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'Run-off' polymerization with digoxigenin labelled

nucleotides creates highly sensitive and strand specific DNA

hybridization probes : synthesis and application
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In this paper the in vitro synthesis and application of non-radioactively labelled strand specific DNA
probes is described. The probe is labelled by incorporation of nucleotides with the hapten digoxigenin
into single-stranded DNA during a 'run-off' reaction catalyzed by Thermus aquaticus (Taq) DNA-
polymerase. The 'run-off reaction requires a linearized plasmid template and one primer binding site
at a defined distance from the restriction site . Single-stranded DNA can be synthesized during
repeated cycles of denaturation, annealing, and extension . The conditions for the incorporation of
digoxigenin-11-dUTP (dig-11-dUTP) during polymerization were optimized to generate strand specific
DNA hybridization probes up to a length of 5000 nt . The strand specificity is demonstrated by a dot-
blot, with in vitro-transcribed target RNA of c-sis. The sensitivity of the probe was tested in a Northern
blot, and found to be identical to a probe radiolabelled by nick-translation (specific activity
6. 5 x 108 cpm gg-') . The resolution of the signals and speed of development was even superior
compared to the radiolabelled probe .

KEYWORDS: Polymerase chain reaction, run-off reaction, single-stranded DNA, strand-specific
DNA hybridization probes, digoxigenin, Northern blot .

INTRODUCTION

Nowadays much effort is made to replace radioactive
hybridization probes with non-radioactive probes .
Non-radioactive hybridization probes reveal many
advantages compared to radioactive probes . They
are (i) non-hazardous, (ii) stable for a long time, (iii)
allow reduction of the detection time, and (iv) give a
higher resolution. So far, one major drawback is their
reduced sensitivity compared to radioactive probes .

Non-radioactive probes are mostly synthesized by
incorporation of biotin-11-dUTP or digoxigenin-11-
dUTP (dig-11-dUTP) during polymerase chain reaction
(PCR),' , ' by random priming or nick-translation
(Boehringer : DNA labelling and detection non-radio-
active; applications manual). These labelling reactions
produce double-stranded hybridization probes,

' Author to whom correspondence should be addressed.
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which lack strand specificity in Northern blotting or in
situ hybridization. Furthermore, the amount of spe-
cific strand is reduced by reannealing to the comple-
mentary strand during hybridization, causing a
reduction of sensitivity .'

Recently, non-radioactively labelled in vitro-tran-
scribed RNA probes have been introduced .' These
probes are strand specific and sensitive . However, the
handling of DNA probes is more cumbersome than
that of RNA probes. One disadvantage is that in vitro
transcription requires sequences cloned into special
transcription vectors with promoters specific for the
bacteriophage SP6, T7 and T3 RNA-polymerases.'
Also a restriction site is not always present at the
required distance from the promoter to terminate
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transcription . Probes of a defined length are required
for in situ hybridization' and RNA mapping studies .'
Finally diethylpyrocarbonate has to be used to inac-
tivate RNases.° This reagent is very toxic and there-
fore imposes a possible hazard .

To overcome all these limitations, we introduced
the synthesis of single-stranded DNA hybridization
probes with Taq DNA-polymerase in a 'run-off' reac-
tion.' In this procedure, a linearized DNA template
with one primer binding site at a defined distance
from a restriction site on the plasmid is used to
generate the probe by PCR .'

In this paper the application of 'run-off polymer-
ization is described for the synthesis of non-radio-
active hybridization probes . The conditions for the
incorporation of digoxigenin-11-dUTP during the
'run-of reaction were optimized to produce non-
radioactively labelled strand specific DNA probes
with defined length . In order to show that the label-
ling procedure is independent of the sequence, three
different templates were used for probe synthesis (c-
sis, (3-actin and coxsackie B3 virus) . Additionally, we
investigated the optimal conditions for the use of
these probes in dot-blot and Northern blot hybridiza-
tion. In a dot-blot with in vitro-transcribed target
RNAs it is shown that these probes are strand specific .
The sensitivity of the probe is demonstrated in a
Northern blot by direct comparison with a nick-
translated radiolabelled probe .

MATERIALS AND METHODS

Materials

Reagents

Nucleotides including dig-11-dUTP, restriction en-
zymes, blocking reagent, Dig-AP (polyclonal sheep
anti-digoxigenin-antibody (Fab):alkaline phosphatase-
conjugate [750 units ml -1l), BCIP (5bromo-4chloro-
3indolylphosphate) and NBT (nitroblue tetrazolium
salt) were from Boehringer Mannheim . [a- 32P]-Deoxy-
cytosine-5'-triphosphate, triethylammonium salt ([a-
32P)dCTP; c . 3000 Ci mmol -1 ), Taq DNA-polymerase [5
units tl -1 ] and hyperfilm-MP X-ray films were from
Amersham Buchler . Nitrocellulose BA85 membrane
was from Schleicher and Schuell, GeneScreen hybri-
dization membrane was from NEN . The thermal
cycler used, has been described by Collasius et al .'

Primers

Primers were synthesized with a 380B DNA Syntheti-
sizer from Applied Biosystems . After synthesis, the
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primers are kept for 12 h at 56 °C to remove protec-
tive groups, dried in a speed-vac, precipitated twice
with NaAc/EtOH and dissolved in H 20 .

The sequences of the primers are :

T3 primer : 5'ATTAA000TCACTAAAG 3'
T7 primer : 5'AATACGACTCACTATAG 3'
SP6 primer: 5'ATTTAGGTGACACTATA 3'

Vector Constructions

(i) pBC-sis : A 700-bp Barn HI/Pst I fragment coding for
the fifth exon of human c-sis (PDGF 0-chain)"' is
inserted between the Bam HI and the Pst I restriction
sites in the multiple cloning site (mcs) of pBS (+)
(Stratagene) . Cutting pBC-sis with Bam HI and starting
transcription from the T3 promoter gives rise to the
antisense strand of c-sis . By cutting the vector with
Hind dill and transcribing with T7 RNA-polymerase,
the RNA-sense strand of c-sis is produced .

(ii) pCVB3-R1 : A 7127-bp Eco RI/Bam HI fragment
coding for the full-length reverse-transcribed cDNA
of coxsackie B3 virus, except a 350-bp deletion at the
3' end, is inserted between the Bam HI and the Eco RI
restriction sites in the multiple cloning site of
pSPT18 . 11 Transcription from the T, promoter gives
rise to the positive strand of coxsackie B3 virus .

(iii) pGEM-fl-Actin : A 450 by Bam HI/Eco RI fragment
coding for part of the (3-actin cDNA is inserted into
the vector pGEM-3 (Promega). 12 Cutting the vector
with Bam HI and starting transcription from the T,
promoter gives rise to the sense strand of (3-actin .
Cutting with Eco RI and starting the polymerization
from the Sp6 site gives rise to the antisense strand .

Cell Culture

Human fibroblast cultures were established from
human skin biopsies as described by Roth et al ." Cell
cultures were propagated at 37 ° C under 5% CO 2 , in
DMEM supplemented with 10% fetal bovine serum
and antibiotics .

Methods

Labelling of single-stranded DNA with
digoxigenin

'Run-off' polymerization was carried out with
200 pmol of primer (2 pm), 200 lam each of dATP,
dGTP, dCTP, 50µM each of dTTP, dig-11-dUTP and
180 ng of DNA template in 100 µl of a solution of
10 mm Tris-HCI, pH 8 . 3, 50 mm KCI, 1 .5 mm MgCI 2 and



0.01 % gelatin in 0 .5 ml Eppendorf tubes. Taq DNA-
polymerase (4. 2 U) was added and the solution over-
layed with mineral oil . The polymerization reaction
was performed for 30 cycles as follows : 1 min at 94° C,
30 s at 37 °C, and 30 s at 72 °C. Finally, the extension
step was continued for 2 min at 72°C and the reac-
tion was stopped by decreasing the temperature to
4°C. Unincorporated nucleotides were separated by
NH4Ac/EtOH precipitation .

Alkaline agarose gel electrophoresis and blotting
of digoxigenin labelled single-stranded DNA

Alkaline agarose gel electrophoresis was done as
described by Maniatis et al ." After electrophoresis,
the DNA was transferred to a GeneScreen membrane
and stained by the alkaline phosphatase reaction
according to the protocols for digoxigenin labelling
(Boehringer) . In short, the membrane was washed
briefly with buffer 1 (100 mm Tris-HCI, 15 mm NaCl,
pH 7 . 5) . Blocking of non-specific binding sites was
done for 30 min in buffer 2 (buffer 1, 0 .5% blocking
reagent). Thereafter, the membrane was rinsed in
buffer 1 and the DIG-AP was applied for 45 min with a
concentration of 750 mU ml`' in buffer 1 . To remove
unbound antibody the membrane was washed twice
for 15 min in buffer 1 . Finally the membrane was
equilibrated for 2 min in buffer 3 (100 mm Tris-HCI,
100 mm NaCl, 50 mm MgCl,, pH 9 .5) and then incu-
bated with 10 ml freshly prepared AP substrate solu-
tion (335 lag NBT ml - ', 175 tg BCIP ml - ' in buffer 3) .
The colour reaction was stopped by washing the
membrane in buffer 4 (10 mm Tris-HCI, 1 mm EDTA,
pH 8 .0) .

RNA preparation and Northern blot analysis

Cells were harvested at 90% confluence by trypsina-
tion and total cellular RNA was isolated as described
by Chirgwin et al." The RNA was fractionated on a
vertical 1 .5% agarose/6% formaldehyde gel and
transferred to a BA 85 nitrocellulose membrane by a
vacuum blotting device (Millipore). The RNA was
subsequently fixed to the membrane by 2 h backing
in a vacuum oven. The filters were prehybridized and
hybridized in 50% formamide, 5 x SSC, 5% blocking
reagent, 1 % Sarcosyl NL-30, 250 .tg ml - ' sonicated
salmon sperm DNA and 500 gg ml - ' tRNA at 42°C if
a digoxigenin labelled probe was used . If radioactive
probes were used, prehybridization and hybridization
was done as described previously .' The final washing
of the filters was at 50°C in 0.1 x SSC, 0 . 1 % Sarkosyl
NL-30. Thereafter, the digoxigenin labelled probe was
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detected by immunostaining with alkaline phospha-
tase. If radiolabelled probes were used, the filters
were exposed to Hyperfilm-MP at -70 °C .

For RNA slot-blots using formamide/formaldehyde,
we followed the instructions in Maniatis et al ."
Prehybridization, hybridization and final washing
were performed as described above .

In vitro transcription

In vitro transcripts were synthesized using a tran-
scription kit from Stratagene as recommended by the
supplier.

Nick-translation

Nick-translated probes were prepared as described
by Maniatis et al."

RESULTS

Incorporation of dig-11-dUTP during the
'run-off' reaction

For synthesis of single-stranded DNA hybridization
probes, a plasmid template DNA was linearized and
one primer, binding at a defined distance from the
restriction cut, was added to a Taq DNA-polymerase
reaction mix. After repeated cycles of denaturation,
annealing and extension in a thermal cycler a single-
stranded DNA was synthesized in a 'run-off' reaction .
If dig-11-dUTP was added during the reaction a non-
radioactive labelled single-stranded DNA hybridiza-
tion probe was produced (Fig . 1) .

Probe synthesis was optimized to synthesize full
length single-stranded DNA probes during the 'run-
off' reaction with the highest possible sensitivity in
hybridization experiments. To achieve this, the op-
timal ratio between dTTP and its labelled analogon
dig-11-dUTP was determined. The total concentra-
tion of both nucleotides was 100 µM . We set up five
reactions using Barn HI digested pBC-sis and the T,
primer starting with 12 . 5 µM dig-11-dUTP (87 . 5 tM
dTTP) up to 100 µM dig-11-dUTP (no dTTP) . Alkaline
agarose gel electrophoresis shows that a full length
strand is produced in all reactions (Fig . 2a). The
migration rate of the single-stranded DNA is reduced,
the more dig-11-dUTP is incorporated . Due to a less
efficient incorporation of dig-11-dUTP by Taq DNA-
polymerase, the yield of single-stranded DNA is de-
creased if more than 50 µM of dig-11-dUTP are used
(Fig . 2a, lanes 4 and 5) . The probe in lane 5 is only
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visible after longer development of the colour reac-
tion (Fig . 2a, lane 5) .

The effect of the molar ratio of dig-11-dUTP in-
corporation on the sensitivity of the probes was
examined in a dot-blot (Fig . 2b). Equal amounts of
each reaction were removed and hybridized to the
sense RNA of c-sis synthesized by in vitro transcrip-
tion. The amount of target RNA applied onto the filter
was from 300 pg down to 10 pg. All probes could
detect 10 pg, but the highest intensity of the signal
with the lowest background staining was achieved by
using 50µM of dig-11-dUTP and 50µM of dTTP (Fig .
2b, lane 3). These concentrations were maintained in
all further reactions . The data described above show,
that the ratio of dig-11-dUTP and dTTP used during
the 'run-of reaction is very important for the syn-
thesis of highly sensitive digoxigenin labelled probes
with high yield .

The number of cycles required for maximum yield
of probe was examined with identical reactions which
were incubated for 5, 10, 20, 30 and 40 cycles . The
relative yield of single-stranded DNA was defined by
alkaline agarose gel electrophoresis and ethidium
bromide staining . The amount of synthesized full
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Fig. 1 . Schematic presentation of the synthesis of digoxigenin labelled single-stranded DNA probes by
'run-off polymerization . PBS = primer binding site, RE = restriction site .

length probe increased up to 30 cycles (data not
shown). After more than 30 cycles primarily shorter
molecules were produced . Alkaline agarose gel elec-
trophoresis and subsequent ethidium bromide stain-
ing showed that this is due to thermic degradation of
the template DNA (data not shown) .

The absolute yield of single-stranded DNA after 30
cycles was measured by incorporation of a-P 32-dCTP
during the reaction . One microgram of pBC-sis tem-
plate in the reaction yielded 1 . 25 lag of single-
stranded DNA. Therefore, 90 ng of single-stranded
template DNA (only 700 by of c-sis fragment out of
3904 by of pBC-sis served as a template) were ampli-
fied up to 1 .25 gg during the reaction (13-14-fold
increase) .

In order to test the maximal length of single-
stranded DNA which can be synthesized during the
reaction, we used the vector pCVB3-R1 . This vector
was digested at various distances from the primer
binding site to get templates of different length for
polymerization (Fig. 3b) . The data in Fig. 3a showed
that single-stranded DNA was synthesized up to 5000
bases in length, but for probes longer than 3530 nt
the yield was significantly reduced .
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Fig. 2. Titration of dig-11-dUTP/dTTP ratio during the
'run-off reaction . (a) Alkaline agarose gel electrophoresis
of digoxigenin labelled single-stranded DNA . Bam HI
linearized pBC-sis and the T3 primer were used for the
reaction which was done as described in Materials and
Methods . The total concentration of dig-11-dUTP and
dTTP was 100 gm. The ratio of both nucleotides was
varied between the reactions . Lane 1, 12. 5 µnn; lane 2,
25 µnn ; lane 3, 50 pm; lane 4, 75 gm; lane 5, 100 µM
(dig-11-dUTP) . A volume, 0 . 5 µl, of each reaction was
applied on a 1% alkaline agarose gel transferred to a
GeneScreen membrane and stained by the alkaline
phosphatase reaction according to the protocols for
digoxigenin labelling . (b) Dot-blot to determine the
influence of dig-11-dUTP incorporation ratio on probe
sensitivity . Lane 1, 12 .5 µnn; lane 2, 25 µnn; lane 3, 50 µnn ;
lane 4, 75 µnn; lane 5, 100 gm (dig-11-dUTP) . A volume,
50 pi, of the different reactions described in (a) were
removed and the single-stranded DNA was used for
hybridization with in vitro transcribed target RNAs,
coding for the sense strand of c-sis . The target RNAs
were applied in decreasing amounts onto nitrocellulose
filters (300 pg, 100 pg, 30 pg, 10 pg). Filters were
prehybridized and hybridized as described . After the final
washing of the filters, the probe was detected by
immunostaining with alkaline phosphatase .
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Dot-blot to determine the hybridization
conditions and strand specificity of digoxigenin
labelled 'run-off' probes

A dot-blot with in vitro-transcribed sense and anti-
sense RNA of c-sis as a target was chosen to stand-
ardize the optimal hybridization conditions and to
demonstrate the strand specificity of digoxigenin
labelled single-stranded DNA probes. We tested
seven different hybridization membranes . Best for low
background hybridization were nitrocellulose and
uncharged nylon membranes. Positively charged
membranes result in a very high background if the
phosphatase conjugated antibody used for probe
detection was applied in a concentration of
750 mU ml -', which is required for maximum
sensitivity (data not shown) . The amount of probe
required for highest sensitivity was 200-300 ng ml - ' .
A higher probe concentration increased the back-
ground without amplification of signal intensity (data
not shown). Under these conditions we could detect
down to 3 pg of c-sis RNA (Fig . 4, lane 1) . No cross-
reactivity occurred with the antisense strand (Fig . 4,
lane 2) .

Sensitivity of digoxigenin labelled 'runOW
probes in Northern blotting

Northern blot experiments were used to determine
the suitability of digoxigenin labelled single-stranded
DNA probes for general applications . The detection
of 3-actin mRNA in decreasing amounts of total
human fibroblast RNA was used as a marker for the
sensitivity of digoxigenin labelled 'run-offprobes (Fig .
5a) .

For sensitivity control a probe of the same se-
quence which was labelled radioactively by nick-
translation to a specific activity of 6 . 5 X 108 cpm .tg - '
DNA was used (Fig . 5b). With each probe (i-actin
mRNA could be detected down to 0 . 03 µg of total
RNA. Detection time of the digoxigenin probe was
much faster than the time needed with the radio-
labelled probe to achieve the same sensitivity (18 h
for the non-radioactive probe, 72 h for the radio-
active probe) .

DISCUSSION

i

With the polymerase chain reaction (PCR), a sensitive
technique is available to detect very rare se-
quences." Nevertheless, sensitive hybridization
probes are still required to study the structure of
genes in Southern blotting, to determine the molecu-
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Fig . 3 . Determination of maximal probe length of digoxigenin labelled single-stranded DNA . The vector
pCVB3-R1 was digested with each restriction enzyme indicated in (b), and the linearized DNAs were used as
templates in three separate polymerization reactions. The reaction volume was 10 pl with equal amounts of
the different length DNA templates (18 ng) . The conditions for probe synthesis are down-scaled from the
100 ©l reactions described in Materials and Methods. The only difference is that the reaction was run for 20
cycles with an extension time of 10 min cycle - ' . After the reaction, the DNA was precipitated, dissolved in
sample buffer and loaded on a 1a/o alkaline agarose gel . After electrophoresis, the single-stranded DNA was
transferred to a GeneScreen

(b)
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by the alkaline phosphatase reaction .

lar weight of a specific mRNA by Northern blotting
and for in situ hybridization to identify which cell

type in a given tissue is expressing a certain gene .

Up to now, mostly radioactively labelled hybridiza-
tion probes were used for the approaches mentioned
above because the advantages of non-isotopically
labelled hybridization probes are often limited by
their lower sensitivity .

We describe the synthesis and application of di-
goxigenin labelled strand-specific DNA hybridization
probes with very high sensitivity and low back-
ground. The composition of the reaction mix with
respect to nucleotide, primer and template concen-
tration was optimized. In addition, we established an
optimal dig-dUTP/dTTP ratio and standardized the
optimal time intervals and numbers of cycles in the
thermal cycler . This resulted in full length probe

Fig. 4. Dot-blot to demonstrate the strand specificity
and sensitivity of digoxigenin labelled single-stranded
hybridization probes. Sense and antisense RNA of the
c-sis fragment was synthesized by in vitro-transcription
and fixed on a nitrocellulose membrane in decreasing
amounts (lane 1, sense RNA, 300, 100, 30, 10, 3, 1 pg;
lane 2, antisense RNA, 300 and 100 pg) . The
single-stranded DNA probe which was specific for the
sense strand of the c-sis fragment was synthesized in a
100 ©l reaction as described . The probe concentration
used for hybridization was 300 ng ml - ' . The
concentration of the alkaline phosphatase conjugated
anti-digoxigenin-antibody was 750 mU ml - ' . The colour
reaction was carried out for 3 days .
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Fig. 5 . Northern blot with a non-isotopically labelled single-stranded (3-actin DNA (a) and with a
nick-translated radiolabelled R-actin fragment (b) . Decreasing amounts (1 ©g, 0 . 3 lag, 0 . 1 Vg and 0 .03 lag) of
total RNA isolated from human fibroblast cells were blotted on nitrocellulose membranes . The probe
concentration for the non-isotopic probe was 300 ng ml -1 . From the nick-translated probe (specific activity
6 . 5 x 108 cpm ©g - ' of DNA) 2 x 10' cpm ml -' were used for hybridization . The development of the
non-radioactive staining reaction carried out for 18 h. The exposure time in auto radiograph ie was 72 h .

synthesis up to 5000 nt and a high yield (13-14-fold
template amplification) . Digoxigenin is linked to dUTP
by an alkali stable spacer' and therefore could be
used in alkaline agarose gel electrophoresis . We
showed that alkaline agarose gel electrophoresis and
subsequent blotting to hybridization membranes are
easy and fast methods to measure the result of the
synthesis reaction .

Membrane type and hybridization conditions were

chosen to obtain maximal sensitivity in dot-blot and
Northern blot. We tested seven different membranes
from different suppliers and found that nitrocellulose
and uncharged GeneScreen membranes revealed
highest sensitivity and lowest background . For blot-
ting from alkaline agarose gels, CeneScreen mem-

brane was more suitable, due to a higher resistance
against alkali treatment . Titration of the probe con-
centration showed that 200-300 ng of probe per ml
of hybridization solution allowed the detection of 0-
actin mRNA out of only 0 .03 ©g of total human
fibroblast RNA in a Northern blot . This was equally
sensitive but with higher signal resolution and much
faster (18 h compared to 72 h) than detection with a
control probe, labelled radioactively by nick-transla-
tion (specific activity 6 . 5 x 108 cpm tg-' DNA) .
Recently, we could show that probes radiolabelled by
nick-translation are sensitive enough to detect low
expressed genes in Northern blotting and to examine
single copy genes in Southern blotting .'°" Compared
to digoxigenin labelled RNA probes' which can detect
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(3-actin mRNA from 0 . 1 ©g of total RNA, digoxigenin
labelled DNA 'run-off' probes are three times more
sensitive .

In addition to increased sensitivity, single-stranded
'run-off DNA-probes reveal the benefit of increased

stability compared to RNA probes . As described

elsewhere,' a great effort has to be made to inhibit
RNase in the blocking reagent if RNA probes are used .
No special treatment is required for digoxigenin
labelled DNA 'run-off probes .

The strand specificity which is demonstrated in a

dot-blot and the fact that their length can be easily
defined, makes single-stranded 'run-of probes ex-
tremely useful for in situ hybridization . Use of single-
stranded DNA probes gives, like strand specific RNA
probes, the opportunity for a negative control by
probing with the complementary strand. For in situ

hybridization the optimal length of the probe was
defined as between 100 and 400 nt ."' Synthesizing the
probe by in vitro transcription sometimes makes it
difficult to achieve the appropriate length of the
transcript, if an adequate restriction site is missing at
the correct distance of the promoter . This often
requires a time consuming recloning of the sequence
into an appropriate transcription vector. Alkaline
degradation of longer transcripts to the correct size is
an alternative, but requires a careful standardization .
Moreover non-radioactive RNA probes often reveal a
lower sensitivity in in situ hybridization because of
degradation of the RNA by the conditions required
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for the alkaline phosphatase reaction." None of these
problems arise if DNA 'run-off' probes are used . The
length of the probe can be correctly defined by using
a primer which is binding at the preferred distance
from the restriction cut . For many of the generally
used cloning vectors like pUC 20 and pBR322,21 primers
are commercially available, which are provided for
sequencing of the inserted fragments . These primers
also can be used for the synthesis of single-stranded
digoxigenin labelled DNA hybridization probes .

'Run-off' synthesis of single-stranded digoxigenin
labelled hybridization probes reveals many advant-
ages to conventional methods used for probe syn-
thesis . Due to their sensitivity and stability, these
probes are a reasonable alternative to radiolabelled
probes .
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