Benchmarks

detection of small numbers of nucleic
acids would be possible when amplifi-
cation and detection are carried out si-
multaneously on the cartridge (9). De-
tection methods such as nanoparticles
(3) might be another way to improve the
sensitivity and eliminate the need for
amplification. Our principle for analysis
of the detection limit can easily be
adopted for any other microarray system
and could be a first step for the identifi-
cation of suitable technologies for po-
tential applications in routine screening
of samples without amplification.
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Internal Controls for
Normalizing DNA Arrays

BioTechniques 33:496-502 (September 2002)

General challenges of DNA array
hybridization experiments are the
specificity and reproducibility of these
assays. We have previously addressed
specificity through a combination of
enzymatic labeling of DNA probes with
the possibility of detecting several tar-
gets simultaneously by array hybridiza-
tion (3-5). High signal-to-noise ratios,
caused by the specificity in the enzy-
matic labeling reaction, were obtained
(4). However, reproducibility is based
on the signal intensities of the hy-
bridization regions alone. Thus, experi-
ment-to-experiment variation is depen-
dent on the spot shape/size, amount of
probe used, and the hybridization con-
ditions. If the assay is not highly stan-
dardized, then a relatively high variance
could be introduced into the results.

Here 5’ Cy5-labeled internal control
probes were included in the assay. The
control probes were identical to the
probes used in sequence-specific label-
ing. The signals from the sequence-spe-
cific labeled probes (TAMRA-ddCTP;
Perkin Elmer Life Sciences, Boston,
MA, USA) are measured relative to the
internal control probes (Figure 1). The
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relative signals obtained are hybridiza-
tion independent. Factors influencing
the hybridization will affect equally the
internal control probe and correspond-
ing sequence-specific labeled probe.

The 5’ Cy5-labeled internal control
probe system was tested in a 16S rRNA
array hybridization experiment. Lacto-
coccus lactis subsp. lactis INF (Depart-
ment of Food Science Culture Collec-
tion, Agricultural University of
Norway) L2, Propionibacteria jensenii
INF P303, and P. freudenreichi 1ISU
(Department of Food Science and Hu-
man Nutrition, Jowa State University)
P59 were used in the assay. Approxi-
mately 108 cfu of cells were disrupted
mechanically with glass beads (106
pum; Sigma, Steinheim, Germany) in a
Fast-Prep bead beater (Bio 101; Strata-
gene, La Jolla, CA, USA). The treat-
ment was performed twice for 20 s at
maximum speed with a 5-min pause at
4°C between each treatment. The DNA
was subsequently purified with the
DNeasy® tissue kit (Qiagen, Hilden,
Germany), following the manufactur-
er’s recommendations, and the DNA
was eluted in a 100-uL volume (Treimo
et. al., manuscript in preparation).

A PCR-amplified 18S rRNA frag-
ment from Saccharomyces cerevisiae
was used as a competitor for rigorous
quantification. The competitive frag-
ment was generated with the primers
KRUI yeast (5-TGGCTCAGATTGA-

ACGCTGGCGGCGCCCATTCGGG-
TCTTGTAATTG-3") and Amp 1520r
yeast (5’-CCGRTACGGYTACCTTG-
TTACGACTTGCCCCCTTCTCTAA-
GCAGATCC-3"). These primers con-
tain yeast 18S rRNA-specific 3’-ends
and 5’-ends identical to the primers KR
1 and AMP 1520R, described below.
The amplification conditions used to
generate the competitor were 95°C for
10 min, five cycles of 95°C for 30 s,
50°C for 30 s, 72°C for 90 s, and then
40 cycles of 95°C for 30 s and 72°C for
2 min. A 7-min extension step of 72°C
was included. The reaction mixture
contained the same components as de-
scribed below.

A dilution series ranging from 105 to
10 copies of the competitive fragment
was added to 1-uL aliquots purified
DNA. The DNA was subsequently
PCR-amplified by using the two pri-
mers KR 1 (5-TGGCTCAGATTGAA-
CGCTGGCGGC-3’) and AMP 1520R
(5"-CCGRTACGGYTACCTTGTTAC-
GACTT-3"), which are located in re-
gions of the 16S rRNA that are con-
served among Lactococcus spp. and
Propionibacteria spp. (Treimo et al.
manuscript in preparation). The reac-
tion mixture contained 10 pmol each of
the PCR primers and 25 uL 2x SYBR®
Geen PCR Master Mixture (Applied
Biosystems, Foster City, CA, USA),
and analytical-grade water (Sigma) to a
final volume of 50 puL. The reaction pa-

rameters used were 95°C for 10 min,
then five cycles of 95°C for 30 s, 50°C
for 30 s, and 72°C for 90 s, and then 40
cycles of 95°C for 30 s, 62°C for 30 s,
and 72°C for 90 s. A 10-min extension
step of 72°C was included.

Twenty microliters of the reaction
were dephosphorylated with the addi-
tion of 4 U shrimp alkaline phosphatase
(USB, Cleveland, OH, USA) and incu-
bation at 37°C for 30 min. The enzy-
matic activity was inactivated by treat-
ment at 95°C for 10 min. These
products were then used for the cyclic
labeling reaction. The specific probes
used in this reaction are described in
Table 1. The cyclic labeling conditions
were as follows: 1x Thermo Seque-
nase™ reaction buffer (Amersham Bio-
sciences, Little Chalfont, Bucking-
hamshire, UK), 10 pmol each specific
probe, 100 pmol ddNTP (except dd-
CTP) (Roche Molecular Biochemicals,
Manheim, Germany), 100 pmol TAM-
RA-ddCTP, 16 U Thermo Sequenase
DNA polymerase, and 22 pL phos-
phatase-treated PCR product in a final
volume of 60 pL. The labeling includ-
ed 10-25 cycles of 95°C for 15 s, 50°C
for 15 s, and 60°C for 1 min. Finally, 1
pmol 5" Cy5-labeled probes, the same
as the probes used in the cyclic label-
ing, was added to each sample.

SigmaScreen™-coated (Sigma) or
CMT-GAPS™-coated (Corning, Corn-
ing, NY, USA) slides for microarrays
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Figure 1. Schematic representation of the relative signal measurements.
A ratio between the sequence-specific labeled probes (green dot) and the in-
ternal control probe (red dot) is given in the liquid phase before hybridiza-
tion (A). This ratio is also conserved after hybridization to the complemen-

tary sequences, independent of the hybridization conditions (B).
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Figure 2. DNA array analyses. Each column represents a separate sample.
Dilution series from 105 to 10 of the competitor were analyzed for constant
amounts of DNA from approximately 100 cfu P. freudenreichi ISU P59 and
L. lactis subsp. lactis INF L2, respectively. Five microliters of the labeling
mixture were used for each hybridization experiment. The TAMRA signal
(green) was detected with a 580-nm bandpass filter, using a green laser (533
nm) for the excitation. The Cy5 signal (red) was detected with a 670-nm
bandpass filter, using a red laser (633 nm) for the excitation. The internal sec-
tions of the respective spots in the arrays are shown.

Vol. 33, No. 3 (2002)



Benchmarks

Table 1. Probes Applied in the Sequence-Specific Labeling

Specificity
Lactococcus Propionibacteria Yeast
Name Sequence (5'>3") spp- spp- Competitor
COMP CGCGGCTCCACTCC-
TGGTGGTG - - X
UNIV  GTCGGARTCGCTAGT-
AATCGRGATCAG X X -
PROP GCGTGCGGGATGAC-
GGCCTT - X -
LACT GAAGAACGTTGGTGA-
GAGTGGAAAGCTCAT X - -

were used for the DNA array hybridiza-
tion experiments. One microliter (100
pmol/uL) of the following primers
were spotted on the slide: 5-T5CA-
CCACCAGGAGTGGAGCCTGCG-3’

(complemetary to COMP), 5°-Ts-
AAGGCCGTCATCCCGCACGC-3’
(complementary to PROP), 5"-T;5CT-
GATCYGCGATTACTAGCGAYTCC-
GAC-3" (complementary to UNIV),
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Figure 3. Uncorrected and normalized DNA array hybridization signals. The uncorrected signals
(A) are volume values (1 x 105) for the TAMRA signal, as determined with the ImageMaster™ Array
Software (Amersham Biosciences), while the corrected signals (B) are relative values for the TAMRA
signals divided on the CyS5 signals. The black bars represent signals for P. freudenreichi ISU P59, and the
white bars represent L. lactis subsp. lactis INF L2 signals. The dilution series for the competitor are 10-
fold from 105 to 10 copies (represented by triangles) against constant amounts of bacterial DNA (corre-
sponding to 100 cfu). Standard deviations are based on four replicates.
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and 5’-TsATGAGCTTTCCACTCTC-
ACCAACGTTCTTC-3" (complemen-
tary to LACT). The slides were then
treated according to the respective
manufacturer’s instructions. The hy-
bridizations were done overnight using
100 pL ArrayHyb™ LowTemp hy-
bridization buffer (Sigma) and 1-10 uL
labeling mixture. One slide was divided
into 20 independent reaction chambers
using a Cross Blot Dot Blot hybridiza-
tion chamber (Sebia, Moulinaux,
France). The washing was performed
following the recommendations for the
ArrayHyb LowTemp hybridization
buffer. Fluorescence was then detected
directly using a Typhoon™ scanner
(model 8600; Amersham Biosciences).
The resulting signals were analyzed
with the ImageMaster Array Software.

We questioned whether the inclusion
of a CyS5 internal standard would reduce
the sample-to-sample variation caused
by the differences in hybridization con-
ditions of the samples tested. The dilu-
tions of the competitor relative to con-
stant amounts of P. freudenreichi P59
and L. lactis subsp. lactis L2 DNA were
analyzed in our model system (Figure
2). When analyzing the signal from the
sequence-specific labeling (the TAM-
RA-ddCTP signal) independently from
the internal control (the Cy5 signal), a
relatively high variation in the assay
was obtained (Figure 3A). This varia-
tion is probably due to a combined ef-
fect of slide-to-slide variation and dif-
ferences in cross-linking the spotted
probes to the slides. However, when an-
alyzing the ratio between the sequence-
specific labeled probe and the internal
control, most of the variation in the ex-
periment was removed. The resulting
assay had relatively low standard devia-
tions (Figure 3B).

To simplify the assay, we tested
whether the sequence-specific labeling
could be done directly on the 5" Cy5-la-
beled probe. However, using this ap-
proach, we obtained irreproducible re-
sults (not shown). The reason for this is
probably the interference between the
two fluorochromes located on the same
molecule. Phenomena such as quench-
ing and fluorescence resonance energy
transfer (FRET) must be taken into ac-
count (2).

The concept of defined internal con-
trols could also be used in microarray
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gene expression experiments. Current-
ly, such measurements are taken rela-
tive to a control sample (1). However,
the problem with this approach is that
there are no controls for the probes/
genes when they are not expressed in
the control sample, which is usually the
case. By using internal control samples
(e.g., prepared from the DNA used for
spotting), defined internal controls can
be constructed for all the probes used.
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Multicolor Post-PCR
Labeling of DNA
Fragments with
Fluorescent ddNTPs

BioTechniques 33:502-506 (September 2002)

A capillary-based DNA sequencer
with multicolor fluorescence detection
has high resolution, a broad dynamic
range of signal detection, and is capa-
ble of automated operation and direct
computer-aided data acquisition/han-
dling. Thus, the system is increasingly
used for high-throughput fragment
analyses other than sequencing, such as
microsatellite genotyping and quantita-
tive single-stranded conformational
polymorphism (SSCP) analysis.

The DNA fragments to be analyzed
by the system, usually PCR products,
must be fluorescent. A commonly em-
ployed method for labeling the frag-
ments is to amplify the target fragments
using fluorescently labeled primers.
However, the synthesis of such primers
is at least several-fold more expensive
than the synthesis of unmodified
primers, and the reduction of this cost
is a considerable benefit for projects
that involve the examination of a large
number of fragments.

PCR products can be labeled during
amplification by including fluorescent
nucleotides in the reaction mixture. In-
ternally labeled fragments are unsuit-
able for analyses that require the high
resolution of fragments because the po-
sitions and number of incorporated la-
beled nucleotides vary from molecule to
molecule, and the fragments are chemi-
cally heterogeneous (2,4). The products
can also be labeled by amplification us-
ing primers with 5’ tags, followed by the
re-amplification of the products using
common fluorescent primers that an-
neal to the tags. This method requires
lengthy primers for each target se-
quence, and the fidelity of amplification
is uncertain because of the increased
number of primers in the amplification
reaction and extended thermal cycles.

We previously developed a post-
PCR fluorescence-labeling method in
which the target sequences were ampli-
fied by PCR using unlabeled primers
carrying either 5 ATT or 5" GTT. The

3’-end residues of the products were
then exchanged with fluorescent dUTP
or dCTP by the terminal exchange ac-
tivity of the Klenow fragment of DNA
polymerase I (2). The procedure is suit-
able for examining loci by SSCP analy-
sis of SNPs (3,7,8) or for multiplexed
microsatellite genotyping (5,6).

We attempted to expand the reper-
toire of fluorophores for labeling, but
some [Alexa Fluor® and Oregon
Green® (Molecular Probes, Eugene,
OR, USA), Cy (Amersham Biosciences,
Piscataway, NJ, USA), Cy3, Fluorescein
Chlorotriazinyl, Lissamine, Naptho-
fluorescein, and Texas Red® (Perkin
Elmer Life Sciences, Boston, MA,
USA)] were poor substrates for the la-
beling, as examined by the previously
described method (unpublished data and
Reference 2). This is presumably be-
cause the nucleotides modified with the
fluorophores were inefficient polymer-
ization substrates, or the ends with mod-
ified nucleotides were too sensitive to
the 3’ exonuclease activity of the en-
zyme. We then wused fluorescent
ddNTPs, which behave differently from
their deoxy counterparts, as substrates
for various DNA polymerases (1). The
Klenow fragment of DNA polymerase [
had a very low labeling efficiency (ap-
proximately 2%) compared to fluores-
cent ANTP labeling using the same en-
zyme, which was expected because the
fluorescent ddNTPs are known to be
poor substrates for the enzyme.

Genetically modified T7 DNA poly-
merase or Tag DNA polymerase effi-
ciently incorporate ddNTPs (9-11) and
are commercially available as enzymes
for sequencing by the dideoxy-termina-
tor method. However, these enzymes
alone are unsuitable for our end-label-
ing purposes because they possess
weak or no 3’ exonucleolytic activity,
which is essential for the terminal ex-
change reaction. Therefore, we used a
cocktail of two enzymes, one for end-
cleavage and the other for end-filling.

We tested the Klenow fragment of
the DNA polymerase I or the T4 DNA
polymerase (New England Biolabs,
Beverly, MA, USA) as the enzymes for
end-cleavage and either Thermo Seque-
nase™ (Amersham Biosciences) or Se-
quenase (version 2.0; USB, Cleveland,
OH, USA) for end-filling. The fluores-
cent nucleotides N,N’-diethyl-2’,7’-
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