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Abstract

A new, highly denaturing electrolyte system based on a solution containing 0.01 M NaOH, 0.0015 M Na,B,0,(OH), and
a replaceable polymer sieving medium was designed for the separation of single-stranded DNA fragments in bare
fused-silica capillaries. Extreme denaturing power, together with the optimized composition of the electrolyte, allows for a
separation efficiency as high as 2 300 000 height equivalents to a theoretical plate per meter. Sample denaturation in alkaline
solutions provides single-stranded DNA fragments without any intre- or intermolecular interactions at room temperature.
Their electrophoretic mobilities were found to be twice those of fragments denatured by dimethylformamide or HCI. This
can be interpreted in terms of an increased effective charge on the DNA molecules. The surprisingly weak electroosmosis
(610 m* Vs %) of polymer solutions at pH 12 or higher is considered to be the result of the dissolution of the silica
capillary wall. A highly viscous thin layer of dissolved silica probably causes a shift of the dipping plane further away from
the wall to the lower value of the { potential. Applications of the electrolyte in clinical diagnostics demonstrate its

remarkable properties. [0 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Denaturing electrophoresis proved to be more
selective in the separation of DNA fragments. While
a difference of a single nucleotide (nt) in single-
stranded (ss) DNA sequencing fragments of up to
1000 nt can be resolved under denaturing conditions
[1], single base-pair (bp) resolution of double-
stranded (ds) DNA fragments longer than 300 bp can
hardly be attained under native conditions [2]. There-
fore, denaturing electrophoresis can potentially pro-
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vide fast and high-resolution separations. In some
instances, highly denaturing conditions, where all
intra- and intermolecular interactions are completely
destroyed, need to be applied for a reliable analysis.
Various organic compounds have been tested as
denaturing agents towards DNA [3]. It has been
shown that the effectiveness of organic denaturantsis
not always adequate. In particular, the melting of the
guanine- and cytosine-rich regions is not aways
complete [4,5]. A more reliable denaturation process
can be attained using acidic or akaline conditions.
Thus, at pH=2 adenine-thymine and even guanine—
cytosine pairs are completely disrupted [6—8]. How-
ever, the use of acidic buffers for DNA electro-
phoresis is impractical, since the dissociation of
phosphate groups is reduced and, therefore, electro-
phoretic mobilities decrease. Because of this, effi-
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cient alkaline denaturation is more convenient. DNA
fragments can be separated in solutions at pH 12—-13
[9-12] without a risk of destroying them, as verified
by the comet assay technique, which is widely used
in the genetic research [13-15].

The most frequently applied denaturing agent in
capillaries is urea at a concentration range from 3.5
to 8.3 M [1,16,17]. In some instances, however, its
denaturing ability is not satisfactory and electro-
phoresis must be performed at an elevated tempera-
ture [18]. Therefore, there is still the demand for a
highly efficient denaturing electrolyte in capillary
electrophoresis (CE). An akaline electrolyte would
potentially be convenient, since denaturation is com-
plete at laboratory temperature and there is maxi-
mum dissociation of phosphate groups. On the other
hand, the lower stability of covalently bonded poly-
mer coatings and an increased electroosmotic flow
(EOF) due to the increased dissociation of the silanol
groups at the silica wall can cause difficulties in the
application of an alkaline environment in capillaries.
The mobility of the EOF is determined by the {
potential and viscosity of an electrolyte [19]. There-
fore, al known methods for EOF suppression are
based on a reduction of { potential and/or an
increase in the electrolyte viscosity in close proximi-
ty to the wall.

All coatings based on covalently bonded polymers
via Si—O- [20—22] or Si—C- [23] bonds will definite-
ly suffer from alkaline hydrolysis at pH values
higher than 12. In this respect, dynamic coatings are
more convenient, i.e., additives to background elec-
trolytes (BGES) that cover the capillary wall noncov-
aently. Such an addition of polymers or surfactants
increases the viscosity at the wall or compensates for
its negative electrostatic charge [24-31]. Another
way to avoid difficulties with coatings is the applica-
tion of uncoated capillaries where the EOF domi-
nates electrophoresis. Here, DNA fragments migrate
selectively against a faster bulk EOF, which trans-
ports them to the detector in order of their descend-
ing size. This counter-flow technique has also been
used for the separation of DNA fragments [32,33]. In
these cases, the EOF mobility is evaluated with the
help of a neutral marker, which possesses an
adequate extinction coefficient and/or fluorescence
quantum yield. The most commonly used markers
are mesityloxide [29,30,34,35], phenol [36],

acetophenone [37] and pyridine [38], for absorbance
detection, and coumarin [27], 4-nitroaniline, ribo-
flavin and umbelliferone [39], for fluorescence de-
tection.

In this paper, the results of the development of a
new, highly denaturing electrolyte system based on a
0.01-M solution of NaOH are presented. To prove
the interesting properties of the electrolyte for DNA
analysis, several parameters have been investigated.
The EOF mobility in an uncoated capillary was
evaluated as a function of pH. The electrophoretic
mobilities of ssDNA fragments denatured using
dimethylformamide (DMF), 0.01 M HCI, and 0.01
and 0.1 M NaOH were compared. The composition
of the alkaline BGE was optimized with respect to
the separation efficiency. The utility of the meth-
odology is demonstrated through the detection of
short tandem repeat polymorphism in the endothelin
1 gene. Thus, the optimized analysis proved to be
applicable in DNA diagnostics where polymerase
chain reaction (PCR)-amplified fragments, which are
resistant to denaturation and create heteroduplexes
easily, are to be analyzed.

2. Experimental

2.1. Instrumentation

The experiments were performed using a
BioFocus 3000 system (Bio-Rad, Hercules, CA,
USA) with absorbance detection at 260 nm. Capil-
laries were installed in a user-assembled cartridge
(Bio-Rad, catalog no. 148-3050) and kept at a
constant temperature of 40°C for EOF measurement
as well as DNA separations. Electric field strengths
ranged from 58 to 289 V/cm. Fused-silica capillaries
of 50 and 100 pm 1.D. (367 wm O.D.) were obtained
from Polymicro Technologies (Phoenix, AZ, USA).
The inner walls of the 100 pm 1.D. capillaries were
coated with linear polyacrylamide (LPAA) according
to Hjerten's procedure [20] and the 50 um |.D.
capillaries were uncoated. The total length of the
capillaries was 34.6 cm and the effective lengths
were 4.6 and 30 cm. Before each run, the capillaries
were rinsed as follows: (i) for the EOF measure-
ments; 10 min with 0.1 M NaOH, 10 min with water
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and 10 min with a BGE; (ii) for the EOF measure-
ment of a 2% (w/v) solution of agarose with 0.01 M
NaOH as the BGE: 10 min with 0.01 M NaOH and
10 min with the BGE; (iii) for the separation of
DNA fragments in coated capillaries at pH 8.3: 3
min with water and 3 min with the BGE; (iv) for the
separation of DNA fragments at pH 12: 5 min with
0.01 M NaOH and 3 min with the BGE. Samples
were injected by electromigration in all instances.

2.2. Samples and reagents

Fragments of pBR322 DNA—Alul digest (catalog
no. SM0121, MBI Fermentas, Vilnius, Lithuania)
were used as a model sample. Purified PCR amplifi-
cation products from a short tandem repeat region of
the endothelin 1 gene were obtained from the
Ingtitute of Pathological Physiology, Faculty of
Medicine, Masaryk University, Brno, Czech Repub-
lic. The fragment sizes of samples 1 and 2 were 201
and 211, and 191 and 203 bp, respectively. Low-
melting-point agarose BRE (catalog no. 1503; FMC
Bioproducts, Rockland, ME, USA) was used as a
sieving medium. Solutions of agarose (2%, w/v)
were prepared at the boiling point with 0.1 M Tris—
01 M N-Tris(hydroxymethyl)methyl-3-amino-
propanesulfonic acid (TAPS) (both from Sigma, St.
Louis, MO, USA) and with the addition of 7 M urea
(Amresco, Solon, OH, USA) for the reference de-
naturing electrophoresis in coated capillaries. Three
alkaline electrolytes with agarose BRE were pre-
pared as follows: To avoid heating the agarose
solution with hydroxides, a 3% stock solution of
agarose BRE was mixed with 0.1 M solutions of
NaOH, KOH and LiOH (Lachema, Brno, Czech
Republic), respectively. The concentrations were
adjusted to give 2% (w/v) solutions of agarose in
0.01 M hydroxides. Various concentrations of
Na,B,0O.,(OH), of anaytical-reagent grade (La
chema) were prepared in the 2% agarose solution
with 0.01 M NaOH for optimization of the sepa-
ration efficiency. Electrolytes with different pH
values were prepared to test the EOF, by titration of
0.1 M NaOH with 0.5 M phosphoric acid to the
desired pH. Mesityloxide (Fluka, Buchs, Switzer-
land), sulfosalicylic, phthalic and benzoic acids (all
Sigma) were used as EOF mobility markers.

2.3. Sample denaturation

As electrolytes for the denaturing CE, 2% solu-
tions of agarose BRE in 0.1 M Tris—=TAPS with 7 M
urea and 0.01 M NaOH, respectively, were used.
Before each series of analyses, DNA samples were
denatured in solutions of: (i) pure DMF [10 ul of the
sample were evaporated in vacuum, dissolved in 10
wl of DMF, heated at 98°C for 2 min in a thermocy-
cler (MJ Research, Watertown, MA, USA) and
chilled on icg]; (ii) 0.01 M HCI (5 pl of a sample
were mixed with 5 pl of 0.02 M solution of HCI at
room temperature); (iii) 0.01 M NaOH (9 pl of a
sample were mixed with 1 pl of 0.1 M NaOH at
room temperature); (iv) 0.1 M NaOH (5ul of a
sample were mixed with 5 pl of 0.2 M NaOH at
room temperature).

3. Results and discussion
3.1 EOF of alkaline solutions in a silica capillary

The main objective of this research was the
development of a highly denaturing electrolyte for
the separation of the DNA fragments that form
heteroduplexes easily and are resistant to denatura-
tion. Therefore, we decided to investigate highly
akaline solutions of linear polymers in the state of
sol as the sieving medium. Agarose solutions con-
taining 0.01 M NaOH have been used for this
purpose. It is commonly accepted that electroosmosis
in bare fused-silica capillaries increases with increas-
ing pH due to the more extensive dissociation of
silanol groups. Nevertheless, EOF mobilities at pH
values over 12 and at a temperature of 40°C have not
been reported in the literature. Therefore, the high
EOF of our electrolyte was expected and counter-
flow electrophoresis in bare capillaries was assumed
to be applicable. Surprisingly, the EOF of this
system was small and, consequently, we were able to
work in a direct mode of electrophoresis. To explain
the extraordinarily low EOF mobility in the silica
capillary with completely dissociated silanol groups
(pK = 2) [40], we studied the dependence of EOF on
pH in the akaline region. The EOF was evaluated
using mesityloxide, a neutral marker, and three stable
organic acids, i.e., sulfosalicylic, phthalic and ben-
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zoic, as reference anions. During a single injection
procedure, the three acids and mesityloxide were
injected at the cathodic and anodic ends of the
capillary, respectively. Since the stability of
mesityloxide at pH 12—-13 is questionable, the differ-
ences in its migration times at the individua pH
values were correlated with the migration times of
the acids. Thus, the changes in EOF have been
determined reliably. The results of the measurements
are summarized in Fig. 1. The electrolytes of de-
creasing pH were prepared by the titration of a 0.1-M
solution of NaOH with 0.5 M phosphoric acid. In
this way, the ionic strength, 1, was kept approximate-
ly constant in the pH range from 12 to 8. The
calculated values of | for the particular pH are
introduced in the caption to Fig. 1. A surprisingly
low EOF was observed at pH 11-13, at a tempera-
ture of 40°C. This fact can be explained by the
existence of a highly viscous thin layer at the silica
capillary wall, which was formed by dissolved
orthosilicic acid, Si(OH),, which has a strong ten-
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Fig. 1. Dependence of EOF in a bare fused-silica capillary on pH.
Electrophoresis was performed at an electric field strength of 58
V/cm and a temperature of 40°C in a capillary with an effective
length of 4.6 (34.6) cm and an |.D. of 50 wm. Error bars represent
the standard deviation of five consecutive measurements in a
single capillary. lonic strengths at the individual pH values were
caculated to be: pH 13-0.1, 12-0.18, 11-0.16, 9.7-0.15, 8.3—
0.15 mol/l. For the pH adjustment procedure, see the text.

dency to polymerize [40, p. 178]. This layer proba
bly does not alow for molecular transport in the
vicinity of the wall, and causes a shift of the slipping
plane further away from the wall to the lower value
of the ¢ potential. The EOF mobilities of agarose
solutions are even lower. The EOF mobilities of 2%
agarose solutions in 0.01 M NaOH, KOH and LiOH
are shown in Table 1. The lowest EOF value was
attained for NaOH, which varied within experimental

error around a mobility of 6:10 *° m* vV ' s,

3.2 Separation of DNA fragments under
denaturing conditions

The effects of various denaturing conditions on the
separation of a model sample (pBR322 DNA-Alul
digest) are presented in Fig. 2. For the sake of
comparison, the record of a separation under native
conditions is shown in panel A. Here, the electro-
phoresis was performed in a 2% solution of agarose
with 0.1 M Tris=0.1 M TAPS. Denaturing elec-
trophoreses in the same electrolyte but with the
addition of 7 M urea are shown in panels B and C.
Prior to the analyses, the samples were denatured in
solutions containing 0.01 (B) and 0.1 M (C) NaOH,
to prove the reliability of the denaturation process.
Electropherograms B and C show nearly identical
results. Therefore, the concentration of 0.01 M
NaOH was adopted as it was sufficient for complete
denaturation at 40°C, which is in accordance with
data presented in the literature [9-12]. The complete
separation of al 14 fragments of the sample in a 2%
solution of agarose with 0.01 M NaOH and 0.0015
M Na,B,0,(OH), is seen in panel D. The same
denaturing procedure of the sample in 0.01 M NaOH

Table 1
Comparison of EOF mobilities of 2% agarose solutions in 0.01 M
alkali metal hydroxides in bare fused-silica capillaries”

2% Agarose BRE  p,010° (m?V *s ') Standard deviation
+ (%)
0.01 M KOH 0.75 16
0.01 M NaOH 0.60 11
0.01 M LiOH 0.90 11

®Other experimental conditions are the same as in Fig. 1.
Experimental error is evaluated as the percentage of standard
deviation from five consecutive measurements in a single capil-
lary.
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Fig. 2. Separation of standard pBR322 DNA—Alul restriction fragments under various denaturing conditions. (A) Native dsDNA sample
analyzed in a 2% agarose BRE solution in 0.1 M Tris—TAPS, pH 8.3, injected for 2 s at 58 V/cm; (B, C) samples denatured in 0.01 M (B)
or 0.1 M (C) NaOH at room temperature, analyzed in 2% agarose BRE in 0.1 M Tris—=TAPS with 7 M urea, pH 8.3, injected for 5 s at 58
V/cm; (D) sample denatured in 0.01 M NaOH at room temperature, analyzed in 2% agarose BRE in 0.01 M NaOH with 0.0015 M
Na,B,0,(OH),, pH 12, injected for 2 s at 58 V/cm; (E) sample evaporated, dissolved in DMF, heated for 2 min and chilled on ice, and
analyzed as in (B), injected for 7 sat 145 V/cm; (F) 5 wl of sample mixed with 5 pl of 0.02 M HCI at room temperature, analyzed as in
(B), injected for 15 s at 145 V/cm. Electrophoresis was at 145 V/cm, at a temperature of 40°C. Capillary: 30 (34.6) cm; A, B, C,Eand F
were LPAA-coated and had an I.D. of 100 um I.D.; D was bare, with an |.D. of 50 um. Fragment sizes (given as the number of nucleotides)
are written over the peaks. The absorbance scales of the individual electropherograms differ.

was used here. Records B-D represent another
important result of the paper, i.e, that sSDNA
fragments when denatured in a solution of NaOH
migrate as fast as dsDNA. Usualy, the migration of
individual strands is slower, since their charge-to-
size ratios are half of those of dsDNA fragments.
This is evident in panels E and F where the samples
were denatured using DMF and 0.01 M HCl, respec-
tively. A nearly twofold increase in the migration
time of ssSDNA fragments is seen in comparison with
the migration times in panels A—D and E and F.
Both separations E and F were performed in the
same electrolyte with 7 M urea at 40°C, as in panel

B. Anaysis E represents a typical procedure opti-
mized for DNA segquencing by CE. Denaturation at
highly acidic pH is not suitable for DNA. Record F
shows very broad zones of fragments 226, 257, 281
and 403 nt and peaks of longer fragments are absent.
We can speculate that the long DNA fragments were
destroyed in such a low pH. The electrophoretic
mobilities of chosen DNA fragments under the
conditions given for A—F are compared in Table 2.

There is no doubt that DNA fragments analyzed in
the environment with 7 M urea at 40°C and also in
0.01 M NaOH at the same temperature were dena-
tured. Therefore, the fast migration of those dena-
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Table 2
Comparison of the experimentally observed mobilities of some standard DNA fragments under various denaturing conditions®
nt w-10° M’ v~ ts™h

A B C D E F

native NaOH-urea NaOH-urea NaOH-NaOH DMF-urea HCl-urea
46 25.72 25.30 25.82 26.30 16.44 16.05
100 21.99 21.93 22.14 22.24 12.99 14.05
281 17.65 17.32 17.55 19.14 8.80 10.18
521 15.00 14.72 14.89 16.57 6.81
908 13.19 12.93 13.05 14.46 5.42

® Data were taken from panels A—F in Fig. 2.

tured by NaOH can be interpreted in terms of an
increased effective charge. Moreover, the increased
charge of the DNA molecule denatured in the NaOH
solution seems to be permanent (Fig. 2 B). We have
no direct proof for the explanation. This phenom-
enon is the subject of further investigation by us.
Nevertheless, the extraordinarily fast migration of
fragments denatured in solutions of NaOH is, besides
having a high denaturing effectiveness and a low
electroosmotic flow in a bare capillary, another
positive property of using a highly alkaline BGE.
Sodium tetraborate [Na,B,O-(OH),, which is
frequently, but incorrectly, introduced as Na,B,0-]
is a common constituent of buffers with a maximum
capacity a pH 10-12. We have found that the
amount of tetraborate added to the alkaline BGE
affects the separation efficiency. The dependence of
the separation efficiency of ssDNA fragments on the
concentration of sodium tetraborate is presented in
Fig. 3. The results are based on the separation of the
model sample in a 2% agarose solution with 0.01 M
NaOH and Na,B,O.(OH),. Here, the separation
efficiency, expressed as the number of height equiva-
lents to a theoretical plate (HETP), N, has been
calculated according to the relationship: N=5.545.(t/
W, ,,)°, Where t is the migration time and w; ,, is the
peak width at half of the peak height. The maximum
separation efficiency of the shortest fragments was
2300 000 HETP/m at a concentration of 0.0015 M
Na,B,0,(OH),. However, the efficiencies decreased
with the molecular mass. This fact can be explained
by the larger electromigration dispersion of longer
molecules. Their mobilities differ from those of co-
ions more substantially and, therefore, the zones can
be expected to be more dispersed. The effect of
tetraborates on the separation of the model ssDNA

fragments is seen in Fig. 4. Here, separations in two
electrolytes are compared: 0.01 M NaOH (panel A)
and 001 M NaOH with Na,B,0,(OH), at the
optimum concentration of 0.0015 M (panel B). The
better resolution of the zones in panel B is due to the
improved separation efficiency, while the selectivity
remains unaffected.

The akaline electrolyte system was used for the

6 I I I
2.4 .10 [~ -
v 63.nt
2.0 .10°| I
“7m 100 SO
Py g
E 1.6 .10°f ,
T ! -
- m @226 -
o :/
. Ly
) 6 yi
a 1.2.10°F W N
E Fa o
2 /o y..-40%
g v
W
L L B--521-- - ]
V,E/ B
L 1 1
0.000 0.001 0.002 0.003

tetraborates [mol/L]

Fig. 3. Dependence of the separation efficiencies (number of
HETP/m) of chosen pBR322 DNA-Alul restriction fragments on
the molar concentration of Na,B,O,(OH), in the BGE. Electro-
phoresis at 289 V/cm; temperature, 40°C; bare capillary, 30 (34.6)
cm, 50 um 1.D.; BGE: 2% agarose BRE solution in 0.01 M
NaOH; injection, 3 s a 58 V/cm. The sample was denatured in
0.01 M NaOH at room temperature. Dashed lines represent second
order polynomial regression curves.
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Fig. 4. Effect of the addition of the optimum amount of tetra-
borate to the BGE on the separation of the standard fragments. (A)
2% Agarose BRE in 0.01 M NaOH, (B) 2% agarose BRE in 0.01
M NaOH with 0.0015 M Na,B,0,(OH),. Conditions of electro-
phoresis are as in Fig. 3.

detection of short tandem repeat polymorphism in
the endothelin 1 gene. The polymorphism, from three
adjacent regions CT, CA and GC, seems to play a
role in the regulation of transcription and is assumed
to be associated with the onset of hypertension. The
fragments in samples 1 and 2 were amplified from
the endothelin 1 gene of heterozygous individuals. In
Figs. 5 and 6, the separation of native dsDNA
(panels A) and denatured ssDNA fragments (panels
B) of both samples are compared. The GC region of
repeats gives the fragments a resistance to complete
denaturation and a tendency to create heteroduplex-
es. The molecular masses of the PCR products were
determined by the calibration method of standard
addition. Fragments with known sequences amplified
from the same region of the gene served as standards
[41]. The records in Fig. 5 were monitored in
capillaries of the same length. Again, the ssDNA
fragments that were denatured and analyzed in a 0.01
M NaOH solution were resolved faster and better
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Fig. 5. Comparison of the native and denaturing CE of the PCR
products from the endothelin 1 gene (sample 1). (A) Native CE:
injection for 5 s at 145 V/cm, with other conditions as in Fig. 2A.

(B) Denaturing CE: injection for 5 s at 145 V/cm, with other
conditions as in Fig. 2D.

than their ds analogues. Two small peaks behind
those of 201 and 211 nt are PCR-amplified non-
specific fragments. Record B in Fig. 6 demonstrates
the feasibility of fast DNA diagnostics based on the
detection of short tandem repeat polymorphism by
denaturing electrophoresis in short capillaries.

4. Conclusions

We have developed a new, highly denaturing
electrolyte system based on a 0.01 M solution of
NaOH. The composition of the electrolyte was
optimized with respect to the denaturing ability and
separation efficiency. As a result, a 2% (w/v)
solution of low-melting-point agarose in 0.01 M
NaOH and 0.0015 M Na,B,0,(OH), proved to be
an excellent denaturing electrolyte for the separation
of DNA fragments products of PCR amplification,
which create heteroduplexes easily and are resistant
to denaturation. Thus, the electrolyte is convenient
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Fig. 6. Comparison of the native and denaturing CE of the PCR
products from the endothelin 1 gene (sample 2). (A) Native CE:
injection for 5 s at 145 V/cm, with other conditions asin Fig. 2A.
(B) Denaturing CE: injection for 5 s at 145 V/cm; capillary 4.6
(34.6) cm; other conditions as in Fig. 2D.

for implementation in clinical  DNA diagnostics.

Several remarkable separation properties of the

electrolyte have been discovered:

1. NaOH is a very strong denaturing agent and,
therefore, even the DNA fragments with GC-rich
regions, which are resistant to denaturation in
urea, dissociate completely in a 0.01-M solution
of NaOH. Very well resolved and sharp zones of
model fragments (Fig. 2D) suggest the absence of
any inter- or intramolecular aggregations in the
akaline electrolyte. Even the peaks of fragments
amplified from GC regions of the endothelin 1
gene are sharp (Fig. 5B). Thisis a prerequisite of
high throughput genetic analysis in short capil-
laries, where the analysis time can be reduced by
a factor of ten (Fig. 6B).

2. The addition of tetraborates to the alkaline back-
ground electrolyte improves the separation ef-
ficiency. At the optimum concentration of 0.0015
M sodium tetraborate, Na,B,O.,(OH),, in the

BGE, separation efficiencies as high as 2 300 000
HETP/m were reached for short DNA fragments
(Fig. 3). The positive effect of tetraborates on the
separation efficiency is difficult to explain due to
their very complex equilibria in solutions.

3. Surprisingly, ssDNA fragments denatured in
NaOH solutions (Fig. 2B—D) migrated at the
same velocity or faster than dsDNA (Fig. 2A).
Their fast migration can be interpreted in terms of
an increased effective charge of the DNA mole-
cule denatured by NaOH, which seems to be
permanent. A direct proof for this explanation has
not been achieved yet.

4. 1t is commonly accepted that the EOF mobility of
electrolytes in silica capillaries increases with
increasing pH. The results submitted show that
the opposite is true at pH values higher than ten
(Fig. 1). The extraordinarily weak EOF of highly
akaline solutions in fused-silica capillaries could
be explained by the existence of a thin layer of
orthosilicic acid, Si(OH),,, at the capillary wall. A
highly viscous thin layer of dissolved silica
probably causes a shift of the dipping plane
further away from the wall to a lower value of the
{ potential. As the EOF mobility of a 2% solution
of agarose at pH 12 and at a temperature of 40°C
islow (6:10 " m*V " s "), uncoated capillaries
can be used for the separation of ssDNA frag-
ments.

Acknowledgements

This research has been supported by Grants 203/
97/0347 and 301/97/1192 of the Grant Agency of
the Czech Republic. The authors acknowledge Mgr.
Michaela Blazkova and the staff members of the
Ingtitute of Pathologica Physiology, Faculty of
Medicine, Masaryk University, Brno, for the prepa-
ration of genetic samples.

References

[1] M.C. Ruiz-Martinez, O. Salas-Solano, E. Carrilho, L. Kotler,
B.L. Karger, Anal. Chem. 70 (1998) 1516-1527.

[2] Y.F. Pariat, J. Berka, D.N. Heiger, T. Schmitt, M. Vilenchik,
A.S. Cohen, F. Foret, B.L. Karger, J. Chromatogr. A 652
(1993) 57-66.



Z. Mala et al. / J. Chromatogr. A 853 (1999) 371-379 379

[3] L. Leving, JA. Gordon, W.P. Jencks, Biochemistry 2 (1963)
168-175.

[4] J. Cortadas, JA. Subirana, Biochim. Biophys. Acta 476
(1977) 203—-206.

[5] R.D. Blake, S.G. Delcourt, Nucleic Acids Res. 24 (1996)
2095-2103.

[6] G.J. Puppels, C. Otto, J. Greve, M. Robert-Nicoud, D.J.
Arndt-Jovin, T.M. Jovin, Biochemistry 33 (1994) 3386—
3395.

[7] DY. Lando, S.G. Haroutiunian, A.M. Kulba, E.B. Ddian, P.
Oriali, S. Mangani, A.A. Akhrem, J. Biomol. Struct. Dyn. 12
(1994) 355-366.

[8] H.A. Tamir-Riahi, R. Ahmad, M. Naoui, S. Diamantoglou,
Biopolymers 35 (1995) 493-501.

[9] M.G. Rush, R.C. Warner, J. Biol. Chem. 245 (1970) 2704—
2708.

[10] JM. Ranhand, Prep. Biochem. 15 (1985) 121-123.

[11] M.N. Camien, R.C. Warner, J. Biol. Chem. 261 (1986)
6026—6033.

[12] C.R. Santra, S.K. Mukherjee, A.R. Thakur, Indian. J. Bio-
chem. Biophys. 30 (1993) 123-127.

[13] H.Vaghef, A.C. Wisen, B. Hellman, Pharmacol. Toxicol. 78
(1996) 37-43.

[14] Y. Miyamae, K. Iwasaki, N. Kinae, S. Tsuda, M. Murakami,
Y.F. Sasaki, Mutat. Res. 393 (1997) 107-113.

[15] E. Bauer, R.D. Recknagel, U. Fiedler, L. Wolweber, C. Bock,
K.O. Greuich, Mutat. Res. 398 (1998) 101-110.

[16] N. Zhang, E.S. Yeung, J. Chromatogr. A 768 (1997) 135—
141.

[17] JA. Luckey, L.M. Smith, Electrophoresis 14 (1993) 492—
501.

[18] K. Kleparnik, F. Foret, J. Berka, W. Goetzinger, AW. Miller,
B.L. Karger, Electrophoresis 17 (1996) 1860—1866.

[19] K. Kleparnik, P. Bocek, J. Chromatogr. 569 (1991) 3-42.

[20] S. Hjertén, J. Chromatogr. 347 (1985) 191-198.

[21] S. Hjertén, K. Kubo, Electrophoresis 14 (1993) 390-395.

[22] W. Goetzinger, B.L. Karger, Int. Pat. Appl., WO 96/23220,
August 1996.

[23] K.A. Coob, V. Dolnik, M. Novotny, Anal. Chem. 62 (1990)
2478.

[24] H.T. Chang, E.S. Yeung, J. Chromatogr. B 669 (1995)
113-123.

[25] E.N. Fung, E.S. Yeung, Anal. Chem. 67 (1995) 1913-1919.

[26] N. Iki, E.S. Yeung, J. Chromatogr. A 731 (1996) 273-282.

[27] J. Preisler, E.S. Yeung, Anal. Chem. 68 (1996) 2885-2889.

[28] N. Zhang, E.S. Yeung, Anal. Chem. 68 (1996) 2927—-2931.

[29] JK. Towns, F.E. Regnier, Ana. Chem. 64 (1992) 2473—
2478.

[30] K.K.C. Yeung, Ch.A. Luci, Anal. Chem. 69 (1997) 3435—
3441.

[31] A. Zemann, D.T. Nguien, G. Bonn, Electrophoresis 18
(1997) 1142-1147.

[32] A.E.Barron, D.S. Soane, HW. Blanch, J. Chromatogr. A 652
(1993) 3-16.

[33] A.E. Barron, HW. Blanch, D.S. Soane, Electrophoresis 15
(1994) 597-615.

[34] K.K.C. Yeung, Ch.A. Luci, J. Chromatogr. A 804 (1998)
319-325.

[35] T.T. Lee, R. Dadoo, R.N. Zare, Ana. Chem. 66 (1994)
2694-2700.

[36] K.D. Lukacs, JW. Jorgenson, J. High Resolut. Chromatogr.
Chromatogr. Commun. 8 (1985) 407-411.

[37] W.J. Lambert, D.L. Middleton, Anal. Chem. 62 (1990)
1585-1587.

[38] SV. Ermakov, M. Zhukov, L. Capelli, PG. Righetti, J.
Chromatogr. A 699 (1995) 297-313.

[39] Ch. Schwer, E. Kenndler, Anal. Chem. 63 (1991) 1801—
1807.

[40] R.K. ller, The Chemistry of Silica, Wiley, New York, 1979.

[41] K. Kleparnik, Z. Maa, M. Blazkova, S. Tschoplova, A.
Vadkl, P. Bogek, J. Chromatogr. A, in press.



