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have been cloned [e.g., SP6 (20), T3 (9) and T7 (11) RNA
polymerasel and are now used on a large scale for generating
specific RNA for a number of purposes (13,21,27). To quan-
tify the specific activity of the enzyme for these applications
and during its preparation from an overexpressing strain, a
fast, sensitive and simple activity assay is needed. Traditional
activity tests for polymerases measure the incorporation of a
radioactive nucleotide into the produced polymer (8). The
need to canJ out large numbers of routine radiometric en-
zyme assays has led to the development of several scanning
systems to quantify radioisotopes on membranes (for review
see Reference 28). Recently, several non-isotopic assays for
DNA polymerase activity, based on detection of the gener-
ated double-stranded nucleic acids, have been described (1,
18, 19 and 29). These methods are not as sensitive and as
easily quantifiable as radioactive assays. In addition, they are
not suitable for detection of RNA polymerase activity, since
transcribed RNA is single-stranded.

Here, we describe a fast and sensitive assay for RNA poly-
merases, which is based upon a dot blot technique using a
chemiluminescent label. The development of a special filter
adapter for membrane filters allows the use of a commercial
photon counting microplate luminometer to quickly obtain
quantitative results.

MATERIALS AND METHODS

General Materials

T7 RNA polymerase at a concentration of 50 U/pl and the
endonuclease P v uII w ere purchased from Stratagene (Heidel-
berg, FRG). The DIG RNA Labeling Kit including plasmid
pSPT18, DIG Nucleic Acid Detection Kit and RNase-free

Fast Chemiluminescent Measurement of RNA
lotyme_rase Activity Based on Photon Counting
Technology
Nils Walter and Christof Steinerl
Max-Planck-Institut fi.ir Biophysikalische Chemie and rlaboratorium Prof. Dr. Berthold
GmbH & Co.KG. FRG

ABSTRACT

A fast and simple assay for T7 RNA polymerase based upon
chemilumine scent detection of the synthesized, digoxigenin-labeted
RNA on a nylon membrane with anti-digoxigenin coupled alkaline
phosphatase and CSPDTM as substrate is described. Activity of
RNA polymerase is determined with high sensitivity by qunntifying
the emitted light of the microplate-formatted dot-blot membrane
with a photon counting microplate luminometer and a specially
designed filter adapter The described method is one example for
the application of this new adapter to measure luminescent mem-
brane filters.

INTRODUCTION

Bioluminescent and chemiluminescent detection of bio-
logical compounds has gained widespread acceptance as an
alternative to radioactive detection methods. Mainly within
the last decade, domains that seemed to be restricted to iso-
topic labels, e.g., radio immunoassay, were successfully re-
placed by luminescence technologies maintaining identical or
even increased sensitivity (33). In molecular biology, sensi-
tive chemiluminescent detection of nucleic acids is either per-
formed in solution (e.g., DNA-probe assay for detection of
pathogens) or on membranes (for review see Reference 24).
In the latter case, the respective DNA or RNA molecules are
often detected through the activity of an enzyme, e.g., alka-
line phosphatase, which is linked to the probe. In a final step,
a chemiluminescent substrate is degraded by the enzyme re-
sulting in light emission (5, 30).

DNA-dependent RNA polymerases play an important role
in modem molecular biology. Several bacteriophage enzymes
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IRNA from Escherichia coli MRE 600 were obtained from
Boehringer Mannheim (Mannheim, FRG). The 3-(4-
methoxyspiro { I ,2-diox etane-3,2' -(5'-chloro)tri cy clo
[3.3. 1 . 1:.zldecan ] -4-yl)phenylphosphate (CSPDTM ) chemi-
luminescent substrate was purchased from Serva (Heidel-
berg, FRG). Zeta-Probe@ Membranes and the Bio-Dot@ Mi-
crofilffation Apparatus were obtained from Bio-Rad
(Miinchen, FRG). Ribonucleotides were purchased from
Pharmacia Biotech (Freiburg, FRG) and other reagents used
for buffer preparation were from Baker (Deventer, The Neth-
erlands) or Fluka (Neu-Ulm, FRG).

T7 RNA Polymerase Activity Assay and Blotting of the
Reaction Products on Membranes

The activity assay for T7 RNA polymerase was performed
according to Davanloo et al. (11) in 40 mM Tris-HCl, pH7.9,
8 mM MgCl2, 5 mM dithiothreitol (DTT),4 mM spermidine-
HCI and 0.4 mM each of ATP, GTP and CTP. Furlhermore. it

Figure 1. Filter adapter for rnicmplate luminometer Micmlumat LB
96 P. The dot-blot filter (b), sandwiched between two layers of plastic wrap,
is matched precisely to the 12 x 8 dor matrix of the diaphragm (a) and fixed
by the attached spring-stimrp. Subsequently, the diaphragm is snapped into
the support unit (c), thus finally aligning the filter. The complete filter adapter
is mounted in the microplate luminometer and measured like standard mi-
croplates.
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contained 0.26 mM UTP, 0.14 mM digoxigenin @IG)-UTP
and I pg pSPT18 (carrying the T7 promoter) linearized with
PvUII in a final reaction volume of 50 pl. After addition of 2
pl of an appropriate dilution of T7 RNA polymerase, the re-
action mixture was incubated for 15 min at 37"C. Then 450 ul
of an ice-cold solution containing 10 mM NaOH, 3.75 mM
EDTA and 15 pg/rnl IRNA were added to stop rhe polymeri-
zation reaction and to denature the transcribed DlG-labeled
RNA for the blotting procedure. Blotting on Zeta-Probe
membranes was performed with a Bio-Dot Microfilration
Apparatus according to the manufacturer's instructions. The
RNA was cross-linked on the membrane bv UV inadiation at
254nm for 90 s.

Detection of Blotted, DlG-labeled RNA

The blotted DlG-labeled RNA was detected by the anti-
DlG-alkaline-phosphatase immunoassay as described in the
instructions for DIG Nucleic Acid Detection (Boehringer
Mannheim). For colorimeffic detection, nitro blue tetra-
zolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) were used, which formed a blue precipitate on the
membrane during overnight incubation (16 h), the amount of
which was measured by a Densitometer CD 60 (DESAGA,
Heidelberg, FRG) in remission mode.

For chemiluminescent detection, the last step of the
NBTIBCIP system was replaced by an incubation of the
membrane for 5 min in a 0.25 mM solution of CSPD in 100
mM diethanolamine, pH 10,0, 1 mM MgCl2 and 0.027o NaN3
(7). Decomposition of the enzymatically dephosphorylated
I,2-dioxetane substrate CSPD on dot-blot filters results in
production of single photons (25). These were quantified
using the microplate luminometer Microlumat LB 96 P
(EG&G Berthold, Wildbad, FRG) featuring photomultiply-
ing technology for quantitative photon counting (3, 31). To
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Figure 2. Chemiluminescent membrane signals of blotted DlG-labeled
RNA generated by a serial dilution of T7 RNA polymerase. A serial
dilution of commercial fi RNA polymerase was subjected to a novel non-
isotopic activity assay, the reaction products were blotted on positively
charged membranes and detected by chemiluminescent measurement of the
RLU/s in the microplate luminometer Microlumat LP 96 P The correlation
coefficient for the obtained regression line is 0.998. The inset shows a table
comparing the dynamic range of the chemiluminescent signal (CL) measured
within 10 min after incubation of the membrane with CSPD and acolorimetric
signal (COL) after a 16-h incubation with BCIP/NBT and subsequent den-
sitometric scannins as described in Materials and Methods.
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allow easy and comfortable measurement of microplate-for-
matted dot-blot filters in this instrument, a special adapter
was designed, which is now available from EG&G Berthold
(Figure l). The filter adapter consists of two parrs. The upper
black-colored dot diaphragm can be separated from the sup-
port unit. The dot-blot filter, which is placed between two
layers of plastic wrap, is matched precisely to the 12 x 8 dot
matrix of the diaphragm and fixed by the attached spring-stir-
rup. Subsequently, the diaphragm is snapped into the support
unit, thus finally aligning the filter. The filter adapter is
mounted in the microplate luminometer Microlumat LB 96 P
and measured like standard microplates. A measuring time of
I s per well is sufficient even for very low signals. Measure-
ment of all 96 dot positions is completed in 2 min. Numeric
results are either printed out or transferred to an extemal host
computer for further data evaluation.

RESULTS AND DISCUSSION

To evaluate the capability of the described filter adapter
for measuring chemiluminescent dot-blot membranes in a
commercial microplate luminometer, a traditional isotopic
activity assay based on filter binding of RNA polymerization
products (8) was adapted to a nonradioactive labeling proce-
dure. Since T7 RNA polymerase is known to incorporate
DlG-labeled UTP into transcribed RNA (15), and DIG-la-
beled nucleic acids can be detected by chemiluminescence
(16), the DIG system was chosen to establish a non-isotopic
activity assay for this polymerase. Several assay conditions
(like buffer formulation, template concentration, reaction
time, etc.) and different blotting procedures for the reaction
products were tested to optimize sensitivity of the assay (data
not shown). Positively charged nylon membranes (e.g., Zeta-
Probe) were chosen for their strong luminescent signal inten-
sity (16). CSPD served as a chemiluminescent substrate for
alkaline phosphatase (AP) because of its high signal-to-noise
ratio and high sensitivity (6,1), while the BCIPA{BT sysrem
(26) was used for permanent, colorimetric record of mem-
branes.

A serial dilution of T7 RNA polymerase of known, iso-
topically determined concentration showed a linear relation
between applied enzyme activify and the chemiluminescent
signal (Figure 2).The dynamic range of the signal is higher
than with colorimetric detection by the BCIPA{BT system
and subsequent densitomeffic scanning (inset Figure 2).
Moreover, while colorimetric detection requires ovemight in-
cubation for a sensitivity comparable with the chemilumines-
cent assay, chemiluminescent measurement of AP-labeled
dot-blot membranes with up to 96 dots takes only minutes.

The time course of the luminescence signal shown in Fig-
ure 3 reveals the typical kinetics of a consecutive reaction.
The anion produced upon dephosphorylation of CSPD is
moderately stable and accumulates on the membrane until a
flat, steady state maximum of chemiluminescence is reached.
The faster CSPD is decomposed, the stronger the signal and
the sooner the maximum of light emission will be reached
(25). This phenomenon can be seen both for the AP-labeled
dots and for the unspecific reagent background or noise on
AP-free membrane dots. (The unspecific signal exceeds 40
times the noise of the photon counter.) In Figure 4, the kinet-
ics of signal-to-noise ratios of the strongest and the weakest
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Figure 3. Time course of chemiluminescent signals on a membrane. The
signals of a T7 RNA polymerase dilution series with 5000 to 1.6 U/ml
subjected to the non-isotopic activity assay with chemiluminescent detection
using CSPD were followed with time by automatic repeat measurement.
Single photons were counted and luminescence intensity is given in RLU/s,
with I RLU conesponding to 10 photons. Two of the shown signals are due
to unspecific background or noise on the membrane.

Figure 4. Signal-to-noise ratio for a strong and a weak chemiluminescent
signal. A 1, A6 and A8 are signals of chemiluminescent dots on a membrane
blotted with reaction products of activity assays with different amounts of
T7 RNA polymerase. While Al represents a strong signal (due to 2 pl of
5000 U/ml T7 RNA polymerase in a final reaction volume of 50 pl), ,46 is
a weak signal (1.6 U/ml) and A8 is caused by unspecific noise.
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Figure 5. Anion-exchange chromatography of T7 RNA polymerase on
IBF SP-Trisacryl M. After ammonium sulfate precipitation and resuspen-
sion, the enzyme was applied at a flow rate of 40 mVh to an anion-exchange
chromatography on IBF SP-Trisacryl M (bed volume 25 ml) equilibrated
with buffer C (20 mM sodium phosphate,pH1.7,l mM trisodium EDTA,
1 mM DTT, 570 glycerol) plus 50 mM NaCl. The column was washed with
equilibration buffer and the enzyme was eluted with buffer C containing 200
mM NaCl (anow). Fractions of 2 ml were collected and assayed for protein
content (A280-profile). T7 RNA polymerase activity was measured by the
described chemiluminescent assav.
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signal of Figure 3 are compared. While the signal-to-noise
ratio for the weak signal remains nearly unchanged and re-

sults in a time-stable detection limit for the assay, the ratio for
the strong signal decreases exponentially. For linearity ofthe
assay, it is therefore recommended to measure chemilumines-
cence within the first minutes after incubation with CSPD'

Thus, quantitative detection of AP-labeled membranes, in-
cluding incubation with CSPD and luminescence measure-

ment, is completed within 10 min for 96 samples'

To evaluate the feasibility ofthe assay for routine analysis,

the specific activity of chromatographic fractions during puri-
fication of T7 RNA polymerase according to Grodberg and

Dunn (14) was measured. As an intemal standard, a dilution
series of T7 RNA polymerase of isotopically determined ac-

tivity was included on each quantified membrane, thus allow-
ing direct comparison with conventional isotopic activity as-

say units (one unit is defined as the amount of enzyme

catalyzingthe incorporation of I nmol of AMP in t h at 37"C)
(2, l0). The eluted fractions from the ion-exchange columns

were suitably diluted with enzyme storage buffer to fit the

calibration curve (1-3500 U/ml).
Figure 5 shows an elution profile of the anion-exchange

chromatography on SP-Trisacryl M (IBF-Biotechnics, Ville-
neuve la Garenne, France) determinedby the new chemilumi-
nescent assay. The curve colresponds to that described in lit-
erature (14). The detection limit of the chemiluminescent
assay for chromatographic fractions is about I U/ml T7 RNA
polymerase leading to 2500 relative light units per second

(RLUA) on the membrane dot; thus' the detection limit is at

least as sensitive as the isotopic assay (5 U/rnl) (10). Repro-

ducibility of activity values lies in the range of about +5%,

while the luminometer itself is more accurate (data not

shown).

CONCLUSIONS

The described procedure featuring a non-isotopic poly-
merase activity assay represents an altemative to traditional
methods using radioactive nucleotides. While maintaining
the same sensitivity, the non-isotopic assay displays several

advantages. Besides reduced costs, inconveniences of radio-

active labels (e.g., 32P), such as short half-life time of labeled

probes, special training of staff, possible hazards to health,

ind dispoial of radioactive waste are eliminated by the use of
luminescent I abels Q2\. Since DlG-labeled (d)UTP can serve

as substrate for a number of polymerases (4), the described

chemiluminescent assay should be easily transferable to en-

zymes such as SP6 and T3 RNA polymerase, E. coli poly-
merase I (holoenryme, Klenow fragment), T4 and Zaq DNA
Polymerase, avian myeloblastosis virus (AMV) and Moloney

murine leukemia virus (M-MuLV) reverse ffanscriptase or

terminal ffansferase. In our view, the benefits from a fast non-

isotopic activity assay fully compensate the initially needed

optimization of reaction conditions for chemiluminescent de-

tection, especially for routine analysis of large numbers of
samples.

Furthermore, the photon counting microplate luminometer
Microlumat LB 96 R together with the described membrane

filter adapter, provides an ideal measuring device for al1 types

of chemiiuminescent dot-blot assays, such as filter binding or

hybridization assays (Southem, Northern and Westem blots)
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(16,24). The overall processing time may be reduced to 2-3 h
afterblotting and nevertheless results in highly sensitive and
quantitative signals. Besides these dot-blot applications,
completely different assay systems in molecular biology can
be transferred from isotopic to luminescent methods. Impor-
tant examples are the luciferase and the galactosidase reporter
gene assays (12, 17,31) that were demonstrated to be even
more sensitive than the traditional radioactive chloramoheni-
col acetyl transferase (CAT) assay (11 ,32). Moreover,-biolu-
minescence and chemiluminescence have become increas-
ingly popular in other areas of biology, biochemistry and
medicine. Applications include analysis of many enzymes
and metabolites, measurements of cellular luminescence
(phagocytosis assay), luminescence and enzyme immunoas-
says as well as tumor chemo-sensitivity assays (for review
see Reference 23). Thus, the design of a universal research
luminometer, like the Microlumat LB 96 P, should allow
definition of a variety of completely different measuring pro-
tocols, including possibility of reagent injection. t ooking
into the near future, one can assume that in life science labo-
ratories a luminometer will become a routine analytical in-
strument as the scintillation counter is todav.

ACKNOWLEDGMENTS

We thank J. Dapprich and B.F. Lindemann for critical
reading of the manuscript. We also wish to thank M. Meyer
for the careful preparation of the photographic prints and
Klaus Hafner for CAD-drawing of Figure 1. N.W. receives a
doctoral grant of the Stiftung Stipendien-Fonds des Verban-
des der Chemischen Industrie e.V.

REFERENCES

l.Baillon, J.G., N.T. Nashed, J.M. Sayer and D.M. Jerina. 1990. Con-
tinuous optical assays for DNA polymerases and reverse transcriptases.
Ann. NY Acad. Sci. 624:477-479.

2.Berg, D., K. Barrett and M. Chamberlin. 1971. purification of two
forms of Escherichia coll RNA polymerase and of sigma component.
Methods Enzymol. 2 I :506-519.

3.Berthold, F. and F.E. Maly. 1987. Instrumentation for cellular chemilu-
minescence, p. 49-57.1n K. Van Dyke and V Castranova (Eds.), Cellular
Chemiluminescence. CRC Press, Boca Raton, FL.

4.Boehringer Mannheim. 1990. Biochemicals for Molecular Biolosv
Catalogue. Mannheim, FRG.

5.Bronstein, I., R.L. Cate, K,Lazzari, K.L, Ramachandram and J.C.
Voyta. 1989. Chemiluminescent 1.2-dioxetane based enzyme substrates
and their application in the detection of DNA. Photochem. photobiol.
49:9.

6.Bronstein, I., R.R. Juo, J.C, Voyta and B. Edwards. 1991. Novel
chemiluminescent adamantyl 1,2-dioxetane enzyme substrates, p. 73-82.
1n P.E. Stanely and L.J. Kricka (Eds.), Bioluminescence and Chemilumi-
nescence: Cunent Status. John Wiley, Chichester, UK.

T.Bronstein, I., J.C. Voyta, O.J. Murphy, L. Bresnick and L.J. Kricka.
1992. Improved chemiluminescent Westem blotting procedure. BioTech-
niques 12:748-753.

8.Brutlag, D. and A. Kornberg. 1972. Er:zymatic synthesis of deoxyri-
bonucleic acid. XXXVI. A proofreading function for the 3'-5' exonuclease
activity in deoxynucleic acid polymerases. J. Biol. Chem.247:241-248.

9.Chakroborty, P.R., P. Sarkar, H.H. Huang and U. Maitra. 1973.
Studies on T3-induced ribonucleic acid polymerase. III. Purification and
characterization of the T3-induced ribonucleic acid polymerase from
bacteriophage T3-infected Escherichia coli cells. J. Biol. Chem.
218:6631-6646.

l0.Chamberlin, M., J. McGrath and L. Waskell. 1970. New RNA oolv-
merase from Escherichia coll infected with Bacteriophase T7. Nituie
228:227 -231.

Vol. 15, No. 5 (1993)

ll.Davanloo, P., A.H. Rosenberg, J.J. Dunn and F.W. Studier, 1984.
Cloning and expression of the gene for bacteriophage T7 RNA poly-
merase. Proc. Natl. Acad. Sci. USA 8l:2035-2039.

l2.DeWet, J.R., K.V. Wood, M. DeLuca, D.R. Helinski and S. Subramani.
1987. Firefly luciferase gene: structure and expression in mammalian
cells. Mol. Cell. Biol. 7:725-737.

13.Green, M.R., T. Maniatis and D.A. Melton. 1983. Human p-globin
pre-mRNA synthesized in vitro is accurately spliced in Xenopus oocyte
nuclei. Cell 32:681-694.

l4.Grodberg, J. and J.J. Dunn. 1988. ompT encdes the Escherichia coli
outer membrane protease that cleaves T7 RNA polyrnerase during puri-
fication. J. Bacteriol. I 70:1245-1253.

15.Hiiltke, H.J. and C. Kessler. 1990. Nonradioactive labelins of RNA
transcripts in vitro with the hapten digoxigenin (DIG); hybridization and
ELISA-based detection. Nucleic Acids Res. -1 8: 5843-5 85 1.

l6.Hiiltke, H.J., G. Sagner, C. Kessler and G. Schmitz. 1992. Sensitive
chemiluminescent detection of digoxigenin-labeled nucleic acids: A fast
and simple protocol and its applications. BioTechniques 12:104-113.

l7.Jain, Y. and I. Magrath. 1991. A chemiluminescent assay for quantitation
of p-galactosidase in the femtogram range: Application to quantitation
of p-galactosidase in lacZ-transfect€d cells. Anal. Biochem. I 99:119-124.

18.Johnson, K.A., F.R. Bryant and SJ. Bencovic. 1984. Continuous assay
for DNA polymerization by light scattering. Anal. Biochem. I 36:192-194.

l9.Kans, J.A., S.J. Spengler, G.M. Cole and R.K. Mortimer. 1991. An
electrophoretic method for assaying polymerase and nuclease activities.
Methods Mol. Cell. Biol. 2 :266-2'7 2.

2O.Kotani, H., Y. Ishizaki, N. Hiraoka and A. Obayashi. 1987. Nucleotide
sequence and expression of the cloned gene of bacteriophage Sp6 RNA
polymerase. Nucleic Acids Res 15:2653-2664.

21.Kreig, P. and D.A. Melton. 1984. Functional messenger RNAs are
produced by SP6 in ultro transcription of cloned cDNAs. Nucleic Acids
F.es. 12:1057-7070.

22.Kricka, L.J. 1985. Ligand Binder Assays. Decker, New York.
23.Kricka, L,J. 1 99 1. Chemiluminescent and bioluminescent techniques.

CIin. Chem. 37:1472-1481.
24.Kricka, L.J. (Ed.) 1992. Nonisotopic DNA hobe Techniques. Academic

Press. San Diego. CA.
25.Martin, C., L. Bresnick, R.-R. Juo, J.C. Voyta and I. Bronstein. 1991.

Improved chemiluminescent DNA sequencing. BioTechniques 1i : 1 10-
113.

26.McGadey, J. 1970. A terazolium method for non-specific alkaline phos-
phatase. Histochemie 2J: I 80- I 84.

27.Melton, D.A., P.A. Krieg, M.R. Rebagliati, T. Maniatis, K. Zinn and
R, Green. 1984. Efficient ln virro synthesis of biologically active RNA
and RNA hybridization probes from plasmids containing a bacteriophage
SP6 promoter. Nucleic Acids Res. 12:7035-7056.

28.Oldham, K.G. 1992. Radiometric assays. 1n R. Eisenthal and M.J. Danson
(Eds.), Enzyme Assays: A Practical Approach. IRL Press, Oxford, UK.

29.Ranganathan, R. and F. Calvo-Riera. 1991 . An electroohoretic method
to evaluate DNA polymerase activity. Appl. Theor. Electrophor. 1:339-
34t.

30.Schaap, A.P., H. Akhavan and L.J. Romano. 1989. Chemiluminescent
substrates for alkaline phosphatase. Applications to ultra-sensitive en-
zyme-linked immunoassays and DNA probes. Clin. Chem.35:1863-1864.

3l.Steiner, C.1992. Advantages of firefly luciferase as a reponer gene.
Biotech Forum 3:123-12'7.

32.Subramani, S. and M. Deluca. 1987. Applications of rhe firefly lucif-
erase as a reporter gene, p. 75-89. 1n J. Setlov and A. Hollaender (Eds.),
Genetic Engineering - Principles and Methods. Plenum hess, New york.

33.Van Dyke, K. and R. Van Dyke (Eds.). 1990. Luminescence Immunoas-
says and Molecular Applications. CRC Press, Boca Raton, FL.

Address correspondence to N. Walter Abteilung Bio-
c h emi s c he Kin e ti k, M ax - P lanck - I n s t it ut fii r B io p hy s ikalis c he
Chemie, Am Fassberg 2, D-37077 Gdttingen, FRG.

BioTechniques 93 1


