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Thuringiensin, a structural analog of ATP, which inhibits the elongation phase of RNA synthesis 
catalyzed by DNA-dependent RNA polymerase, also inhibits the initiation phase of this reaction. 
During the latter thuringiensin is not incorporated into the first site of the chain synthesized 
but inhibits the formation of pApU from 5'-AMP and UTP. If ATP and UTP are used as sub
strates the amount of the dinucleotide, a product of abortive synthesis, increases at low thurin
giensin concentrations. Both elongation and abortive synthesis are inhibited at higher concentra
tions of the inhibitor. 

RNA synthesis catalyzed by DNA-dependent RNA polymerase involves several 
steps. First, the preinitiation complex of the enzyme and DNA is formed, next 
comes initiation, i.e. the formation of the first internucleotide bond, followed byelon
gation of the polynucleotide chain; the whole reaction sequence is completed by termi
nation 1.2 • Important for a deeper insight into initiation was the finding that a conti
nuolls synthesis of the complete RNA transcript need not necessarily follow imme
diately after the formation of the first phosphodiester bond3.4. Hence, continuous 
elongation of the chain does not take place during this initial phase of RNA synthesis 
(so-called abortive synthesis), yet a part of the product synthesized, predominantly 
the dinucleotide and other oligonucleotides, are cleaved offfrom the enzyme-template 
complex and accumulate in the reaction mixture. The size of the abortive products 
varies with the template used 5 - 12 . Only after a transcript of 3-11 nucleotides has 
been synthesized the ternary enzyme-tempiate-RNA complex is sufficiently stable 
to allow a continuous elongation. Systematic studies on abortive synthesis were 
impossible until the mid-seventies because of the detection techniques (precipitation 
and chromatographic) then available which did not permit all reaction products 
to be separated and identified quantitatively13.14. This information was obtained 
only after high resolution polyacrylamide gel electrophoresis of the reaction mixtures 
had been introduced s. The mechanism of abortive initiation, however, has not been 
explained until now lS • 

Studies on the mechanism of action of thuringiensin, a naturally occurring inhibitor 
of prokaryotic l6 - 18 and eukaryotic DNA-dependent RNA polymerasesl9 have been 
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in progress in our Laboratory for a number of years. The present paper reports 
on the effect of thuringiensin on the process of initiation and abortive synthesis. 

EXPERIMENTAL 

.Waterial. [a 2 3 P-UTPl (1'72. 1013 !3q) was from Amersham (England). DNA-dependent 
RNA polymerase (the holoenzyme) was prepared from Escherichia coli K 12 by the modified 
method of Burgess 20 involving chromatography on heparin-Sepharose 4B as described by Stern
bacil21. The enzyme solution in 50% glycerol containing 10 mg of protein per ml was stored 
at20'C. Poly[d(A-T)nl was supplied by Miles (England). 

Conditions of tratlMhption. All the reaction mixtures described in this paper had the following 
standard salt content: 40 mmol 1- 1 Tris-HCI, pH 7'9, 80 mmoll- 1 KCi, 10 mmoll- 1 MgCi" 

a IlL: I mmol 1- 1 dithiothreitol. The reaction mixture (15 ~I) also contained I ~g of poly[d(A- T):l 
and .10 ~g of the enzyme protein. The quantity of substrates and inhibitors present in 1:1C indi
vidu;iI reaction mixturcs is shown in the legends to the figures. Following preincubation of the 
tel11plate, and RNA polymerase in the presence of the salts for 10 min at 37°C the enzymatic 
rcaclion itself was triggered by the addition of ATP, labeled UTI' (3·7. 105 Bq) or, alternatively, 
of the inhibitor. The reaction was terminated 15 min later by adding the reaction mixture to the 
Iy,,;,hilisate of 15 ~I of the so-called "reaction-stop mixture" containing 9 moll- I urea and 0'05 
111(111 I FDTA. Bromophenol blue (f).!O,;) and xylene cyanol (0'1",;) were added to the samples 
which were then analyzed by gel electrophoresis. 

(·,I/idilion.l of e/cctroplwre.lis and its ecaluatiofl. The reaction products were analyzed in 24~~ 
polvacrylamide gels (0'04 X 13 x 40 cm) at room temperature according to Maxam and Gil
bert 2 2. The gels contained methylenebis (acrylamide) and acrylamide at a ratio of 1 : 29, 7 mmoll- 1 

ure:r, 50 mmol 1- I ·fris-borate, pH 8, and I mmol 1- I EDT A. Before the application of samples 

the gels were subjected to preelectrophoresis at loon V for 3n min. The electrophoresis itself 
was allowed to proceed at 500-· I 000 V until the spot of bromophenol blue had moved approxi
ma',;ly 17 em from the origin. After completion of the electrophoretic run the gels were evaluated 
h\ ,rutoradiography. Selected product lan'~s were Cllt out of the gel for quantitative evaluation 
a 1·1·_·" autoradiography <l!ld sC:lI1ncd according to Cercnkov. 

RESULTS AND DISCUSSION 

Slullies on the inhibitory effect ofthuringiensin on DNA-dependent RNA polymerase 
or both bacterial and animal origin have shown that the inhibitor can enter the elonga
tion binding site of the enzyme I6 - 19 . However, the mechanism of the effect of the 
inhibitor on the initiation phase of RNA synthesis remained unclear. According 
to previous data a number of adenosine derivatives, some of which resemble to a 
Ii mited degree 23 - 28, the naturally occurring substrates can enter the initiation site 
and form the first phosphodiester bond, It was therefore reasonable to expect that 
thuringiensin containing an adenosine moiety would act in a similar manner. It has 
been shown though that the 5' - 3' phosphodiester bond between the UMP residue 
and thuringiensin (Fig. 1,* lane c) is not formed if thuringiensin and labeled UTP 
arc lIsed as substrates for the RNA polymerase reaction with poly [d(A - T)n] 

- ------ _._----------

See imert on the p. 288. 
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as template. We obtained the same negative result when dephosphorylated thurin
giensin was used (Fig. 1, lane d). The synthesis of pApU under identical experimental 
conditions with 5'-AMP and labeled UTP as substrates served as a control for the 
evaluation of the reactions products in polyacrylamide gels (Fig. 1, lane a). 

In further experiments we investigated whether thuringiensin affects the synthesis 
of dinucleoside phosphate pApU from 5'-AMP and labeled UTP as substrates. When 
equimolar concentrations of 5'-AMP and thuringiensin are used a 90% inhibition 
of the synthesis of the dinucleoside phosphate can be observed (Fig. 1, lane b). 
This finding can be interpreted by postulating that thuringiensin replaces AMP 
in the initiation site even though it is not capable to form a phosphodiester bond 
with UTP as the second substrate. 

Investigating the inhibition of pApU formation we considered interesting to find out 
whether and in what manner thuringiensin affects the subsequent abortive synthesis, 
i.e. the formation of short oligonucleotides which parallel the first elongation phase. 
The results obtained with A TP and labeled UTP as substrates of the RNA polymerase 
reaction in the presence of varying thuringiensin concentrations (Table I) show that 

TABLE I 

Electrophoretic resolution of products of RNA polymerase reaction as function of thuringiensin 
concentration in reaction mixture. The concentration of thuringiensin is given in Ilmoll- 1, the 
quantity of the products is expressed by per cent of total radioactivity incorporated 

Position Thuringiensin, Ilmoll- 1 

in gelD Product ~-------- -------

0·77 7·7 77 

High molecular weight productb 44·3 32·7 32·5 16·6 
2 27'3 26·4 26·8 29·6 
3 7-8 9·1 8·9 14'3 
4 3·1 3·3 4·0 6·9 
5 1·2 1·5 1·6 3·0 
6 0·4 0·5 0·6 1'0 
7 0·2 0'3 0'3 0·5 
8 0'3 0·4 0'3 0·5 
9 0·2 0'3 0·2 0·3 

lO HeptanucleotideC 0·2 0·5 0·3 0·4 
11 HexanucleotideC 0·3 0·5 0·4 0·4 
12 PentanucleotideC 0·3 0'5 0·4 0·5 
13 TetranucleotideC 0·8 1·2 1·1 1'3 
14 TrinucleotideC 2·2 2·7 2·5 3·6 
15 Dinucleotide 11·5 19'6 20'0 21·4 

D See Fig. I, slot g; b in the region or origin; C assigned tentatively. 
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even at a 0·77 Ilmoll- 1 inhibitor concentration (i.e. at a 350-fold excess of the sub
strate over the inhibitor) a shift in the distribution of the individual products in the 
reaction mixture occurs. The previously reported relative decrease of the amount 
of high molecular weight chains, which remain at the origin during polyacrylamide gel 
electrophoresis 1 6, is due to a slow-down of the synthesis during the elongation phase 
caused by the presence of thuringiensin and above all, to its effect on the synthesis 
of the main product of abortive synthesis, i.e. dinucleotide pppApU. The relative 
amount of this dinucleotide in the reaction mixtures increases practically to the 
double with the increasing concentration of thuringiensin (Table I). This effect 
cannot be accounted for by inhibition of the elongation phase and is most likely 
caused by an increase in the number of dinucleotide molecules released from the 
complex during the abortive phase of the synthesis. Hence, thuringiensin probably 
increases the instability of the ternary complex during this phase, most likely by enter
ing the binding site for ATP. Whereas during the elongation phase thuringiensin 
is competitively displaced from this site by A TP and the synthesis of the chain 
continues, during the initial phase of the synthesis the initial dinucleotide is most 
likely released, thus enhancing the effect which is typical of this phase even in the 
absence of the inhibitor. A similar effect can be observed, yet to a smaller extent, 
also with the trinucleotide and tetranucleotide whose formation is also regarded 
as abortive synthesis. The labilization of the ternary complex by thuringiensin mani
fests itself in the same manner at all three inhibitor concentrations used as shown 
in Table I. If the excess of thuringiensin over the substrate, ATP, is ten-fold a practi
cally complete inhibition of the synthesis occurs; this is similar to the inhibition 
of pApU formation by equimolar concentrations of the inhibitor and 5'-AMP 
(Fig. 1, lane e). The reason why the inhibition of synthesis of the dinucleotide from 
ATP and UTP takes place at a higher inhibitor excess only can be explained by the 
much higher affinity of ATP for the binding site for the first nucleotide as reported 
by Scheit27 • The synthesis of pApU is namely about 14 times lower than the synthesis 
of pppApU at equal concentration of 5' -AMP and 5' -ATP. 

Our results show that thuringiensin acts also on the initiation phase of the synthesis 
by inhibiting its process at higher concentrations. At lower concentrations the entry 
of thuringiensin in the binding site for elongation enhances the abortive synthesis 
of the initial dinucleotide. 

The authors wish to express their thanks to Mrs D. Veverkova for her skill/ultechnical assistance 
and to Mr J. Hanzlik for the careful radioactivity measurements of the samples. 
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