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Escherichia coli RNA Polymerase-Rifampicin Complexes Bound at 
Promoter Sites Block RNA Chain Elongation by Escherichia coli 
RNA Polymerase and T7-Specific RNA Polymerase? 

George A. Kassavetis, Kathleen M. Kaya, and Michael J .  Chambedin” 

ABSTRACT: Escherichia coli R N A  polymerase that has been 
complexed with the drug rifampicin is not able to initiate a long 
R N A  chain but still retains its ability to bind a t  promoter sites 
on T7  DNA. When conditions are such that the inactive en- 
zyme forms “open” promoter complexes on T7 DNA, that 
enzyme serves as a barrier to transcription through the pro- 
moter site by RNA polymerase molecules which have initiated 
transcription on the same D N A  strand from distal upstream 
promoters. Both E.  coli R N A  polymerase and the T7 phage- 
specific R N A  polymerase are sensitive to blockage by these 
E. coli RNA polymerase-rifampicin open complexes. When 
inert bacterial R N A  polymerase is not present on T7  DNA, 
there is no detectable termination by R N A  polymerase mol- 
ecules which traverse a promoter site in the course of tran- 

T h e  antibiotic rifampicin is an inhibitor of E. coli RNA 
polymerase which prevents the productive initiation of R N A  
synthesis but not the elongation of R N A  chains (Sippel and 
Hartmann, 1968). The inhibition of E. coli R N A  polymerase 
by rifampicin results from the binding of the drug to the p 
subunit (Rabussay and Zillig, 1969). This interaction can 
occur when the R N A  polymerase is either free in solution or 
bound to DNA (Hinkle et  al., 1972) but not when the R N A  
polymerase is in an actively transcribing ternary complex 
(Eilen and Krakow, 1973). 

RNA polymerase that is complexed with rifampicin retains 
its ability to recognize promoters and to form a stable “open” 
complex a t  these sites (Hinkle et al., 1972; Bordier and Du- 
bochet, 1974). This property of R N A  polymerase-rifampicin 
complexes has been used to explain the dominance of rifam- 
picin-sensitive alleles over rifampicin-resistant alleles in E. coli 
strains that are heterodiploid for the rpoB gene (Khesin et al., 
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scription. The ability of E. coli R N A  polymerase-rifampicin 
complexes to block chain elongation by R N A  polymerase 
transcribing from distal promoters probably accounts for the 
coincidence of minor promoter and “terminator” sites on T7  
DNA in the studies of Minkley and Pribnow [Minkley, E. G., 
and Pribnow, D. (l973),  J .  Mol. Biol. 77,  255-2771 and can 
lead to some difficulty in the interpretation of in  vitro tran- 
scription patterns where overlapping transcription units are 
present. Since bacteriophage T7 induces inhibitors which bind 
to and inactivate the bacterial R N A  polymerase, it is possible 
that a similar kind of blocking phenomenon involving binding 
of inert E. coli R N A  polymerase at  T7 minor promoters plays 
a regulatory role in the turn off of class 1 and 11 T7 R N A  
synthesis in vivo. 

1971; Ilyina et al., 1971; Austin et al., 1971). It has been shown 
that rifampicin-inactivated R N A  polymerase can bind to 
promoters and thereby make them unavailable to rifampi- 
cin-resistant R N A  polymerase (Bordier, 1974). 

Recent studies on the in vitro transcription of 4x1 74 DNA 
(Axelrod, 1976) and T7 DNA (Stahl and Chamberlin, 1977) 
indicate that, when E.  coli R N A  polymerase and rifampicin 
are employed in RNA synthesis reactions a t  elevated molar 
ratios of enzyme to DNA, termination events occur at  sites that 
normally function as promoters which are located downstream 
from where transcription was initiated. These termination 
events are believed to result from blockage of R N A  chain 
elongation by R N A  polymerase-rifampicin complexes bound 
a t  downstream promoters. 

In this paper, we examine more precisely the ability of the 
E. coli R N A  polymerase-rifampicin complex to block tran- 
scription of R N A  polymerases which have initiated R N A  
chains a t  distal promoters. 

Materials and Methods 
R N A  Polymerases. E .  coli RNA polymerase was purified 
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from DG 156, an RNase I deficient derivative of E. coli B/ 1, 
and assayed as previously described (Gonzalez et al., 1977). 
The specific activity of this enzyme preparation was 22 000 
units/mg. About 40% of the enzyme molecules were able to 
initiate an R N A  chain, as determined by ~ - ~ ~ P - l a b e l e d  nu- 
cleotide incorporation under conditions where reinitiation was 
minimized (W. Nierman, personal communication). In the 
experiments presented in this paper, the molar ratios of R N A  
polymerase to D N A  cited were based on the total weight of 
enzyme added to the reaction so that the actual molar ratios 
of active RNA polymerase to DNA are approximately 2.5-fold 
lower than indicated. T7-specific R N A  polymerase (fraction 
F; 76 000 units/mg) was purified and assayed as described 
previously (Chamberlin et  al., 1970). In each case, 1 unit of 
R N A  polymerase activity represents a rate of 1 nmol of C M P  
incorporated into R N A  per hour as determined in the reaction 
conditions referenced above. 

Substrates and Nucleic Acids. The T3-T7 recombinant 
phage R8 was provided by Drs. Hausmann and Beier. The 
growth procedures and genetic constitution of this phage have 
been described previously (Beier et al., 1977). The T7  deletion 
D111 was provided by Dr. F. W. Studier. This deletion lacks 
the region between 1.3 and 3.7% on the T7 genome and thereby 
eliminates two of the three strong A promoters (A2 and A3) 
and one minor promoter (B) for E. coli R N A  polymerase 
(Studier, 1975; Stahl and Chamberlin, 1977). R8 D N A  and 
D111 DNA were isolated from purified phage by phenol ex- 
traction as described by Thomas and Abelson (1966). 32P- 
labeled inorganic phosphate was purchased from New England 
Nuclear and was converted to [ c Y ~ ~ P I C T P  by the method of 
Symons ( 1968). Unlabeled nucleoside triphosphates were 
purchased from P-L Biochemicals and Calbiochem. Spermi- 
dine and dithiothreitol were purchased from Sigma. Rifam- 
picin (B grade) was purchased from Calbiochem. 

Transcription of R8 D N A  by T7-Specific R N A  Polymer- 
ase. R8 DNA was transcribed by T7-specific R N A  polymerase 
in a solution (100 pL) containing 40 m M  Tris-HC1’ (pH 8.0); 
20 m M  MgC12; 5 m M  dithiothreitol; 4 mM spermidine; 0.4 
m M  ATP, UTP, and GTP; 0.2 mM [ c Y - ~ ~ P I C T P  (200 cpm/ 
pmol), and 0.3 m M  R8 DNA. This differs from our previously 
published reaction conditions (Chamberlin and Ring, 1973) 
in that 4 m M  spermidine replaces bovine serum albumin and 
5 m M  dithiothreitol replaces P-mercaptoethanol. This con- 
centration of spermidine was found to give nearly optimal 
T7-specific RNA polymerase activity and eliminates the 
problems caused by the contamination of serum albumin by 
ribonuclease. Approximately 1 pg of T7-specific R N A  poly- 
merase was used for each reaction. 

Transcription of R8 DNA by T7-specific R N A  polymerase 
in the presence of the inactive E. coli R N A  polymerase-rif- 
ampicin complex was carried out as follows: E. coli R N A  
polymerase was complexed with rifampicin by the addition of 
a concentrated rifampicin solution to a 1.06 mg/mL enzyme 
solution to give a final concentration of 60 pg/mL rifampicin. 
The E. coli R N A  polymerase-rifampicin complex was then 
added to a transcription reaction solution containing all com- 
ponents except the T7-specific R N A  polymerase. The amount 
of E. coli R N A  polymerase-rifampicin complex added to the 
assay was varied to give an E. coli R N A  polymerase to R8 
DNA molar ratio from 0 to 40. The E.- coli R N A  polymer- 
ase-rifampicin complex was allowed to bind to promoters on 
R8 DNA by incubating the assay solution for 10 min at  37 OC. 

’ Abbreviations used: Tris-HCI, 2-amino-2-hydroxymethyl- 1,3-pro- 
panediol; EDTA, (ethylenedinitri1o)tetraacetic acid; NaDodS04, sodium 
dodecyl sulfate. 
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Transcription was initiated by the addition of T7-specific R N A  
polymerase, and incubation a t  37 “C was allowed to continue 
for an additional 10 min. The reaction was terminated by the 
addition of 30 /IL of a buffered detergent solution (0.1 M 
Na2EDTA, 0.1% NaDodS04, 27 m M  boric acid,* 0.1% 
Bromphenol blue, and 30% glycerol), and 10-pL aliquots from 
each reaction were then assayed for acid-insoluble radioac- 
tivity. A sample of each transcription reaction (volume suffi- 
cient to contain 30 000-40 000 cpm) was then analyzed by 
electrophoresis on a 2% acrylamide-0.5% agarose slab gel as 
previously described (Golomb and Chamberlin, 1974). Control 
reactions containing the E. coli R N A  polymerase-rifampicin 
complex but no T7-specific R N A  polymerase showed no sig- 
nificant incorporation into acid-insoluble material. 

Transcription of D1 I 1  D N A  by E .  coli R N A  Polymerase 
in the Presence of E .  coli R N A  Polymerase Complexed with 
Rifampicin. Transcription of D l l l  DNA by E.  coli R N A  
polymerase holoenzyme was carried out in a solution (100 pL) 
containing 40 m M  Tris-HC1 (pH 8.0); 10 m M  MgC12; 10 m M  
P-mercaptoethanol; 2 m M  spermidine; 0.25 m M  ATP, UTP, 
and GTP; 10 p M  [ w ~ ~ P ] C T P  (700 cpm/pmol), and 0.3 m M  
D 1 1 1 DNA. E. coli R N A  polymerase was bound to promoters 
on D111 DNA by incubating the enzyme for 10 min a t  37 O C  
in the reaction solution containing all components except the 
nucleoside triphosphates. A molar ratio of enzyme to DNA of 
2 was employed. R N A  synthesis was initiated by the addition 
of a solution (1 5 pL) containing nucleoside triphosphates and 
E. coli R N A  polymerase-rifampicin complex. The concen- 
tration of rifampicin in this solution was 80 pg/mL, and the 
concentration of enzyme was varied from 0 to 425 pg/mL to 
give a final ratio of R N A  polymerase-rifampicin complex to 
DNA of 0 to 32. RNA synthesis was allowed to proceed for 30 
min a t  37 “ C  and was then terminated by the addition of 30 
pL of the buffered detergent solution as before. Samples ( I O  
pL) of each reaction were assayed for acid-insoluble radioac- 
tivity, and a sample of appropriate volume (120 000 cpm) was 
analyzed by electrophoresis on a 1.75% acrylamide-0.5% 
agarose gel. 

Results 
Binding of the E .  coli R N A  Polymerase-Rifampicin 

Complex at a Promoter Site Blocks Chain Elongation by E. 
coli R N A  Polymerase. Under normal assay conditions, E. coli 
R N A  polymerase holoenzyme has been shown to transcribe 
primarily a single size class of RNA of 2.4 X IO6  amu (Millette 
et al., 1970; Dunn and Studier, 1973a) originating from a 
cluster of three promoter sites (AI ,  A2, and A3) at  the left end 
of T7 DNA and terminating at  a site near 20% on T7  DNA. 
In the case of D111 DNA (where A2 and A3 are deleted), only 
one transcript of 2.2 X IO6 amu is made under normal assay 
conditions (Figure la).  However, when elevated molar ratios 
of E. coli R N A  polymerase to T7  DNA (E /DNA = 12) are 
incubated a t  37 “C with T7 DNA in order to form the highly 
stable “open” promoter complex prior to initiation of R N A  
synthesis by the addition of nucleoside triphosphates (“pre- 
binding” conditions), a t  least four other promoters are used 
with efficiencies comparable to that of the A promoters (Stahl 
and Chamberlin, 1977). These promoters were originally de- 
scribed by Minkley and Pribnow (1973) in studies of dinu- 
cleotide-primed transcription. 

In their original studies, Minkley and Pribnow (1 973) and 
Minkley (1974) found that these “minor” promoter sites ap- 
peared to serve as sites for RNA chain termination, as well as 
sites where initiation could occur. Stahl and Chamberlin 
(1977) found that when a “prebinding” reaction program is 
used with D111 DNA, three transcripts are made from the 
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Diagramatic Representation of Transcripts Made from the 
Left 20% of Dlll DNA by E < olc RNA Polymerase 
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F I G L R E  1: Diagrammatic representation of  transcripts made from the left 
20% of DI I I D N A  by E. coli R N A  polymerase under normal reaction 
conditions and prebinding reaction conditions. 

An Experiment to Test the Effect of E. d i  
RNA Polymerase-Rifampicin Complex Bound at 

Dlll Promoter C on Transcription from Dlll Promoter A ,  

( a )  Initiate transcription at promoter A i  with a small amount of 
t [ ( J / /  RNA polymerase 
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( b )  Add an excess of t i i ~ / i  RNA polymerase rifampicin complex 
which will bind tightly to all promoter sites 
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Analyze resulting transcripts to determine i f  

j c )  Transcripts derived from promoter A ,  are halted at promoter C 
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F I G U R E  2: An experiment to test the effect of E .  coli RNA polymerase- 
rifampicin complex bound at D I  11 promoter C on transcription from D11 I 
promoter A ] .  

early region, originating from the major promoter A I  and the 
two minor promoters C and D (Figure 1 b). However, in their 
studies no termination of the A1 transcript was observed to 
occur in the vicinity of promoter C. Hence, the C promoter does 
not act per se to terminate RNA chains that are elongated 
through it at  any appreciable rate. Since the work of Minkley 
and Pribnow utilized both high molar ratios of E. coli poly- 
merase and rifampicin, we posed the question of whether or 
not an inactive E.  coli RNA polymerase molecule bound a t  
promoter C would block RNA chain elongation by an  E. coli 
RNA polymerase molecule initiated a t  the A I  promoter. 

In order to study the influence of the inactive E.  coli RNA 
polymerase-rifampicin complex bound a t  promoter C on 
transcription through that region by E. coli RNA polymerase 
involved in chain elongation, the experimental approach di- 
agrammed in Figure 2a-d was used. E. coli RNA polymerase 
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, 
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~ 1  I  1  
0 IO 20 30 
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I 

( E  Coh RNA polymerose to DIII DNA) 
FIGURE 3: Effect o f  E. coli RNA polymerase-rifampicin complex on the 
transcription of D111 DNA by active E.  coli RNA polymerase which has 
initiated from the Ai promoter. Reaction conditions are described under 
Materials and Methods. 

was first bound to D111 DNA a t  a molar ratio of enzyme to 
DNA of 2. Under these conditions, transcription is primarily 
from the A I  promoter as shown in track b of Figure 4. RNA 
synthesis was initiated by the addition of nucleoside triphos- 
phates, rifampicin, and increasing concentrations of RNA 
polymerase-rifampicin complex. Upon the addition of nucle- 
oside triphosphates and rifampicin, most of the RNA poly- 
merase bound to the Al promoter will initiate an RNA chain 
and thereby become resistant to the drug within less than 1 s 
(Figure 2a). The RNA polymerase-rifampicin complex added 
to the reaction along with the nucleoside triphosphates and 
rifampicin, though unable to initiate an RNA chain, can still 
bind tightly to promoters (Hinkle et al., 1972)(Figure 2b). 
After allowing sufficient time for all RNA chains to grow to 
maximum length, gel electrophoretic analysis of the size of the 
resulting RNA transcripts will reveal directly whether D11 I 
RNA chains initiated at  the A I  promoter have terminated at  
promoter C (Figure 2c) or have read through promoter C to 
reach the 20% terminator (Figure 2d). 

The addition of increasing amounts of E .  coli RNA poly- 
merase-rifampicin complex to the E.  coli RNA polymerase 
assay described under Materials and Methods leads to a sig- 
nificant decrease in the amount of RNA synthesis by the RNA 
polymerase bound to the A,  promoter (Figure 3), suggesting 
immediately that blocking is occurring. This decrease in RNA 
synthesis is directly dependent upon the amount of E.  coli 
RNA polymerase-rifampicin complex added to the reac- 
tion. 

The transcripts formed in each reaction shown in Figure 3 
was subsequently analyzed by gel electrophoresis (Figure 4). 
In the absence of added rifampicin-inactivated E. coli RNA 
polymerase, one major transcript of 2.2 X I O 6  amu (track b) 
is observed. This transcript is the product of the RNA poly- 
merase which initiated an RNA chain a t  the A I  promoter and 
elongated to the terminator at  19.3% on the T7  genome 
(Millette et al., 1970). Two minor transcripts of 1.7 X lo6 and 
1.2 X lo6 amu are also observed, and these correspond to 
transcripts initiated a t  the minor promoters C and E, respec- 
tively (Minkley and Pribnow, 1973; Stahl and Chamberlin, 
1977). However, there is no detectable amount of an RNA 
species of the size expected for a transcript initiated at  A I  and 
terminated a t  C. In tracks c-f increasing amounts of E. coli 
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FIGURE 4 Electrophoretic analysis of the transcripts read from the A ,  
promoter of DI 1 I DNA by E. coli RNA polymerase in the presence of 
increasing amounts of E.  coli RNA polymerase-rifampicin complex. E.  
coliRNApolymerase(0.4pg)wasboundtoDIII DNA(IOrg)at37°C 
to form open promoter complexes as described under Materials and 
Methods. RNA synthesis was initiated by adding a mixture of nuclwside 
triphosphates and rifampicin (track b) together with 1.06 (trackc), 2.12 
(track d), 4.24 (track e). and 6.36 p g  of E. coli RNA polymerase (track 
0. Equal amounts of labeled RNA (I 20 GUO cpm) were loaded on tracks 
b-f. T7-specific RNA polymerase transcripts of T7 DNA (Colomb and 
Chamberlin, 1974) were run as molecular weight standards (track a). 

RNA polymerase-rifampicin complex were added to the RNA 
reaction along with rifampicin and nucleoside triphosphates 
to give molar ratios of RNA polymerase to DNA of 5.3, 10.6, 
21.2, and 31.8, respectively. The addition of increasing 
amounts of RNA polymerase-rifampicin complex results in 
decreasing amounts of the 2.2 X 106 amu transcript. When the 
RNA polymerase to DNA molar ratio reaches 32, there is less 
of this At transcript than of the minor transcripts C and E 
which are  relatively unaffected by the addition of RNA 
polymerase-rifampicin complex. Concurrent with the disap- 
pearance in the AI transcript is the appearance of increasing 
amounts of a new transcript with an  apparent molecular weight 
of 0.48-0.5 X 106 amu. W e  believe that this transcript results 
from the binding of E. coli RNA polymerase-rifampicin 
complex to the C promoter. The molecular weight of this 
transcript conforms very closely to the length of a transcript 
initiated from promoter At at 1.1% on the standard T 7  map 
(Hsieh and Wang, 1976; Williams and Chamberlin, 1977) and 
terminated a t  promoter C near 8% on the standard T7 map 
(Minkley and Pribnow, 1973; Stahl and Chamberlin, 1977). 
Blocking of actively elongating RNA polymerase a t  the C 
promoter has also been observed previously in this laboratory 
when moderately high RNA polymerase to DNA ratios were 
used in a prebinding reaction protocol, and nucleoside tri- 
phosphates and rifampicin were then added together to initiate 
RNA synthesis under conditions wherea substantial amount 
of the RNA polymerase would become inactivated prior to 
chain initiation (Stahl and Chamberlin, 1977). 

In the experiments described above, low nucleotide con- 
centrations were used to slow the elongation rate so that the 
RNA polymerase-rifampicin complex would have sufficient 
time to form an  “open” promoter complex at promoter C be- 
fore the RNA polymerase which initiated at promoter At 
elongated to that region of the D N A .  In an analogous experi- 
ment to that shown in Figures 3 and 4, the RNA polymerase 
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A Test of the Ability of E. coli RNA Polymerase-Rifampicin 
Complex Bound at a Promoter Site to Block RNA Chain 

Elongation by T7.Specific RNA Polymerase 

R8 DNA: 

%Genome I I ‘5 ‘E ‘9 
0 20 40 60 8 0 ’  ’ ’ 100 

la1 Binding of E. culi RNA polymcraY-rifampicin complex at promoter E. 

p 3  ‘E pm - 
Transcription by TI-specific RNA polymerase and eleetrophoretic analysis 

to determine i f  

(bl Tranrcriptr derived from promoter lllb are halted at promoter E. 

% ‘ E  b 

PPPG- 
PPPG- 

or 

IC) Transcripts derived from promoter lllb extend through promoter E 

PPPG- 
FIGURE 5: A test of the ability of E. coli RNA polymerase-rifampicin 
complex bound at a promoter site to block RNA chain elongation by 
T7-specific RNA polymerase. 

bound a t  promoter A I  was allowed to initiate an  RNA chain 
at  37 OC and was immediately shifted to IO OC prior to the 
addition of RNA polymerase-rifampicin complex. The reac- 
tion was then continued for 80 min a t  IO OC so that enzyme 
molecules which had initiated a t  the AI promoter would have 
enough time to reach the terminator a t  19.3%. Under these 
conditions, no decrease of activity was observed upon addition 
of increasing amounts of RNA polymerase-rifampicin com- 
plex, and analysis of the reaction products by gel electropho- 
resis did not show any significant amount of the A to C tran- 
script (data not shown). Since IO “Cis well below the transition 
temperature of promoter C (Stahl and Chamberlin, 1977). we 
conclude that E. coli RNA polymerase-rifampicin complex 
must be in an “open” promoter complex to block actively el- 
ongating RNA polymerase. 

Binding of the E.  coli RNA Polymerase-Rifampicin 
Complex at a Promoter Site Blocks Chain Elongation by the 
T7-Specific RNA Polymerase. The conclusions we have dis- 
cussed above raise the question of whether the E. coli RNA 
polymerase-rifampicin complex bound at a promoter can also 
block RNA chain elongation by T7-specific RNA polymerase. 
This was tested employing DNA from the T3-T7 recombinant 
phage R8 as DNA template (Beier et  al., 1977). The salient 
features of this template are outlined in Figure 5. RE DNA 
contains only the rightmost 32% of T7 and the rest of the 
template is derived from T3. This template contains only 
promoters IIIb and VI for theT7-specific RNA polymerase, 
which are located at 85% and 98.5% on the standard T7 ge- 
nome, respectively. R8 DNA also contains the E. coli RNA 
polymerase minor promoter E located a t  92% on the standard 
T7 genome (Stahl and Chamberlin. 1977). An outline of the 
experiment used to demonstrate blocking of the T7-specific 
RNA polymerase by E. coli RNA polymerase-rifampicin 
complex bound a t  promoter E is shown in Figure 5. 

The T7-specific RNA polymerase is resistant to rifampicin 
(Chamberlin et al., 1970), and, hence, normally, the addition 
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IC = i u + 
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Molar Ratio 
(Ecofi RNA polymerase lo R8 DNA1 

FIGURE 6 Effect of E. coli RNA polymerase-rifampicin complex on the 
transcription o l  RX DNA by T7-specific RNA polymerase. Reaction 
conditions are described under Materials and Methods. 

of even high concentrations of this drug has no effect on the 
transcription by this enzyme. However, when rifampicin to- 
gether with E. coli RNA polymerase is added to a reaction in 
which T7-specific RNA polymerase transcribes R8 DNA, 
there is a substantial decrease in the amount of RNA synthesis 
by the T7-specific RNA polymerase as the amount of bacterial 
enzyme is increased (Figure 6). This immediately suggests that 
the E. coli RNA polymerase-rifampicin complex is able to 
block transcription by the phage enzyme. 

To  determine the nature and specificity of this inhibition, 
the RNA products from the reactions shown in Figure 6 were 
analyzed by gel electrophoresis (Figure 7). As expected, T7- 
specific RNA polymerase produces two major transcripts with 
R8 DNA which have molecular weights of 2 X IO6 and 0.22 
X 1 O6 amu (track A). These correspond to the T7 RNA species 
IfIb and VI, respectively (Golomb and Chamberlin, 1974). In  
tracks B-E, increasing amounts of E .  coli RNA polymer- 
ase-rifampicin complex were allowed to bind to R8 DNA at 
37 “C prior to the addition of the T7-specific enzyme to give 
final molar ratios of E. coli RNA polymerase to DNA of 5, IO, 
20, and 40, respectively. As the amount of E .  coli RNA poly- 
merase is increased, there is a corresponding decrease in the 
amount of RNA species observed on the gel, and a new 
transcript of molecular weight 0.82 X IO6 amu appears. The 
molecular weight of this new transcript agrees well with the 
molecular weight predicted for a transcript initiated at  pro- 
moter IIIb, near 85% on the standard T7 map and terminated 
at  the E. coli RNA polymerase minor promoter E at  92%. A 
binding site for E .  coli RNA polymerase corresponding to 
promoter E has recently been mapped by the electron-micro- 
scopic technique of Williams (1977) a t  92.2 f 0.1% on the 
standard T7 map (Kadesch and Chamberlin, personal com- 
munication). Addition of E. coli RNA polymerase-rifampicin 
complex has no effect on the amount of T7 RNA species VI, 
confirming our expectation that the truncation of the T7 RNA 
species l l l b  is specifically due to the presence of a bacterial 
promoter in this transcription unit and not to some direct in- 
hibitory effect of E. coli RNA polymerase-rifampicin complex 
on the T7-specific RNA polymerase molecule itself. 

The elongation of T7 RNA species IIIb by T7-specific RNA 
polymerase is blocked by the E. coli RNA polymerase-rif- 
ampicin complex of promoter E only when conditions permit 
the formation of an “open promoter complex” by the latter 
enzyme. When the experiment shown in Figures 6 and 7 was 
repeated at  IO ‘C instead of 37 “C, nodecrease in activity was 
observed upon the addition of E. coli RNA polymerase-rif- 
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FIGURE 7: Electrophoretic analysis of the T7-specific R N A  polymerase 
transcripts made in the presence of increasing amounts of E. coli RNA 
polymerase-rifampicin complex. Reactions were carried out as described 
under Materials and Methods. Increasing amounts of E. coli R N A  
polymerase-rifampicin complex as noted were bound to 10 &g of R8 DNA 
at 37 “C to farm open complexes prior to the addition of I .4 wg of T7- 
specific RNA polymerase: track A, none; track B, 1 .O p g ;  track C. 2.0 fig: 
track D, 4.0 pg; track E, 8.0 wg. Equal amounts of labeled RNA (40 000 
cpm) were loaded on tracks A-D. Track E contained only 70% that 
amaunt. T7-specific RNA polymerase transcripts o lT7 DNA were run 
as molecular weight standards in track F. 

ampicin complex, and analysis of the reaction products on gels 
showed only T7 RNA species IIh, and V I  (data not shown). 

In these experiments, we have observed complete blocking 
of transcription only when the amount of E .  coli RNA poly- 
merase-rifampicin complex was present in approximately 
fourfold excess over the total number of known promoters. The 
incomplete blocking of transcription at  lower RNA polymerase 
to DNA molar ratios is probably not due to the low efficiency 
of stopping transcription by a single RNA polymerase mole- 
cule. Only one RNA polymerase molecule binds to each pro- 
moter (Stahl and Chamberlin, 1977; Williams and Cham- 
berlin, 1977), and adding more RNA polymerase should not 
affect its ability to block transcription. The more likely ex- 
planation for this observation is that 60% of the E .  coli RNA 
polymerase molecules in the preparation used were unable to 
initiate an RNA chain to begin with and, therefore, may have 
also been unable to form a stable open promoter complex. In 
addition, it may well be that the stability of active RNA 
polymerase ,in the rifampicin complex is reduced and that 
somewhat less enzyme is available to actually bind to promoter 
sites. 

Discussion 
Rifampicin has been commonly used as an idhibitor of 

transcription in both in vitro and in vivo experiments. The in- 
terpretation of the results in these experiments has assumed 
that rifampicin inhibits only the initiation of transcription by 
E .  coli RNA polymerase. We have shown in this paper that 
E. coli RNA polymerase which has been complexed with rif- 
ampicin and bound at  downstream promoters can block the 
elongation of both E. coli RNA polymerase and T7-specific 
RNA polymerase. 

In  the experiment where we show the blocking of actively 
elongating E. coli RNA polymerase at  promoter C (Figure 4), 
the amount of blocking observed for any given E. coli RNA 
polymerase-rifampicin complex concentration is dependent 
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1975; Hesselbach and Nakada, 1977). This enzyme may still 
be able to bind to promoter sites. 

Although it has been shown that all early transcription of 
T7  in vivo is initiated from the three closely spaced A pro- 
moters near the left end of T7, the T7  early mRNAs are not 
made in equal molar amounts (Summers et a]., 1973; Hercules 
et al., 1976). Gene 0.3 mRNA is made a t  four times the rate 
of gene 1 .O m R N A  and gene 0.7 m R N A  is made at  twice the 
rate of gene 1 .O mRNA, whereas gene 1.1 and 1.3 mRN& are 
made a t  nearly an equal rate to gene 1 .O mRNA (Hercules et 
a]., 1976). Since minor promoter B lies between genes 0.3 and 
0.7 and minor promoter C lies between genes 0.7 and 1.0 
(Minkley and Pribnow, 1975; Stahl and Chamberlin, 1977), 
it is possible that inactive E.  coli R N A  polymerase bound a t  
minor promoters B and C may block elongating RNA poly- 
merases, giving rise to the polarity observed in vivo. Another 
more distant possibility is that active R N A  polymerase mol- 
ecules bound a t  these minor promoters in closed complexes 
might slow R N A  polymerase elongating through this region 
and allow p to cause termination a t  these sites (Darlix and 
Horaist, 1975). 

This type of process might also be involved in regulating the 
transcriptional behavior of the T7  phage-specific R N A  poly- 
merase. Several minor promoters for E. coli R N A  polymerase 
have been mapped in the late region of T7, and these may 
possibly play a role in the shut off of class I1 protein synthesis 
observed at  15 min past infection a t  30 O C  (Studier, 1972). 
Two such promoters have recently been mapped in the class 
I 1  region of T7 near 17 and 23% (S. Pfeffer and M .  Cham- 
berlin, unpublished results), and it is possible that T7-inactived 
E. coli RNA polymerase can bind at  these promoters and block 
the elongation of T7-specific R N A  polymerase. We have, in 
fact, observed blocking of T7-specific RNA polymerase by E. 
coli R N A  polymerase-rifampicin complex at  these promoters 
in the class I1 region in vitro (unpublished observations). 

Note Added in Proof 
The increase in the amount of R N A  species V I  apparent in 

tracks A-D in Figure 7 is not due to an increase in R N A  
species VI promoter utilization. The apparent increase in the 
amount of RNA species VI on the autoradiogram results from 
the design of the experiment in which equal amounts of labeled 
RNA are run on each track. Thus the loss of radioactivity re- 
sulting from the decrease in molecular weight of RNA species 
IIIb from 2.0 X lo6 amu to 0.82 X lo6 amu is compensated by 
increasing the R N A  synthesis reaction volume loaded on the 
gel tracks, which increases the amount of R N A  species VI on 
the gel. 
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Involvement of the Mature Domain in the in Vitro Maturation of 
Bacillus subtilis Precursor 5s Ribosomal RNAt  

Bernd Meyhack and Norman R. Pace* 

ABSTRACT: A precursor of 5S ribosomal RNA from Bacillus 
subtilis ( p 5 ~  rRNA. 179 nucleotides in length) is cleaved by 
RNase M5, a specific maturation endonuclease which rcleases 
the mature 5s r R N A  (m5. 116 nucleotides) and precursor 
fragments derived from the 5' (21 nucleotides) and 3' (42 
nucleotides) termini of p5* rRNA. Previous results (Meyhack, 
B., et al. ( 1  978) Proc. Natl. Acad. Sci. Li..S.A. 75, 3045) led to 
the conclusion that recognition elements in potential RNase 
M 5  substrates mainly reside i n  the mature moiety of the pre- 
cursor. Limited digestion of p 5 ~  rRKA with RNase T I  per- 

T h e  maturation of most R N A  molecules, both in prokar- 
yotes and in eukaryotes, includes a series of scissions which 
reduce the chain lengths of precursor RNA molecules to their 
mature, functional forms. The nucleases which effect these 
maturation cleavages are highly selective in their action and 
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mitted the isolation of a number of test substrates which con- 
tained both precursor-specific segments and were unaltered 
in the immediate vicinity of the cleavage sites, but which dif- 
fered i n  that more or less extensive regions of the mature 
moiety of the p5.2 rRNA were deleted. Tests of the capacity 
of these partial molecules to serve as substrates for RNase M5 
indicate clearly that the enzyme recognizes the overall con- 
formation of potential substrates, neglecting only the dou- 
ble-helical "prokaryotic loop" (Fox, G. E., & Woese, C. R. 
(1975) Nature (London) 256, 505) .  

therefore allow the exploration of mechanisms involved in 
specific interactions between proteins and polyribonucleotides. 
Most known RNA precursors are too large to study in the 
requisite detail. However, the precursors of 5s ribosomal RNA 
(rRNA) of Bacillus subtilis are relatively simple in structure 
(Pace et al., 1973) and consequently are reasonably amenable 
to manipulation and structural analysis. Additionally, the 
endonuclease responsible for the maturation of these precursors 
has been isolated in substantial purity (Sogin et al., 1977). We 
have undertaken to define in detail the interactions of this 
maturation endonuclease with its precursor R N A  sub- 
strates. 

0006-2960/78/0417-5804$01 .OO/O 0 1978 American Chemical Society 


