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We have studied the migration behavior of single-stranded DNA using capillary gel electrophoresis under
various conditions. It was found that optimum electric fields should be less than 150 V/cm for the good trade-
off between the separation time and the resolution. It seems that the gel matrix with the combination of different
polvmer average molecular weights is important to extend the maximum readable DNA bases. The total gel
concentration less than 3.1% in the mixed gel system showed good separation efficiency up to 600 bases. The
best result was obtained with the poy(ethvlene)oxide (PEQ) gel concentration of 1.2% of Mr 8,000.000 and
1.8% of Mr 600.000. We observed that the capillary length between 50 cm to 100 ¢m (effective length) should
be emploved for the optimization between the total DNA migration time and the maximumn readable length. A
triza base-boric acid-ethlvenediaminetetraacetic acid (EDTA) (TBE) buffer was commonly used for DNA
sequencing. but we found that 3-[tris(hvdroxymethyDmethvl amino]-1-propane sulfonic acid (TAPS) buffer
worked as well for the single-stranded DNA separation. Especially. TAPS buffer showed a good resolution for
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very short DNA bases (1 to 30 bases).
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Introduction

Rapid and efficient separation of single-stranded DNA has
been the kev issue in the era of Human Genome Project.'
Although post-Genome projects are focused more on proteins
and drug development.*® DNA separation is still important
in the research area of biochemistry, molecular biology, and
medicinal chemistry.” For example. single nucleotide poly-
morphism (SNP) is known to be the main source of genetic
diseases® and SNP analysis requires DNA sequencing with
one-base resolution. In forensic analysis, the analysis of
DNA fragments with four- to five-base resolution in tandem
DNA repeats has been studied.>"

Slab gel electrophoresis has been the method of choice for
DNA fragment analvsis. Low-cost and easy-operation made
it feasible for routine analysis in many research laboratories.
However. there are many drawbacks such as gel deformation
under high electric field. low sensitivity. long analysis time.
and low resolution.'' After capillary electrophoresis (CE)
was infroduced in scientific society around mid-1980. it was
greatly emploved for the study of biomolecules due to high
sensitivity. high resolution. short analysis time. and automation
capability.'~*

Depending on the mode of separation. there are many
ways to be called in capillary electrophoresis. capillary zone
electrophoresis (CZE). capillary isoelectric focusing (CIEF).
micellar electrokinetic chromatography (MEKC). and capillary
gel electrophoresis (CGE). For DNA separation. the
discrimination of DNA according to its size is needed since
in the view of polvmer. DNA is simply polyanion. Among
several modes of separation. CGE has been extensively
emploved since the gel matrix provides the capability of
sieving for different sizes of DNA fragments "

CGE has been extensively emploved for the study of DNA

sequencing.'® DNA restriction fragment analysis,”’ and
polvmerase chain reaction (PCR) fragment analysis.'® In
CGE, one- or four-base resolution was easily obtamed by the
proper choice of gel matrnx and concentration.

The charactenistics of double-stranded (ds) DNA m CGE
were well mvestigated as ds DNA 1s thought to have the
persistence length of about 50 base pair (bp). The Rose chamn
model has been used for the explanation of migration
behavior of ds DNA mm CGE with the sieving mechanism of
Ogston, reptation. and biased reptation depending on the
length of ds DNA.'* However. single-stranded DNA, which
1s the mam target in DNA sequencing and SNP analysis.
does not provide any systematic model since single-stranded
DNA is a lot more flexible than ds DNA. Therefore. there 1s
no persistent segment in DNA and its molecular behavior is
quite different from that of ds DNA. The study of the
migration behavior of single-stranded DNA under various
conditions in CGE would be important for DNA sequencing
and SNP analysis.

Conventionally. a cross-linked polyacrvlamide gel has
been emploved especially in slab gel electrophoresis. How-
ever. the problems associated with bubble formation. gel
inhomogeneity. and the short lifetime of the gel matrix made
it less feasible in CGE. Water-soluble polymers including
linear polyacrvalmide.™ cellulose derivatives.”' and poly-
vinyl pyrolydone (PVP)™ has been introduced as the sieving
matrices inside the capillary. They provide the transient
network for a size-dependent separation for the separation of
DNA fragments. A very flexible polyvmer. polvethylene oxide
(PEQ). showed several advantages over those polymers
since it is commercially available. produces very homogene-
ous solution. and has well-defined relative molecular
weights.”

We have investigated characteristics of single-stranded
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DNA under different conditions in DNA sequencing. The
migration behavior of single-stranded DNA using poly-
ethylene oxide solution as sieving matrix is addressed in this
paper.

Experimental Section

Chemicals. Bare fused silica capillaries with 75 gm i.d.
and 375 m o.d. were purchased from Polymicro Techno-
logies. LLC (AZ. USA). A detection window was prepared
by burning the polvimide coating with a hot sulfuric acid.
Urea was obtained from Sigma Chemical Co. (MO. USA)
Formamide for DNA denaturation was from also Sigma
Chemical. Tris base. boric acid. acetic acid. 3-[tris(hy droxy-
methyl)methyl amino]-1-propane sulfonic acid (TAPS) and
EDTA (all from Aldrich. W1, USA) were used for TBE or
TAPS buffer preparation. Deionzed water was used for this
experiment. Polvethylene oxide (PEO) with Mr 8, 000, 000
and 600, 000 were from Aldrich. PGEM/U DNA was
prepared by cvele sequencing with AmpliTag FS poly-
merase, and terminator labeling with standard ABI reagents.

Capillary electrophoresis. The mun buffer was prepared
by dissolving 3.5 M urea in 1X TBE solution (90 mM Tris.
90 mM borate. and 2 mM EDTA) or TAPS (90mM TAPS
and 2 mM EDTA) solution. The buffer was filtered once
with 2 pm filter paper (Milipore Corp. MA, USA). The
polvmer gel was prepared by gradually adding PEO with
desired concentration of Mr 8 000 000 and 600 000 in 20 mL
of the buffer at room temperature. After addition. the polymer
gel was stirred for more than 12 h, then the resulting gel was
degassed by vacuum.

A high-voltage power supply (Spellman. NY. USA) was
used for electrophoresis. A 1.0 mW He-Ne laser (Edmund
Scientific Co. NJ. USA) with 343.6 nm output was used for
the excitation of DNA labeled dve. Two RG610 optical filters
were used to block scattered laser light. The fluorescence
signal was transferred directly through a low-pass filter to an
A/D interface board (LabView. National instruments Co..
TX. USA) and stored in an IBM compatible computer at 3
Hz

Bare capillaries were cut with effective lengths of 25. 50.
70. and 100 ¢cm. The capillary was flushed with 3.0 mM HC1
solution for 0.5 h before PEO gel was introduced. The
selected PEO gel was pushed into the capillary with high
pressure (more than 6300 Pa) for 20-40 min. Two glass vials
containing TBE or TAPS buffer (pH 8.2) with 3.3 M urea
was placed on both ends of the capillary. The capillary was
electrophoretically equilibrated for 10 min before sample
injection. The DNA sample was denatured by heating in a
denaturing solution (formamide: 20 mM EDTA=35:1) at
95 °C for 3 min. Injection was performed at 150 V/cm for
20-25 s. After each nun. the capillary was flushed with 3.0
mM HCI solution for 15-30 min. and then a new PEO gel
was introduced with the high pressure. For each mn. it was
found that the reproducibility for the mobility shift of each
DNA base peak was within 2%.

The number of theoretical plates (N) and the resolution

Hyunju Choi and Yongseong Kim

(R) were calculated according to the following equations.
N =5.54U(W/2))°

t : migration time of the peak(s)
(W/72) : temporal peak width at half of the peak height(s)

=i

AV difference of the migration velocity of two peaks (cm/s)
V- mean of migration velocity of two peaks (cm/s)

Results and Discussion

Figure | shows the single-stranded DNA separation of
PGEM/U standard sample by CGE after cycle sequencing
reaction. The peaks shown in Figure 1 represent DNA bases
labeled with fluorescent dves called carboxyfluorescein
(FAM). 6-carboxy-4'. 3'dichloro-2' (JOE). carboxytetramethyl-
rhodamine (TAMRA). and carboxy-X-thodamine (ROX).
which are attached to DNA bases of guanine (G). adenine
(A). thymine (T). and cytosine (C). respectively. Since the
excitation maxima of fluorescent dves are different (FAM:
518 nm. JOE: 5348 nm. TAMRA: 368 nm. ROX: 602 nm),
relatively different peak heights make it possible to identify

Iy M 400 - ‘
MMMMMM ‘W‘W o | ‘
150 200 250 300

“ " o , ‘.
JWMMMMJM“M%M@MM J’M}L MW« 'WW o M“MJV K
; LUU

60 100 120

!
{LW‘ML W‘ﬁ_ﬂﬂﬂ M Wl Lﬂv PN

60 70 80

il
L W\l\l % 'M »' Mv A

1 2 35 40
Tnme (mm)

Figure 1. A single-stranded DNA separation of PGEMAJ standard
sample at various electric fields. (A) 75 Viem, (B) 130 Viem, (C)
200 V/em, (D) 300 Viem. A total capillary length was 835 cm with
the etfective length of 70 cm. Gel matrix was consisted of 1.5% Mr
8,000,000 and 1.4% Mr 600,000 of polv(ethylene oxide). The
butfer was 1X TBE solution (90 mM Tos. 90 mM borate, and 2
mM EDTA) containing 3.5 M wrea. The DNA sample was
denatured by heating in a denaturing solution (formamide: 20 mM
EDTA =35:1)at 95 °C for 3 min. Injection was performed at 130
Viem for 20-23 s, The numbers represents the DNA bases and
*denotes the G, C rich region in PGEM/U DNA primary sequence.
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DNA bases. For example. the higher peaks correspond to
DNA base of cytosine since the RG610 cut-off optical filter
was emploved in front of photomultiplier. However. peak
identification was not seriously performed in this study
because the purpose of this work was to investigate the
characteristics of single-stranded DNA migration behavior
under high electric fields.

When 73V/em was used. DNA bases more than 600 ¢ould
be separated with the resolution of around 1.2 (Figure LA).
As the electric field strength increased. a total migration time
reduced very rapidly and the resolution became deteriorated.
resulting in the decrease of DNA length for identification.
Higher electric field gave rise to the short analysis time at the
expense of poor separation efficiency. We found that the
electric field strength less than 130 V/em should be employ-
ed for the good trade-off between the separation time and the
resolution.

An interesting fact was that the reduction of the total
migration time was not simply proportional to the increase
of the electric field. For instance. when the field strength
changed from 75 Viem to 130 Viem (Figure 1B). the total
migration time was 330 min and 123 min. respectively. Also.
the change of electric field strength from 130 Viem to 300
V/em (Figure 1D). the total migration time at 300 V/iem was
about 43 min. This rapid reduction of the total migration
time could be attributed the elevation of temperature inside
the capillary due to Joule heating caused by Ohm’s law -
The viscosity of the polyvethyvlene oxide gel matrix would be
decreased. rendering fast migration of DNA strands.

Another interesting fact was that the resolution depended
on the primary structure of DNA bases. When guanine (Q)
and cyvtosine (C) became rich in the DNA sequence. the
resolution became worse as shown in Figure 1 (marked by
*). In PGEM/U sample. this region contains more than 80%
of G. C bases. It is known that higher content of G. C in
specific region of DNA sequence makes it possible to form a
loop structure. resulting in poor separation.!” The study for
the improved resolution in G. C rich region is under
progress.

Figure 2 shows the electropherograms under three dif-
ferent concentrations of gel matrix. It was known that a
mixed gel svstem with high and low average molecular
weight of polymer improved the separation efficiency for
both short and long single-stranded DNAs ~* Therefore. the
mixed polymer gel system was emploved in this study with
the average molecular weight of Mr 8.000.000 and Mr
600,000 of PEO. A small increase of PEO gel concentration
slightly increased the migration time. but did not affect much
on the separation efficiency (Figure 2A and B). However. a
marked change on the migration time was observed when
the gel concentration was further increased to 2.3% of Mr
8.000.000 and 1.3% of Mr 600.000 (Figure 2C). This could
be attributed to the abrupt increase of the buffer viscosity
due to the network formation between PEO chains. Note that
the resolution became worse for relatively large size of the
single-stranded DNA (=300 bases). This means that the
transient pore sizes produced by PEO chains are so small
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Figure 2. The electropherograms at various concentrations of PEO
gel matrix. (A) 1.8% of Mr 8,000,000 and 1.4% of Mr 600,000, (B)
2.0% of Mr 8.000.000 and 1.4% of Mr 600000 (C) 2.3% of Mr
8,000,000 and 1.3% of Mr 600,000. The electric field emploved
was 200 Viem, but other conditions were the same as shown in
Figure |.

that large DNA could not be separated with one-base
resolution. We found that the mixed gel svstem worked well
with the concentration between 1.0% and 2.0% of Mr
8.000.000 and between 1.2% and 1.8% of Mr 600.000. As
long as the total concentration of mixed gel system was less
than 3.1%. a good resolution (>1.2) was obtained. As shown
in Figure 3. the mixed gel system showed good separation
efficiency up to 600 bases. When the gel concentration was
relatively low or only single composition of PEO was
emploved. information for the front end of single-stranded
DNA up to 80 base was lost. Table 1 clearly shows the
relationship between the separation time and DNA base
information. A shorter migration time was obtained for DNA
base up to 380 with single composition of PEQ gel matrix.
however. the mixed system made it possible to call the DNA
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Figure 3. The mobility of single-stranded DNAs at different
combinations of PEQ gel matrices. The composition of gel matrix
is shown in the small box and v-axis represents the mobility (em®/
Vsec). The larger the mobility difference is, the better the
separation efficiency is. The electric field employed was 130 Viem
and other conditions were the same as shown n Figure 1.
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Table 1. DNA starting base, maxunum read length, and the total
separation time as a function of the concentration of gel matrix
(PEO)

PEO DNA DNA Separation
Concentration starting maximum read time
{%5) base length {min)
1.5+147 19 370 125
12+1.8 l 330 130
1.5¢ 80 380 80

“PEO Mr 8,000.000 (1.5%5) and Mr 600,000 (1.4%), *PEO Mr 8.000.000
(1.2%) and Mr 600.000 (1.8%), “PEO Mr 8.000.000 (1.5%).

base as low as the first one. Since DNA sequencing requires
the DNA primary structure from the beginning. it seems that
1.2% of Mr 8.000.000 and 1.8% of Mr 600.000 would be the
choice of PEO gel matrix.

It is know that the resolution in CE is not a function of
capillary length when the diffusion is the main source of the
band broadening -* When polyacrylamide gel was employed
as the separation gel matrix. high electric fields (>300 V/em)
was suggested in order to reduce the diffusion-induced band
broadening at the expense of the resolution for large DNA -’
In our study. we found that the resolution improved as the
capillary length increased from 235 om to 100 cm (see the
region marked by asterisk in Figure 4). Even the electric
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Figure 4. The electropherograms of PGEM/U standard sample.
Only DNA bases between 300 base and 705 base region is shown
for comparison. An effective capillarv length of (A) 23 cm, (B) 50
cm, (C)79 cm, (D) 100 ¢m. The G, € rich region 15 marked by *in
order to clanfy the improvement of resolution as the effective
length of the capillary increased.
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Figure 5. The number of the theoretical plates as a function of
DNA base number. The effective capillary length is denoted in the
figure. The number of the theoretical plates for each capillary
length was normalized to 1 m of the capillary.

field was kept at 130 V/om that was lower than that when
polvacrylamide gel was used.”’ It seems that the band
broadening due to the diffusion at low electric field was not a
limiting factor in our gel system and this could be attributed
to the special pore structure and gel dynamics of PEQ. which
is known to be more flexible and longer than polyacrylamide
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Figure 6. The electropherograms of PGEM/U standard sample at
different buffers. (A) TAPS (90 mM TAPS and 2 mM EDTA)
bufter, (B) 1X TBE bufter (90 mM Tris, 90 mM borate, and 2 mM
EDTA). Both buffers contained 3.3 M urea tor DNA denaturation.
Other separation conditions were the same as shown in Figure 1,
except that the PEO gel was dissolved in each butter. The region
marked by *m Figure 6 B shows the contraction of about 30 DNA
bases.
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for the same average molecular weight. The number of the
theoretical plates as a function of DNA base number was
plotted in Figure 3 for each capillary length. In this case. the
number of the theoretical plates for each capillary length was
normalized to 1 m of the capillary. It is know that the
maximum readable length of DNA is proportional to the
square root of the capillary length.!” However. we observed
that the maxinmun readable length of DNA reduced faster
than the square root of the capillary probably due to the
nature of PEO gel network.

It seems that the choice of the buffer is alse important for
the separation of single-stranded DNA. In DNA sequencing.
TBE (Tris-borate-EDTA) buffer at pH 8.4 has been commonly
emploved since DNA strand is very stable at this condition.
We found that TAPS buffer at pH 8.4 also provided good
separation efficiency for single-stranded DNA. Especially.
TAPS buffer showed a better resolution for DNA less than
30 bases (see the region marked with asterisk in Figure 6).
The difference between TBE and TAPS is that acid moiety is
either attached in Tris unit (sulfonic acid in TAPS) or
separated (boric acid in TBE). Although it is not clear vet.
one possible explanation is the complexation of borate (TBE
case) and PEO chain, which can distort the network structure
of PEO gel and does not provide the reasonable pore
structure for relatively short DNA strands. It is well known
that borate can produce complex with carbohydrate via
hydrogen bonding ~*-*

Conclusions

For the research in post Genome era. DNA sequencing is
still important since DNA primary structure provides the
valuable information related to disease discovery. prevention
of infectious disease. forensic analysis. family identification.
and gene function. Therefore. the behavior of single-stranded
DNA in DNA sequencing should be investigated in capillary
electrophoresis that is known to provide the fast and high
resolution for biomolecules. We have studied the migration
behavior of single-stranded DNA using capillary gel
electrophoresis under high electric field. It was found that an
electric field less than 150 Viem should be emploved for the
good trade-off between the separation time and the
resolution. GC rich region in DNA primary structure showed
a poor resolution and the effort to improve the separation in
this region is under progress. It seems that the gel matrix
with the combination of polymer average molecular weight
is important to extend the maximum readable DNA bases.
The best result was obtained with the PEO gel concentration
of 1.2% of Mr 8.000.000 and 1.8% of Mr 600.000. Also. the
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capillary length must be carefully controlled for the balance
between the total DNA migration time and the maximum
readable length. We found that TBE buffer as well as TAPS
buffer worked well for DNA sequencing. Especially. TAPS
buffer showed a good resolution for very short DNA bases (1
to 30 bases).
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