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ABSTRACT

The different non-radicactive labelling and detcetion methods currently comnmercally davaniable are compared atd evaluuted in this
revisw. Minor factors such as electrophoresis and blotting lechniques 2s well ag choice of membrane and Creir impact on results are
discussed. Two major labelling moieties, biotin and digoxigenin, and the various labelling merhads are discussed in detail. A compar.-
son of my own tesults and those from the literaturs favours application of the digoxigenin group us 4 routine label. evertheless, in
several cuscs biotin will also lead 1o good resolts and may also serve as a second label. The most imporlant factor within the not-
radioactive systems is the delection of the targeted lahel. Calorimarric and chemiluminescant techriques are compared in terms of
sensitivity, fexibility and appheability. Colorimetric deleclion can procuce suitable resalis, hit -n mast cases the major advantages of
chemiluminescent 1echniques involving alkaline phospiatase und AMPPD or CSPD will make chemiluninesceni deteetion tite method
of cholce. A survey is given on applicability of the basic techniques 0 several imporianl assay melhods myvalving electrapharesis of
nucleic acids. Finally, some examples of appiication of non-radicactive nucleic acid labelling and deteclion lechnigues in plant moice-
ular Mology und biemedicire arc cited from the literazure,
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1. INTRODUCTION

Detection of specifically targeted nucleic acid
sequenees has cvolved Lo be o highly versatile and
useful method for different purposes in recent
years. l'echniques such as Southern and North-
ern hybridization have become routing methods
for analysis of DNA and RNA. Several other
more sophisticated methods rely on the same
principles of detection. In molecular biolagical
rescarch as well as in biomedical analysis these
techniques have proven to be of great potential,
specilicily and sensitivity. The major drawhback
inherent in these methods has been until recently
the requirement of radioactivity for detection
with highest possible sensitivity. Not all lubora-
tories that could potentially take advantage of
the newly developed methadologics, e.g. for ap-
plied biomedical routine analyses, have the Tacil-
ey necessury [or handling radioaclivily. In ad-
dition to the facility, equipment. waste disposal
and salcly requirements there are the risks inher-
ent in exposure of laboratory personnel (o radio-
active radiation. Widespread application or pow-
crful new analyucal methods with improved
characteristics will be prevented by these factors.
Also, small laboratories will not be able to estab-
lish 1sotope laboratories within their own rooms.

I'or many vears, radioactive labelling of nu-
cleic acids has been the only applicable method.
Na other efficient label was known until the
mid-1980s. The emergence of molecular biolog-
ical techniques with intercst for a broad spectrum
of fields of research and analysis has been a rea-
son to initiate a search for new labelling tech-
niques aveiding radioactivity. In recent vears a
highly innovative development has tuken place,
beginning with the first non-radicactive labelling
and detection system (based on the interaction of
hiotin with avidin) for Southern hybridizations
and achicving a well elaborated set of methods
offering & broad spectrum ol applicability and
sensilivily equal Lo that of radicactive labelling,

Recent hreakthroughs in genclic cngineering!
and isalation of specilic nucleic acid probes use-
fui for clinical and research applications have led
to a new ficld of DNA- and RNA-bused analyt-
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ical methods and procedures, removing the dis-
advantages inherent in previous analytical tech-
niques. 1n addition, completely new techniques
allowing improved or otherwise impossihle inves-
tigations have been developed. Some of these
techniques are already well established in forensic
and clinical routine analvsis. For instance restric-
tion fragment lengith polymorphism (REFLP)
analysis has revolutionized genetic mans of chro-
mosomal loci and greatly improved knowledge
aboul genetic correlations. Today. rather precize
linkages of deficicncics to defined chromosomal
positions have become possible using RFLP
markers.

The method of choice for labelling of nucleic
acids with **P al the beginning of the 1980s was
nick translation. Since then several other labell-
ing procedures providing greater flexihility and
someumes alse improved vields or better han-
dling have been developed.

1n this review, the most advanced fundamental
techniques of nucleic acid clectrophoretic separa-
tion and transfer t¢ blotting membranes as well
as labelling protocols will be described. The sec-
ond major part is devated te the various non-
radioactive detection methods for the introd uced
specific label. A eritical evaluvation of the com-
mercially available techniques will be followad by
a short comprehensive overvicw on Lhe potential
applications of already well establishicd methods
(formerly requiring radioactive labelling) as well
as on new analytical nucleie acid-based tech-
ngues employing non-radioactive labelling and
detection.

2. ELECTROPHORETIC SEPARATION OF NUCLEI
ACIDS

NMugcleic acid (DNA and RNA) are commonly
separated by electrophoresis using cither agarose
or polyacrylamide gel: depending on their size
ranges. Larper molecules [100 base pairs (bp) Lo
20 kilobase pairs (kb)] are well separated in 1,5
0.6% agarose gels and smaller molecules (up Lo
about 200 bp) in F0-20% polyacrylamide gels [1].
Whereas DNA molecules are separated in the
non-denatured state, RNA moaiecules have ro be
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separated in denatured form to avoid any disrur-
hances in band separation originating from sec-
ondary structures. Several procedures have been
developed for this purpose. Generally, for aga-
rase gels a highly purified agarose with low elec-
troendoosmosis has to be used in order Lo achieve
goad results, espacinlly in respect of resolution.
Common procedures arc described in refs. 1 and
N

21 DNA

Separalion of double-stranded DNA can be
routingly performed in 0.6-1.5% agarose gels in
a suitable electrophoresis huffer. A versatle con-
centration is 0.8% agarose, which is applicable o
most separation problems involving plasmid or
genomic DNA restriction endonuclease digests
or similar DNA preparations. Lower concentra-
tions can he applied (or better separation of
larger fragments (> 3 kb) and higher concentra-
tions for smaller molecules (100-1300 bp). TAE
bufler (40 mA Tris acetate pH 8.0, | mM EDTA)
has been wsed [or a long lime. A higher bullering
cupacity allowing faster gel runs is provided by
TBE buller (90 mAd ris borate pH 8.3, 2 mM
EDTA). Both buffers arc compatible with South-
ern blotting and hybridization. Agarose gels are
run in so-¢alled subimarine clectrophoresis tanks.
Polvacrylamide (PAA]) gels, which can he quite
easily handled, should not be less concentrated
than 7.5% total acrylamide. otherwise handling
will become very sensitive to mechanical damage.
This allows separation of nucleic acids up to
some hundred base pairs depending on the band
patiern that has to be resolved. Commonly, TBE
buffer is used for PAA gels as a running buffer.
Oligonucleotides (single-strunded molecules) cun
be separated without disturbances by secondary
slructures in gels conlaining 7 M urca [1,2].

For Southern hybridizations (detection of spe-
ciic DNA sequences imunebilized on a mem-
hrane by a labelled complementary strand ol
DNA), transler of denatured DNA {rom the gel
to the blotting membrane is required. Several
methods have becn developed 1o recent vears.
Choice of the optimial protocal is dependent on
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the type of membranc and covalent fixauon of
the DNA to the membrane as described in more
detail i Seetion 3.

2.2 RNA

The performance of RMNA separation by elec-
trophoresis requires complete denaturation of
the melecules prior to the gel run in order to ob-
tain reproducible band patterns. Two mainly
used methods are available: one employs formal-
dehvde and formamide for denataration, the oth-
er glyoxal [1.2]. In my own studies | always use
the formaldehvde—formamide system for RINA
analysis. As RNAs are already present as single-
stranded molecules. in a denatured state after gel
electrophoresis no lurther treatment prior to
blotting is necessary,

3. TRARSIPER TO BLOTTING MLEMBRANLS

Transler of nuclee avid rom agarose gels W
hlotting me¢mbrances is usually performed by cap-
illary blotting [1.2]. Apart from this method, sev-
eral other techniques have been developed in re-
cent years. Nevertheless, hecause of its efficiency
and conveniency, capillary blotling eovernight is
still the method of choice in most cases.

Commonly, DNA is transferred o the hybrid-
ization membrane in a high-salt solution after al-
kaline denaturation and neutralization of the
agarose gel according to a standard protocol
[1-3}. This method was originally developed hy
Southern [4] und later improved | 5], A varnant of
this procedure is blotting under alkaline condi-
tions [3]. Two other methods are vacuum biotting
and clectrophoretic transfer of DINA to the mem-
brane, both reguiring special equipment [3]. Nei-
ther of these techniques is widely used today be-
cause ol experimental resirictions. For vacuum
blatting gels have lo ba kept in a completely in-
tuct stale. Minor damage to the gel may cause its
brealkdown and lead to unequal transfer of the
nucleic acids owing to non-uniform vacuurm.
Electrophoretic blotting has been described to be
inellicicat in scme cases. DNA may nugrite
through the membrane easily as a resull of con-
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tinuous current flow. In addition, conditions arc
widely dependent on the specific membrane. A
comparison of difterent transfer methods has
been reported previously 35

RNA blots are performed under high-salt con-
ditions similar to classical Southern transfer of
DNA [1,2.6]. Electroblotting has also bheen re-
ported [7,8].

A second important factor in transfer condi-
tions is the choice of membranes. Nitrocellulose
filters were first on the market but are no longer
satisTying because they are difficult to handle and
have limited stability. Nylon membranes are the
most widely used type of filters employed for
Southern and Northern blotting now. Polyvinyl-
idenedfluonde (PYDF) membrancs are  also
avuilable for nucleic acid binding. Both tvpes are
avallable as ncutral and positively charged mem-
branes. The positively charged membrancs pro-
vide a4 higher nucleic acid-binding capacity.

The third Factor affecting sensitivity of the
analysis 15 covalent immobilization of the trans-
ferred nucleic acids on the surface of the mem-
brane. Originally, this was accomplished by dry-
ing the nitrocellulose filters and baking for 2 h at
R0°C in a vacuum oven. Nylon membranes may
also be baked under normal air conditions. To-
day, UV cross-linking of nucleic acids has be-
come the most comfortahle and efficient proce-
dure. Wet or dry membranes are illuminated by
UV light with a defined amount of enargy [3,9].
This may be done simply by placing the mem-
brane on a transilluminator or, better, by using
specially designed UV ovens, which are commer-
cially available from several companics. Usually,
sensitivily obtained after UV cross-linking is
higher than that obtained aller buking.

The bulance ol all three factors will influcnce
the final performance and sensitivity of the
Southern or Northern hvbridization protocol. Ln
my own caperiments [ initially used nitrocellulose
for studies of non-radicactive detcction methods.
After the mtroduction of the Immaobilon-P
PYDF membranc (Millipore, Bedford, MDD,
USA). this new type of support was tested, and
good results have been achieved for a long time
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now by using a combination of alkaline capillary
blot and UV cross-linking. On the other hand,
the positively charged Immobilon-N membrane
(Millipore) performs poorly in my experience
(unpublished resuits). Nylon memhranes are
available as neutral (various suppliers), partially
positive  (Boehringer Mannheim, Mannheim,
Germany) and strongly positive types {various
suppliers). My own experience leads me to rec-
ommend use of the Boehringer nylon membrane
in conjunction with UV cross-linking [9], al-
though results of my own tests as well as from
other laboralories demonstrate the applicability
also  of neutral ovlen membranes for
chemiluminescent detection of nucleic acids (de-
seribed below and personal communications).
With this procedure slightly improved sensitivity
can be achieved in comparison with the alkaline
Immeobilon-P protocol.

When designing a personal protocal for DNA
or RNA blotting these factors should be taken
into consideration. Nylon membranes are not
suitable lor alkaline transfer in combination with
UV cross-lhinking, Only baking will provide satis-
fying results in this case.

4. LABELLING QF NUCLEIC ACIDS

For a long time radioactive lubelling of nucleic
acids has been the only means of detecting specil-
ically hyvbridizing DINA frapgments and RNAs. At
the beginning of the 19805 the ficst allernative
non-radioactive detection methods evolved were
based on the labelling of the nucleic acid probe
with biolin and detection via interaction of the
biotin with avidin or streptavidin, The reporter
enzyme was alkaline phosphatase (AP) [1(- 14].
Usually, radicactive nucleotides were incorporat-
ed into probes by nick translation at that time
[1,2,15]. This method has been adapted to incor-
poration of hiotinylated mucleotides [10-14]. In
the meantime various other methods of labelling
DNA and RNA probes have been developed and
have been commercialized by several suppliers.
Some practical aspects are described in the fol-
lowing scetions,



110
4.1, Choice of label

Initially, bictin, a small organic molecule, was
chasen as a tabel far nucleic acids because of its
highly specific interaction with avidin and strep-
tavidin. Biotinvlation of DINA probes has been
used successfully for a long rime now and has
proven to be reliable and effective. Maost compa-
nies today use biotinylated nuclcotides (mastly
bio-11-dUTP) as a label in their kits. However,
Bochrinper Mannheim have introduced another
organic compound as a label, the digoxigenin
moelecule. It can be detected by a specific anti-
digoxigenin-F,, fragment and avoids the prob-
lems that sometimes cccur because of the pres-
ence of blotin in many {¢lten ¢rude) biological
tissue samples. The digoxigenin system is widely
acknowiedged as a standard method today. Its
effectivity is similar to or cven slightly better than
that of the hiotin system. As a result, two differ-
ent efticient labelling systems are available, which
enables detection of two different probes at the
same time hy using digoxigenin for the one and
biotin for the other in combination wath different
detection systems. Amersham {Braunschweig,
Germany) inttially introduced another approach
for labelling within the enhanced chemilumines-
cence (ECL} system. Via glutaraldehyde cou-
pling, the nucleic acid probe is directly labelled
wilh the reporter enzyme (horseradish perox-
idase). This allows a reduction in the number of
detection steps but, on the other hand, drastically
reduces the Qexibuity of the assay systeni. The
protein present in the hybrdization solution
means that the incubation lemperalures arc
strictly imired to 42°C to prevenrt destruction of
the activity of the enzvme. This 1s a mujor draw-
back in transferring previously used hybridiza-
tion and washing conditions to non-radioactive
detection systems and restricts applicability.

A stnking advantage of non-radioaclive labell-
ing of nucleic acids with biotin or digoxigenin is
the ability to store labelled probes for some years
without loss of activity. This saves a lot of work
in comparison with radicactve labelling, which
requires probes to be prepared freshly and used
within some days.
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4.2, DN A probes

4.2.1. Nick translation

Nick translation of DNA probes by combined
action of DNase and Klenow enzyme has been
the method of choice for a long tume [1,15]. By
simply employing a biotinylated or digoxigenat-
ed nucleotide instead of a radioactive one Lhe re-
action protacol can be adapred [19], The major
drawhack of this techniguze 15 the need for phenol
extraction to remove the DNase and for ethanol
precipitation to remove the phenol and the la-
belled nucleotide. In the case of radivactive la-
helling, the presence of the labelled DINA in the
precipitation pellet can casily be monitored. This
is not possible for non-radioactively labelled
probes. Therelore, monitoring can only be per-
formed by running a dot blot with the labelled
probe including a compleie cycle of detection.
This 15 Lime-consuming and laborious.

4.2.2. Random primed labelling

In 1983 Feinberg and Vogelstein [16] published
a new technique for radiclabelling DNA restric-
tion endeonuelease fragments to high specitic ac-
tivity. Single-stranded DNA is produced by heat
denaturation and hybridized to random hexanu-
cleatides. [abelled cIDNA is synthesized hy DNA
polymerase 1 Klenow {rapment extending [rom
these primers, This method has heen adapted to
non-radicactive labelling, and reagents for bio-
tinylation or dipoxipenaticn arc commercially
available from most suoppliers today. In my
hands, this technique has proven to be reliable
and efficient [9]. In the case of hiotin and digoxi-
genin it is recommended that the degree of in-
tegration of labelled nucleotide inta the newly
synthesized probe should not be the highest pes-
sible. Instead, because of steric hindrance. il has
been demonstrated that replacement of only 35%
of tha dTTPs by labelled dAUTP provides optimal
sensitivity (ref. 13 and uvnpublished results). It
has been found that, in the case of random
primed labelling, a further puntfication of the di-
goxigenaled or hiotinylated probe from the reac-
tion mixture is not necessary. The cride extract
can he nsed for hvbridization. Dunng colorimet-
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ric or chemiluminescence detection procedures
no specific problems have vet been detected (un-
published results). A general protocol lor digoxi-
genin abelling of DNA probes has been de-
scribed in ref. 9, This protoco! can easily be mod-
ficd lor biotin labelling.

4.2.3. Polvmerase chain reacrion labeliing

A rather new method for labelling of DINA
probes is based on polymerase chain reaction
(PCRJ[17-23]. If specific oligonueleotide primers
suitable for production of the reguired probe
fragment are available this method offers a much
higher versatility and reduced preparative work
in comparison with nick translation and random
primed labelling. Protocols have been described
for introduction of hiotin as well as digoxigenin.
PCR directly amplifies DMNA from crude sources
requiring only minimal amounts of turget IYNA,
High amounts ol labelled probe can be svnthe-
sized by incorporating gither hiotinylated or di-
goxigenated nucleotides via Tag polyrmerase. In
addition, full-length probes can be generated.
which are oblained by the other two described
melhods only in very small amounts wilhin the
mixture of sequences of varying lengrth.

Lanzillo [24] reported a comparison of PCR-
gencrated digoxigenated and biotinylated probes
with enzymatically labelled probes. He stated
that digoxigenin-labelied probes with 37% sub-
stitution of dTTP by digoxigenin-labelled dUTP
ar¢ the most scnsitive probes avatlable. Biotin-
ylated nucleotides seem to he much less efficiently
incorporated and do not lead to acceptable DNA
probes using this labelling protocol. On the other
hand, following enzymatic labelling. bintin and
digoxigenin labels lead to rather cquivalent sensi-
tivities. This may be explained by the fact thart
biotinylated dUTP is an inefficient substrate for
Tag polymerase.

For PCR labelling, isolation and purification
of the prabe fragment from a plasmid is no long-
er necessary. The required sequence is direetly
amplified and labelled in one reaction step from
any source of DNA, cven from genonue DNA.
This also greatly extends the range of sources
that may provide relevant DINA probes. In com-
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pacison with nick translation and random primed
labelling, much higher amounts of labelled DNA
can be produced within a short time. A second
advantage ol this technology 15 the ability 1o gen-
erate single-stranded DINA probes by using only
vne priter iostead ol lwo, Then, only one strand
can be synthesized selectively.

Amplificalion combined with labelling is not
as efficient as amplificarion alone but yield is still
very cllicient. The sensitivity of the detection re-
action is not affected by the method of probe
preperation. High numbers ot different probes
can be generated with one set of primers il the
relevant DINA fragments are available within ane
vectoT, e.g. the plIC series [25]. For all these rea-
sons, it is thought this method will be the method
of choice in future.

4.2.4. Photolabelling

Photolabelling has been introduced as an al-
ternative to enzymatic labelling for biotin and di-
goxigemin. Two examples shall be discussed brief-
ly here. Photobiotin [26,27] (available from BRL,
Guithersburg, MD, USA) is a photoactivatable
compound consgisting of the biotin moiety linked
to an arylazido group via a linker. The azido
group 1s activated upon irradiation with UV light
(260-300 nim), resulting in a highly active nitrene
group that can react non-specifically with elec-
tron-deficient atoms |26,27]. Biotin labels can be
introduced randomly by this method inte any nu-
cleie acid probe.

A similar system is offered by Bochringer
Mannheim for introduction of the digoxigenin
label. The dipoxigenin moiety is again coupled by
a hydrophobic iinker 1o an azidophenyl group.
Photoactivation of the azido group leads to la-
helling of DNA and RNA. Every 200th 1o 300th
base will be Iabelled with a digoxigenin group. A
limitation of this method is the achicvable sensi-
tivity of detection. which is inferior to that of
random primed labelling by a [actor of about 10.

Photolabeliing may be useful as a specialized
nmethod for intreduction of non-radicaclive la-
bels into DNA and RNA probes in case of spe-
cial requirements but cannat be recommended as
a routine techoigque.



112

4.2.5. Direct fabelling with reporter enzyme

The ECL kit originally introduced by Amer-
sham oflers a new variant of non-radicactive la-
belling techniques. he reporter enzyme (horse-
radish peroxidase) was designed to be covalently
linked directly to the DNA sample via glutaralde-
hyde cross-linking. Althaugh the practical proce-
dure 1s rather simple, a severe limitation is the
presence of the reporter enzyme in the hybrid-
ization solution. Because of this, every incuba-
tion and washing step has to be performed at
temperatures not higher than 42°C. The routine
protocols employed For radioactive labelling and
detection cannot be easily transferred in this case.
Modilication of the hybridization and washing
conditions has to be done by changing the salt
concentrations at fixed temperature. This major
drawback complicates mlroduction of non-ra-
dicactive techniques in laboratories where radio-
aclivily 15 reulinely applied and protocols have
been opumized to special requirements for a long
time. In the meantime another supplier (Prome-
ga, Madison, WI, LSA) has introduced a similar
system with the difference that AP is used as a
reporier enzyme.

4.3. RNA probes

Lahelling of RMNA probes will be discussed
here using the example of dipoxigenation. RNA
prohes can be easily genzsrated from vectars bear-
ing the required msert positioned between diver-
gent SPo and T7 RNA polymerase promoters. A
defined RNA strand will then be produced using
cither SP6 or T7 RNA polymerase. Other equiv-
alent systems are appropriaie for this purpose,
These polymerases accepl digoxigenated nucleo-
tides nearly as cfficiently as non-modified ones.
Efficient labelling can be oblained within 2 h of
incubation. Single-stranded RNA probes can be
of greal value not only for mRNA detection but
also for analysis of DNAs,

A hneanzed appropriale vector containing the
insert is used for im virre transcription. Again, a
labelling densily ol about 35% 13 opumal and
will be achieved by subsituting only a part of Lhe
TTP by DIG-UTP. A detailed protocol for this
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procedure has been published in ref. 9. T have
suceessfully employed this method for chemilu-
minescence detection of specific low-abundance
mRMNAs from transgenic planis by INorthern hy-
bridization.

A similar labelliing technique using biotinylat-
ed TITP instead of digoxigenated UTP is avail-
able. This modified nucleotide is ofiered by Clon-
tech (Palo Alto, CA, TUSA).

4.4. Oligorucieetide probes

Short oligonuclectide probes are often used for
reducing hybridization times or because of exper-
imental design. Labelling of such probes can be
performed by 3-end labelling with terminal
Llranslerase. Protocols have been developed both
for biotin and digoxigenin labelling [28-30]. The
number of added labelled nucleotides cun be de-
wrmined by ncluding either labelled dULP or
ddUTP. In the first case several labelled nucleo-
tdes are added, leading Lo 4 stronger signal than
in the sccond case, where only a single labelled
nucleotide is added. (enerally, this labelling
technique results in sipnificantly lower sensitiv-
ities than those techniques employing longer
DNA probes. Mevertheless, non-radioactive oli-
gonucleatide labelling can he quite efficiently
used for rouline applications where the highest
sensitivity is not necessary or for analysis of syn-
thetic aligonucleotides themselves following elec-
trophoretic band separation.

5. COLORIMETRIC DETECTION OF NUCLEIC ACIDS

When biotinylated nucleotides were developed
as labels for nueleic acids in hybridization analy-
ses colorumetric detection by AP and its substrate
4-pitroblue-tetrazolium  chleride (NBT)/5-bro-
mo-4-chloro-3-indolvl-phosphate . (BC1PY  be-
came the first standard methodology [12]. Vari-
ous reporter enzymes with corresponding sub-
strale dyes have been investigated to determine
their sensitivity and performance in detection of
specific DINA probes on Southern blots. Alkaline
phosphatase emerged as the most sensitive one
[12.31]. The NBT-BCIP substrate originated
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from immunohistological studies. Using Ls sys-
termn, including a biotinylated polymer of AP, al-
ready the first publication reported a limir of sen-
sitivity of some picograms of homolagous DNA
in a Southern hybridization [12]. By introduction
of some minor modifications Chan et «f. [32] re-
ported the extension ol the detection limit into
the range of subpicogram amounts of specific
DNA. A Southern blot of HindIll-digesied

Fig_ 1. Southern blot hybridization of Hindl1I & phage DNA on
mitracelhilose fiters, The tatal antount of A-DNA on cach lare is
20 pe (lane 1), 6.6 pe (lane 2), 2.2 pg dlane 3) and (.74 pe (lare 4).
A S-pg aliquol ol sheared herring sperm carrier DNA was pres-
ent in each lane. The size of each fragment 1s icdicated in the
tablo. Hybridization was performed at a probe concentration of
5 ng/mib Tur 17 hoal 65°CL Reproduerd from re” 32 with permis-
S10n

i3

phage A-DNA hybridized to biotinylated phage
A-DNA and detected by streptavidin followed by
biotinvlated poly(alkaline phosphatase) and
NBT-BCIP is shown in Fig. 1 {scc alse Table 1).
Signals could be detected down to about 100 fg of
homologous DNA.

Since this technique was first described, many
experiments have been performed in order to op-
timize this system [14]. In the middle of the 19805
the first commercial kits became available for
routine usc in the laboratory, They were based on
the above-mentionad systen requiring a two-step
mcubation procedure. Although subpicogram
detection limits had beenr described in the litera-
ture [31]. in routine luboratory work [ could only
achieve reproducible detection of abaut 10 pg of
homologous DNA in a Southern hybridizzbon.
Occasionally, bunds representing only a few pi-
cograms of DNA could also be detected, but re-
producibility of these resulls was not achievable
routinely. Colorimetric detection by NBT-BCIP
performed well with nitrocellulose and PYDFE
(lmmaobilen) membranes. In my own analyses, [
have used the Immohilon-P membrane (Milli-
pore) tor a long time in combination with alka-
line capillary blotting. This hydrophobic mem-
brane parformed well for single hybridization ex-
periments. Rehybridization s not possible be-
cause PYDF is soluble in dimethylformamide
(DMF), which 13 necessary to remove the color
precipitate. Nitrocellulose membranes are highly
frugile and wnd to produce muny unspecilic
background signals at sites where mechanical
stress or damage has occurrad. Only nylon memn-
branes are suitable for removal of the dye precip-
itate by DMF.

The manulacturers have tried to enhance the
cfficiency of the new technigue. A step forward
has been the introduction of the covalent strepta-
vidin—Al conjugates instead of separated strep-
tavidin and biotinylated AP. Sensitivity could he
raised to routine detection of some picograms of
specific homologous TDNAL Becautse in genomic
Southern blots the speaitic DMNA has to be detect-
ed within a mass of unspecific genomic DNA
fragments, general sensitivity has to be about an
order of magnitude higher than the calculated
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amount of DINA which has to be detected. This is
still not achievable with the colorimetric detec-
tion system.

Many researchers have claimed the flexibility
of producing multiple hard copies of different in-
tensity by varying exposure time. This problem
cannot be solved with the colorimetric detection
technique. Some experience is required to obtain
optunal signal mdensities, especially il bands of
significantly differing strength have to be deteet-
cd. My own cxperimental work trying to estab-
hsh totinylated probes o combimation with
streptavidin-AP and NBT-BCIP for detection of
foreipn (single-copy) genes within the genomic
DNA of transgenic tobacco plants was clearly
limited by the problems of reproducibility of the
limit of sensitivity. Generally, single-copy forgign
genes could be detected in some cases, but repro-
dueibilitv could not be guaranteed (unpublished
results). The sensitivity required for these assays
is in the range of some picograms of specific
DINA. Plant gcnomes arc similar in size to the
human genome or sometimes even larger. There-
fore, experimental features are the same in bio-
medical applications,

As already outlined in the part dealing with
labelling of nucleic acids, results obtained with
digoxigenatad nucleotides as a label ure in gener-
al sinular to those obtained with biotinylated nu-
cleatides as a label. In some cases background
problems can be reduced because biclin s a ubig-
uitous melecuic in most tissues. Transfer of bio-
tin present in the nucleic acid sample to the hy-
bridization membrane may result in non-specific
background staining hy interaction with the
streptavidin during the detection procedure.
These prablems are avoided with the digoxigenin
label as this maolecule is only present in a lew
plant species. Limits of sensitivity are essentially
similar, although in some cases digoxigenin
probes may he ahle to generate slightly stronger
signals.

In conclusion, colorimetric detection of nucleic
acids by biotinylation or digoxigenation has per-
formed well for various types of nucleic acid
analyses that do not require the full sensitivity
which can he obtained with radioactive labelling.
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Although in most publications describing the
aforementioned technigues equal sensitivity for
non-radioactive and radioactive detection has
heen claimed. this could not be (ully achieved in
rceutine laboratory werk under these conditions.
Experiments for analysis of plasmid DINA or ge-
nomie DNA onginating [rom orgunisms with ge-
nomes not larger than 10 nuclectides can casily
be performed using the one-step AP NBT BCIP
detection sysiem. Experimental protocols imvolv-
ing random primed labelling, digoxigenin labell-
ing and one-step detection are highly recom-
mended For these purposes, A gencral procedurc
for colorimetric detection of DNA and RINA is
deseribed in ref. 9. Greater flexibility and higher
sensitivity can be achieved by introducing the
chemiluminescence detection technology (see
Section 7.2.).

Recently, new dve substrates for AP have been
adapted from immunohistochemistry for blotting
techniques [33]. These so-called “last colours™ do
net extend the limit of sensitivity but offer the
advantage of being soluble in ethanol. Remaval
ol the color preapitate 1s posstble with sigmldi-
cantly reduced hazard, and much more easily and
more efficiently. A further advantage of these
subsirales in comparisen ww NBT-BCIP 13 ther
insensitivity to light and they do not fade upon
drying of the membrane. Highest sensitivity 13 of-
fercd by naphthol-AS-phosphate in comhbination
with fast blue B; the others are slightly less sensi-
tive than NBT-BCIP [9,33]. Rehybridization has
also bhecome possible now with PVDE mem-
branes and 1s generally simplitied,

&. FLUOROMETRIC DETECTION OF NUCLELC ACTIDS

Labelling of nucleic acids with a fluorcscent
group can be achieved as easily as with biotin or
digoxigenin. Only the appropriate modificd nu-
cleotide has to be incorporated into the labelling
reaction. But fluorcseent signals are not as easily
detected as colour precipitates or luminescenl sig-
nals. To obtain a fluorcscent signal the target has
to he irradiated with light of & suitable wave-
length, Emission of fluorescent light has to be
measured at a different wavelength, A compan-
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son of different techniques revealed that in the
case of the fluorescent labels a considerable loss
of sensitivity is obscrved when comparing la-
belled probes with the labels alone. Another sig-
nificant decrease in sensitivity is observed in hy-
bridization assays [31]. A comparison of detec-
tion hrmts of several techniques 1s presented in
Table 2. The requirement for specialized equip-
moent and also the rather low sensitivity greatly
limit the applicability of the fluorescent labelling
and detection techniques tor NDNA and RNA
analysis on membranes.

Omly in automated DNA sequencing have flu-
orescentl labels found a hroad application. In
membrane analysis sipnificant improvements are
nat to he expected,

7. CHEMILUMINESCENCE DETECTION OF NUCLTIC
ACIDS

The most important improvement in non-ra-
dicactive nucleic acid analysis lechniques has

TABLE 1
SENSITIVITY OF DETECTION ON SOUTHFRN RLOTS

CQuanlily of DINA®

DNA Size Signal
(kb) (pe)
Mal .20 +ve
1.6 I ve
9,04 131 (R
0.15 +ve
6.64 .90 +ve
a1 +ve
433 0.59 +ve
0.07 b ove
224 0.31 I v
0.03 —ve
1.99 027 I ve
0.3 —ve
.56 0.0% 1ve
0.01 - v

? These representalive data are caleulated from lunes 2 and 4 in
Fig. 1. The frugmentd size in (Hind T DNA digests (kb) and
their corresponding guantity (pg) s correluted with their vis-
ibility on filters.

* Signal wasscored as | ve, veorequivocal { —; —ve) depand-
mg on its visibility on wet filters viewed in ordinary light.

TABLE 2

DETECTION LIMITS OF SEVERAL NON-RADIOACTIVE
LABRLLING AND DETECTION TECHNIQUES

Far detailed protocols see ref. 21, Ahbreviationa: ENIILUM,
enhancad chemilumincseence {luminol with p-hydroxyeinnamic
acid); LUM, luminei; NPP, p-mtropheny] phosphate; OPD, o-
phenylenediaming. Adapted from ref. 31 with permissiog,

Latbel Detection limit {fmaol)
{detecrion system) -
Labe] Labelled Probe in
alone prabe assay
Sencdwich assay
Fhinreseein 20 1D Sl
Texas red 20 30 [
Rhlamineg 3 Bt} 100
Isoluininel [ 20 100
p .05 a3 005
AP (NPP) 5 5 5
AD (NBT/ACLIY 0.2 b2 0s
HRY (OFTY) 0l 0.1 ol
HRP (I.UM) I 1 I
HRP(ENH,/LUM) 003 0.03 0.0s
HBV assay
Fluorescein - - 10
HRI' (ENH;1UM) 0.02
been the development of Thighly sensitive

chemiluminescent substrates for AP, AL last,
these new chemicals enable achievement of the
same routine senstlivily as for radicactive labell-
ing. The most advanced technique involves spi-
roadumantunc—dioxetane compounds, which are
dephosphorylated by AP fellowed by decomposi-
bon ol the intermediate product. During this last
step chemiluminescent light is emitted, which can
be detected on standard X-ray films.

Twao different systems are commercially avail-
able taday. One is hased on the horscradish per-
oxidase—luminol system and manufactured by a
single supplier (Amersham). The other uses AP
and disodium 3-[4-methoxyspire(],2-dioxetane-
3.2 -tricyclo[3.3.1.1.* "ldecan)-4-yl]phenylphos-
phate {(AMPPD) (Tropix. Bedford, MA, TISA)
or Lumigen-PPD (Lumigen, Detroit, ML USA)
as substrate. This latter detection system is wide-
ly applied by several suppliers. It provides the
mest advanced and flexible technalogy.
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74 Horseradish peroxidase—{uminof-based yys-
ey

Luminol is a substrate for horseradish perox-
idasc in combination with hydrogen peroxidase
that emits energy in form of chemiluminescence,
Luminol is oxidized by hyvdrogen peroxide and
produces e-aminophthalate under ecmission of
light. This chemical reaction iz catalvrzed by
horseradish peroxidase. The ECL Kits oflered by
Amersham rely on this principle. Labellad DNA
probes are detected by horsceradish peroxidase ei-
ther by direct labelling or by biotinylation of the
probc and incubation with streptavidin-horse-
radish peroxmduase. lncubation of the membrane
with Tuminol and hydrogen peroxide results in
the production ol chemiluminescence and signals
can be detected by exposurc to an X-ray film. A
spectlic [eature of the horseradish peroxidase- lu-
minol system as cmployed by Amcersham is its
high emittance, which iz limited 10 a short time
period only. Exposure times are of the order of
less than | min. Re-exposure is possible anly
within some 10 min. Generally, handling of this
system 18 sometimes tricky because of its kinetics.

The sensitivity of the RCT. system 15 hetter than
that of the NBT-BCIP colorimetric system but
does not reach the levels which are obtained with
AP and AMPPD. Therelore, the ECL system can
be considered as an intermediate assay system
which ollers some improvements over the NBT
BCIP system but docs not provide ultimate rou-
tine sensitivity tequired for gemomic Southern
blots.

7.2, Aikaline phosphatase—dioxetane ( AMPPD,-
hased systemy

The development of new dioxeranc-based AP
substrates providing very high sensitivity has in
rceent vears led to a significant improvement in
the non-radicactive nucleic acid detection tech-
nology [34]. Dioxetanes are four-membered ring
peroxides incorporating a “weak™ oxvgen—ox-
vpen bond that casily decompaoses 1o form strong
carbonyl products |33]. This process 1s accompa-
nicd by a release of up to 400 kl/mol of energy
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and is capable of producing a  strong
chenmilumuinescent signal. The currently available
substrates incorporate several imporiant func-
tions: an energy source [or chemiluminescence in
the peroxy hond; stability provided by the spiraa-
damantane groun; light emission properties de-
fined by the arvl substituent; and, lnaily, an acti-
valion sile consisting of an enzyme-cleavable
group [36]. The cozyme-cleavable group confers
a high stahility, allowing lumineseence to occur
only when this group has been cleaved off hy a
suitable cozyme. AMPPD was the first chemcal
ta he introduced. [t contains & phosphate moiety
bound to the aryl ring which can be remaved by
AP. The resulung miermediate product, the
anion AMP ™D, decompases in a second step to
adamantane and the charge transfer cxcited-state
methyl m-oxvbhenzoare anion, which emits light
at a wavelength of 477 nm (Fig. 2). The half-lite
of decomposition af the intermediate is strongly
dependent on the nature of s environment (e.g.
the  type of membrane used). The
chermluminescent light emission occurs in the
form of a “glow™. Breakdown of the intermedi-
ule gnion {s riather slow so that aboul 15 min are
requirad to obtain steady-stute chemiunmines-
cence. The kinetics if light emission will deter-
oune Lhe lengeh of exposure Lune required Lo ob-
tain appropriate signals [¥].

Application of AMPPLD in Southern or North-
ern blotting on nylen membranes results in in-
creascd-light emission within the (irst 24 h alter
incubation. On nylon membranes the intermedi-
ate anion AMP D accumulates before decompo-
sition. T'he first step of enzvimatic dephosphoryla-
tion is much faster than the breakdown of the
intermediate. This leads to an increasc i the in-
tensity of light emitied from a specific signal
within several hours of reaction iime. Immediate-
lv after reaching steady-stare kinetics of chem-
duminescence an exposure time of about 2.5 h is
necessary to obtain full sensitivity. The same
strength of the signals 13 obtained within about
20-30 min exposure time atier overnight incuba-
tion at room temperature (20-24 hy. "This means a
decrease in exposure time by a faclor ol Sor a19).
Multiple cxposures with optimized signals can
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Fig. 1. Decompositior. scheme of AMPPDL Incubation wits: alkaline phosphatase results in enzymatic dephospharylation and tarma-
tion of the moderately stable intermediate. AMP™D. AMP ™D decompases to adamantanore and the charge transter excited methyl
m-oxyherzoate anion, which emits light. Repraduccd weth pormission from Bochringer Mannheim

eastly be obtained alter overmghl ncubation,
and require only minimal time and effort. This
gives the AMPPD system an unbeaten (lexibilily
amangst all the detection systems commeraially
available today.

As described, the nature of the surface of the
membrane exerts a significant effect on the in-
lensity ol the chemiluminescent signal. Nylon
membrances have to be considered to be an en-
hancer of the chemiluminescent signal. Tn com-
parison with propertics in butler solutions,
AMPPD on nylon membranes produces a hypso-
chromic shift of the emission maximum and a
dramatic decrease in the rates of signal genera-
tien. This suggests that the excited-state emitter
resides in an aprotic environment [37]. This in-
dicales that the intermediate anion is bound hy
hydrophohic interactions within the hydrophobic
domains in the nylon membrane. The sharpness
of the bands observed In scveral types of mem-
brane assays coincides well with this assumptian.
Duffusion of the AMP™D anion and the emitling
molecule seems to be negligible [37).

AMPPD is offered by Tropix and undcer the
trademark Lumigen PP by Tumigen. In my
own experiments I have used the digoxigenin
DINA labelling and detection system manulac-
tured hy Boehringer Mannbecim, which included

until recently the Tropix AMPPD but has now
been changed ta Lumigen PP, and the original
Tropix chemicals. As described in ref. 9, there
was originally a significant difference in the qual-
ity of AMPPD sold by dillerent companies. To-
day, the Itopix AMPPD is still the purer com-
pound because of inclusion of a final high-per-
lormance hgmd chromuatographic (HPLC) puri-
fication step. lropix offers a ranpge of related
chemicals such as chemiluminescence enhancers
{(Sapphirc, Emerald) and blocking reagents, With
nvlon membranes no additional effect can be ob-
served when Incleding these enhancers in the re-
action mixture (unpublished results). The enhan-
cers are uselul for work with other solid supports
than nylon membranes. Also, the wavelength of
emission can be tuned hy using different enhan-
cers. Chemiluminescent  detection on PYDE
membrane (Immobilon-P) 15 possible by ingiu-
sion of Sapphirc enhancer. Good results can be
obtained with standard X-ray film (Kodak X-
Omat AR). The Emerald enhancer shiudts the
emission maximum to green light and therefore
prelerably requires a green-sensilive X-ray film,
which is difficult to obtain, Another enhancer is
Nitro-Block (Tropix), which has been specilically
designed Tlor application with nitrocellulose
membranes. All the enhancers provide a hydro-
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phobic region surrcunding the light-emitting
molecule, which imitates the features of a nylon
membrane. Nitrocellulose normally gives very
poor signals in chemiluminescent assays. Nitro-
Block converts this membrane into a high-per-
forming suppaort for AMPPD detection by cov-
ering its surface with a hydrophobic polymer.
This leads to rather efficient production of signals
[38]. Application of Nitro-Block to Immobilon-P
and lmmobilon-N membranes reveals that the
positivelv charged WN-membrane is not suitable
for chemiluminescent detection, whereas Immo-
bilon-P performs well [38], | have had similar ex-
periences with the two Immobilon membranes in
my own experiments with colorimetric detection
by NBT-RCTP (unpuhlished results).

Tropix recently introduced another substrate,
disodium  3-[4-methoxyspiro(1,2-dioxetane-3,2'-
(5"-chloroitricyelo[3.3.1.1% “Jdecan)-4-vl]phenyl-
phosphate (CSPDY), which is a chlorinated deriv-
ative of AMPPD. This new molecule allows even
faster generation of chemiluminescenl signals
than AMPPD. With this substrate cyposure
times cun be shortened further, In addition,
CSPD produces shghlly sharper bands (han
AMPPD. The time period necessary to reach
steady-state Kinetes of hght emission 18 signil-
icantly decreased in comparison with AMPPD
[39]. In Fig. 3 structures und chemiluminescenee
kinctics of AMPPD and CSPD arc displayed.

A procedure suitable for single-copy toreign
pene detection in transgenic tobacce and potato
plants has heen developed for own experiments
on the basis of the AAMI'PD system., A de-
tailed protocol can be found in ref. 9. The Bozhr-
inger nylon membrane that is partially positive
was chosen and performes well during these in-
vestigations. Generally, other memhranes can al-
s0 be used. A specific comparison of the parually
positively charged Roehringer nyvlon membrane
with the widely used neutral nylon membranas
Hyhond-N membrane {Amersham) and Biodyne
A (Pall, Dreicich, Germany) revealed that hack-
ground staining is slightly lower wilth neutral
membranes but scensitivity is clearly hetter with
the Boehringer membrane (unpublished results).
Therefore, the use of the Boehringer nylon mem-
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brane 15 recommended here. In each case, a dect-
sion has to be mude between lower non-specific
buckground or stronger signals. Following “clas-
sical” capillary blotting overnight and a short
wash ol the membrane, cross-linking of the nu-
cleic acids is performed by UV treatiment. Irradi-
alion in a Stratalinker (Stratagene, Heidelberg.
Germany) corresponding o aboul 2.5 min with
fresh UV bulbs has been found to be the most
eflicient methed of nucleic acid immohbilization
9], 1 oerform all incubations with nunimal
amounts of solutions in order to decrease cosfs.
This has proven to be a feasible technique. 1ly-
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lig. 3. (A) Structures of C5P'D and AMPPDY. (D) Chemilumi-
nescence kinerics an nvlon membranes' CSPDY versws AMPPD
An aliguol 12.3 pg ol bicun-pBR 322-25 mer was spotted on g
nylon membrooe, UV-faed, blocked with 0.2% casein phos-
phate—huﬁ‘ered saitne (PRSI Tween 20, ingubated with
Avidy streplavidin—alkaling phosphatase corjugale, washed
with 0.2% casein-FBS—0.1% Tween 20. washed with PBS-0.3%,
Tween 20, and rinsed in G.1 Af cethanolamine {DEA) | mM
magnesium chloride, pll 1. The membrangs were aftached 10
the side ol tesl tubes and incubated with cither 025 nA?
AMPFID or 0.25 mA CSPD in DEA pH 10 buer, Turnsr rela-
tive light units (RLUs) were measured nsing a Turner Maodel 20C
luminometer {lTurner Designs, Mountain View, CA. LISA)
equipped with a side-reading pholomultiplier tube. Reproduced
Crom rel, 39 wilth permission.
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Fig. 4. Dilulion series and hybrdization of hamologous DNA

fragment (670 bp) in Southurn blotting: 50,28, 10,3, 2 5and 1 pg
and 500, 250 and (00 fa. Reproduced from rel. & with permis-
sion,

bridization 1s carried out with 30% formamide at
42°C overnight but conditions are dependent on
Lhe probe and may be adapted to those claborat-
od o carlicr experunents using radicactive labell-
ing. Southern blots can cfficiently be hybridized
with digoxigenin-labelled DNA probes. 1 found
Northern blots were only successful when hy-
bridized with digoxigenin-labellad RNA probes.
Mevertheless, in the meantime there are also re-
nports of efficient employment of dipoxigenin-la-
belled DNA prohes for Morthern hyhridizations
(ref. 24 and C. Grogan, personal communica-
tion).

Following the provedure given in ref. 9, T was
able 1o reproducibly obtain signals of about 100
[g of homologous DNA in a Southern hybrid-
ization using plasmid DNA (Fig, 4). In all cxperi-
ments digoxigenin-labelled DNA probes penerat-
ed by randem pnmed labelling were employed.
This means sensitivity is improved by a factor of
10-20 i comparison with the NBT-RCIP col-
orimetric detection protocol which was run in
parallcl. In dot blots usually still lower amounts
of DNA can be detected, The level of sensitivity
ebiained with this technique is very similar to
that which can be achieved by radioactively la-
belled NA probes. Application of this protocol
to genomic Southern hybridizations of tobacco
and potato genomic DNA resulted in cfficient de-
tection of single or multiple copies of foreign
genes in fransgenic tissue. A 10-pgp aliquot ol ge-
nomic DNA is used for analysis. The amount of
DNA which has to be detected specifically amony
the huge amounts of genomic DNA correspond
Lo some picograms of PNA. Therefore, it is ad-
visable to cmploy a methodology which is one
vrder ol magnitude more sensitive than required

[19

l1g 3. Genomic Southern blot ol transgenic potate plants: de-
tection of foreign DA a1 the single-copy level (10 pe of 101l
genomic [XNA per lane). Repreduced from reft 9 with permis-
slon,

by pure calculation. The forcign DINA could be
detected as [ragments with a size of >3 kb and
330 bp (Fig. 5). This demonstrates well the appli-
cability of the AMPPD techniguc to high-scnsi-
tivity analyses.

Northern blotting has boen performed with to-
tul RNA and purified poly(A)* RNA from the
same transgenic plants. As already mentioned,
digoxigenin-labelled RNA probes have been suc-
cesstully used for this. Single-stranded digoxige-
nin-labelled antisense RINA probes have been
generated by in vitre transcription from an SP6—
T7 plasmid. This convenient procedure produces
large amounts of RNA probes within 2 h of in-
cubation [9]. The RNA has been blotted to the
Boehringer nylon membrane and hybridized with
the DIG-labelled RNA prabe at 68°C in 50%
formamide. The detection procedure is identical
o that employed in Southern hybridizations.
Specific RNA could be detected from 50 pg of
lolal RNA with clear signals (Fig. 6. Similar re-
sults have been obtained with poly(A)~ RNA
isolated from 100 pg of total RNA |9,40]. Low-
abundance mRNAs (20001 % of total mRNA)
have been detected wsing this protocol. Signals of
as low us 1 pg of specific in vitro transcribed RNA
could be visualized by hybridization with a DIG-
labelled RNA probe (unpublished results).

Detection of the chemiluminescent signal can
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Fig. 6. Detection of mRNA in Morthern blot, mRNA wan-
scribed from foreign T4 lysozyme geme in transgenic potato
plants (30 ug of total RMA per lane). Reproduced from ref. &
with permission.

be achieved by exposure to cither a standard X-
ray (Um or a Polaroid instant film. In my own
experiments for convenicney 1 only used X-ray
(ilms. Kodak X-Omat AR and Kodak Ortho G
films perform well. The XAR tilm provides high-
est possible sensitivity, but its spectrum is limited
to the blue range. The light emitted by AMPPD
on nylon membranes {477 tum) or in combination
with the Sapphire (463 nm) and Emerald (emits
at 542 nm) enhancers s in Lhe green range. There-
fore, perception of the chemiluminecscent signaul is
limited 1o the cxlreme spectral end of sensitivity
of the blue-sensitive film and does not cnable the
high sensitivity obtainable in the blue light range.
The Ortho 4 flin is green-sensitive but the over-
all sensitivity is much lower than that of the XAR
film. Theretore, finally both films are suitable for
nylon membrancs and Sapphire and Emerald en-
hancers. To my knowledge. 1o highly sensitive
X-ray film with maximal sensitivity in the green
light range is available roday.

In a system comprising nick translation 1abell-
ing with hotin, transfer te Tropilan nvlon mem-
brane (Tropix). and detection by Avidx streptavi-
din—AP conjugate (Tropix) and AMPPD (Tro-
pix) detection levels of 3 pg with oligonuclentide
prohes and of 380 fo with full-length prebes
could be obtatned in a Scuthern blot. Tn dot blots
a lower limit of 75 op for detection of plasmid
DINA after hybridization has been reported [36].
Applying PCR amplified, digoxigenin-labelled
prebes, Lanzillo [24] reported a lower detection
limit of only 23 fo of plasmid DNA after hybrid-
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ization. The uncharged nvlon membranes Tropi-
len (Tromx) and Hybond-N (Amersham) were
found to give best results. The Boehringer nylon
wembrane {Bochringer Mannheim) was nol in-
cluded in this comparative experiment. A survcy
on applications of the digoxigenin nucleic acd
labelling system  in  combination  with
chenuluminescent detection was also given hy
Holtke et al. [41]. In conclusion, several indepen-
dent investigations report o maximum sensitiviry
which is very similar to that of radioactive nucleic
acid labelling. As a result, today there is no leng-
er anv need to use radioactive nucleotides Tor
DNA and RNA analysis.

The current methodology of chemiluminescen:
nucleic acid detection may be [urther improved
by development of strictly adapted X-ray filins
with Iughest sensilivily tn Lhe green light range.
Blocking reagents also seen to exert a signilicant
inflluence not only on background staining but
wlso on the intensity of the signals, 1 have found
the Bochringer Blocking reagent (a fractionated
and defatted milk powder; Bochringer Mann-
heim) and the Tropix 1-Block Reagent (a highly
purified casein; Tropix) to be very suitable. Ro-
vine serum albumin (BSA) and gelatin also have
heen tested in early studies but resulted in higher
backgrounds.

£ OTHER DETECTION METHONDS

The only other techntque apart from those al-
ready described here for nucleic acid detection
that has become commercially available is the
gold label detection system. A protocel was pub-
lished some years ago hy Tomlinson er @f. [42].
Colloidal gold has been used lor a long time in
electron microscopy and more recently also light
microscopy Tor detection of proteins or other an-
tigens. The pold label alsa has been employad for
detection of proteins on Western blots. In conclu-
sion, the adaptation of this methodology has be-
come possible with the advent of biotinylated or
digoxigenated DNA or RNA probes. The basic
feature of colloidal gold detection is the coating
of the gold particles with a protein. Tomiinson e¢f
ul. [42] used anti-biotin antibodies. Strepravidin-
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gold or anti-DIG antibody—gold can also be used
with equal efficiency. Generally, the colloidal
gold detection methad s slightly less sensitive
than the AP-NBT-BCIP method, As o resull ity
not a serious alternative to the modern chemilu-
mineseenee methodology,

Y, COMPARISON OF DIFFERENT DETECTION METH-
ODS FOR SOUTHEKRMN AND NORTHERN HYBRIDELA-
TION

As outlined in Sections 3. 4, 5-8, different
methodoelogies for transfer of nucleic acids and
labelling of nucleic acid probes and for detection
of specifically hybridized probe are available to-
day. Various combinations of these techniques
are possible, and consequently can lead to signif-
wantly differing results. In the [ollowing para-
graphs 1 will try to give a eritical evaluation of the
componenls involved in Seuthern and Northern
blotting basced on my own experience, on that of
some colleagues who have also started working
with these methods, and on whal | could leamm
from the literature, It will follow the ¢xperimen-
tal steps. Literature references will not be given
agawn. Please refer to the deseription and refer-
ences piven in the relevant sections.

In my opinion, capillary blot 1s still the most
efficient and simplest way of transferring nucleic
acids from an agarose gel to a hybridization
membraneg. All the other methods require special
equipment and can also be susceptible. for exam-
ple, to breakdown of the pel. Blotting avernight,
in addition. fits very well into the “laboratory
day”. Alkaline blotting may provide a reduction
in incubalion times bul is not compatible with
UV cross-linking on nylon membranes. This has
to be taken into account when designing a proto-
col. Tt has been shown 1o be highly eflicient with
Immobilon-P membrace. The choice of mem-
branc is another criticul fealure of Lhe assay sys-
tem. Although I have worked for a long time effi-
cicnily with Tmmobilon-P (in combination with
alkaline transfer) for colorimetric detection, 1
have switched 1o a ligh-qualily nylon membranc
{Boehringer Munnheim) because of the ease of
handling. In addition. 1t is tested [or compatibil-

"

ity with chemiluminescence detection. Other
membranes are also suitable (Biodyne A, Hy-
bond-N or Tropilon) or may be tested in udvanoe
for performance. For some time, strongly posi-
tively charged membrunes have been viewed as
preferential support, but it has become clear that
the strong positive moieties lead to increased
buckground with non-radioactive detection pro-
cedures. Theretore, a neutral membranc or a par-
tially positive one such as the Boehringer nylon
membrane should be chosen. This has been ob-
served for nylon membranes as well as for PYDT
{Immobilon} membranes. Nitrocellulose mem-
brane is not recommended for routine assays be-
canse of its hrittleness, which renders handling
quite difficult.

Covalent fixation of the transferred nugleic
acids to the membrane supporl has been per-
formed for vears by heuting the nitrecelluloss fil-
ters im a vacuum oven 1o 80°C [or 2 he Ths 1s now
unnecessary since the introduction of UV cross-
linking, which is compatible with all membranes,
including mtrocellulose [ers. 10 has been shown
that in most cascs even a higher sensitivity can be
reached by UV treatment. [rradiation can simply
be performed for 2-3 min on a UV transulum-
inator present in every laboratory working with
DXNA or in a more precise mangaer by using a UV
illuminator, which allows energy dose to be con-
trolled. In addition, there seems to be increased
background when the membrane is allowed to
dry before UV treatment and immersion into
prehybridization buffer. This may be due to par-
ticles or compounds originating from the agarose
or PAA gel adhenng to the membrane which can
be removed by the prehybridization buffer.
Therelore, 1 recommend proceeding continuous-
ly [rom blottng Lo UY cross-linking and prehy-
bridization with the wet membrane withour dry-
iny.

Today. diftcrent recipes for hybridization buff-
crs are avallable, The simple one described by
Bochringer Mannhcim for the digoxigenin sys-
lem has proven 1o lead to good results in my
hands. On the other hand. there is no reasen not
Lo continue with other well established buffer
compositions as long as thev are frec from alka-
hne phosphalase,
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With biotin- or digoxigenin-labelled probes
hybridization and washing conditions can be eas-
ity transterred from radioactive procedures to
non-radioactive ones, normally without anv
changes. Hyvbridization with 50% formamide
seems to be beneficial to low hackgronnd staining
(FF. Wolter, personal communication). The
choice of label clearly should be restricted to bio-
tin and digoxigenin, and T would give a slight
preference to digoxigenin although 1 have also
worked for a long time with biotin. My own ex-
perience und resulls from the literature show a
tendency towards slightly better performance
with digoxigenin in general. However, in case of
simultancous delection of two dJillerent probes
on the same blot, both labels can be used without
any problems. In Lhis case, only colorimetric de-
tection with two different substrates is possible
with the inherent limitation in sensitivity.

The next parameter is the choice of the report-
er enzyme. As outlined in Table 2, AP is the most
sensitive reporter enzyme. (Other enzymes pro-
duce infernior results. Gold labelling has alsa been
shown to be less eflicient. Therefore, AP clearly
has to be considered to be the enzyme of choice,

Different levels of sensitivity and experimental
details are inherent in the various substrates of
AP, For experiments where only limited sensitiv-
iy s required {e.g. plasmid hybrndization) col-
orimetric detection, perhaps using different “fast
colours”, is a simple and eflicient method Tor
Soulhern blotting, This 15 alse true [or analysis of
bacterial genomic DNA. All other types of analv-
ses, including those requiring ultrasensilive de-
tection or rchybridization of the membranes,
should he pertormed with the highly versalile
chemiluminescent technique involving AMPPD
or CSPD (Tropix) as substrates. It has been dem-
onstraied that results equal to radicactive labell-
ing can easily he obtained. Human or plant ge-
nomic Southern hybridizations as well as detec-
tion of rare mRNAs in Northern hybridizations
can be performed well with this technigue. Sensi-
tivity is partly dependent on the type of labelling
reaction and on the type of prohe used. Oligenu-
cleotides and probes with a very low number of
labelled nuelcotides always provide lower sensi-
tivity.
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In summary, a procedure bascd on all these
considerations has been developed and success-
fully applied to plant molccular biology. A de-
tailed protocol is published in ref. 9.

10, COLONY HYBRUINZATION, FINGERPRINFING, HE-
STRICTION FRAGMENT LEMNGTH POLYMORPHISMS

The chemiluminescence detection technique
can casily be applicd to several other nucleic acid
analysis techniques such as colony hybridization,
fingerprinting or RELP analysis. As Lthe general
principle of these methods is the same as for
Southern hybridization, only differences in the
probe preparation and the aim of the experi-
ments are signilicant. Depending on the required
sensitivity, colorimetric detection may also be ap-
plicable,

Haas and Fleming [43] reported a modified 1y-
sis procedure that is compatible with blotinylated
DINA probes for hybridization and AP NBT
BCIP eolorimetric detection. Efficient determina-
tion of positive clones has heen described. An
even simpler procedure lor lvsis of Escherichia
colt is described in ref. 3 As an alternative to
nitrocellulose filters, which have been routinely
used for colony hyhridization for a long time, ny-
lan membranes may display advantages in che-
miluminescence detection because of better signal
generation.

DNA fingerprinting involves hybridization of
oligonucleotide probes specific for simple repeti-
tive sequences o produce a highly characteristic
pattern of signals. Neon-radioactive lubelling and
detection would allow many liboratories to ap-
ply this method routinely for characterization of
a given genomic DNA. Colorimetric detection of
digoaigenin-labelled probes has been found to be
un efficient method (or detection on membranes
and also in gels (without blotting) [44,45]. Com-
parison wilth biotinylated probes revealed diffi-
cultics with background problems when using
samples (rom human tssue. A Lypical DNA fin-
gerprint obtained by pel hybridization and col-
orimetric detection is shown in Fig. 7. The pener-
al feasibility of in-gel hybridization and detection
hus been conlirnmed o another publication [46).
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Fig. 7. Tingerprints af human M™NA asz abtained with the digexigenin- and P-labelled (GACA), protes. DNA (10 4g) of each
individual was Hinfl digested and elecuophoresed i 0.7% TAE gels at 45 V for 40 h. DNA was blolted onlo PVDT membranes
Millipore, Bedlord, MA, USA), Samples were from father (lace 1), mother {lane 2), child | (Jane 3), child 2 Jare 4) and unrelated
persues (lunes 5 90 Moleculsr mass markers are indicated in kilobases. Left, deteetion wilh *“P; right. detection with digexigenio-

AMPPL. Reprocuced (rom tef. 4% with permission,

As the samples were plasmid fragments in large
amounts no conclusions can he drawn with re-
spect to Lthe sensitivity of this technigue,

RFLP analysis technically is a Southern klot-
ring and hybridization procedure. Therefore, the
same requirements and limitations as discussed
ahove are valid for this technique. Following in-
traduction of non-radioactive labelling and de-
tection ta RTT.P mapping is now possible with-
out any problems. Two examples of plant RFLP
mapping will be discussed in Section 13.

11 XNA-BINDING PROTEINS

Ancther interesting field of separation is the
analysis of DNA-binding proteins, which has be-

come a4 major tool in recent time. Usually, signif-
wanl amounts ol radioactivily are mvolved oo gel
retardation assays or “South-Western blots™. A
substitute for radioactivity would greatly facil-
itate performance of the cxperiments. An addi-
tianal aspect has to be considered for intraduc-
tion ol non-radioactive labels into protein—
DMA-hinding assays. Radioactively labelled
prabes do not diller in any steric respect [rom
natural, non-tabelled DNA sequences. There-
lore, DNA binding by the protein can be regard-
ed as reliable. In the case of non-radioactive la-
belling all marker molecules will significantly
change the three-dimensional structures of the
DNA fragments.

In Scuth-Western blotting protcin extracts are
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scparated ina PAA gel and transferred to a mem-
brane by clectroblotling. This membrane is in-
cubated with a labelled oliponucleotide contain-
ing the suspecled interacting DNA sequence.
Proteins that can interact with this DNA se-
quence will bind to the oligonucieotide and. after
deteetion, generate a signal. Digoxigenin-lahelled
probes have been employed in the discussed in-
vestigations because of experimental presets. Bio-
tin-labelled probes should generally be applicable
as well. Dooley ef of. [47] uzed a digoxigenin-la-
belled oligonucleotide probe generated by ran-
dom primed labelling and were able to detect
clear signals coinciding with those oblained oo a
radivactive blot performed in parallel. In addi-
tion, background problems inherent to the radio-
active detection method have not been observed
wilh this non-radicactive detection method (sce
Fig. &),

A similar system has been used by Tan 48]
bnd-labelling and random primed labelling of an
approximately 60-nucleotide probe were com-
pared. Ailthough one would expect the randam
primed probe to resull in weaker signals or no
signal al all (becaunse labels are introduced ran-
domly throughoul the complete sequence) it per-
formed even better than the end-labelled probe.
With a shorter probe, end labelling gave only
weak results whereas random primed labelhing
led to good signals. This may be explained in the
fullowing wuy: during random primed labeliing,
o average about cvery 20th or 25th nucleotide
will be labelled. A population of heterologously
labelled ohigonucleotdes will be generated. Some
of these probhes will be able to interact with the
protein because ol the favoured location of the
labels away from the recopnition sitc. In the case
of end labelling the marker molecule always re-
sides at the same position. If the rocognition site
is located near one of the ends this will necessar-
ily lead to disruption of binding. ln those cascs
randomly labelled oligonucleotrdes will be the
only possible probes allowing a protein-DNA in-
teraction.

Gel retardation assays represent anether meth-
od of investigating DINA-binding by protcins.
Suske er al. [49] employed a digoxigenin-cnd-la-
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Fip. & Soauth-Western analysis of DNA-hinding proteing. Lanes
[ 3 HT 1080 nuclear exiracts onz-dimensional eleetrophoresis:
[ South-Western blol using noz-radioaclive digosigenin-la-
belled plasnud pe fos competed with 25 g/l E. cedi DINA 2 =
silver stawced gel, Lanes
4 and 5 mitochondrial ¢mty extract; 4 = silver-staingd; 5

same as | using a radioacrive probe; 3

South-Wesrern blot using a non-radiodctive digoxigenit-labelled
ml-DMA-gpecific oligenacleotide (43 bp. inhibited with | mg ol
E. coli DNA) showing a speeific binding of this fragment to 2
S0 kDa pretein. & — HT 1020 nuclear axtract, two-dimensiona.
elec ropharesis, siver-staned; 7 — South Wesrern blot aceord-
inge L 6 using Lhe same probe as i 10 1PNA-hinding prafeins are
indicated by arrows, Reproduced Trom rell 47 with permissicn.

belled oligonucleotide probe. T this method pro-
lein extriacts are incubated with the labelled
probe and then cletrophoresed oo DNA - gel,
DNA-protein complexes will lead to a hand shift
in comparison with the [ree oligonuelcoude. As
the complex is much larger than the free DINA it
migrales much slower in the gel, Clear signals cun
be obtained with this method (Fig. 9). In conclu-
sion, the chowee of labelling (rundom primed ver-
sus end labelling) will ultimately depend on the
specific protein DINA interaction and on the oli-
gonucleotide used in cach assay. Generally, col-
orimetric detection produccs good resulls al-
though chemiluminescence detection will further
increase Lhe lexibility of the method. Especially
for this technique, the ability to label probes on
large scale and 10 store then s very vseful because
often lurger sets of oligonucleolides have o be
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Fig. 2. Gul retardation assay for INA-binding proteing. Stained Biodyre B nivmbrancs aller clectrophorzsis and electrobloliing. (A)

lncrensing wuvuats of rebbil progesterone recepror (3, 10, 15 ng) hinding to the digoxigenic-labeled vligenuclzoide. (B) TiFerent
areparaticns of glucocorticoid receptor (30 k) binding to Ihe dignxigenin-labelled eliganucleatde. Reproduced frem rel. 49 with

Bormission.

analyzed and compared first before extensive ap-
plication of a single one is possible.

12 DINA SFQUENCING

DNA sequencing has become an lmportant
tool 1n molecular biotogy. Nucleolide sequences
are essential information for many cxperiments.
Rudiouactive labelling with *2P or 73S has been
used since introduction of the (wo standard se-
quencing techniques (Sanger and Maxam-Unl-
bert sequencing methods), Some vears ago, auto-
mated DNA sequencing was developed. Non-ra-
divaclive labels are involved in autamatic detec-
tion (e.z. fluworcscent labels). Without special
equipment, detection of fluorescent labels is not
possible so that this detection technique is re-
stricted to automated sequencers.

Manual scquencing based on colorimetric de-
tection of the hands has heen reported for the
Sanger as well as the Maxam-Gilhert method
[50.51]. Tn the case of non-radioactive detection
transter ol the DNA bands from the sequencing
gel to a membrane suppaort is required. This may
be accomplished simply by vacuum blotting, elec-
trophoretic transfer or in a more sophisticated
manner using a direet blotting sequencer. During

direct blotting electrophoresis the bands leaving
the sequencing gel are immediately transferred (o
the membrane rotating with increasing speed
along the end ol the gel. This allows stretching of
the larger fragments and enables more nucleo-
udes Lo be read on ene gel. Commercial equip-
ment is now available from several suppliers. The
chain-termination method (Sanger) needs prim-
ers to be extended. These primers can be labelled
gither with hiotin or with digoxigenin. Detection
can casily be performed by incubation of the se-
quencing membrane with the appropriate conju-
gate and colorimetric or chemiluminescence de-
tection. In casc of the chemical degradation
method (Maxam Gilbert) the label has to be in-
troduced during the second-strand synihesis step
from single-stranded template DNA. LU has
emerged that convenlional sequencing protocols
are fully compatible with biotin- or digoxigenio-
labelled nucleotides. Results are similar to thosce
obtained by radioactive seyuencing. The highest
sensilivity iy nol required during these cxperi-
ments. Therefore, only parual transter of the
DINA Irom the gel to the membrane will be sufti-
cient to obtain clear signals.

The flexibility and compatibility of non-radie-
active sequencing has been signilicantly ¢xtended
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by introduction of the chemiluminescent delee-
tion technique. Results arc now available on a
hard copy (X-ray film) as for radioactive se-
guencing. Data processing by automatic systems
may be performed as done usually. No difliculties
will arise as perhaps possible with coloured sig-
nals on membrancs.

Sevaral poblications are available deseribing
sequencing protocols with biotin labels [39,50—
33]. A protocol for sequencing using digoxigenin
labels has also been published recently [41].
AMPPD-based chemiluminescent generation of
an X-ray film hard copy needs only {ew minutes
in comparison with the several hours to days nec-

A B
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cssary [or radicactive sequencing. Resclution
and sensitivity arc unallered in relation to estab-
lished radicactive seguencing profocols [52]. A
further improvemcnl of the quality of sequencing
ilms has been reported by using CSPD (Tropix)
instead of AMPPIL} (Tropix) [39]. Exposure times
can be further reduced so that a few minutes are
sufficicnt instead of about half an hour. Bunds
are even sharper than with AMPPL, and after 24
h of incubation sharpness is retained excellently,
whereas with AMPPD slight diffusion of the
AMP ™D anion is observed, resulting in broad-
ciing of the bands (TFig. 10). CSPD may be the
optimal substrate available today. A comparisen

Fig. 1. Chemiluminescent DINA saquencing. {A) Comparisan of light emission: CSPD versey AMPPDL Sequencing reactions were
pertormed with biorinvlated primers and separated on a 7.67 M urea ionic gradient PAA gel. DNA was transferred fram the gol 1o
nyvlan membrane by passive capillury wansfer, Before adding substrate the membrane was divided imo seefions A und B. Section A was
incubated with 0.25 mA CSPT and section B was incubated with (.23 mA AMPPT). Sixly minules alter adding 1he substrate, both
membranes were exposed to Kodak XAR film for 7 min. (B) Comparisen of band resclufion: CSPT sersus AMPPL. Sequencing
reactions and membranc treatment wore 55 i1 A Twenly-Tour hours after adding the substrates, both membranes were exposzil 10 film
for | min. Reproduced Mrom rell 39 with permission.
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of biolin and digoxigenin labelling has not vet
heen published.

Membrane transfer and incubation with detec-
tion reagents may be considered a disadvantage
of the non-radioactive sequencing methods de-
scribed here. On the ather hand, expasure times
are drastically reduced. minimizing time te ob-
tain the result. In my opinion, non-radioactive
scquencing using the described methods is very
valuable. Performing the gel run on a dirget blot-
ting electrophoresis apparatus offers the possibil-
ity of reading more nucleotides than is possible
by direct exposure of the gel itself, Perhaps the
most attractive lield of application will be mul-
tiplex sequencing. In this technigue not only a
single DMNA sample but a mixture of several sam.
ples is treated within the same tube. Following
gel electrophoresis and transfer to a membrane,
diffterent hybridizations reveal the difterent se-
quences [34]. In this case, radioactive labels have
only to be changed to non-radioactive ones with-
out any significant additional work. Kits for
chemiluminescent multiplex sequencing  are
available from Millipere/Biolabs for some time
ROW.

13, APPLICATIONS IN PLANT MOLECULAR DIOLOGY

MNan-radioactive nucleic acid labelling and de-
tection has found use in rescarch ¢concerned with
plant molecular biology for some years now.
Many eaperimenlts have Lo be done with bacterial
DNA during cloning and Agrobacierium tumefa-
ciens transformation. Plasmids can casily be
checked by hybridization with biotin- and digoxi-
genin-labelied probes and sipnals detected either
by colorimetric or — it higher flexibility is re-
quired — by chemiluminescent substrates. Anal-
vais of planl transformation vectors inteprated
into  Agrobacterium tumefaciens can be per-
formed rapidly in the same way. High sensitivity
is not required for these experiments.

Amnother large part of mxcleic acid analysis in-
voived in plant molccular biological investiga-
lens and plant genetic engineering is detection of
a specific endogenous or foreign gene within the
plant genemic DNA and of its corresponding
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mRNA. Colorimetric detection of single-copy
genes and low-abundance mRNAs has not been
possible to be established routinely. As normally
some picograms of specific DNA or mRNA have
to be detected, the lower limit of sensitivity
achievable with NBT BCIP staining (not less
than 1 pg) is not suflicient for delecting similar
amounts within the huge amount of non-specilic
DNA or RNA limiting the access. Nevertheless,
good resolution and significant signals can some-
times be obtained with biotinylated probes and
AP-NBT-BCIP staining in genomic Southern
blots of transgenic tobacco plants (unpublished
results).

Introduction of the chemiluminescent sub-
strates AMPPD and CSPD for AP significantly
improved the sensitivity of the non-radioactive
assays. Now, hy including digoxigenin-labelled
DMA and RNA probes, anatyses routinely can
be performed. Detection of single-copy genes in
10 g of genomic plant DNA is now possible,
with the expected signals being one order of mag-
nitude abave the detection limits [9]. This tech-
nique has been successfully used lor detection of
foreign single-copy genes in transgenic tetraploid
potato planls and its corresponding low-abun-
dance mRMNAs [40]. The simplicity of cxperimen-
lul work is largely dependent on the size of the
different plant genomes, which may be larger
than the human genome by up 1o about one or-
der of magnilude.

RFLP mapping is cvolving to beccome an im-
portant new method for plant breeding. Different
cultivars may be distinguished by specific RFLP
markers correlating with a desired genetic trait.
The major drawback of this technique hefore in-
troduction of the chemiluminescence techrique
was the need to use radioactivity for the Southern
hybridizations. Now, non-radioactive labelling
and chemiluminescence detection can easily be
performed in every laboratory without any spe-
cial expensive equipment. This will greatly cx-
pand the applicability of the method for plant
breeders. sing digoxigenated DNA probes and
AMPPD as substrate for AP, an optimized pro-
tocol has been puhlished by Allefs e o/ [53] and
emploved for RFLP screening of potato cullivars
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[56]. A simular report has been published for rice
RIFLP analysis but stll nsing colorimelric detec-
tion [57]. Especially within RFLP experiments
the ability to reprobe blots easily is very impor-
tant because large numbers of samples have w be
screenad with several different probes. IT a new
blot were necessary for each incubation the non-
radioaslive technology would nol be aceepled by
scientists. With chemilumincscence detection,
handling 15 exactly the sume as with radioactive
detection but without any hazard.

Nucleic acid detection techniques in plant dis-
case diagnosis has been an cxpanding ficld for
some years. The same arguments are valid in this
ficld as for RFLI® mapping because plant breed-
ers and gpovernment laharatories arc the most
likely ro use these diagnostic methods, An exam-
ple for non-radicactive detection of potato vicus
X and cucumber mosaic virus has heen published
by Parent and Page [58]. Usually, most ol the
diagnastic assays in phytopathology are based on
immunological echnigques [mostly enzyme-link-
ed immunosorbent assay (ELISA)] with their in-
herent difficulties in distinguishing related patho-
gens because of cross-reactivily ol the antubodics.
Using highly specific DNA probes distinction can
be made much more decisive, Pathogen diagnosis
will maost probably become an important field of
commercial application of non-radicactive nu-
cleie acid detection.

14, APPLICATIONS IN BIOMEDICINE

Some examples of applications of nen-radio-
active colorimetrnie and chemiluminescence nu-
cleic acid detecrien in biomedicine will be given in
this section. In several ol these reports the digoxi-
genin label is ¢learly preferred over the biotin la-
bel. This scems to be because of the presence of
high amounts of endogenous biotin 1o elinical
samples. Buckground problems with biotinylated
probes have boen reported to be prevented with
digoxigenated probes.

Specific pencs have been detected 1o some re-
poris. Lanallo [24]) demonstrated the presence
and expression of the gene encoding for angio-
tensin-converting engyme in various lissue sam-
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ples of different origin. Southern hlotting using a
cPDNA probe und also Northern blotting with the
same DMNA probe were successful. The sensitivity
of the Morthern blot has not been reported but
seenis to be rather low in comparison with what
can he achieved with RNA probes.

A specilic DNA rearrangement (BCR/ABL)
involved in chronic myelogenous  leukaemia
{CML) has been analysed by Lion er e/ [59]. In
previous investigalions radiocactive probes were
cmployved for the verification of the rearrange-
ment, Now, a PCR-amplilied digoxigenin-la-
helled probe has been used in conjunction with
colorimetric staining for hybndization of Lhe
PCR-amplificd BCIR/ABL region. Results wer
compatible with and equal to those obtained with
radicactivily. A single nucleotide change in the
mitochondrial DNA s responsible for Leber’s
hereditary optic neurapathy. This mulatian can
be detected using a special PCR amplification
protocol and genomic Southern hybridizarion.
Random primed digoxigenin-labelled probes de-
lected hereroplasmy [60].

Viral DNAs have been detected in different ex-
periments. Musiani and co-workers [61 63] es-
Ltablished a system for detection ol evtomegalovi-
rus and B19 parvovirus DNA in clinical samples.
Random primed probes detected 50 10 g ol virul
DNA In a dot blot procedure wsing Lumi-
phos-530 as a substrate for AP. Digoxigenated
probes performed much better than bwolin-la-
beiled ones, and chemiluminescence detection
was five to ten times more sensitive than colon-
metric detection. Another virus that has been ox-
tensively investigated in terms of non-radicactive
detection is hepatitis B virus. Virus DNA is ana-
lyzed in dot blots of clinical samples. Several
publications report successhil application of col-
orimetric detection [64-67]. Hepatitis B virus
could he detected at 250 (e with high scnsitvity
and specificity. Whereas biotinylated probes of-
ten generaled lalse poesitives, the digoxigenated
probes were much more reliable [64,63). Some
samples reproducibly led to false positives also
with digoxigenated probes. This may be beeause
of the immunological incubation step involved in
non-radioactive detection methodology.  This
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problem may be overcome by improving sample
preparation.

M protein of Streprococcus is crucial for in-
fections. A speciflic oligonucleotide 30 nucleolides
long hybridizing to the M protein genc detected
the presence of the bacteria in a dot blot of isolat-
ed total DINA {rom clinical samples [68]. A com-
parison  of  biotinylaled  probes  and
chermilumineseent detection with the PhotoGene
system (BRL) and digoxigenated probes and col-
orimetric detection using NBT-BCIP revealed
cqual sensitivity of both systems. Other bagteria
identified hy IINA hyhridization were enterontox-
ic Esciherickia coli by colony hybridization [69]
and Myeobacterium tubercnfosis by Southern hy-
bridization [70]. Fscherichia eoll z-haemolysin
gencs heve also been found n human faceal
strains of Futerobocier cloacae [71]. Riley and
Caffrey [09] identified the cnterotoxic Eschierichiu
cofi strains by using dipoxigenatad DNA probes
tar heat-labile and heat-stable enterotoxins in a
colony  hybridization method. Digoxigenated
probes performed better than biolinylated ones,
In addivon, there seems 10 be a non-specific bind-
ing of streptavidin to the membrane supports in
this assay, Wilh a non-radioactve RFLP meithod
for typing of M ycobacrerivm tuberculosis strains
distinction of dillerent strains became possible.
Hybridization was performed with digoxigenated
Mycobacterivin tuberculosis DNA [70]. Employ-
ing a Southcrn blot and a colony hybridization
technique an FEscherichia coli enterotoxin gene
could also be detected in other bacteria, the (irst
time also in Fateraobacter cloacae [71].

Dretection of minisatellite regions and of num-
bers of tandem repeat sequences have hecomc
very uselul penetic markers in paternity determi-
nations and forensic medicine. PCR amplifica-
tion of the sequences including hiotin labelling in
the same step and subsequent electrophoresis and
Southern blotting enahles direct detection wiih-
out any further hybridization step. Only incuba-
tion with the streptavidin AP conjugate and
AMPPD is required. High-quality results can
routinely be obtained during these investigations
[72].

[29

In conclusion, with clinical sanples back-
ground problerns have often been reported using
biotnylated probes. These seem to be due Lo the
high levels of endogenous biotin in many sam-
ples. As senal analyses require simple sample
preparation procedurces for ease of usc, a case Lo
case study has to be done for improvement of the
sample preparation protocols. Raw extracts or
scrum samples oflten contain biotin. Therefore,
digoxipenin, which only occurs In some special
plant species. seems 10 he the preferred marker,
at least for clinical samples.

15, PERSFPECTIVES

A< outlined in this review, in recent years pow-
crful new non-radicactive nucleic acid detection
techniques have been developed. Starting from
the [irst biolin labelling svstem coupled 10 two
incubalion steps with streptavidin and biotinylat-
ed AP, und colour development using NBT and
BCIP. sigmilicant steps forward have been tmude
until the most advanced chemiluminescent detec-
uoen system using CSPL as a subsirate. 'he most
promising technique today is digoxigenin labell-
ing of DNA probes by random primed labelling
or PCR labelling and of RNA probes by in vidro
transcription. Hybridization on neutral or partly
positive nvlon membranes works well with che-
miluminescence detection. Digoxicenated probes
are detected by interaction with an anti-digoxige-
nin Fgp, fragment that is covalently conjugated to
AP, Chemiluminescence detection is the maost
sensitive and flexible method, AMPPDY and
CSPD ure convenient substrates at an affordable
price. Hard copies cin be generated by exposure
to X-rav film or instant Polaroid {ilin.

This modern lechnology provides at least
equal sensitivity as the cominonly used radioac-
tive lubelling of nucleic acid protes and is easily
applicable o a wide range o experimenta! tech-
niques and protocols. The hazards involved in
handhing ol rudioactivily and the need for special
laborutories and equipment are completely over-
come. Experiments can casily be performed to-
gether with other routine laboratory work,

Although sensitivity similar Lo that of radio-
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active labelling has been achicved with current
prolocols, a further enhancement of sensitivity
might be possible by Further improvement of the
chemiluminescent substrates, as has heen shown
by the development of CSPD in comparison with
AMPPED. An important problem will always be
the signal-to-neise ratio. The more sensitive an
assay becomes, the more problems will anise with
bkackground. When loaking to the detection lim-
its in liquid assays, which are more scnsitive by
some orders of magnihide, one can envisage the
potcntial that still might be present also for solid
phase techniques, #.2. Southern blols.

X-ruy [Hhms available woday are not oplimal [or
chemiluninescence assays as described here in re-
spect of their spectral sensitivity. This means that
the range of wavelengths that are perceived by
the film material is not optimal for the light emit-
ted by chemiluminescence. Development of a
specially adapted film combining the high sensi-
tivity of Kodak X-Omat AR film with a suitable
spectral range in the green region could drastical-
ly improve results and further enhance sensitivity
ol the assays.

Application of the new chemiluminescent de-
tection techniques in my opinion will become
very widespread in the next few years and will
mostly replace the radinactive techniques used
today. The environmental risks and irradiation
of laboratory personnel inkerent in the use of ra-
dioactivily are no longer necessury for mosl ana-
Lytical technicues. This may also lead to o wide-
spread application and the development of nu-
cleie acid-based detection and analysis systems
displacing immunological methods, which ofien
luck uvltimate sensilivity. ln some cases. e.g.
RFLP mapping, widespread application of new
techniques will be enabled by suztable non-radio-
active methods as users do not have the laborato-
vy facilities required for radioactive work.
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