evaluation of the absolute amount of molecules with the The multiplex STR methods currently used have matching
translocation. probabilities so high that they can easily identify one single

In several publications, the variability in STR identified individual among all humans with practically no chance of
by CE was demonstrated as being a significant diagnostican error. When 13 STR loci are analyzed and combined the
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probability that two individuals would have identical sets is type of analysis is that the sample is completely denatured
lower than one in a trillior{>® prior to analysis. Therefore, addition of formamide, heating

One of the first publications demonstrating the applicability t© 95 °C, and a low ionic strength of the sample solution
of CE in forensic analyses was that of McCord et al. They are recommended to protect its denatured state during
analyzed two genetic VNTR loci D1S80 (human chromo- injection. As an alternative, separation of the sample mixture
some 1 locus 80) with a 16 bp repeat unit and the STR locushas also been demonstrated in a similar sieving environment
SE33 (ACTBP2). Their experimental design used a CE but without urea and using an elevated temperature program

system with an absorbance detector and capillary filled with (70 °C start, 55°C end). The high temperature not only

a replaceable 0.5% solution of HEE. Srinivasan et al.
described the analysis of three different genetic loci, VNTR
locus D1S80, VNTR locus in the apolipoprotein B gene (14
bp repeat), ath a 2 bprepeat in mitochondrial DNA, using
DNA extracted from three human hair roots as a temgféte.
While the initial effort to analyze these products using a CE
system with UV detection at 260 nm failed, LIF detection
of the products intercalated with TOTO and YOYO fluo-
rescent dyes was successflilLater on a genetic typing with

increased the separation speed but also improved the peak
shape’® A similar mixture of specifically fluorescently
labeled allelic ladders was used for optimization of denatur-
ing electrophoresis with HEC as a sieving medium using a
highly automated single-capillary ABI Prism 310 Genetic
Analyzer (ABI Foster City, CA) with multiwavelength
fluorescence detection. The optimum separation of multiple
loci (D3S1358, FGA, CSF1PO, TPOX, THO1 VWA, vVWA)
was demonstrated in 3% w/v HEC (40 kDa) with 100 mM

the D1S80 allelic ladder as an absolute DNA standard was Tris-borate (pH 8.4) and 7.1 M urea at a temperature of 60
demonstrated in CE systems with LIF detection. Zhang et °C within 30 min. The average resolution obtained was 1.4

al. used a 2% solution of poly(ethylene oxide) (8 MDa) as

bases for a 200 bp fragment with a standard deviation of

a sieving medium and ethidium bromide as an intercalating Sizing of 0.2 base®? Sizing precision with a standard

fluorescent labet®® Mitchel et al. used a 0.3% HEC and a
YO-PRO-1 intercalating dye for analysis of the same IG8us.
The analyses of STR polymorphism of HUMTHOL allelic
ladders with the four-nucleotide repeat unit AATG are very
frequent. This specific marker is located within the intron 1
of the Tyrosine Hydroxylase (TH) gene on human chromo-

deviation <0.16 nt was achieved using denaturing POP-4
polymer consisting of linear poly(dimethylacrylamide), 8 M
urea, 5% 2-pyrrolidone, and 1 mM EDT®%E The standard
allelic ladders were resolved using this approach at a
temperature of 60°C. Implementation of multicapillary
sequencers into gene typing opened up the possibility of fully

some 11. Gene environment interactions and sex-specificautomated analyses of many samples and simultaneous

genetic effects have been observed when HUMTHOL1 vari-

analyses of several specifically labeled loci in a single run.

ability was analyzed. McCord et al. analyzed genetic markers Reliable simultaneous genotyping of many samples is

HUMTHO1, VWA, and MBP by separating individual alleles
in a 1% solution of HEC and detecting LIF signal of the
DNA fragments intercalated by YO-PRO-1 fluorescent
dye3! The STR locus VWA is a four bp repeat (AGAT)
located on chromosome 12 within the intron 40 of the
VonWillenbrand factor gene. The MBP is a human myelin

facilitated by the co-amplification of two or more polymor-
phic loci into one PCR. The sizing of over 240 samples of
multiplex STR systems using capillary arrays yielded an
average within-run precision af0.13 bp and between-run
precision of+0.21 bp for fragments up to 350 Bf.Up to

96 samples can be processed using capillary arrays filled

basic protein gene on chromosome 18 which contains two with a solution of 1.25% HEC (150 kDa) in<ITBE with 7
STR, each of four bp repeat TGGA. There are other highly M urea and 10% formamide within 70 mi#. Different
polymorphic loci of four bp STRs that are frequently used multiplex STR systems can be analyzed simultaneously using
as genetic markers for personal identification. The mixtures capillary arrays as well as by utilizing the four-color detection
of their alleles are also frequently used as the absolute sizingsysten®® All of these innovations permit increased sample
standards: HUMFES (AAAT), TPOX (AATG), CSF1PO throughput. Significant progress in the development of
(AGAT) and D5S818 (AGAT), D13S317 and D7S820 electrophoretic microdevices is also having a strong positive
(GATA), FGA (TTTC). Although the polymorphic nature impact on DNA-typing technology. For example, Schmalzing
of these loci is characterized by four bp repeats, sometimes,et al. simultaneously analyzed four STR loci on a 2.6 cm
due to a difference in length and sequence of the whole repeatong chip in a mere 45 s (see Figure 28).
element, even a single bp resolution is required for the proper
characterization of an allele. For example, the THO1 allele
containing nine complete tandem repeats (AATG) and a unit
with only three bp (AAT) will differ by a single bp from Over the past two decades, analytical chemists adopted
the allele with 10 complete tandem repeats. Therefore, a levelthe challenge of the Human Genome Initiative and success-
of a single bp resolution for fragments up to 400 bp in size fylly developed the CE instrumentation and methodology
is necessary for a reliable analysis of STR polymorphism. resulting in fully automated apparatuses capable of sequenc-
Van der Schans et al. demonstrated that the separation ofng the human genome at a reasonable price. Not only DNA
STRs is more selective when performed under denaturingsequencing but also DNA genotyping based on multiplex
conditions. They used the STR allelic ladders HUMTHO1 analyses of polymorphisms and mutations have greatly
and HUMFES and separated them in a solution of 4% benefited from these developments. Such analyses play an
polyacrylamide (polymerized at 4C) in 7 M urea and 50 increasingly important role in biological and medical research
mM TBE buffer® Similarly, Zhang et al. reported the as well as in clinical practice. The result is that CE fully
simultaneous analysis of VWA, THO1, TPOX, and CSF1PO automated systems have become the most widespread
STR loci under denaturing conditions with single-nucleotide instrumentation for DNA analyses. There were four crucial
resolution. The samples were separated in a denaturingdevelopments in the evolution of these high-throughput
mixture of 1.6% (8 MDa) and 1.5% (600 kDa) solution of automated systems: (i) powerful replaceable sieving media,
PEO in IxTBE buffer with 3.5 M ured>® Critical for this (ii) arrays of more than 100 capillaries, (iii) highly sensitive

5. Concluding Remarks
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Figure 26. Microchip electropherogram for the four-loc@I T
allelic sizing standard. The chip contained 45-mm-deep channels,
a 100-mm sample injector, and a 26-mm-long separation channel.
The separation was performed at 8D with a field strength of
500 V/cm in a sieving matrix that consisted of 4% linear
polyacrylamide in 1XTBE buffer with 3.5 M urea and 30% (vol/
vol) formamide. Reprinted with permission from ref 333. Copyright
1997 National Academy of Sciences, U.S.A.
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LIF detection systems compatible with capillary arrays, and
(iv) sophisticated software enabling data processing within

analyses times. This review has demonstrated the funda-

mental importance of miniaturization for development of
high-throughput analytical technologies in this field. Further
miniaturization of CE analytical instrumentation resulted in
separations performed using microfluidic devices and de-
creased typical analyses times from minutes to seconds. Suc

Klepérnik and Bocek
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