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Using novel monolithic poly(styrene-divinylbenzene) capillary columns with an internal diameter of 0.2 mm, we
demonstrate for the first time the feasibility of constructing high-performance liquid chromatography arrays for
the detection of mutations by heteroduplex analysis under partially denaturing conditions. In one embodiment,
such an array can be used to analyze one sample simultaneously at different temperatures to maximize the
detection of mutations in DNA fragments containing multiple discrete melting domains. Alternatively, one may
inject different samples onto columns kept at the same effective temperature. Further improvements in
throughput can be obtained by means of laser-induced fluorescence detection and the differential labeling of
samples with up to four different fluorophores. Major advantages of monolithic capillary high-performance
liquid chromatographic arrays over their capillary electrophoretic analogs are the chemical inertness of the
poly(styrene-divinylbenzene) stationary phase, the physical robustness of the column bed due to its covalent
linkage to the inner surface of the fused silica capillary, and the feasibility to modify the stationary phase
thereby allowing the separation of compounds not only on the principle of size exclusion, but also adsorption,
distribution, and ion exchange. Analyses times are on the order of a few minutes and turnaround time is
extremely short as there is no need for the replenishment of the separation matrix between runs.

High-performance liquid chromatography (HPLC) is unques-
tionably the most widely used analytical separation tech-
nique. The reasons for its popularity are its suitability for sepa-
rating substances whose chemical properties range from non-
polar to ionic, the availability of a multitude of detection
modes such as UV absorbance, refractive index, fluorescence,
electrochemical, radioactivity, and mass spectrometric detec-
tion, as well as its ready adaptability to accurate quantitative
measurements. Over the years, improvements in stationary
phase chemistry, such as the synthesis of micropellicular non-
porous silica or polymer particles have led to a significant
reduction in analysis time from originally hours to a few min-
utes (Huber 1998). Nevertheless, sample throughput is limited
as HPLC does not lend itself readily to the arraying of sepa-
ration columns as is the case in modern capillary electropho-
retic DNA sequencers. Recently, parallel HPLC has been re-
ported primarily as a sample desalting rather than a refined
separation procedure prior to mass spectrometric analysis
(Bayliss et al. 2000; Feng et al. 2001). In this case, differences
in column performance are of little concern. However, for
applications of HPLC that depend on reproducibility of chro-
matographic profiles, such as denaturing HPLC (DHPLC), dif-
ferences of retention behavior of analytes on different col-
umns become an issue.

Because of its high sensitivity (>96%) and specificity

(>99%) in the detection of mutations in DNA fragments as
large as 1000 bp, DHPLC has become an increasingly popular
tool in the analysis of DNA sequence variation (Xiao and
Oefner 2001). Applications of DHPLC include, among others,
the discovery of simple sequence polymorphisms (Underhill
et al. 1997; Cargill et al. 1999), the mapping of genes (Schriml
et al. 2000; Spiegelman et al. 2000a, Hoskins et al. 2001), the
mutational analysis of candidate genes (Ophoff et al. 1996),
and the targeted screening for induced mutations (Bentley et
al. 2000; McCallum et al. 2000), all of which were to benefit
from increased throughput.

Recently, it has been shown that monolithic capillary
columns synthesized in situ by copolymerization of styrene
and divinylbenzene resolve single- and double-stranded DNA
fragments with equal to superior separation efficiency as mi-
cropellicular poly(styrene-divinylbenzene) columns (Prem-
staller et al. 2000; Huber et al. 2001). As a consequence of
improved peak concentration offered by the capillary format,
it became possible to combine DHPLC with argon ion laser-
induced fluorescence detection. This allowed a new degree
of multiplexing beyond the combined analysis of DNA frag-
ments of different size (Oefner and Underhill 1998). This
has been accomplished by labeling amplicons either as a func-
tion of the DNA sample used (Xiao et al. 2001), or the ge-
nomic region amplified (Xiao and Oefner 2001). To date, up
to four different fluorophores commonly used for sequencing
and microsatellite genotyping have been combined in a single
analysis.

This study demonstrates the feasibility of an HPLC cap-
illary array for the parallel mutational analysis of DNA frag-
ments. Most importantly, individual column temperature ad-
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justments allow compensation of column synthesis-related
differences in analyte retention behavior.

RESULTS AND DISCUSSION
Figure 1 shows a scheme of the two different instrument con-
figurations used. Common to both is the use of a low-pressure
gradient-mixing pump operated typically at a flow-rate of 150
µL/min and a back pressure of 16.5 MPa or 2400 psi, an on-
line degasser to minimize noise and to prevent fluorescence
quenching, and the argon-ion laser-induced fluorescence
detector. For the purpose of analyzing a single sample at
four different temperatures, an injector with a single inter-
nal 1 µL sample loop was placed between a tee and a mani-
fold, both of which were made of stainless steel (Fig. 1a). The
tee was used to split the primary flow to create an effective
secondary low-flow stream of ∼ 2.5 µL/min per column. The
manifold had a single inlet and four outlets to the columns
that were placed inside tubular ovens whose tempera-
tures could be controlled independently from each other.
Stainless steel zero dead-volume unions were used to connect
the 60 � 0.2 mm i.d. capillary columns to the inlet and outlet
fused silica lines with an internal diameter of 25 µm to mini-
mize extra-column volume. The latter should be kept as low
as possible to prevent band broadening as a result of lon-
gitudinal diffusion of the sample molecules in the mobile
phase. To enable monitoring of the fluorescent dye-labeled
DNA fragments, a detection window was created by burning
off the polyamide layer on the outside of the fused silica cap-
illary.

For the loading of four independent samples onto four
different columns, the manifold with the single inlet and the
four outlets was placed immediately after the tee (Fig. 1b). The
four outlet lines were connected to a custom-made electrically
actuated injection valve with four internal 1 µL sample loops.

Loading was accomplished by injecting 3 µL of sample to
ensure complete filling of the loops.

If all columns were identical, they should yield iden-
tical chromatograms under identical conditions. However,
as can be seen in Figure 2a, the columns yielded different
chromatograms. At a uniform column temperature of 55°C,
two of the four columns yielded a four-peak profile on in-
jection of a 209-bp amplicon representing two Y-chromo-
some alleles differing in a single base, an A to G transition,
at nucleotide position 168. The first two peaks represent the
heteroduplex species formed on mixing, denaturing, and re-
annealing of two polymorphic chromosomes, whereas the
latter two peaks represent the corresponding homoduplexes.
The remaining two columns yielded a single peak at 55°C.
Using individual column thermostats, the column tempera-
tures of the latter columns could be increased to 56°C and
57°C, respectively, to obtain chromatographic profiles simi-
lar to those observed with the former two columns at 55°C
(Fig. 2b).

The necessity to use different column temperatures to
obtain identical chromatographic profiles is the result of dif-
ferences in retention of nucleic acids between columns. For
example, at a column temperature of 50°C, oligodeoxythymi-
dylic acids 12–18 nucleotides in length were retained less, i.e.,Figure 1 Schemes of the two different instrument configurations

used to analyze a sample injected once onto four columns (a), and
four different samples injected onto four different columns (b). The
temperatures of the columns can be regulated individually.

Figure 2 Adjustment of the chromatographic elution profiles of
different columns by means of variation of column temperature. (a)
The same sample was injected onto four different columns kept at the
same temperature in a commercially available enforced air circulation
oven with Peltier cooling. Because of differences in surface area, re-
tention of DNA fragments varies between columns. (b) Variation of
the individual column temperatures allows harmonization of chro-
matographic profiles. Columns, 4 � monolithic PS/DVB, 60 � 0.2
mm i.d., mobile phase, (A) 100 mM TEAA at pH 7.0, (B) 100 mM
TEAA at pH 7.0, 25% acetonitrile; linear gradient, (a) 45%–61% B in
8.0 min, (b) 38%–56% B in 10 min; flow rate, 2.0–3.0 µL/min; tem-
perature, (a) 55°C, (b) 55–57°C; detection, LIF, emission monitored at
525 nm; injection volume, 1 µL each; sample, equimolar mixture of
two FAM-labeled 209-bp Y chromosome alleles differing in a single
base (168 A>G).
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they eluted at a lower acetonitrile concentration from those
columns that required a higher temperature to obtain the
separation of all four homo- and heteroduplex species. It was
shown recently for nucleic acids labeled with different fluo-
rophores that an ∼ 0.8% increase in acetonitrile concentration
that was required for elution corresponded to an increase in
column temperature of 1°C (Xiao and Oefner 2001). Conse-
quently, if a given DNA fragment is eluted from a column at
a lower acetonitrile concentration, a higher column tempera-
ture is required to achieve the same degree of partial denatur-
ation. This is also evident from Figure 2. At a temperature of
55°C, the amplicon eluted from column #3 at a concentration
of ∼ 13% acetonitrile, whereas the same amplicon eluted from
column #2 at 14% acetonitrile (Fig. 2a). Consequently, the
temperature of column #3 had to be raised 1°C higher than
that of column #2 to obtain a similar separation of the homo-
and heteroduplex species.

Retention and, consequently, the concentration of ace-
tonitrile required for eluting a double-stranded DNA fragment
from the column is governed mainly by electrostatic interac-
tions between the positively charged amphiphilic triethylam-
monium ions adsorbed at the surface of the nonpolar station-
ary phase and the dissociated phosphodiester groups of the
sugar-phosphate backbone of DNA. Another important factor
is the surface area of the stationary phase, because retention is
proportional to the surface area of the adsorbent. Adsorbent
surface area increases with decreasing pore size. The column
backpressure is an indicator of pore size and increases also
with decreasing pore size. Differences in surface area are most
likely the result of the instability of divinylbenzene, as differ-
ences in the ratio of styrene to divinylbenzene affect the de-
gree of polymerization and, consequently, pore size. Indeed,
back-pressure was greater in case of the capillary columns that
retained the nucleic acids longer. Therefore, instead of care-
fully selecting columns with similar porosity and retention
characteristics, one may adjust column temperature by means
of individual column thermostats until all columns yield very
similar chromatographic profiles (Fig. 2b). Subsequent
changes in column temperature will have identical effects on
peak pattern of all columns. Such harmonization of chro-
matographic separation by modulation of column tempera-
ture is by no means restricted to DHPLC. Rather, it can be
applied to any chromatographic separation sensitive to tem-
perature.

The practice of DHPLC has been facilitated by the devel-

opment of an algorithm that predicts the temperature at
which half of the base pairs at a given nucleotide site are no
longer hydrogen bonded under chromatographic conditions
(Jones et al. 1999). This is considered the optimum tempera-
ture to detect a base mismatch at a given site. This algorithm
had been optimized for the micropellicular octadecylated
poly(styrene/divinylbenzene) chromatographic support that
is still the most widely used in DHPLC. However, it was al-
ready noticed that column temperature had to be increased
2°C when using the novel monolithic poly(styrene/
divinylbenzene) chromatographic support (Huber et al.
2001). Because the monolith is not alkylated, its surface is
more polar. Thus, lower concentrations of acetonitrile are re-
quired for elution of DNA fragments, which in turn, necessi-
tates a higher column temperature to achieve the same degree
of partial denaturation compared to an alkylated separation
matrix. To allow the continued use of the melting algorithm
in conjunction with capillary arrays, it is necessary to cali-
brate the columns in the array. For that purpose, the tempera-
ture of every column is adjusted with the help of a known
mutation until all columns display the same profile that is
then compared to profiles of the same mutation generated on
a micropellicular support. The temperature that generated the
profile most similar to that on the monolith is then coined
the effective temperature at which the analysis was carried
out.

After columns have been calibrated, reproducible chro-
matographic separations can be achieved. The mean relative
standard deviation of the retention times of the two hetero-
duplex and the two homoduplex peaks on the four columns
over six injections was 1.84%, with a range of 0.83%–2.62%
(Table 1). Moreover, reproducibility among the four tempera-
ture-controlled sleeves was quite similar ranging from �1.6%
to �2.1%. Variations in peak profiles constitute a problem
when DHPLC is not only used for discovery of DNA variants
but also for their genotyping. Usually, reproducibility with
conventional HPLC column ovens is so high that in a recent
study of 432 BRCA1 and 136 BRCA2 variants, all but two were
identified correctly on comparison with peak patterns ob-
tained for known alternations (Gross et al. 2000). However,
for all other purposes including the fine mapping of traits,
variation of peak patterns is of no concern as long as it does
not affect the general ability to detect the variant.

The excellent mutation detection sensitivity of DHPLC
(approaching almost 100% Xiao and Oefner 2001) is caused

Table 1. Reproducibility of Retention Times

Run no.
Peak

Column 1 Column 2 Column 3 Column 4

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

1 7.50 7.74 8.53 8.88 5.33 5.69 6.31 6.37 5.15 5.45 6.11 6.35 7.45 7.64 8.15 8.58
2 7.60 7.68 8.47 8.81 5.63 5.83 6.43 6.73 5.37 5.57 6.28 6.63 7.78 7.91 8.48 8.87
3 7.67 7.80 8.31 8.67 5.49 5.74 6.33 6.65 5.15 5.28 5.91 6.25 7.88 7.98 8.57 8.91
4 7.61 7.68 8.11 8.63 5.60 5.82 6.38 6.67 5.41 5.62 6.18 6.42 7.82 7.92 8.53 8.91
5 7.67 7.73 8.09 8.57 5.58 5.83 6.41 6.75 5.27 5.48 6.12 6.43 7.87 8.00 8.27 8.58
6 7.58 7.58 8.01 8.45 5.61 5.94 6.55 6.81 5.15 5.43 6.10 6.36 7.81 7.96 8.46 8.90
Mean 7.61 7.70 8.25 8.67 5.54 5.81 6.40 6.66 5.25 5.47 6.12 6.41 7.77 7.90 8.41 8.79
SD 0.06 0.07 0.22 0.16 0.11 0.09 0.09 0.15 0.12 0.12 0.12 0.13 0.16 0.13 0.16 0.16
RSD 0.83 0.97 2.62 1.81 2.05 1.48 1.34 2.32 2.26 2.17 1.99 1.98 2.07 1.68 1.95 1.87

Reproducibility of retention times in minutes of the four heteroduplex peaks on a four-column array with four individual resistance ovens at an
effective column temperature of 55°C over six runs. Experimental conditions as described in Figure 2b.
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in part by the fact that the majority of mutations can be
detected over a wide range of temperatures. In a recent study,
32 mutations could be detected over temperature windows
spanning on average 8°C, with a range of 4°C –11°C (Jones et
al. 1999). However, there have been rare reports of mutations
that could be detected only at a unique temperature or over a
more narrow temperature window of 2°C –3°C (Wagner et al.
1999; Nickerson et al. 2001). Therefore, in case of multiple
melting domains that differ by >5°C, it has been suggested to
repeat the analysis in 5°C decrements starting with the high-
est temperature recommended by the melting algorithm
(Jones et al. 1999). This was put to a test in a study of 166
polymorphic DNA fragments corroborating that sensitivity
increased from 94% to 99.8% when the samples were ana-
lyzed at all recommended temperatures (Spiegelman et al.
2000b). However, because samples can only be injected seri-
ally, such repeated analyses at different temperatures reduce
overall sample throughput.

Recently, it has been suggested that the use of an exter-
nally controlled temperature gradient >10°C would allow
detection of all variants independently of their melting be-
havior (Gao and Yeung 2000). However, in our hands we
found this to apply only to variants with similar melting
characteristics as it was the case in the aforementioned study
with the melting temperatures of all five investigated single
nucleotide polymorphisms (SNPs) ranging from 65°C –69°C.
When applied to variants melting only at the extremes of
the temperature gradient, the approach failed to detect the
polymorphisms known to melt close to the starting point of
the gradient. For that reason, we explored an alternative
approach injecting 1 µL of sample simultaneously onto four

capillary columns that were kept at different temperatures
by means of thermally controlled sleeves. Figure 3 depicts
the multiple temperature analysis of three different mutations
in the coding and flanking noncoding region of exon 39
of the ATM gene as well as that of a homozygous control.
The effective temperature used to screen the polymorphic
fragments on the monolithic capillary array was increased
in 2°C increments from 51°C –57°C. In agreement with the
previous serial analysis on the commercially available mi-
cropellicular column support (Thorstenson et al. 2001), the
G>A transition located 83 base pairs upstream of exon 39
could only be detected at 53°C and 55°C, but not at 57°C.
Correspondingly, the G>C transversion 15 base pairs up-
stream of exon 39 could be detected only at the highest tem-
perature, but not at the lower temperatures. Finally, the G>A
transition located within exon 39 could be detected at 53°C,
55°C, and 57°C, respectively. Overall, the results were in
agreement with the predicted melting behavior of the variant
sites.

Alternatively, the array may be used to analyze different
samples in parallel using a photodiode array UV absorption
detector (Gong and Yeung 1999). Throughput can be in-
creased further by multiplex analysis of amplicons labeled
with different fluorophores. There are two different multi-
plex strategies. First, one can use the fluorophores to dis-
tinguish the same amplicon generated from different samples
(Xiao et al. 2001). Second, one may label different amplicons
generated from the same DNA sample (Xiao and Oefner
2001). In the latter case, one has to make sure that the differ-
ent amplicons share similar melting characteristics. More-
over, the impact of the different fluorophores on retention

has to be considered. It has been shown that the
chromatographic profile of a polymorphic FAM-
labeled amplicon resembles that of an unlabeled
fragment (Xiao et al. 2001). In contrast, the pro-
files of polymorphic amplicons tagged with the
more hydrophobic fluorophores HEX or NED re-
semble those of unlabeled PCR products ana-
lyzed at a 1°C higher column temperature. Fi-
nally, the chromatographic pattern of a ROX-
labeled amplicon is similar to that of an
unlabeled fragment injected at a 2°C higher col-
umn temperature. ROX is the most hydrophobic
of the four fluorophores and, therefore, it is re-
tained the longest on the nonpolar stationary
phase. With increasing retention of the labeled
fragments, an increasingly higher concentration
of acetonitrile is required for their elution. Be-
cause organic solvents reduce the melting tem-
perature of double-stranded DNA, the peak pat-
terns seen with increasing hydrophobicity of
the fluorophore resemble those of an unla-
beled fragment analyzed at increasing column
temperature. Consequently, to ensure maxi-
mum mismatch detection sensitivity only fluo-
rophores with similar effects on retention
should be chosen. Alternatively, the melting
algorithm described earlier may be used to se-
lect fragments with higher melting characteris-
tics to compensate for the drop in melting tem-
perature as a function of the fluorophore at-
tached.

Figure 4a shows the multiplex analysis of
four different polymorphic DNA fragments la-

Figure 3 Parallel analysis of amplicons at multiple temperatures. (a) Using a manifold
(see Fig. 1a for instrumental details) the sample was split and directed to four monolithic
capillary columns kept at four different temperatures. (b) The same samples had been
analyzed previously serially on a commercially available micropellicular column support
at 52°C and 57°C. Experimental conditions: (a) columns, 4 � monolithic PS/DVB,
60 � 0.2 mm i.d.; mobile phase, (A) 100 mM TEAA at pH 7.0, (B) 100 mM TEAA at pH
7.0, 25% acetonitrile; linear gradient, 45%–61% B in 8.0 min; flow rate, 2.0–3.0 µl/min;
temperature, 51°C, 53°C, 55°C, and 57°C, respectively; detection, LIF, emission moni-
tored at 525 nm; injection volume, 1 µL each; (b) column, DNASep, 50 � 4.6 mm i.d.;
mobile phase, (A) 100 mM TEAA at pH 7.0, (B) 100 mM TEAA at pH 7.0, 25% aceto-
nitrile; linear gradient, 58%–64% B in 3.0 min at 52°C, and 54%–60% B in 3.0 min at
57°C; flow rate, 900 µL/min; detection, UV, 254 nm; injection volume: 8 µL each.
Samples: one homozygous and three different heterozygous samples comprising exon
39 and flanking noncoding regions of ATM.
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beled with FAM, HEX, NED, and ROX, respectively. Although
primers and amplicons carry one fluorescent dye only, the
great hydrophobicity of ROX causes the ROX-labeled primer
to be retained approximately as long as amplicons tagged
with one of the other three less hydrophobic fluorophores.
It is possible to elute all labeled primers first, followed by
their corresponding amplicons, using an isocratic flow of
11.75% acetonitrile over 8 min before starting the acetoni-
trile gradient. However, this results in a total analysis time of
∼ 25 min, thereby offsetting any gain in throughput accom-
plished by differential labeling as unlabeled products can be
separated in as little as 4 min including regeneration of the
column between injections (Xiao and Oefner 2001). Analysis

time can be shortened but care has to be taken that the
ROX primer does not coelute with one of the ampli-
cons tagged with FAM, HEX, or NED, because it would
become impossible to spectrally resolve the signals of
the latter from the abundant signal of the ROX-labeled
primer. As shown in Figure 4b, optimization of the gra-
dient allowed the successful separation of the ROX-
labeled primer from the other components in the
sample while cutting the time of analysis in half, hence
allowing the loading of the array four times per hour.
However, if only FAM, HEX, and NEDwere used as tags,
total analysis time could be reduced to 10 min (Fig. 4c).
Consequently, the array could be loaded up to six times
per hour, leading to an increase in throughput of
12.5% over the use of four fluorophores and four runs
per hour. However, it appears that the close elution of
unincorporated NED-labeled primer and FAM-labeled
amplicon exerted a detrimental effect on the separation
efficiency of the latter. The fronting of the heterodu-
plex peak suggests competition with the NED-labeled
primer for adsorption to the stationary phase. As seen
in Figure 4d, the shape of the FAM-labeled hetero- and
homoduplex peaks could be restored to that observed
in Figure 4, panels a and b, when only the FAM-labeled
PCR was injected. For that reason, it appears that five
injections per hour are more realistic, which corre-
sponds to a 6% decrease in throughput compared to
four runs per hour with four fluorophores. However,
this loss in throughput is compensated by the fact that
no extensive optimization of the gradient conditions
is required to avoid coelution of ROX-labeled primer
with other compounds. At present, spectral overlap
prevents the use of other available less hydrophobic
tags that can be excited with an argon-ion laser, such as
TET and TAMRA. Eventually, the use of a multi-color
laser or delayed fluorescence detection may allow the
inclusion of additional fluorescent dyes, such as Cas-
cade Blue, that also exhibit a favorable retention be-
havior.

Figure 5 shows the parallel separation of both ho-
mozygous and heterozygous amplicons labeled with
FAM, HEX, NED, or ROX, using an array of four capil-
lary columns. However, to ensure reproducible gradi-
ent formation, almost all pumps commercially avail-
able for running capillary columns use a relatively
high primary flow of 100–200 µL/min before splitting
the flow with almost 99% of the mobile phase going
to waste. Therefore, there is plenty of eluent available
to run theoretically up to 96 capillaries. Using existing
injector technology, at least another three of the four-
column injectors used in the present study can be

added, bringing the total number of capillaries up to 16. Us-
ing sample pooling that has been shown repeatedly not to
affect sensitivity if the number of chromosomes is limited
to 10 (McCallum et al. 2000; Wolford et al. 2000) and four
fluorescent dyes of similar retention behavior, as many as
3800 amplicons can be processed per hour on a 16-capillary
array. Although throughput is still too low to search on a
genome-wide scale for induced mutations, it appears suffi-
cient to screen at least hundreds of genes. At the recovery
rates of mutant strains reported for Arabidopsis (McCallum et
al. 2000) and Drosophila (Bentley et al. 2000) that ranged from
∼ 2.5 to 5 mutations/kb for every 1000 chromosomes muta-
genized by ethyl methanesulfonate, one can expect to detect

Figure 4 Impact of gradient profile on the retention and separation efficiency
of primers and amplicons labeled with FAM (blue), HEX (green), NED (yellow),
and ROX (red), respectively. Column, monolithic PS/DVB, 60 � 0.2 mm i.d.;
mobile phase, 100 mM TEAA at pH 7.0; gradient, (a) 11.75% acetonitrile for 8
min, 11.75%–16.0% acetonitrile in 10 min, (b) 11.75%–16.0% acetonitrile in 10
min, (c,d) 12%–16.4% acetonitrile in 7.0 min; flow rate, 2.0–3.0 µL/min; effec-
tive temperature, 58°C; detection, LIF, emission monitored at 525, 555, 580,
and 605 nm, respectively; injection volume, 1 µL each; sample, MDR1, blue,
exon22, 320 G>A heterozygote; green, MDR1, exon 13, 291 T>C heterozygote;
yellow, MDR1, exon 26, 325 T>G and 346 T>C double heterozygote; and red,
MDR1, exon 26, 212 C>T and 346 T>C double heterozygote.
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about 5–10 mutant alleles per hour scanning 600 bp per am-
plicon.

In conclusion, monolithic poly(styrene/divinylbenzene)
capillary columns allow the construction of arrays similar to
those reported for capillary electrophoresis. More than 500
injections have been performed on the capillaries used in
this study without any notable deterioration in column per-
formance and they will likely prove as durable as con-
ventional micropellicular poly(styrene/divinylbenzene) col-
umns. Laser-induced fluorescence detection enables a
further increase in sample throughput by differential la-
beling of DNA fragments with fluorophores commonly used
in DNA sequencing. Differences in retention behavior be-
tween columns can be neutralized by adjusting the tem-
perature of each column. Such arrays hold the promise
of transforming DHPLC into a true genome scale technol-
ogy.

METHODS

DNA Sequences and Primers
A 209-bp amplicon containing either an A or a G
at nucleotide position 168 was generated from Y
chromosome samples using the following for-
ward 5�AGGCACTGGTCAGAATGAAG and re-
verse primer 5� AATGGAAAATCAGCAGCTC-
CCC, respectively. The forward primer was la-
beled with 6-FAM (emission maximum, 520
nm). A 481-bp fragment encompassing exon 39
of the ATM gene was amplified with a 6-FAM
labeled forward, 5� GCAGTATGTTGAGTTTATG-
GCA, and unlabeled reverse primer, 5� GCAAC-
TGTTGGCAACTTTTAT, respectively. It con-
tained either one of the following single-base
substitutions: G>A at nucleotide position 60 (IVS
38–83), G>C at 128 (IVS38–15), and G>A at 204
(nucleotide 5557), respectively. Based on the
publicly available melting algorithm (Jones et al.
1999), the fragment was predicted to contain
five melting domains of 52°C (1–116), 53°C
(117–128), 54°C (129–199, 361–431), 55°C (200–
220, 315–360), and 56°C (221–314), respectively.
Finally, three fragments were generated from the
MDR1 gene encompassing the coding and flank-
ing noncoding regions of exon 13 (380 bp; for-
ward, 5�-HEX-ATCTTTCTGATGTTGCCCTTTC;
reve r se , 5 � -NED-CCTTCTTAGGATTTC-
CCTTCTT), exon 22 (351 bp; forward, 5�-FAM-
ACCACTATTTACTCTTGTGCCT; reverse, 5�-
GTTCTACCTTAGAGATGTCCCT), and exon 26
(327 bp; forward, 5�-NED-TGCTGAGAACATT-
GCCTATGGAG ; r e v e r s e , 5 � - ROX -AA -
CACTTTCATCCCTTCCTCACA). The emission
maxima of HEX, NED, and ROX are 555 nm, 580
nm, and 605 nm, respectively. Only one labeled
primer was used at a time and paired with an
unlabeled forward or reverse primer. Exon 13
contained two polymorphisms at nucleotide po-
sitions 52 (T>G) and 291 (T>C), respectively,
whereas exon 22 harbored one variant site at po-
sition 320 (G>A), and exon 26 three variant sites
at positions 212 (C>T), 325 (T>G), and 346
(T>C), respectively. Both unlabeled and HPLC
purified fluorescent dye-labeled oligonucleotides
were obtained from either Applied Biosystems or
Life Technologies.

PCR
Amplifications were performed in 50 µL reac-

tions that contained 1 unit of AmpliTaq Gold (Applied Bio-
systems), 10 mM Tris·HCl (pH 8.3), 50 mM KCl, 2.5 mM
MgCl2, 0.1 mM each of the four deoxyribonucleotide triphos-
phates, 0.2 µM each of forward/reverse primers, and 50 ng of
genomic DNA. The thermocycling protocol comprised an ini-
tial denaturation at 95°C for 10 min to activate AmpliTaq
Gold, 14 cycles of denaturation at 94°C for 20 sec, primer
annealing at 63°C–56°C with 0.5°C decrements, and exten-
sion at 72°C for 1 min, followed by 20 cycles at 94°C for 20
sec, 56°C for 1 min, and 72°C for 1 min, and a final 5-min
extension at 72°C. PCR yields of the Y chromosome alleles
were determined semiquantitatively on ethidium bromide-
stained agarose gels. For DHPLC analysis, unpurified PCR
products of each Y-chromosome allele were mixed at a
roughly equimolar ratio. All amplicons were subjected to a 3
min 95°C denaturing step followed by gradual reannealing
from 95°C to 65°C over 30 min prior to DHPLC analysis to
ensure maximum heteroduplex formation. Only then were
the amplicons mixed for multiplex analysis.

Figure 5 Simultaneous analysis of 16 different samples in four capillary columns con-
taining samples that were homozygous or heterozygous for exon 13, 22, or 26 in MDR1.
Columns, 4 � monolithic PS/DVB, 60 � 0.2 mm i.d.; mobile phase, (A) 100 mM TEAA
at pH 7.0, (B) 100 mM TEAA at pH 7.0, 25% acetonitrile; linear gradient, 45%–70% B
in 10.0 min; flow rate, 2.0–3.0 µL/min; temperature, (a,d) 55°C, (b) 56°C, (c) 57°C;
detection, LIF, emission monitored at 525 nm for FAM (blue), 555 nm for HEX (green),
580 nm for NED (yellow), and 605 nm for ROX (red); injection volume, 1 µL each;
samples, column 1, exon 22, FAM, homozygote, exon 13, HEX, 52 T>G and 291 T>C
double heterozygote, exon 26, NED, 212 C>T and 346 T>C double heterozygote, exon
26, ROX, homozygote; column 2, exon 22, FAM, 320 G>A heterozygote, exon 13, HEX,
homozygote, exon 26, NED, homozygote, exon 26, ROX, 212 C>T and 346 T>C double
heterozygote; column 3, exon 22, FAM, homozygote, exon 13, HEX, homozygote, exon
13, NED, 52 T>G and 291 T>C double heterozygote, exon 26, ROX, homozygote;
column 4, exon 22, FAM, homozygote, exon 13, HEX, 52 T>G and 291 T>C double
heterozygote, exon 13, NED, homozygote, exon 26, ROX, homozygote.

Temperature-Modulated Array Liquid Chromatography

Genome Research 1949
www.genome.org



DHPLC
The synthesis of the monolithic columns has been described
previously (Premstaller et al. 2000). The chromatograph con-
sisted of a degasser (DG-1210, Uniflows Co.), a solvent orga-
nizer (WellChrom K-1500, Knauer Co.), a pump (WellChrom
K-1001), a laser-induced fluorescence scanner (see below), and
a PC-based data system. A tee-piece was used to split the pri-
mary flow to control the secondary low-flow stream to the
columns.

Two different column ovens were used. The first one was
a forced air circulation oven with Peltier cooling that is com-
mercially available from Varian Analytical Instruments under
the brand name MISTRAL. The second oven was custom-
made and consisted of a brass tube (15 � 1.2 cm i.d., 0.2 mm
thick) wrapped with ∼ 500 � 0.24 mm o.d. nickel-chromium
heating wire over a layer of Mylar tape that provided electrical
insulation. This construct was wrapped with additional layers
of Mylar tape and the ends of the tube were plugged with
foam inserts through which the connecting upstream and
downstream tubing passed. Temperature control was imple-
mented by using an Omega CN3390 10-channel tempera-
ture control module (only four channels were used in this
study) and a reading type T thermocouple that was attached
to one of the stainless steel unions used to connect the col-
umn to the inlet and outlet lines. It is critical that the ther-
mocouple does not touch the brass tube. The temperature
control unit was operated in on-off mode with a dead-band of
0.07°C.

A four-position microscale injector (Model 7410, Rheo-
dyne Inc.) with a 1 µL internal sample loop was used for all
analyses requiring injection of a single sample. For the load-
ing of four different samples onto four different columns, a
custom-made electrically actuated injector with four internal
1 µL sample loops was obtained from Valco Instruments Co..
The injection valve was connected upstream to a stainless
steel 1/16 inch manifold (model no. Z4M1, Valco) with one
inlet and four outlets.

The composition of the eluents was (A) 100 mM TEAA
(Applied Biosystems), 0.1 mM Na4EDTA at pH 7.0, (B) 100
mM TEAA, 0.1 mM Na4EDTA at pH 7.0, 25% acetonitrile (J.T.
Baker). The gradient profiles used for the separations are given
in the figure legends.

Laser-Induced Fluorescence Detector
The confocal fluorescence capillary array detector was con-
structed according to the original scanner by Kheterpal
et al. (1996) designed for the purpose of capillary array
electrophoresis-based DNA sequencing. This scanner col-
lects four-color fluorescence data from up to 25 capillaries
in parallel. Briefly, capillaries are mounted on a translation
stage driven by a computer controlled Compumotor micro-
step indexer (Z6104, Parker Hannifin Co.). Excitation beam
(488 nm) from an argon ion laser is focused into the capil-
lary array through a microscope objective. Fluorescence
from the capillaries is collected by the same objective and
fractioned successively passing through four dichroic beam
splitters (Omega Optical) with transmission wavelengths
(>50% T) of 505 nm, 540 nm, 575 nm, and 595 nm, respec-
tively. Bandpass filters (Omega, 525DF30, 560DF30,
585DF20) are used on the light reflected by each of the
first three beam splitters, and a line filter (10LF10–488)
after the last splitter to remove plasma lines from the laser.
Filtered light in each fraction is then detected by a photomul-
tiplier tube (Photonics Research). Signals are amplified and
collected by means of a computer (CIO-DAS1402/16, Na-
tional Instruments). A computer program synchronizes the
movement of the translation stage and data acquisition, al-
lowing each capillary to be scanned at the rate of twice per
second.
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