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INTRODUCTION

Nucleic acid hybridization probes 
traditionally are generated by enzymat-
ic incorporation of labeled nucleotides. 
However, the use of fluorescently la-
beled nucleotides has an inherent limi-
tation, since most enzymes incorporate 
dye-labeled nucleotides poorly (1–3). 
At best, typical enzymatic labeling 
reactions incorporate two to four dye-
modified nucleotides per 100 bases 
(3–5). Labeling efficiency also varies 
significantly from label to label when 
modified nucleotides are used, making 
it difficult to compare signals obtained 
using probes labeled with different dyes 
or haptens (1–7). This has been particu-
larly problematic for two-color micro-
array-based analyses, where Cy™3 and 
Cy5 dye-labeled nucleotides are used 
for labeling (8,9). Consequently, such 
hybridization assays must rely on com-
parisons of relative uptake to compare 
two differently labeled probes. Meth-
ods for increasing and controlling the 

degree of labeling (DOL), regardless of 
the label, can enhance the sensitivity of 
the probe and the strength of the assay. 
Since factors such as brightness, target 
specificity, duplex stability, and dye 
quenching can affect assay efficacy, 
monitoring hybridization signal bright-
ness should ultimately optimize nucleic 
acid probes.

An alternative strategy to generating 
fluorescent DNA hybridization probes 
utilizes enzymatic incorporation of a 
nucleotide analog having an unobtru-
sive aliphatic primary amine group, 
which is subsequently labeled with an 
amine-reactive fluorescent dye. The 
two-step labeling method was first de-
scribed for synthetic oligonucleotides 
(10,11) and has proven to be useful 
for labeling enzymatically modified 
DNA as well. This two-step labeling 
approach commonly uses 5-(3-amino-
allyl)-2′-deoxyuridine 5′-triphosphate 
(aa-dUTP) for enzymatic incorpora-
tion and circumvents the problems 
commonly associated with direct in-

corporation of dye-labeled nucleotides 
(12). While the use of this approach is 
becoming widespread, optimization of 
the methodology has yet to be reported. 
In this work, single-stranded DNA (re-
verse transcription) and double-strand-
ed DNA (nick translation) labeling pro-
tocols were optimized for hybridization 
signal brightness using dot blot and flu-
orescence in situ hybridization (FISH) 
assays for a variety of fluorescent dyes 
ranging in excitation wavelengths from 
the ultraviolet to the far-red.

MATERIALS AND METHODS

Reverse Transcription

Mouse β-actin RNA was gener-
ated using a MEGAScript® In Vitro 
Transcription Kit and pTRI β-actin 
plasmid (both from Ambion, Austin, 
TX, USA). cDNA was generated with 
SuperScript™ II reverse transcriptase 
(Invitrogen, Carlsbad, CA, USA), per 
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the manufacturer’s protocol, with 5 
µM actin primer (5′-dCTAGACTTC-
GAGCAGGAGATGG-3′), 0.5 mM 
each of dATP, dGTP, and dCTP, and 
varying ratios of aa-dUTP (Molecular 
Probes, Eugene, OR, USA) and dTTP. 
Afterwards, the nucleic acids were 
denatured at 95°C for 5 min, and the 
template RNA was degraded with 
NaOH (0.3 M final concentration, 15 
min at 65°C). The reaction was then 
neutralized with HCl (0.3 M final 
concentration) and buffered with Tris-
HCl buffer (0.1 M final concentration, 
pH 7.0). The cDNA was purified using 
the QIAquick® PCR Purification Kit 
(Qiagen, Valencia, CA, USA) per the 
manufacturer’s protocol, except that 
75% ethanol washes were used and 
the DNA was eluted in water or 1 mM 
Tris-HCl buffer, pH 8.5. The DNA was 
precipitated with the addition of 0.1 
volume of 3 M sodium acetate, pH 5.2, 
and 2 volumes of absolute ethanol.

Nick Translation 

Nick translation was performed 
following standard procedures (7) us-
ing chromosome 17 α-satellite probe 
DNA, p17H8 (13). Briefly, 1 µg of 
p17H8 DNA was incubated in a total 
volume of 50 µL nick translation buf-
fer [50 mM Tris-HCl, 5 mM MgCl2, 10 
mM dithiothreitol (DTT), 0.05 mg/mL 
bovine serum albumin (BSA), pH 7.8] 
with 40 µM each of dATP, dGTP, and 
dCTP, varying aa-dUTP:dTTP ratios, 
15 U DNA polymerase I (Promega, 
Madison, WI, USA), and approxi-
mately 10 Kunitz units of DNase I. The 
DNase I concentration was optimized 
to generate an average fragment length 
of 250–500 bp. The reaction was incu-
bated at 15°C for 2 h and then purified 
as described above.

Labeling Amine-Modified DNA with 
Amine-Reactive Dyes 

Amine-modified DNA was resus-
pended in water (0.2 µg/µL), denatured 
at 95°C for 5 min, snap-cooled on ice, 
and then centrifuged at 12,000 rpm 
for 5 min. Succinimidyl ester dyes 
(Molecular Probes) were dissolved 
in dimethyl sulfoxide (DMSO) or 
dimethyl formamide (DMF) to final 
concentrations of 20 µg/µL. Labeling 

of 1 µg of amine-modified DNA (0.2 
µg/µL) was performed with 0.1 M so-
dium bicarbonate, pH 8.5, and 40 µg of 
freshly dissolved reactive dye (2 µL) in 
a total volume of 10 µL for 1 h at room 
temperature and protected from the 
light. Afterwards, 90 µL of nuclease-
free water was added to the reaction, 
and the labeled DNA was purified as 
described above and eluted in 10 mM 
Tris-HCl, pH 8.5.

Determination of Degree of Labeling 

Absorption measurements were 
performed in 96-well, UV-transpar-
ent, flat-bottomed plates (Costar® UV 
plates; Corning Life Sciences, Acton, 
MA, USA) on the entire sample of 
185 µL, which was determined to have 
a pathlength of 0.5 cm. Absorption 
measurements at 260 nm and the dye 
absorption wavelength maximum for 
each dye were obtained using a HTS 
7000™ Bio Assay Reader spectropho-
tometer (PerkinElmer, Wellesley, MA, 
USA) with appropriate filters (Omega 
Optical, Brattleboro, VT, USA) or a 
SpectroMax® Plus spectrophotometer 
(Molecular Devices, Sunnyvale, CA, 
USA). The DOL of the labeled DNA, 
in number of dyes per 100 bases, was 
calculated using the Beer-Lambert law 
(see Table 2). 

Dot Blot Hybridization 

Mouse β-actin DNA was gener-
ated by PCR using the pTRI β-actin 
cDNA plasmid as a template and the 
actin primer oligonucleotides (5′-dGT-
GACACTATAGAATACACGG-3 ′ , 
5 ′ -dCTAGACTTCGAGCAGGA-
GATGG-3′). A dilution series of the 
resulting actin DNA, ranging from 25 
ng to 24 pg per sample, and 25 ng of 
φX174 DNA as a negative control were 
denatured and dot blotted onto nylon 
membrane per the manufacturer’s 
guidelines (Bio-Dot® and Zeta-Probe® 
membrane; both from Bio-Rad Labo-
ratories, Hercules, CA, USA). Blots 
were blocked in Solution A [6× SSPE 
(0.9 M NaCl, 60 mM NaH2PO4, 6 
mM EDTA, pH 7.4), 5× Denhardt’s 
solution (Sigma, St. Louis, MO, USA), 
0.1 mg/mL sheared, denatured herring 
sperm DNA, 0.5% sodium dodecyl sul-
fate (SDS), 50% formamide] for 2 h at 
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42°C and then hybridized with 1 µg/mL 
labeled probe in Solution B (Solution A 
without Denhardt’s solution) overnight 
at 42°C. After hybridization, blots were 
washed twice in 2× SSC (15 mM NaCl, 
1.5 mM sodium citrate, pH 7.0), 0.1% 
SDS at room temperature, and then in 
0.1× SSC, 0.1% SDS, at 65°C for 15 
min with agitation.

Dot Blot Signal Analysis 

Imaging was performed using a 
xenon arc-lamp- or laser-based gel 
imaging system (Arthur imager; Perkin-
Elmer, or FLA-3000G imager; FUJI 
Photo Film, Tokyo, Japan). The instru-
ment settings were normalized for each 
dye such that the exposure time chosen 
for further analysis was the longest ex-
posure that did not produce pixel satu-
ration, which was typically 1–5 s, and 
was kept constant for the series of same 
dye-labeled probes. Hybridization 
signals were defined by the average of 
the pixel intensities within the defined 
dot area minus the average background 
determined at the negative control spot 
of φX174 DNA. Three probe sets were 
hybridized separately, and the signals 
were averaged for each dye.

Fluorescence In Situ Hybridization 

Nick-translated and labeled chro-
mosome 17 α-satellite probe (13) 
were used for FISH analysis. Routine 
procedures were used to produce 
metaphase chromosome spreads from 
phytohemagglutinin-stimulated normal 
human peripheral blood lymphocyte 
cultures. Slides were aged in 2× SSC, 
0.5% Nonidet® P-40 (NP40), pH 7.0, 
at 37°C for 30 min, dehydrated through 
an ethanol series (70%, 80%, 95%) at 
room temperature for 2 min each, air-
dried, and stored at -20°C. For hybrid-
ization, slides were denatured in 70% 
formamide, 2× SSC, pH 7.0, at 72°C 
for 2 min, dehydrated through a -20°C 
ethanol series (70%, 80%, 95%) for 2 
min each, and air-dried. Probe DNA 
in 65% formamide, 2× SSC at a final 
concentration of 1 ng/µL with 10 µg of 
sheared, denatured herring sperm DNA 
was denatured at 72°C for 5 min, snap-
cooled on ice, and applied to the slide 
under a glass coverslip. Hybridization 
was carried out overnight at 37°C in a 

humid chamber. Afterwards, the slides 
were soaked in 2× SSC to remove the 
coverslips, equilibrated in 0.4× SSC 
at room temperature, placed in 0.4× 
SSC at 72°C for 5 min, and followed 
by phosphate-buffered saline (PBS) at 
room temperature. DNA was counter-
stained with 30 nM DAPI (Molecular 
Probes), and the slides were mounted 
in 50% glycerol/PBS.

FISH Signal Analysis 

Imaging was performed with a stan-
dard fluorescence microscope (Nikon, 
Melville, NY, USA) using a 60× oil im-
mersion objective, a mercury arc-lamp 
(Nikon), appropriate bandpass filter 
sets (Omega Optical), a cooled charge-
coupled device (CCD) camera (Princ-
eton Instruments, Trenton, NJ, USA), 
and MetaMorph® software (Universal 
Imaging, Downington, PA, USA). The 
exposure time used was kept constant 
for the series of same dye-labeled 
probes and was the longest exposure 
that could be achieved with the bright-
est signal without pixel saturation. 
Typical exposure times were 20–50 ms 
for dyes with visible light emission and 
5–15 s for dyes with far-red emission. 
FISH signal intensities were defined 
by the average of the pixel intensities 
within the defined spot area minus the 
average background determined at the 
periphery of the signal. For each probe, 
18 signals were analyzed, and the re-
sults were averaged.

RESULTS 

Optimization of the Labeling 
Methodology

The general labeling method was 
optimized first, both to determine how 
to achieve the highest possible labeling 
levels and to develop a procedure that 
would allow the labeling level to be con-
trolled and predictable. The efficiency of 
the labeling method was judged by the 
DOL, or the number of dyes coupled to 
the DNA, determined using absorption 
spectroscopy. The Alexa Fluor® 488 dye 
(Molecular Probes) was used to optimize 
the basic labeling method for cDNA, 
and the method was then validated using 
other dyes and other enzymatic incorpo-

ration methods (i.e., nick translation). 
Different aspects of the basic labeling 
method were evaluated by the DOL 
obtained from labeling amine-modified 
cDNA with Alexa Fluor 488 succinimi-
dyl ester dye. This cDNA was generated 
by reverse transcription in the presence 
of a 1:1 ratio of aa-dUTP:dTTP and 
was used first to determine the amount 
of reactive dye required to label 1 µg of 
amine-modified cDNA in 1 h. The DOL 
of the labeled cDNA did not increase 
using more than 30 µg of reactive dye 
per reaction, but gave a lower DOL with 
lower amounts of reactive dye. Since 
the DOL did not increase, these results 
indicated that 30 µg of reactive dye per 
reaction would be sufficient for labeling 
1 µg of amine-modified cDNA to satura-
tion. Noting that the reactivity of these 
dye compounds can vary from batch to 
batch and over time due to the labile, 
moisture-sensitive nature of the succin-
imidyl ester group, 40 µg of reactive dye 
were used per reaction for the remainder 
of the study to account for any variance 
in dye reactivity. Labeling efficiency was 
examined at 60, 90, and 120 min, and 
the DOL did not increase significantly 
after 1 h of incubation with the reac-
tive dye. The labeling buffers sodium 
bicarbonate and sodium borate were 
compared at pH 8.5 and a concentration 
of 0.1 M. In these tests, cDNA synthesis 
was performed with varying ratios of 
aa-dUTP:dTTP to assess the fidelity 
of the labeling reaction. Labeling reac-
tions performed in sodium bicarbonate 
buffer resulted in DOLs that increased 
significantly with increasing aa-dUTP:
dTTP ratios. In contrast, labeling reac-
tions with sodium borate showed only 
a slight increase in DOL with increasing 
aa-dUTP:dTTP ratio. Lower concentra-
tions of both buffers gave lower DOLs 
and thus, were less efficient. Using these 
standard parameters (see Note Added 
in Proof), up to 5 µg of cDNA could be 
labeled efficiently without a significant 
change in DOL. In addition, the labeling 
efficiency benefited from the presence of 
20% (v/v) organic solvent, either DMSO 
or DMF, which was used to dissolve the 
reactive dye. While most reactive dyes 
tested performed well with DMSO or 
DMF, Pacific Blue and Alexa Fluor 350 
dyes performed better with DMF. Also, 
heat denaturation of the amine-modified 
double-stranded DNA produced by nick 
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translation prior to dye coupling im-
proved the DOL by approximately 10%. 
This finding indicated that labeling is 
more efficient when the DNA is single-
stranded and lacks secondary structure.

Optimization of cDNA Labeling 

The efficacy of a hybridization probe 
should be judged by its hybridization 
signal intensity since the DOL reflects 
labeling efficiency but provides no 
indication as to hybrid stability or fluo-
rescence output. Thus, signal brightness 
in dot blot hybridization assays was 
used to evaluate the cDNA probes and 
determine the optimal DOL, and thus 
the optimal aa-dUTP:dTTP ratio. cDNA 
probes were synthesized in the presence 

of varying aa-dUTP:
dTTP ratios in order 
to generate series of 
probes of varying 
DOL. The DOL of 
the probes correlated 
well with changes 
in aa-dUTP:dTTP 
ratio, regardless of 
the labeling dye 
chosen, and reached 
a maximum at an aa-
dUTP:dTTP ratio of 
3:1 (Table 2). Figure 
1 shows a typical dot 
blot series hybridized 
with Alexa Fluor 594 
dye-labeled cDNA 
probes. Hybridiza-
tion signals showed a 
fluorescence response 

proportional to increasing amount of 
target DNA (Figure 2). Probes with a 
DOL of eight dyes per 100 bases on 
average had the best overall sensitivity, 
regardless of the dye label chosen, and 
reproducibly detected as little as 200 pg 
of target DNA. Probes with a DOL of 
10–10.8 dyes per 100 bases on average 
consistently had poor sensitivity, pre-
sumably due to unstable hybridization 
of the overlabeled probe and/or fluores-
cence quenching.

Optimization of Double-Stranded 
DNA Labeling

In similar fashion to the cDNA probe 
optimization, nick translation for dou-
ble-stranded DNA probe synthesis was 

Figure 1. Actin dot blot hybridization with Alexa Fluor 594 dye-labeled cDNA 
probes. Imaging and analysis was performed using a xenon arc-lamp-based gel imaging 
system with 590 ± 10 nm excitation and 620 ± 10 nm emission filters and a 10-s exposure 
time. The integrated fluorescence intensity of each hybridization signal was measured 
and compared relative to the degree of labeling (DOL) of the probe. Similar studies were 
performed with each of the dyes used for labeling.

Fluorophore
Ex/Em
(nm) CF

ε
(cm-1M-1)

Alexa Fluor 350 345/440 0.25 18,400

Pacific Blue 410/455 0.15 36,000

Alexa Fluor 488 492/520 0.3 62,000

Alexa Fluor 532 525/550 0.24 82,300

Alexa Fluor 546 555/570 0.21 104,000

Alexa Fluor 594 588/615 0.43 80,400

Alexa Fluor 660 660/690 0 107,000

Alexa Fluor 680 680/700 0 164,000

Ex, excitation maxima; Em, emission maxima; CF, correction factor; 
ε, molar extinction coefficient for the dye.
CF is a measure of the contribution of the dye to the 260 nm absor-
bance of the conjugate, since most dyes absorb light at 260 nm as well 
as at their excitation maximum, and is determined by the ratio of the 
dye absorbance at 260 nm to the dye absorbance at its maximal absor-
bance wavelength. 

Table 1. Fluorescent Dye Characteristics
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optimized based upon the best signal 
achieved in FISH assays. Chromosome 
17 α-satellite DNA plasmid was nick 
translated in the presence of varying aa-
dUTP:dTTP ratios to generate a series 
of probes of varying DOL. The DOL 
of the probes correlated with changes 
in aa-dUTP:dTTP ratio, regardless of 
the labeling dye used, and reached a 
maximum at an aa-dUTP:dTTP ratio 
of 9:1 (Table 3). Figure 3 shows typi-
cal hybridization signals obtained with 
Alexa Fluor 594 dye-labeled probes of 
three different DOLs. The brightest sig-
nals were obtained with probes having 
an average of eight dyes per 100 bases, 
regardless of the dye label chosen (Fig-
ure 4), provided by an aa-dUTP:dTTP 

Figure 2. Image analysis of dot blot hybrid-
izations. The integrated fluorescence intensity 
of dot blot hybridization signals were measured 
and compared relative to the degree of label-
ing (DOL) of the probe. Actin cDNA probes 
of 8.0–8.3 dyes per 100 bases gave the best 
overall sensitivity, regardless of the dye label 
chosen. Probes of 10–10.8 dyes per 100 bases 
consistently gave poor signals. Signal intensities 
obtained using of Alexa Fluor 532 dye appear 
to be lower than those with other dyes; this is 
an artifact of the instrument used for imaging 
(FLA-3000G Imager), which had a suboptimally 
matched emission filter (580 nm) to the emission 
spectra of the dye and is not indicative of an ac-
tual difference in intensity between this dye and 
the spectrally similar Alexa Fluor 546 dye. The 
magenta-colored line corresponds to DOLs of 
8.0–8.3; the yellow-colored line corresponds to 
DOLs of 5.6–5.7; the light blue-colored line cor-
responds to DOLs of 4.8–5.0; and the dark blue-
colored line corresponds to DOLs of 10.0–10.8. 
RFU, relative fluorescence units.

Dye Label
Alexa 

Fluor 488
Alexa 

Fluor 532
Alexa 

Fluor 546
Alexa 

Fluor 594
Alexa 

Fluor 660
Alexa 

Fluor 680

ratio aa-dUTP:dTTP DOL DOL DOL DOL DOL DOL

3:1 338 µM:112 µM 10.6 10.6 10.8 10.3 10.1 10.0

2:1 300 µM:150 µM 8.3 8.2 8.3 8.1 8.3 8.0

1:1 225 µM:225 µM 5.6 5.6 5.6 5.7 5.6 5.6

1:2 150 µM:300 µM 5 4.9 4.8 4.8 4.9 4.8

Reverse transcription of actin RNA was performed with varying ratios of aa-dUTP:dTTP, and the resulting cDNA was subsequently labeled with excess amine-
reactive dye. The degree of labeling (DOL) shown is expressed as number of dyes per 100 bases and represents the average of three independent experiments; 
the DOL standard deviation was 0.02– 0.3 dyes per 100 bases. DOL values were calculated based on background corrected absorption values at the absorption 
maximum wavelengths of the nucleic acid (260 nm) and the dye (Table 1). For example, to first correct for the dye’s contribution to the 260 nm absorption value, the 
product of the dye absorption value and its correction factor (CF, Table 1) is subtracted from the 260 nm absorption value [Abase = A260 - (Adye × CF)]. The number 
of dyes per 100 bases (DOL) is then derived using the following equation: DOL = 100/[(Abase × εdye) / (Adye × εbase)], where εdye is the dye’s extinction coefficient 
(Table 1), εbase is the average extinction coefficient for a base in double-stranded DNA (6600 cm-1M-1) or in long, single-stranded DNA (8919  cm-1M-1), Abase 
is the corrected nucleic acid absorption value, and Adye is the dye absorption value. Using this calculation, an Alexa Fluor 488 dye-labeled single-stranded DNA 
sample having background-corrected absorption values of 0.2 at 260 nm and 0.08 at 492 nm would have a DOL of 6.5 dyes per 100 bases.

Table 2. Optimization of cDNA Labeling Using Actin cDNA Probes
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ratio of 6:1 for nick translation. The 
brightness of the hybridization signals 
was observed to increase proportionally 
with increasing DOL; above a value of 
8.3, reached with an aa-dUTP:dTTP ra-
tio of 6, hybridization signals declined 
sharply presumably due to poor probe-
target stability and/or fluorescence 
quenching of the overlabeled probe. 
No attempts were made to adjust the 
hybridization stringency for the more 
densely labeled probes.

DISCUSSION

The sensitivity of a fluorescent 
nucleic acid probe of any given length 
is determined by its brightness, target 
specificity, and duplex stability. Bright-
ness is directly related to the conju-
gated label’s quantum yield and extinc-
tion coefficient but also to the labeling 
degree, since fluorescence should, in 
theory, increase proportionally with the 
number of labels incorporated. How-
ever, high degrees of labeling can result 
in fluorescence quenching, a reduction 
of quantum yield and extinction coef-
ficient, and also can sterically hinder 
probe-target duplex stability. Ultimate-
ly, fluorescent DNA probes should be 
optimized with regard to hybridization 
signal brightness.

In this work, the two-step DNA 
labeling method utilizing enzymatic 
incorporation of aa-dUTP, followed 
by reactive dye coupling, was op-
timized for single-stranded DNA 
(reverse transcription) and double-
stranded DNA (nick translation) label-
ing procedures. The average number 
of fluorophores coupled to the DNA 
(DOL) was determined by absorp-
tion spectroscopy, which proved to 
be a convenient and reliable way of 
evaluating labeling efficiency. Reverse 
transcriptase and DNA polymerase 
I efficiently incorporated aa-dUTP, 
since the DOL of the probes correlated 
well with changes in aa-dUTP:dTTP 
ratio and yields remained constant 
with the concentrations of aa-dUTP 
used. Chemical labeling with succin-
imidyl ester dyes was very consistent 
and highly reproducible, regardless 
of the dye chosen. The degree of la-
beling achieved was dictated by the 
aa-dUTP:dTTP ratio and could be 

easily controlled to optimize the label-
ing procedure for hybridization signal 
brightness. Dot blot and FISH hybrid-
ization assays both showed the same 
optimal DOL, which was eight dyes 
per 100 bases, on average, irrespec-
tive of dye label. These probes reflect 
an optimal aa-dUTP:dTTP ratio of 2:
1 for reverse transcription and 6:1 for 
nick translation.

The two-step labeling technique 
proved to be inherently consistent 
and versatile by virtue of the efficient 
incorporation of primary amines and 
the reliable chemical labeling reaction, 
which can be performed with a variety 
of amine-reactive dyes. The technique 
achieved labeling degrees much greater 
than the two to four dyes per 100 bases 
that is typically obtainable with en-
zymatic incorporation of dye-labeled 
nucleotides (3–5). Thus, the two-step la-
beling approach provides brighter, more 
sensitive hybridization probes and also 
facilitates multiparameter, multicolor 
applications. The majority of fluoro-
phores used in this study belong to the 
Alexa Fluor dye series, which are highly 
water-soluble and photostable dyes (12), 
and several others have since been used 
with the procedure, including the Alexa 
Fluor 555, Alexa Fluor 568, and Alexa 
Fluor 647 dyes. The hydrophilic nature 
of these dyes is particularly advanta-
geous for nucleic acid labeling because 
less hydrophilic fluorophores can de-
stabilize probe hybridization as well as 
exhibit fluorescence quenching when 
conjugated to DNA (References 4 and 5, 
and Cox, unpublished data). 

Fluorescence-based nucleic acid 
hybridization assays are ever more im-
portant in gene localization and expres-
sion studies, and high-throughput and 
high-density formats continue to put 
increasing demands on the sensitivity 
and utility of hybridization probes. Tra-
ditional FISH techniques utilize hap-
ten-modified nucleotides to generate 
probes that are subsequently detected 
indirectly using antibodies or strepta-
vidin, either fluorescently labeled or 
conjugated to a reporter enzyme. These 
approaches are not easily amenable to 
multicolor, multiparameter assays, are 
more time-consuming, and have the 
potential to increase background. The 
two-step labeling method discussed 
here is particularly advantageous in 
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FISH applications, because it is 
easily compatible with multicolor 
assays, does not require secondary 
detection reagents, and generates 
equivalently labeled probes regard-
less of dye label chosen. The ap-
proach has been useful for labeling 
DNA, as well as RNA, for FISH 
analysis of mitochondrial DNA 
localization in cultured cells, gene 
expression in Drosophila embryos, 
and single-copy DNA probes on 
chromosomes (Reference 15, Janes 
et al., unpublished data, and Cox et 
al., unpublished data).

The two-step labeling technique 
has been shown to be useful for 
labeling DNA and RNA for use in 
two-color microarray-based hybrid-
ization assays (12). Commonly, two 
spectrally distinct fluorescent dyes 
are used to label two different RNA 
samples, whose differences are sub-
sequently detected by measuring the 
ratio of the dye signals hybridized 
to each gene on the array. Cy3 and 
Cy5 dyes have been instrumental 
in the development of microarray 
technology, but unequal incorpora-
tion of Cy3 and Cy5 dye-labeled 
nucleotides has been identified as a 
factor contributing to the currently 
accepted detection limit of two-
fold changes in gene expression 
(8,9,16,17). The two-step procedure 
provides the production of a com-
mon pool of known amine-modified 
DNA appropriate for individual la-
belings with different fluorophores; 
this process allows direct com-
parisons of label sensitivity without 

Dye Label
Alexa

Fluor 350
Pacific 
Blue

Alexa 
Fluor 488

Alexa 
Fluor 532

Alexa 
Fluor 546

Alexa 
Fluor 594

Alexa 
Fluor 660

Alexa 
Fluor 680

ratio aa-dUTP:dTTP DOL DOL DOL DOL DOL DOL DOL DOL

9:1 90 µM:10 µM 9.9 9.9 10.2 9.8 10.1 10.2 10.2 10.2

6:1 60 µM:10 µM 8.3 8.2 8.3 8.3 8.1 8.3 8.3 8.3

3:1 30 µM:10 µM 7.0 7.0 7.1 7.1 6.9 7.1 7.1 7.1

1:1 10 µM:10 µM 6.3 6.2 6.25 6.1 6.1 6.1 6.1 6.1

1:3 3 µM:10 µM 5.5 5.6 5.6 5.6 5.5 5.4 5.4 5.4

1:10 1 µM:10 µM 4.5 4.6 4.5 4.7 4.5 4.5 4.5 4.5

Nick translation of α-satellite chromosome 17 plasmid DNA was performed with varying aa-dUTP:dTTP ratios, and the resulting DNA was subsequently labeled 
with excess amine-reactive dye. The degree of labeling (DOL) shown is expressed as number of dyes per 100 bases and represents the average of three inde-
pendent experiments; the DOL standard deviation was 0.05–0.3 dyes per 100 bases. 

Figure 3. Fluorescence in situ hybridization (FISH) with Alexa Fluor 594 dye-labeled DNA probes. Hu-
man chromosome spreads were probed with Alexa Fluor 594 dye-labeled chromosome 17 α-satellite DNA 
probes. Imaging was performed on a standard fluorescence microscope with appropriate bandpass filter sets 
(560 ± 20 nm excitation and 635 ± 27.5 nm emission) and using equivalent exposure times (20 ms). Shown 
are signals obtained from three probes labeled with Alexa Fluor 594 dye: (A) 10.2 dyes per 100 bases; (B) 8.3 
dyes per 100 bases; and (C) 4.5 dyes per 100 bases.

Figure 4. Image analysis of fluorescence in situ hybridization (FISH) signals. Human chromosome 
spreads were probed with labeled chromosome 17 α-satellite DNA probes. For each probe, 18 signals were 
analyzed, and the results were averaged. The standard deviation was 10–20 relative fluorescence units (RFUs). 
Data analysis showed that the brightest signals were obtained using probes with 6.1–8.3 dyes per 100 bases, 
regardless of the dye label chosen. Probes with 9.9–10.2 dyes per 100 bases always gave rise to weak signals, 
presumably due to poor hybridization of the excessive probe or fluorescence quenching. 

Table 3. Optimization of Double-Stranded DNA Labeling Using Chromosome 17 α-Satellite DNA Probes 
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considering varying rates of enzymatic 
incorporation. In fact, with probes la-
beled using this approach, homotypic 
microarray-based hybridization assays 
(the same RNA labeled with the two 
dyes and hybridized to a single array) 
have shown that better signal correlation 
coefficients are obtained with the Alexa 
Fluor 555 and Alexa Fluor 647 dye 
pair compared to the Cy3 and Cy5 dye 
pair (Beaudet et al., unpublished data). 
The two-step labeling method has also 
extended gene expression analyses on 
microarrays to three colors using Alexa 
Fluor 488, Alexa Fluor 546, and Alexa 
Fluor 594 dyes (18).
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NOTE ADDED IN PROOF

Sodium bicarbonate conjugation 
buffer at 0.3 M final concentration 
was subsequently found to enhance 
labeling efficiency with certain amine-
reactive dyes and is now recommended 
for use with all amine-reactive dyes. 
Purification of the amine-modified 
DNA prior to dye conjugation can be 
accomplished by alcohol precipitation 
(1 volume of isopropanol or 2 volumes 
of absolute ethanol and 0.1 volume 3 
M sodium acetate, pH 5.2) followed 
by two 70% ethanol washes, instead 
of by column purification. Although 
protein will be carried over and labeled 
in the labeling reaction, they will bind 
irreversibly to the purification column 
and not be eluted with the labeled 
nucleic acid.
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