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INTRODUCTION

Fluorescence in situ hybridization 
(FISH) has become a powerful tool to 
specifically label DNA sequences in in-
terphase cell nuclei and on metaphase 
chromosomes. FISH protocols are 
routinely applied to a variety of techni-
cal modifications in basic and medical 
research and clinical diagnostics (1,2). 
The commonly accepted molecular 
mechanism of nonenzymatic FISH to 
eukaryotic DNA targets is the gen-
eration of a new DNA double-stranded 
hybrid by the specific binding of a 
single-stranded DNA probe to the com-
plementary single-stranded DNA target 
sequence. However, this mechanism 
requires DNA denaturation [i.e., the 

separation of the Watson-Crick bonds 
of the double-stranded DNA (dsDNA) 
probe and the dsDNA target]. In nearly 
all FISH protocols, denaturation of the 
probe and target DNA is performed 
by heat treatment from 70° to 95°C in 
a buffer containing chaotropic agents 
such as formamide (3–5).

This denaturation procedure is an 
insurmountable limit to transfer FISH 
into protocols for the analysis of dy-
namic processes of specific chromatin 
domains in vivo (6,7). Although alter-
native in vivo labeling techniques using 
green fluorescent proteins have recent-
ly made considerable progress (8–10), 
they require prior genetic alterations in 
the cells to be studied. Such methods 
may be highly valuable for research 

purposes but are unlikely to be used 
for routine applications or medical di-
agnostics. Therefore, a generally ap-
plicable labeling technique that omits 
the denaturation of the chromatin target 
appears to be highly desirable. This 
seems to be useful in the cytogenetic 
research of vital cells and in the clinical 
diagnosis of fixed specimen whenever 
gentle treatment is required.

Some years ago, a FISH proce-
dure called fast-FISH was introduced 
(11–14), in which chaotropic agents 
such as formamide or other equivalent 
denaturing chemical agents were omit-
ted in the hybridization buffer. Based 
on fast-FISH, early experiments were 
presented in which metaphase chro-
mosomes were hybridized at 37°C 
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without formamide treatment or ther-
mal denaturation of the DNA target 
(low temperature FISH) (15). These 
results were verified for the region 
q12 of human chromosome 1 using 
the DNA probe pUC 1.77 (16,17). 
Images of metaphase chromosomes 
obtained by near-field scanning opti-
cal microscopy after the application 
of low temperature FISH revealed a 
better chromosomal morphology in 
the sub-hundred nanometer resolu-
tion regime, compared to metaphase 
chromosomes subjected to a standard 
FISH procedure with formamide ex-
posure and thermal target denaturation 
(17,18). In these reports on low tem-
perature FISH, triple-stranded DNA 
binding was suggested as a possible 
hybridization mechanism, which was a 
hypothesis supported by the results of 
other groups (19,20).

Triple helix formation is possible 
for oligonucleotides that can bind to a 
homopurine/hompyrimidine DNA du-
plex in the major groove by the forma-
tion of Hoogsteen base pairs with the 
homopurine strand (21–23). Triplex 
formation is highly specific (24) so that 
Hoogsteen base pairing can be used for 
the sequence-specific recognition of 
dsDNA sequences (25–27). It has had 
numerous applications in biotechnology, 
such as gene targeting, mutagenesis, and 
inhibition of gene activity (28–31). Con-
ditions suitable for third-strand in situ 
hybridization (TISH) have been found 
for metaphase spreads and interphase cell 
nuclei after methanol/acetic acid fixa-
tion, dehydration, and air-drying (20). In 
contrast to the earlier low temperature 
FISH experiments, TISH only used one 
16-nucleotide homopyrimidine DNA 
probe to a unique multicopy α-satellite 
target sequence on chromosome 17 and 
was performed at an increased hybridiza-
tion temperature (45°C) for probe and 
chromosomal targets accompanied by 
post-hybridization washing at 51°C. 

Currently, all these low temperature 
FISH protocols have been restricted 
to only a few select DNA sequences 
(16,17,20,32). Here we describe the 
principle of combinatorial oligonucle-
otide-FISH (COMBO-FISH) (33), 
which should allow for the specific 
labeling of any given target region by 
the triple-stranded binding of a spe-
cific combination of oligonucleotide 

probes. We report the first experimental 
evidence that indicates the feasibility 
of such a labeling approach, using the 
Abelson murine leukemia (ABL) re-
gion on 9q34 as an example.

MATERIALS AND METHODS

Computer Program for DNA 
Database Evaluation

To screen homopurine/homopyri-
midine sequences in the human ge-
nome, the European Molecular Biol-
ogy Laboratory (EMBL) and DKFZ 
nucleotide sequence databases were 
accessed using the Heidelberg Unix Se-
quence Analysis Resources (HUSAR), 
kindly provided by the Biocomputing 
Service Group of the German Cancer 
Research Center (DKFZ; Heidelberg, 
Germany). 

A menu-controlled sequence analy-
sis program called Homo-P/Y was writ-
ten under the Linux® operating system. 
Homo-P/Y supports the HUSAR soft-
ware package and can read a sequence 
file in ASCII-format, from which a 
new file can be produced containing 
all the homopurine/homopyrimidine 
sequences, respectively, which are 
longer than a given minimum base 
number. Homopurine/homopyrimidine 
sequences of a given rate of adenine/
guanine or cytosine/thymine can also 
be identified. 

To find all copies of these sequences 
in the genome, the HUSAR program 
blastn [standard nucleotide-nucleo-
tide BLAST (Basic Local Alignment 
Search Tool)] is used to determine all 
matches and mismatches to repetitive 
sequences. Using the FASTA program, 
one can find other matches to genome 
sequences, and the homopurine/homo-
pyrimidine sequences can be eliminated 
from the list of labeling sequences ap-
propriate for COMBO-FISH. Finally, a 
set of sequences remain that exist only 
in one copy or a very few copies of the 
genome. This set is then expressed ei-
ther in homopurine or in corresponding 
homopyrimidine sequences, whereas 
the orientation of the oligomers has to 
follow the Hoogsteen triple-stranded 
binding conditions (27).

To accelerate the search of appropri-
ate oligonucleotide combinations and to 
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screen the different genome databases, 
additional programs were developed 
and applied to the human and mouse da-
tabases (E. Schmitt and M. Hausmann, 
manuscript in preparation). 

Specimen Preparation

For fast-FISH experiments, human 
fibroblast cells (MCR5) were grown 
under standard conditions, washed 
three times in phosphate-buffered 
saline (PBS), and harvested using a 
trypsine/EDTA treatment (2 mL EDTA 
for 3 min and 3 mL trypsine until the 
cells detach). Hypotonic treatment was 
performed with 0.2 M KCl at 37°C for 
20 min. The cells were fixed in ice-cold 
methanol/acetic acid (3:1) and stored 
at -20°C for 24 h. The cell nuclei were 
isolated by dropping the suspension on 
precleaned slides.

For low temperature FISH and 
COMBO-FISH experiments, human 
peripheral blood lymphocytes were 
prepared under standard conditions. Af-
ter hypotonic treatment with 0.075 KCl 
at 37°C from 10 to 25 min, the cells 
were fixed in 4°C cold methanol/acetic 
acid (3:1) and dropped on precleaned 
slides. The specimen was stored in pure 
ethanol at 4°C for at least 2 days.

Control Experiments

We performed two types of control 
experiments with oligonucleotide 
probes: fast-FISH (with thermal DNA 
target denaturation but without the use 
of chaotropic agents) and low tem-
perature FISH (without thermal DNA 
target denaturation or the use of chao-
tropic agents). For these experiments, 
homopyrimidine probes were selected 
that can only bind by Watson-Crick 
pairing in the ABL region due to their 
orientation.

Fast-fluorescence in situ hy-
bridization. For the ABL region on 
chromosome 9, homopurine and ho-
mopyrimidine oligonucleotide probes 
with parallel orientation to the chromo-
somal sequences were commercially 
synthesized (MWG-Biotech GmbH, 
Ebensberg, Germany). Twelve of these 
probes were labeled with fluorescein 
isothiocyanate (FITC) at the 3′ end and 
5′ end, and eight were biotinylated at 
the 5′end for detection with a Cy5-

streptavidin conjugate. 
Fast-FISH was performed as pre-

viously described (12), with slight 
modifications. Briefly, 12× 0.5 µL 
FITC-labeled oligonucleotide probes 
and 8× 1 µL biotinylated oligonucle-
otide probes were diluted in 1.2 µL 20× 
standard saline citrate (SSC) and 1.2 
µL AP buffer (100 mM Tris, pH 8.3, 
20 mM MgCl2, 500 mM KCl), dropped 
on the specimen slides, covered with 
a coverslip, and sealed with Fixogum 
rubber cement (Mercateo, München, 
Germany). Target denaturation was 
performed at 95°C for 5 min, followed 
by hybridization at 70°C for 2 h. After 
washing in 2× SSC at 37°C for 10 min, 
20 µL Cy5-streptavidin conjugate di-
luted in water (1:400) were added and 
incubated at room temperature for 45 
min. The specimen was then washed in 
4× SSC plus 0.1% Igepal® three times 
for 3 min, air-dried, and mounted in 
VECTASHIELD® antifade solution 
(Vector Laboratories, Burlingame, CA, 
USA).

Low temperature fluorescence 
in situ hybridization. For the ABL 
region on chromosome 9, 32 homopy-
rimidine oligonucleotide probes with 
a FITC molecule at both ends were 
commercially synthesized. The probes 
displayed an orientation that was anti-
parallel to the purine target strand and 
parallel to the complementary pyrimi-
dine target strand.

The hybridization mixture con-
sisted of 137 ng probe DNA in equal 
amounts of all homopyrimidine oli-
gonucleotides, 0.5 M sodium acetate 
(pH 5.0, 5.5, 6.0, and 6.5), 3 M NaCl, 
0.6 M MgCl2, and 10 µL water, which 
resulted in a final volume of 30 µL. 
This mixture was pipetted onto the 
specimen slides, covered with a cov-
erslip, and sealed with Fixogum rub-
ber cement. In situ hybridization was 
performed at 37°C for 25, 50, 100, and 
200 h. The coverslips were then care-
fully removed, and the specimens were 
washed in 4× SSC, pH 7.0, with 0.2% 
Tween® 20 (Fluka, Buchs, Switzer-
land) for 5 min. The slides were then 
exposed to 50% and 100% ethanol 
for 5 min each and mounted in 15 µL 
VECTASHIELD antifade solution 
containing 0.05 mM propidium iodide. 
For microscopy, the slides were again 
covered with a coverslip.

Fluorescence In Situ Hybridization 
Using Combinatorial Oligonucle-
otide Probes 

For the ABL region on chromosome 
9, 32 homopyrimidine oligonucleotide 
probes with an Alexa 514 mole-
cule at both ends were commercially 
synthesized. The probes displayed an 
orientation that was parallel to the pu-
rine target strand and anti-parallel to 
the complementary pyrimidine target 
strand, which indicates that the probes 
can only bind to the DNA at the ABL 
region via Hoogsteen bondings.

Before in situ hybridization, the 
air-dried specimen was subjected to an 
additional pretreatment as previously 
described (17). The specimen was incu-
bated in 200 µL RNase A (10 mg/mL in 
water with 10 mM Tris-HCl, pH 8.0, di-
luted to 100 µg/mL at 37°C for 1 h. Af-
ter washing twice in 2× SSC for 5 min 
each, the slides were incubated in 500 
µL 10 mM HCl at 37°C for 5 min, fol-
lowed by a treatment with pepsin (50 µL 
stock solution; consisting of 50 µg/mL 
in 10 mM HCl diluted with 50 µL 10 
mM HCl) at 37°C for 15 min. The reac-
tion was stopped by using pure water for 
1 min. After washing in 2× SSC twice 
for 5 min each, an additional fixation in 
4% formaldehyde was performed for 10 
min. The slides were then washed in 2× 
SSC twice for 5 min each, dehydrated 
by an ethanol series (70%, 90%, and 
96%) for 2 min each, and air-dried.

The hybridization mixture consisted 
of a total of 274 ng probe DNA (8 
µL) in equal amounts of all homopy-
rimidine oligonucleotides, 3 M sodium 
acetate (6 µL; pH 5.0), 3 M NaCl (5 
µL; pH 5.0), 3 M MgCl2 (5 µL; pH 
5.0), 205 mM naphtylquinoline (4.5 
µL), and 30 µL water. This mixture 
was pipetted onto the specimen slides, 
covered with a coverslip, and incubated 
in a humidified chamber at 37°C for 24 
h. The coverslips were subsequently 
carefully removed, and the specimens 
were washed in 4× SSC, pH 7.0, with 
0.2% Tween 20 for 5 min. The slides 
were then exposed to 50% and 100% 
ethanol for 5 min each and mounted in 
15 µL VECTASHIELD antifade solu-
tion containing 50 µM 4′,6′-diamidino-
2-phenylindole hydrochloride (DAPI). 
For microscopy, the slides were again 
covered with a coverslip.
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Microscopy

For the control experiments, we 
used a confocal laser-scanning micro-
scope (Leica TCS NT; Leica Microsys-
tems, Bensheim, Germany) that was 
equipped with a Plan Apo 63× nu-
merical aperture (N.A.) 1.4 oil immer-
sion objective and an argon-krypton 
laser for excitation at 488 (FITC) and 
647 nm (Cy5) (Leica Microsystems). 
For the COMBO-FISH experiments, 
we used another confocal laser-scan-
ning microscope (Leica TCS MP) that 
was equipped with a Plan Apo 100 
N.A. 1.4 oil immersion objective and 
an argon-kryton laser for excitation 
at 488 nm. (Alexa 514 dye can also 
be excited with the 488-nm laser line. 
This dye was chosen due to its good 
photostability.) The appropriate exci-
tation wavelength was selected by an 
acousto-optical tuneable filter (part of 
the instrument). The fluorescence was 
detected on photomultiplier tubes via 
the appropriate filter settings. Typi-

cally, 20–40 optical sections were ac-
quired per cell nucleus, corresponding 
to a step width of about 200 nm in the 
axial direction. To increase the number 
of photons registered and thus the lo-
calization precision of the fluorescent 
sites (34), an 8 times averaging was 
applied. An image frame of 512 × 512 
pixels was acquired in approximately 
1.6 s, which resulted in an average laser 
focus exposure time of 6.2 µs. For im-
age visualization, we used the Khoros 
software package (Khoral, Albuquer-
que, NM, USA) (35). The images were 
exposed to a 3 × 3 × 3 median filter, 
and the average background intensity 
was subtracted. 

RESULTS

Principle of Fluorescence In Situ 
Hybridization Using Combinatorial 
Oligonucleotide Probes

The principle of COMBO-FISH 

Figure 1. Representation of the triple-stranded binding of a homopyrimidine probe. [For an ex-
ample of a sequence in the Abelson murine leukemia (ABL) region, see Table 3.]
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(33) is based on the physicochemical 
prerequisites of DNA triple helices and 
constraints of microscopic imaging. 
Homopurine/homopyrimidine oligo-
nucleotide third strands bind sequence- 
and polarity-specific within the major 
groove to a purine-rich strand of DNA 
duplex target sequences (21–23,25) in 
the chromosomes and chromatin of 
mammalian cell nuclei (36,37). A third 
homopurine strand can bind anti-par-
allel by reverse Hoogsteen hydrogen 
bonding (i.e., from the 5′ end to the 3′ 
end) or a third homopyrimidine strand 
can bind parallel by Hoogsteen hydro-
gen bonding (i.e., from the 3′ end to the 
5′ end (Figure 1) (24,27,38). 

In contrast to the Watson-Crick 
bonding of dsDNA, the length of the 
third strand has a strong influence 
on the bonding enthalpy ∆H of triple 
strands. With the number of nucleo-
tides, ∆H increases to a maximum val-
ue of 12 nucleotides. For longer oligo-
nucleotide sequences, it decreases 
(39–41). Thus, it appears to be feasi-
ble that homopurine/homopyrimidine 
oligonucleotide probes should have a 
length of 10–35 bases (42).

Because it is necessary to proton-
ate cytosine, homopyrimidine oligo-
nucleotides other than poly(T) form a 
distinctive complex with a purine-py-
rimidine double strand only at a low 
pH (≤6.0) (43). Triplex formation with 
homopurine oligonucleotides does not 
depend on pH (44). 

The image point of the smallest 
spatially resolvable object in a light 
microscope is described by the point 
spread function (PSF) volume (45). For 
conventional fluorescence microscopy, 
the PSF is given by an ellipsoid span-
ning the full width at half maximum 
(FWHM) of the PSF. For an objective 
lens of high numerical aperture in a 
confocal laser-scanning microscope 
and standard specimen conditions of 
cell nuclei, the PSF volume is approxi-
mately 0.02 µm3. With a homogeneous 
chromatin density and a diploid DNA 
set (6 × 109 bp) in a human cell nucleus 
of about 10 µm diameter and a volume 
of about 500 µm3, the PSF volume 
would contain (6 × 109 bp/500 µm3) × 
0.02 µm3, which is approximately 250 
kb DNA. 

For COMBO-FISH, a genome locus 
of the size of a PSF volume or larger is 

screened in a DNA sequence database 
for all homopurine/homopyrimidine 
segments. If the human genome 
contains about 1% of its base pairs 
as homopurine/homopyrimidine seg-
ments of a length of 15–35 nucleo-
tides each, and these segments are 
nearly homogeneously dispersed over 
coding and noncoding regions, then 
150–200 of these segments would be 
found within a PSF volume. Then, 
those oligomers that only exist in very 
few copies in the whole genome and 
only co-localize at the given genome 
locus can be determined. This means 
that even if the individual sequence 
were not strictly unique, then the 
COMBO-FISH approach would work 
as long as the co-localization of the 
probe set is unique in the haploid 
genome. As stated earlier, co-local-

ization indicates that the positions of 
all the probes selected are to be found 
within one PSF volume. Furthermore, 
if more than one locus exists in the 
haploid genome for a given sequence, 
then the spatial distance between them 
should be larger than the FWHM of 
the microscope system used. Due to 
the high amount of nuclear structure 
revealed in human somatic cell nuclei 
(6), this condition is very likely to be 
fulfilled if the respective sequence is 
complementary to only a few genomic 
sites. If 10–20 appropriate sequences 
were found, then this would result in 
a fluorescence signal of 20–40 fluoro-
chromes (i.e., fluorochrome molecule 
position at the 3′ end and the 5′ end 
of the oligomer). With this label, the 
genome locus would be identified in 
a microscope by a merged diffraction 

Table 1. Purine/Pyrimidine Statistics of the Entries Analyzed

Genes Centromeres Telomeres
Repetitive 
Sequences

Entries analyzed (n) 472 71 709 703
Bases (n) 24,393,104 215,637 607,460 491,595
Purines (n) 12,165,597 110,892 304,819 248,241
Pyrimidines (n) 12,227,507 104,745 302,641 243,354
Rate of purines 0.4987 0.5143 0.5018 0.5050

Rate of pyrimidines 0.5013 0.4867 0.4982 0.4950
Longest homosequence 499 73 227 190

Table 2. Computer Analysis of Three Coherent Regions of the EMBL Database

T-Cell 1 T-Cell 2 Contig Total

Entries 5 3 3 11
Bases 1,071,917 715,247 959,073 2,746,237
Homosequences (≥15 bases) 825 479 705 2009
Mean of homosequences 
   (≥15 bases) per 50 kb segment 

38.5 33.5 36.8 36.2

+/- SD 8.1 9.3 7.6 8.4
Mean of homosequences    
   (≥15 bases) per 250 kb segment 
   (PSF volume) 

192.4 167.4 183.8 181.2

Absolute no. of bases in 
   homosequences

17,117 9310 14,908 41,335

Relative no. of bases in 
   homosequences

1.60% 1.30% 1.55% 1.51%

Mean length of homosequences 
   (≥15 bases)

20.8 19.4 21.1 20.8

PSF, point spread function; SD, standard deviation.
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image, or spot, of increased fluores-
cence intensity of the co-localizing 
oligonucleotide probes and thus dis-
criminated from the background of 
the individually dispersed copies of 
the oligonucleotide probes. Under 
appropriate conditions (e.g., high 

photostability and sensitive detection), 
a single fluorochrome molecule may 
contribute several thousand detected 
photons (46). Thus, under such condi-
tions, 20–40 fluorochromes in the de-
tection volume of the PSF (i.e., in the 
merged diffraction image) may end up 

in a total number of detected photons 
on the order of 105. Such high values 
would clearly be sufficient for micro-
scopic detection. 

Distribution of Homopurine/
Homopyrimidine Sequences 
in the Genome

The frequency and lengths of the 
homopurine/homopyrimidine sequenc-
es in the human genome that are ap-
propriate for triple helical binding were 
analyzed for (i) gene coding sequences, 
(ii) centromeres, (iii) telomeres, and 
(iv) repetitive sequences. For gene cod-
ing sequences, the number of analyzed 
entries was limited to 472 representative 
ones with a length of ≥20 kb each. For 
centromeres, 71 entries were analyzed, 
and for teleomeres, 709 entries were 
analyzed. In the case of the repetitive 
sequences, 703 entries of repetitive and 
satellite sequences were considered. 
Table 1 summarizes these results. 

The relative frequency of the homo-
purine/homopyrimidine segments was 
compared to a binomial distribution, 
assuming that purine and pyrimidines 
occur independently from each other 

Table 3. COMBO-FISH Labeling Sites of the ABL Region

Block Homopurine Sequences Block Homopyrimidine Sequences

I 5′-GAGGGGGAGAGAAGGGG-3′ I 5′-CCTTTTCCCTTTTTC-3′
5′-GGGAGAAGAGGAGGAGA-3′ 5′-TCCTCTTCCCCTTTTC-3′

III 5′-AGAAAGAGGAGAGGGAG-3′ III 5′-CTTTTTCCCCTTTTTT-3′
III 5′-AGGAAGAAAGAGGGAAG-3′ III 5′-TCTTTTTCTCCCCCTT-3′
I 5′-GGAGAGGGGAGGAAAAGA-3′ I 5′-TTTCCCTTCCCCTCTCT-3′

5′-AAAGAGGAGGAAAAAAAA-3′ 5′-TCCTCCCTCCTTTCCTC-3′
5′-AAGGAGAGAGAAAAGAAG-3′ 5′-TCCCTTCTTTTCTCCTC-3′

III 5′-AGGGGAAAAAAGGGAAGA-3′ 5′-TCTTTTCTCTCTCCCTT-3′
III 5′-AGGAGGGGAAGGAAGAAAGAAG-3′ III 5′-CTTCCCCCTCTCCCTTC-3′

5′-GGGGGAGGGAGGGAAGGAGGAAG-3′ III 5′-CTTTTTCTTCCCTTTTC-3′
I 5′-GAAAGAAAAAAAGGAAAAGAAAAGG-3′ I 5′-TTTCCTTTCTCTTCCTTT-3′

5′-GAGGAAGGAAAGAAAGGAAAGAAAA-3′ 5′-TCCTTTCTCTCTTCTCCC-3′
I 5′-AGAGAAGGGAGGGAAAGAGGAAGAGGAG-3′ III 5′-TCTCTTTTCTCTTCTCTT-3′
I 5′-AAAAAAGAAAGAAAAGAAAAGAAAAAGAAAAA-3′ III 5′-CTCCTTCTCCTTCCTCTCC-3′

5′-CTTTTTTTTTTCCTTTTTCT-3′
5′-TCTCTTCTTTTTTTTTCTTTT-3′

III 5′-TTTCTTTCCTTTTCCCTTTCTTTTT-3′
III 5′-CTCTTCCCTTTCTTTTCTTCCTTTCTTTTT-3′

Block numbers correspond to fast-FISH experiments. FISH, fluorescence in situ hybridization; COMBO-FISH, FISH using 
combinatorial oligonucleotide probes.

Figure 2. Relative frequency of DNA bases versus sequence length for homopurine/homo-
pyrimidine segments. Rel. base frequency, relative base frequency; bin, expected probability according 
to binomial statistics; gen, gene coding sequences; cen, centromeres; tel, telomeres; and rep, repetitive 
sequences.
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with the same probability of 0.5. Figure 
2 shows the relative frequency of bases 
versus the length of the homopurine/
homopyrimidine sequences. For short 
lengths (≤10 bases) the exponential de-
crease follows the expected binomial dis-
tribution. However, for longer sequences, 
significant differences from the bino-
mial distribution were found (i.e., those 
homopurine/homopyrimidine sequences 
highly appropriate for triple-stranded for-
mation were considerably more frequent 
than expected). Moreover, homopurine/
homopyrimidine sequences longer than 
100 bases were found several times. The 
longest segment of 499 bases was found 
twice, compared to the expected prob-
ability of about 10-141, according to the 
binomial distribution. The distributions 
for all four types of sequences (i–iv) did 
not differ significantly. From 1% to 2% of 
the genome entries analyzed consisted of 
homopurine/homopyrimidine sequences 
between 15 and 35 bases that were ap-
propriate candidates for COMBO-FISH 
oligonucleotide labeling.

Homogeneity of Homopurine/
Homopyrimidine Distributions

To test the homogeneity of the 
homopurine/homopyrimidine distribu-
tions, three genome regions covering 
approximately 3 Mb (0.1%) of the 
human genome were analyzed. In the 
following, we refer to these genome 
regions as t-cell 1 (human T cell α-lo-
cus and δ-locus), t-cell 2 (human T cell 
β-locus, 7q35), and contig (sequence 
between AML1 and CBR1, 21q22). 

In the t-cell 1, t-cell 2, and contig, the 
amounts of homopurine/homopyrimidine 
sequences that were 15 bases or more were 
determined for each 50-kb segment and 
averaged over 5 segments (i.e., over 250 kb 
in spatial extension that corresponds to the 
practical PSF volume) (Table 2). On aver-
age, approximately 180 sequences with a 
mean length of 20 bases were potential 
COMBO-FISH labeling sites within each 
practical PSF volume. Because there were 
no apparent reasons why homopurine/
homopyrimidine sequences were only 
restricted to this randomly chosen part of 
the genome analyzed, we concluded that 
homopurine/homopyrimidine COMBO-
FISH labeling sites of 15–35 bases are 
likely to be homogeneously dispersed all 
over the genome.

Probe Design

We determined the potential COM-
BO-FISH labeling sites for three differ-
ent human genome regions, the Prader-
Willi/Angelman region (15q13), the 
BCR region (22q11), and the ABL re-
gion (9q34). Appropriate homopurine/
homopyrimidine sequences with a low 
copy number in the whole genome were 
determined to be co-localized at the 
given regions only (E. Schmitt and M. 
Hausmann; manuscript in preparation). 

The details for ABL labeling on 
chromosome 9q34 are as follows. We 
found 192 homopurine/homopyrimi-
dine sequences between 15 and 135 
nucleotides, which corresponded to ap-
proximately 2.4% of the entire genome 
region. After the exclusion of highly re-
petitive sequences, 82 sequences (0.9%) 
between 15 and 89 bases remained for 
further analysis. High copy number 
sequences (up to 1000) in the genome 
were also excluded; finally, 32 sequenc-
es remained as potential COMBO-FISH 
labeling sites for the region chosen. 
There were 14 homopurines and 18 ho-
mopyrimidines, and their lengths varied 
from 15 to 32 bases (Table 3). 

Fluorescence In Situ Hybridization 
Experiments

Three types of FISH were per-
formed. (i) Fast-FISH of oligonucle-
otide probes with thermal DNA target 
denaturation but without the use of 
chaotropic agents. These control ex-
periments show the size and intensity 
of typical labeling sites consisting of a 
set of oligonucleotide probes. (ii) Low 
temperature FISH of oligonucleotide 
probes without thermal DNA target 
denaturation or the use of chaotropic 
agents. These control experiments 
show that oligonucleotide probes bind 
specifically under low temperature 
conditions. For these experiments, 
homopyrimidine probes were selected 
that can only bind by Watson-Crick 
pairing at the ABL region due to their 
orientation. (iii) COMBO-FISH of 
oligonucleotide probes without ther-
mal DNA target denaturation. These 
experiments show specific labeling by 
oligonucleotide probes as a third DNA 
strand. For these experiments, homopy-
rimidine probes were selected that can 
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only bind by Hoogsteen pairing at the 
ABL region due to their orientation.

To obtain visual information about 
the typical labeling pattern, two-color 
fast-FISH (comprising thermal denatur-
ation of the target) was performed with 
homopyrimidine oligonucleotide probes 
of parallel orientation to the purine 
target. The ABL region (about 230 kb) 
was divided into three subregions, block 
I (16 kb), block II (150 kb), and block 
III (67 kb). Block I was labeled with 
eight oligonucleotide probes of a total 
length of 170 bases. Each probe was 
biotinylated so that four Cy5-molecules 
could be attached. Block III was labeled 
with 12 oligonucleotide probes of a total 

length of 232 bases. Each probe carried 
two FITC molecules. Block II was com-
pletely unlabeled. Due to the distance 
of 150 kb only, block I and block III 
were expected to co-localize in one PSF 
volume if the oligonucleotide probe 
combinations bound specifically. Figure 
3 shows a typical example. Although 
background fluorescence was visible in 
all cell nuclei, typical, strong, point-like 
labeling sites were recorded at the same 
image position in both fluorescence de-
tection channels. 

Because the number of fluoro-
chrome molecules in the two-color 
experiments were at the sensitivity limit 
of the microscope used, the low tem-

Figure 3. Fibroblast cell nucleus after specific labeling of the Abelson murine leukemia (ABL) 
region with two oligonucleotide probe combinations using the fast-fluorescence in situ hybridiza-
tion (FISH) protocol. The cell nucleus was not counterstained so that the nuclear shape is only visible 
because of the labeling background. The two large objects are nucleoli that are accumulating oligonucle-
otide probes nonspecifically. (a) 2-D maximum intensity projection image [fluorescein isothiocyanate 
(FITC) channel]. The arrow indicates a signal obtained from 24 FITC molecules of 12 oligonucleotide 
probes of a total length of 232 bases (block III). (b) 2-D maximum intensity projection image (Cy5 chan-
nel). The arrow indicates a signal obtained from 32 Cy5 molecules of 8 probes of a total length of 170 
bases (block I). (c) Merged image of panels a and b. The arrow indicates the signal co-localization within 
the point spread function (PSF) volume. Note that the images are rough data with a 3 × 3 median filter 
and only global background subtraction.

Figure 4. Example of lymphocyte cell nuclei with one-color fluorescein isothiocyanate (FITC) low 
temperature FISH labeling sites (homopyrimidine oligonucleotides of anti-parallel orientation 
to the purine target strand) of the Abelson murine leukemia (ABL) region. Arrows indicate 2-D 
maximum projection images (FITC channel only) after labeling at (a) pH 5.0 and at (b) pH 5.5. Note that 
these images are rough data with a 3 × 3 median filter and only global background subtraction.
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perature FISH and the COMBO-FISH 
experiments were performed in one 
color with 32 homopyrimidine probes, 
which resulted in 64 FITC or Alexa 514 
labeling molecules. These probes cor-
responded to the sequences shown in 
Table 3. Due to their orientation, only 
double-stranded binding was expected 
to occur for low temperature FISH, and 
only triple-stranded binding was ex-
pected to occur for COMBO-FISH.

The 32 homopyrimidine sequences 
of parallel orientation to their pyrimi-
dine analogs were hybridized to the 
chromatin target in cell nuclei, which 
were not thermally denatured. The ex-
periments were performed at four dif-
ferent pH values (5.0, 5.5, 6.0, and 6.5) 
without formamide application and at 
37°C as the highest temperature applied 
to the target. Four different hybridiza-
tion times were applied. For 25 and 50 
h, respectively, the results were similar; 

it was therefore unnecessary to use the 
prolonged hybridization duration. The 
100 and 200 h hybridization times re-
sulted in a poor morphology of the cell 
nuclei at low pH values so these experi-
ments were not further considered.

For each pH value, 20–40 cell nuclei 
were recorded and evaluated. In gen-
eral, a high fluorescence background 
was visible, accompanied by probe 
aggregates. At pH 6.0 and 6.5, point-
like labeling sites as expected from the 
fast-FISH experiments were not vis-
ible. At pH 5.0 and 5.5, cell nuclei with 
two, three, and four typical point-like 
spots were found (Figure 4). Because 
the lymphocytes were not arrested in 
a certain cell cycle stage, this was very 
compatible with the expected results.

COMBO-FISH with 32 homopyri-
midine sequences of anti-parallel orien-
tation to their pyrimidine analogs were 
hybridized to the chromatin target in cell 

nuclei that were not thermally 
denatured. The experiments 
were performed at 37°C, 
as the highest temperature 
applied to the target. Only 
at a pH less than 6.0 were 
signals of intensities higher 
than background visible. For 
24 h hybridization time, the 
results were similar to those 
obtained for low temperature 
FISH with homopyrimidine 
oligonucleotides of parallel 
orientation. Several hundred 
cell nuclei were evaluated by 
visual inspection of the im-
age sections and interactive 
image analysis. On average, 
they showed a hybridization 
efficiency of approximately 
17%, [i.e., in about 17% of 
the cell nuclei, clearly iden-
tified point-like signals (2–4 
spots) were found]. Figure 5 
presents a typical example.

DISCUSSION

In principle, with the use 
of FISH (1,2), every DNA 
sequence in the genome can 
be visualized with high spec-
ificity and sensitivity. How-
ever, all FISH protocols that 
are routinely used (3) require 

denaturation [usually done by heat treat-
ment (5) in combination with chaotropic 
agents] of the dsDNA target to hybrid-
ize the single-stranded DNA probe by 
Watson-Crick bonding. Currently, these 
FISH protocols are incompatible with 
vital cell conditions and cannot be ap-
plied to in vivo investigations. In this 
report, we have introduced the concept 
of COMBO-FISH, which completely 
omits denaturation of the DNA target. 
Therefore, in principle, COMBO-FISH 
may be an approach that under vital cell 
conditions should allow for the labeling 
of a large variety of genomic regions 
in a cell nucleus, without the prior ne-
cessity of functionally modifying the 
genome, as is currently done [e.g., by 
using lac operator/repressor recognition 
(8,9,33)].

A fundamental prerequisite for 
COMBO-FISH is the individual co-
localization of several homopurine/ho-
mopyrimidine sequences at the given 
labeled site. In the human genome, the 
existence of such sequences was tested 
for about 1% of the entire sequence. 
Because the entries for this analysis 
were chosen by random access, the 
theoretical results for the part of the 
genome studied may be extended to the 
whole genome (E. Schmitt, M. Haus-
mann, manuscript in preparation). If, 
for simplicity, an average length of 15 
nucleotides is assumed and the human 
genome with about 3 × 109 bp (haploid 
set) contains 3 × 107 bp (1%) in such 
triple-stranded forming helix struc-
tures, 3 × 107/15 = 2 × 106 segments 
for COMBO-FISH should exist. There-
fore, 215 (3 × 104) variations in the 
nucleotide sequence of a homopurine/
homopyrimidine 15-mer are possible. 
Consequently, each 15-mer should ex-
ist on average only in 2 × 106/3 × 104 
= 67 copies in the whole genome. If 
one assumes that not only 15-mers are 
used for COMBO-FISH, then this copy 
number is much lower.

In these experiments of COMBO-
FISH, the technique has been developed 
for and applied to fixed material only. 
For instance, the RNase A and pepsin 
treatment are steps in the protocol that 
have to be avoided in experiments in 
vivo. However, the aim of this article 
was primarily to describe the basic prin-
ciples of COMBO-FISH and to show 
experiments for the proof-of-principle 

Figure 5. Example of a lymphocyte cell nucleus with one-color 
(Alexa 514) COMBO-FISH labeling sites (homopyrimdine 
oligonucleotides of parallel orientation to the purine target 
strand) of the Abelson murine leukemia (ABL) region. The 
center of the image shows a 3-D reconstruction of 25 confocal 
image sections. Because the cell nucleus was not counterstained, 
only signals from the probe material are visible. The small red dots 
are background signals (either unbound oligonucleotide probes or 
individually dispersed copies of the oligonucleotide probes bound 
anywhere in the genome but not in the ABL region). The larger 
red spots (arrows) refer to the optical fusion of the signals of all 
oligonucleotide probes that co-localize in the ABL region. The 
backsides of the image show the xz- and yz-projection of the cell 
nucleus. Due to the methanol/acetic acid fixation that was applied, 
the cell nucleus appears to be rather flat (2–3 µm). At the bottom, 
the xy maximum intensity projection image can be seen, which 
indicates two intensive spots of the labeled regions (arrowheads). 
This projection image is compatible with the control images (Fig-
ures 3 and 4). Note that the images are rough data with a 3 × 3 
median filter and only global background subtraction.
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of oligonucleotide combination and 
labeling without the use of the conven-
tional FISH denaturation conditions. 
The two-color fast-FISH experiments 
and the pH-dependent, compatible 
labeling spots in the low temperature 
FISH experiments indicate specific 
probe binding, which was also found in 
the COMBO-FISH experiments. 

Against a real triple helical probe 
binding in COMBO-FISH, it may be 
argued that methanol/acetic acid fixa-
tion or the applied pH could have suf-
ficiently strong denaturing effects on 
the target DNA by itself. Consequently, 
the method described would fail under 
really nondenaturing vital conditions. 
Currently, it is difficult to exclude this 
possibility. However, most likely a 
mixture of double-stranded and single-
stranded DNA already exists under 
native conditions (47). Furthermore, 
the homopyrimidine probes used in the 
COMBO-FISH experiments described 
here had an orientation that was anti-
parallel to the native pyrimidine strand, 
which should inhibit the formation of 
a double-stranded probe-target hybrid 
in the case of a denatured DNA target 
strand. However, this argument does 
not exclude the possibility of binding to 
another neighboring site with the appro-
priate orientation.

FISH efficiency has yet to be opti-
mized experimentally. One may con-
sider that the relatively low efficiency 
might be a result of point-like probe 
aggregates occurring in the cell nuclei 
by change. However, such aggregates 
should also be found in cell nuclei that 
do not show a cluster of the oligonucle-
otide probes used at a certain genome 
locus and that were treated according 
to the same specimen preparation and 
COMBO-FISH protocol. Experiments 
with the cell nuclei of a mouse cell line 
did not show signals of the typical size 
as reported earlier. The visual inspec-
tion of more than 100 cell nuclei only 
revealed aggregates of larger size that 
could not be interpreted as a COMBO-
FISH label (data not shown).

In the fast-FISH, low temperature 
FISH, and COMBO-FISH experiments, 
the oligonucleotide probes did not result 
in easily detectable fluorescence signals 
on metaphase spreads that would have 
unequivocally demonstrated the specific-
ity and sensitivity of the label. The DNA 

compactness of the metaphase chromo-
somes used might have influenced the ac-
cessibility of the oligonucleotide probes. 
The electrostatic forces of the DNA back-
bone are repulsive on the probes. Due to 
the higher concentration of charged back-
bone phosphates, these forces might have 
been stronger in the metaphase chromo-
somes than in the interphase chromatin. 
To overcome this shortcoming, meta-
phase chromosomes might be treated 
differently or neutral peptide nucleic acid 
(PNA) oligonucleotide probes (48) might 
be used instead of negatively charged 
DNA probes. In spite of these remaining 
difficulties, the fact that by using a pool 
containing a considerable number of 
different oligonucleotide sequences, the 
labeling of interphase nuclei occurred as 
predicted by the theory and selection of 
the probe sequences due to bioinformat-
ics data, strongly argues in favor of a very 
specific binding.

On the basis of the theoretical 

predictions and the outcome of the 
preliminary experiments reported 
here, COMBO-FISH appears to offer 
a challenging new potential for further 
developments using FISH under more 
vital cell conditions (i.e., under condi-
tions that avoid the severe denaturation 
of both DNA and proteins inherent in 
conventional FISH protocols). In addi-
tion to the experimental procedures of 
microinjection of the oligonucleotide 
probes or other transport mechanisms 
such as membrane vesicles, the op-
timum probe concentration for the 
migration process into the vital cell 
nucleus and the fluorescence labeling 
strategy of the probes are still questions 
for further study. In principle, the feasi-
bility of all these experimental delivery 
procedures has been shown (49,50).

The identification of a fluorescence 
label as a specific COMBO-FISH site 
strongly depends on the signal-to-back-
ground ratio (45), which, in the case of 
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COMBO-FISH, is given by the ratio 
of bound to unbound oligonucleotide 
probes. Because the amount of unbound 
probes is hardly to be influenced under 
vital cell conditions by washing process-
es, other approaches have to be consid-
ered to increase the signal-to-background 
ratio. One of these approaches may be the 
use of so-called smart-probes (46), which 
are oligonucleotide probes that quench 
the fluorescence emission of the dye as 
long as they are not specifically coupled 
to a complementary DNA sequence or 
that change their fluorescence lifetime 
upon complementary binding.

In addition to the many experimental 
questions being considered for further 
investigation, principle questions of 
COMBO-FISH in living cells still have 
to be answered. One of them is the in 
vivo accessibility of the homopurine 
target sequences for the oligonucle-
otide probes. If the formation of native 
triple helices were involved in the in 
vivo chromatin organization in the cell 
nucleus (51), it would then be possible, 
depending on the genetic activity, that 
probe-target triple strands would not 
bind to any given genome locus because 
of the spatial occupation of the target 
sequence. Furthermore, the binding sites 
might be tightly occupied by proteins. 
However, it is obvious that the differen-
tial accessibility of oligonucleotides to 
specific chromatin sites by itself would 
provide an effective tool to probe the 
functional nuclear organization on the 
nanostructure scale for specific sites (6). 
However, a satisfactory answer to such 
open questions requires systematic stud-
ies and future research.

Regardless of the questions concern-
ing triple-stranded formation in the cell 
nuclei, a general FISH method allow-
ing for the labeling of individual gene 
regions without specific denaturation 
steps (beyond that possibly induced by 
a conventional fixation) or the need for 
the suppression of repetitive sequences 
should already be very useful by its 
simplicity and sensitivity (about 1 kb 
or less of labeled sequences detected).

In conclusion, COMBO-FISH 
appears to be a feasible and gentle 
alternative to other DNA labeling pro-
cedures and might even be applicable 
under vital cell conditions. If so, it will 
offer new possibilities for the study of 
the functional dynamic architecture of 

the human genome and other species 
(6). Experimental tools to optimize 
the procedure are now at hand. Future 
research and developments should 
combine these tools to create, at a mini-
mum, a unique labeling protocol. 

COMBO-FISH has only been ap-
plied to the human genome. However, 
there is no obvious reason why the same 
principle could not be applied to any 
other species for which sequence data 
are available. The programs developed 
for oligonucleotide selection and com-
bination can also be applied to databases 
of other sequenced species (e.g., Mus 
musculus). If the composition of the 
genome of mammals follows principal 
similarities to the human genome, then 
the COMBO-FISH approach has the ad-
vantage that, for any given locus of a se-
quenced species, a set of labeling probes 
can be designed that can be automatically 
synthesized without any complex probe 
generation by molecular biology meth-
ods. A preliminary check of the genome 
of M. musculus revealed for instance that 
the IgH locus on the mouse chromosome 
12 (52) contains appropriate homopurine/
homopyrimidine sequences.
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