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Rose Bengal: an Inhibitor of Ribonucleic Acid 
Chain Elongation? 

Felicia Y.-H. Wu and Cheng-Wen Wu*j$ 

ABSTRACT: Rose Bengal is a potent inhibitor of the DNA- 
dependent R N A  polymerase of Escherichia coli and photo- 
oxidation is not necessary for this inhibition. Virtually no in- 
hibition occurs a t  IO-’ M Rose Bengal, while complete in- 
hibition is reached at  about 10-$ M. The concentration of Rose 
Bengal required to  inhibit 50% of R N A  polymerase activity is 
1.4 x M and is independent of the D N A  or synthetic 
polynucleotides used as template. Kinetic analysis reveals a 
noncompetitive inhibition of Rose Bengal with respect to  
nucleoside triphosphates. This suggest that the inhibitor does 
not affect the combination of the substrate with the enzyme. 
Similarly, Rose Bengal ( 5  lop5 M) does not alter the binding 
of R N A  polymerase to  T7 D N A  as measured by a nitro- 
cellulose filter assay. At lower concentrations (lo+ M), Rose 
Bengal selectively inhibits R N A  chain elongation compared to  
initiation (This was demonstrated by the differential effects of 

T e  synthesis of R N A  by DNA-dependent R N A  poly- 
merase is a complex process and can be divided into several 
successive steps (Goldthwait et a/., 1970): (a) the binding of 
the enzyme to the D N A  template (association), (b) the binding 
of ribonucleoside triphosphates (NTP)l to the enzyme-DNA 
complex followed by the formation of the first phospho- 
diester bond (initiation). (c) the subsequent addition of NTP 
to form a polyribonucleotide chain (elongation). and (d) the 
cessation of chain growth with the release of the R N A  product 
from the enzyme and the template (termination). Several in- 
hibitors are known to inhibit specifically one or more of these 
steps. For example, rifamycins inhibit initiation whereas 
streptolydigin affects association, initiation, as well as elonga- 
tion. These inhibitors are important tools for the investigation 
of gene transcription. 

Rose Bengal has been used as a probe for active sites of 
enzymes by photosensitized oxidation (Westhead, 1965 ; 
Hoffee et al., 1967). Ishihama and Hurwitz (1969) have 
studied photooxidation of R N A  polymerase in the presence 
of Rose Bengal. They found that the photooxidized enzyme 
was unable to  elongate R N A  chains but still retained the 
ability to bind D N A  and ribonucleoside triphosphates, and to 
catalyze a rapid DNA-dependent [ 32P]PP, exchange reaction. 

Since Rose Bengal is fluorescent, the possibility of using 
Rose Bengal as a spectroscopic probe for studies with R N A  
polymerase necessitated a more detailed study of the mode of 
action of this reagent. The results of such a study. presented in 
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Rose Bengal on [ 3H]UMP cs. [-p32P]ATP incorporation into 
R N A  chains.), resulting in the formation of smaller R N A  
products. Rose Bengal also exhibits a selective inhibition of 
the DNA-dependent [ 32P]PP,-exchange reaction catalyzed by 
R N A  polymerase. With d(A-T) copolymer, the exchange of 
[32P]PP, with UTP and ATP was inhibited by 10-6 M Rose 
Bengal. while thk  concentration had no effect on the [ 32P]PPi 
exchange when ATP was replaced by AIMP, ADP, or UpA. 
It is suggested that Rose Bengal might either inhibit the for- 
mation of phosphodiester bonds or block the translocation of 
enzyme along the template. At higher concentrations (10-5 M), 

Rose Bengal also inhibits chain initiation and contributes to 
the premature release of nascent R N A  chains from the en- 
zyme-DNA complex. Furthermore, evidence is presented 
that Rose Bengal binds reversibly to  R N A  polymerase but 
does not bind to  DNA.  

this paper, show that Rose Bengal is a potent inhibitor of 
R N A  polymerase even in the absence of photooxidation. At 
low concentrations (10-6 M) it preferentially inhibits chain 
elongation. However, at higher concentrations (10-5 M) it 
also inhibits initiation and facilitates the release of nascent 
R N A  chains from the enzyme-DNA complex. It is suggested 
that Rose Bengal might either inhibit the formation of phos- 
phodiester bonds or block the translocation of enzyme along 
the template. Furthermore, Rose Bengal binds only to the 
enzyme and not to DNA. A spectroscopic study of Rose 
Bengal-RNA polymerase interaction is presented in the sub- 
sequent paper. 

Ex perimen tal Sect ion 

Reagents. Unlabeled ribonucleoside triphosphates were 
purchased from P-L Biochemicals. 3H-Labeled ribonucleo- 
side triphosphates and 32P-labeled sodium pyrophosphate 
were obtained from New England Nuclear Corp. Poly[d- 
(A-T)] and calf thymus D N A  were products of Miles Lab- 
oratories, Inc., and Worthington Biochemical Corp., respec- 
tively. [3H]T7 D N A  was a generous gift from Dr. L. Yar- 
brough. and [ Y - ~ ~ P I A T P  was a gift from Dr. U. Maitra. Rose 
Bengal was purchased from Fisher Scientific Co. and further 
purified by Bio-Rad AG 50-X8 cation-exchange chromatog- 
raphy (Hoffee et a/., 1967). 

Reagents for the preparation of R N A  polymerase were ob- 
tained from the following sources: Escherichia coli B (mid log, 
high peptone medium), General Biochemicals, Polyethylene 
Glycol 6000, J. J. Baker Chemical Co.; Dextran T-500, 
Pharmacia Fine Chemicals, Inc. ; agarose, Sigma Chemical 
Co. ;  Agarose 1.5M and 5M, Bio-Rad Laboratories. DNA- 
agarose was prepared according to  the procedure of Schaller 
et a/ .  (1972). 

RNA Polvrnerase. R N A  polymerase was prepared from E. 
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FIGURE 1 : Rose Bengal inhibition of RNA polymerase reaction. The 
reaction mixture and conditions of the polymerization assay were 
as described in the Experin~ental Section wi th  poly[d(A-T)] as 
template and I O +  hi Rose Bengal. RNA polymerase was added to 
start tlie reaction and  incubation was in  til: dark. ( 0 )  No Rose 
Bengal added; (A) Rose Bengal added a t  0 min: (0) 5 min: and ( -  ) 
10 min after the reaction was started. 

coli cells by modification of the method of Yarbrough and 
Hurwitz (1973). E. coli cells (400 g to 1 kg) were disrupted in a 
Waring Blendor or by passage through the MantonGaulin 
laboratory homogenizer. After centrifugation, the crude ex- 
tract was treated with polyethylene glycol and dextran. The 
polyethylene glycol phase was dialyzed and passed through a 
DNA-agarose column. The column was washed with 1 .2  xi 

NaCl butrer and the fractions of high enzyme activity were 
combined. The enzyme was further purified by chromatog- 
raphy on an agarose (1.5M) column in the presence of high 
salt (1 XI NaCI), followed by chromatography on an agarose 
(5M) column in the presence of low salt (0.05 hi NaCI). The 
purity of the enzyme thus obtained was greater than 987; 
based on sodium dodecyl sulfate gel electrophoresis (Burgess. 
1969). The purified enzyme was stored at -20" in the storage 
buffer ( 6 0 z  glycerol, 0.2 51 KCI. 0.05 M Tris-HCI (pH 8), 0.1 
mM EDTA, and I mxi dithiothreitol) and was stable for sev- 
eral months. 

Pol!,tiieriztrtion Asscry. R N A  polymerase activity was 
assayed by the incorporation of :jH-labeled ribonucleoside 
monophosphate into acid-insoluble material as described pre- 
viously (Wu and Goldthwait, 1969). The standard reaction 
mixture (0.25 ml) contained 0.08 1.1 Tris-HCI (pH 7.8), 10 mhf 

MgCI?, 4 mhi a-mercaptoethanol, 0.4 mhi each of ATP, GTP, 
CT'P, and UTP (one labeled with :IH, 5 X lo3  cpmlnrnol), I .6 
mhi sodium phosphate, 0.03 pmol calf thymus DNA (or T7 
DNA),  and 2-5 pg of the enzyme. When poly[d(A-T)] was 
used as a template, GTP and CTP were omitted and 0.2 \i 
KCI was added to the reaction mixture. The incubation was 
for 10 min at 37" in the dark. At the end of the incubation the 
reaction mixture was chilled in ice followed by addition of 0.1 
rnl of 0.1 M sodium pyrophosphate and cold 5 %  trichloro- 
acetic acid, The acid-insoluble material was collected on a 
glass-fiber filter (Whatman GF;C. 2.4 cm) and washed with 

(Rose Bengalb(h4) 

F I G U R E  2: The dependence 01' RNA synthesis on the concentration 
of Rose Bengal. The enzyme activity remaining (per cent) after 
exposure to Rose Bengal was plotted against tlie concentration of 
Rose Bengal added, The reaction mixture and conditions of tlie 
polymerization assay were as descrihed i n  the Experimental Sec- 
tion. Rose Bengal was added immediately before the reaction wa$ 
started. Incubation was at  ?7" in  the dark. Different template\ wcre 
employed: (!l) calf thymus D N A :  (0) T7 DNA: (A) poly[d(A-T)]. 

cold 1 "/, trichloroacetic acid and ethanol. The tilter was dried 
and counted in a liquid scintillation counter. 

Other Assrr i .  Mefhod.~. The binding of RNA polymerase to 
DNA was assayed by retention of the complex on a nitro- 
cellulose membrane (Freeman and Jones, 1967) using thc 
modified procedure of Hinkle and Chamberlin (1970). The 
initiation of RNA chains was measured by the incorporation 
of [-y-:"P]ATP into the acid-insoluble material as described by 
Maitra et crl. (1967) with slight modification. The procedure 
used for measuring the DNA-dependent [3zP]PPi-exchange 
catalyzed b y  RNA polymerase was esscntially as ciescribed by 
Krakow and Fronk (1969). The release of R N A  chains from 
the DNA- enzyme complex was determined by the retention 
of [,"]RNA on a nitrocellulose iilter as carried out by Rich- 
ardson (1 969). 

All the reactions involving Rose Bengal were carried o u t  in  
the dark to eliminate the elrrcts of light. The transfer and 
addition of Rose Bengal were done in dim light. 

Results 

/tdtifiifiot7 of RNA Sj.nlhesis h j  Rose Betigul in the Ahscrzc.r 
c!fPhoroosidirtion. When experiments were carried out in the 
dark to ensure no photosensitized oxidation, nucleotide in- 
corporation into R N A  chains catalyzed by RNA polymerase 
was inhibited almost instantaneously by addition of Rose 
BengLtl ( I t ' !  hi) at any time during the reaction (Figure 1). 
R N A  synthesis in the presence of various concentrations of 
Rose Bengal was studied (Figure 2). Virtually no inhibition 
occurred up to 10 1 M Rose Bengal, while complete inhibition 
was observed at about lo-" M. The concentration of Rose 
Bengal required for 50% inhibition was about I .4 X 10 li h l .  

This value was independent of DNA or synthetic polynucleo- 
tides used as template. Moreover, replacement of Mg" by 
k i n 2 -  did not alter the quantitative effects of Rose Bengal. 

Infiirence r ! f  Nucleotide Concentrafion (in Rose Bengal In- 
hibition. The e l k t  of nucleotide concentration on Rose 
Bengal inhibition was studied using poly[d(A-T)] as template. 
At saturating concentration of either ATP or UTP (0.4 mil), 
variation of the alternate ribonucleoside triphosphate yielded 
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F I G U R E  3 :  Effect of Rose Bengal on the double-reciprocal plot of 
AMP (A)  or U M P  (B) incorporation using poly[d(A-T)] as a tem- 
plate. The reaction mixture and conditions of polymerization 
assay were the same as described in the Experimental Section, 
except that [aH]ATP (or [3H]UTP) was held constant at 0.4 mM 
and UTP (or ATP) concentration was varied from 0.02 to 0.32 
mhi; (0) no Rose Bengal. (0) 1.8 X 1 0 P  M Rose Bengal was added 
immediately before the reaction was started with the enzyme. 

linear double-reciprocal plots (Figure 3A,B). As can be seen, 
Rose Bengal is a noncompetitive inhibitor with respect to  the 
binding of ATP and UTP to R N A  polymerase: the V,,,, de- 
creased in the presence of Rose Bengal while the apparent K,, 
remained unchanged. The K; value for Rose Bengal was 7 X 
IO-' M. assuming a noncompetitive inhibition. 

Effect of Rose Bengal on the Binding of R N A  Polj3nieruse to 
T7 DNA. The binding of R N A  polymerase to  D N A  can be 
measured by retention of the complex on a nitrocellulose 
membrane filter (Freeman and Jones, 1967; Hinkle and 
Chamberlin, 1970). The effect of Rose Bengal on the binding 
of R N A  polymerase to T7 D N A  is shown in Figure 4. Essen- 
tially no effect was observed up to 10-5 M, at this concen- 
tration of Rose Bengal, inhibition of R N A  polymerase activity 
is almost complete (Figure 2 ) .  However, at a Rose Bengal con- 
centration of 1 X M, little or no DNA retention was de- 
tected in the Millipore filter assay. 

Effect of Rose Bengal on initiation and Elongation of R N A  
Cl?ains. Initiation and elongation of R N A  chains in the DNA- 
dependent R N A  polymerase reaction have been studied by 
measuring the incorporation of y-32P-labeled nucleoside tri- 
phosphate and 4C- (or 3H-)-labeled nucleoside monophos- 
phates into R N A  (Maitra et a/., 1967). Since the initial nucleo- 
tide of a de noi'o synthesized R N A  chain retains the p- and y- 
phosphate groups during subsequent chain elongation, the 
ratio of I4C- (or 3H-)-labeled nucleoside monophosphate to  
y-32P-labeled nucleoside triphosphate incorporated is a mea- 
sure of the average chain length of R N A  synthesized in the 
polymerase reaction. The effects of Rose Bengal on initiation 
and elongation of R N A  chains are shown in Table I.  When 
T7 D N A  was used as a template, relatively low concentrations 
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FIGURE 4:  Effect of Rose Bengal on the binding of RNA polym- 
erase to T7 DNA. The modified procedure of Hinkle and Cham- 
berlin (1970) was used. Binding mixture (0.1 ml) contained 5 nmol 
of 3H-labeled T7 DNA (12,500 cpm) and enzyme (amount as in- 
dicated) in the binding buffer (0.01 M Tris-HCI, pH 8 , O . O l  M MgCL, 
0.01 M 8-mercaptoethanol. 1 mM EDTA, and 0.05 M NaC1) which 
also contained 0.5 mg/ml of bovine serum albumin; 0.01 ml of 
Rose Bengal or IO-' M) or HzO (control) was then added to 
the binding mixture. After incubation for 5 min at 37" in the dark, 
the mixture was chilled in ice, diluted with 2 ml of binding buffer, 
and filtered through Millipore membrane with gentle suction (4- 
6 cm). The filter was washed with another 2 ml of the binding buffer 
(without bovine serum albumin), dried, and counted. (0) Control; 
(0) in the presence of 1 X M Rose Bengal; (A) in the presence 
of 1 X M Rose Bengal. 

of Rose Bengal M) preferentially inhibited elongation of 
R N A  chains with little influence on chain initiation. At high 
concentrations of Rose Bengal (1 x 10-6 M), R N A  synthesis 
was almost completely inhibited, whereas [y-32P]ATP in- 
corporation was inhibited only 60 %. This selective inhibition 
leads to  a marked decrease in the average chain length of 
R N A  formation, as represented by the ratio of [3HH]UMP: 
[y-32P]ATP incorporated in the presence of increasing con- 
centrations of Rose Bengal. The decrease in the size of the 
R N A  synthesized in the presence of Rose Bengal was con- 
firmed by centrifugation in sodium dodecyl sulfate sucrose 
gradients containing formaldehyde (Maitra et a!., 1970). In 
the presence of 1.5 X 10W M Rose Bengal the R N A  synthe- 
sized was smaller (10 S) in size than that synthesized in the 
absence of Rose Bengal ( 2 3  S). 

Effect of Rose Bengal on the Pliosphodiester-Bonn Forma- 
tion. The DNA-dependent PP;-NTP-exchange reaction cat- 
alyzed by R N A  polymerase has been used to measure the 
formation of a phosphodiester bond(s) (Krakow and Fronk, 
1969). As shown in Table 11: with d(A-T) copolymer, the ex- 
change of [32P]PPi with ATP and UTP was inhibited (30%) by 

M of Rose Bengal. At this concentration of Rose Bengal 
no inhibition of the [32P]PPi-exchange reaction was observed 
when ATP was replaced by AMP, ADP: or UpA. Under these 
conditions, only the formation of the first phosphodiester 
bond was possible (Krakow and Fronk, 1969; Downey and 
So, 1970). However, during exchange reactions conducted in 
the presence of both ATP and UTP, the formation of short 
chains of oligonucleotides is possible. Thus the effect of Rose 
Bengal may be different for the formation of the first phos- 
phodiester bond than for the subsequent ones. Although Rose 
Bengal at concentration of M had little or no effect on 
[32P]PPi exchange reactions, a t  concentrations of 10-5 M the 
exchange was inhibited more than 95 %. 

Effect of Rose Bengal on R N A  Chain Release. Another 
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TABLE I :  Effect of Rose Bengal on Incorporation of pf-? I'IATI' 
and [3H]UMP by R N A  Polymerase ' 
- - - 

[?H]UMP 

Incorp Incorp [? - '-PIA7 I' 
[y-3LP]AT'P ['HIUMP Incorp 

Rose Bengal (M) (pmoles) (nmoles) Incorp 
- - - - - -_ - 

0 4 84 3 01 6% 
1 x 10-6 4 34 2 56 wo 
3 x 10-6 3 50 0 73 20s 
1 x lo-' 1 91 0 07 37 

__ _ _ ~  ~~ __ 
[y3*P]ATP and [3H]UMP incorporation were aswyed by 

the procedure of Maitra et LI/ (1967) with slight modification. 
Reaction mixtures (0 1 ml) contained 50 m v  Tris-HCI (pH 
7 . Q  10 mbi P-mercaptoethanol, 10 m v  MgCI-. 0 4 mv each of 
CTP, GTP, and [3H]UTP ( 5  x l o3  cpm nmol), 0.2 inzi [./-'-PI- 
ATP (950 cpmpmol), 10 nmol of T7 DNA, and 1 0  p g  of 
enzyme. The incubation was 20 niin a t  37" in the dark The 
reaction mixtures were then chilled and 0 1 ml of 0 5 bo\ ine 
serum albumin was added, followed by 0 1 in1 of 0 1 \ i  \odium 
pyrophosphate. After miring, 3 ml of 5 "4 trichloroacetic ,iiid 
was added, mixtures were centrifuged for 5 niin iit ]5,(JO()y 
and pellets were dissohed in 0 2 nil of ice-cold 0 5 \ "IOH 
In each reaction mixture. 3 ni l  of 57; trichlorocicetic ' i c id  

were again added and the precipitate ~ + a 5  collected h j  icn-  
trifugation The washing procedure wab rcpedted t w  dddi- 
tional times The final acid-insoluble R N A  product v,a\ 1 5 0 -  

lated by filtration on glass-fiber filter, dried, and ratlioaLti\itq 
was determined. 
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FIGURI-  5:  Effect of Rose Bengal on the release of R N A  chain5 
from the R N A  ~~olymerase-poly[d(A-T)] complex. The reaction 
mixture was the same as that used for the polymerization assay 
using poly[d(A-TI] as  the template. except the volume was 2 inl. 
The incubation was at J7' in the dark aiid 0.25-ml aliquots w r e  
removed at various times during the incubation and assayed for 
the retention of [,:H]RNA -enzyme-DNA complex on a Millipore 
filter (Richardson. 1969). After 40-min incubation. the reaction 
mixture was dibided into two portions (0.5 ml each); 0.05 nil of 
Rose Bengal or H?O (control) was added imm-diately to each and 
the [ :H]RNA retention assay \vas continued. (0) Amount of R N A  
synthesized in the absence of Rose Bengal: (0)  amount of RNA 
synthesized after addition of 1 V  M Rose Bengal: (A) retention of 
the RNA-enzyme-DNA complex in the absence of Rose Bengal ; 
(A) retention of the RNA-enzyme-DNA complex after addition of 
lo-,.' 51 Rose Bengal. 

possible explanation for the efyect of Rose Bengal on R N A  
synthesis is that it alters the stability of the nascent DNA- 
enzyme-RNA complex, in such a way that R N A  chains are 
released prematurely. This possibility was tested by mea- 
suring the retention of R N A  chains by the DNA-enzyme 
complex on membrane filters in the presence and absence of 
Rose Bengal. The addition of IO-.' \I Rose Bengal to  the 
polymerase reaction immediately halted further R N A  syn- 
thesis (Figure 1). As shown in Figure 5 ,  R N A  chains that were 
growing were released rapidly after addition of Rose Bengal. 
By 100 niin only about 30z of the R N A  was still retained by 
the filters. No significant differences were observed between 
the control and reaction mixtures containing M Rose 
Bengal. 

Effect of Rose Bengal on UnpririiedS?,nt/iesi.s ofPoly(rA . r U ) .  
In addition to the template-directed reactions, the unprimed 
synthesis of polyribonucleotide by R N A  polymerase has been 
a subject of some interest (Krakow, 1968). Table I11 shows the 
effect of Rose Bengal on the unprimed synthesis of poly- 
( rA.  rU) catalyzed by R N A  polymerase. The concentration of 
Rose Bengal required to  inhibit unprimed synthesis was the 
same as that found for the inhibition of the DNA-dependent 
RNA polymerase reaction. Since DNA is not involved in un- 
primed synthesis, the results indicate that Rose Bengal in- 
hibits the reaction through interaction with R N A  polymerase. 

Direct Binding of Rose Bengnl to R N A  Polymerase. Direct 
evidence that Rose Bengal binds to  R N A  polymerase but not 
to DNA was observed by means of gel filtration chroma- 
tography (Figure 6). When 10-: M Rose Bengal was added to 
the reaction mixture, the mole ratio of Rose Bengal to R N A  
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polymerase in the isolated complex wax approximately 1 : l .  
However, this stoichiometry depended upon the amount of 
Rose Bengal added, and additional Rose Bengal bas  bound to 
the enzyme with increasing concentrations of  inhibitor. 
Moreover, the binding was reversible and Rose Bengal could 
be released from thc complex by dilution, prolonged dialysis, 
or by repetitive passage through a Sephader column. Thus, 
dilution of the Rose Bengal-enzyme complex to a conccntra- 
tion of less than R I  Rose Bengal resulted i n  the restoration 
of enzyme activity. 

Discussion 

The present study demonstrates that Rose Bengal inhibits 
DNA-dependent polymerase of E. coli. The inhibition does 
not require photooxidation since all experiments were per- 
formed in the absence of light. During photooxidation of 
RNA polymerase with Rose Bengal, Ishihama and Hurwitz 
(1969) incubated control mixtures (containing Rose Bengal 
and enzyme) in the dark. Such conditions resulted in no loss 
of enzyme activity. This can be explained by the fact that the 
Rose Bengal-RNA polymerase interaction is reversible. 
When aliquots of these control mixtures were diluted (10- 
fold) for assay, the concentrations of Rose Bengal in the assay 
mixture was less than  VI so that no significant inhibition 
was detected. 

The photooxidized RNA polymerase is unable to elongate 
R N A  chains but still retains the ability of binding DNA, 
binding NTP, and catalyzing a n  extensive DNA-dependent 
[ 3'P]PPi exchange reaction (Ishihama and Hurwitz. 1969). 
Similar properties were observed for R N A  polymerase ex- 
posed to Rose Bengal in the dark. This suggests that the 
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I I I I ' I  
TABLE 11: Effect of Rose Bengal on Poly[d(A-TI]-Dependent 
[ **P]PPi-Exchange Reaction.' 

[ 32PI- 

Rose Bengal PPI Incorp 
Additions (M) (nmoles) 

None 0 1 . 5  
ATP (4 X M) 0 38.6 

1 x 10-6 27 .2  
3 x 10-6 8 . 2  
1 x 10-5 0 . 6  

 AMP(^ x 1 0 - 4 ~ )  0 12.5  
1 x 10-6 12 .0  
3 x 10-6 9 . 1  
1 x 10-5 0 . 2  

ADP (4 x 1 0 - 4 ~ )  0 35.3 
1 x 10-6 35 4 
3 x 10-6 24.7 
1 x 10-5 0 . 3  

U ~ A  (4 x 10-4 M) 0 25 0 
1 x 10-6 23 .4  
3 x 10-6 17 8 
1 x 10-5 0 2  

~ _ _ _ _  
a The incorpration of [ 32P]PP, into nucleoside triphosphates 

was assayed by adsorption to  activated charcoal (Krakow 
and Fronk, 1969). The complete system (0.25 ml) contained 
0.08 M Tris-HC1 (pH 7.8), 40 mM P-mercaptoethanol, 4 mM 
MgCI2, 4 mM UTP, 1 mM 32P-labeled sodium pyrophosphate 
(2 x lo4 cpm/nmol), 0.1 A260 unit of poly[d(A-T)], and 10 pg 
of R N A  polymerase. The incubation was 10 min a t  37" in the 
dark. The reaction was stopped by the addition of 0.2 ml of 
0.1 M EDTA (pH 6.0), and 0.1 ml of 0.1 M sodium pyrophos- 
phate (pH 6.0), followed by addition of 0.5 ml of a 10% sus- 
pension of acid-washed, activated charcoal. After mixing, 
3 ml of 0.01 M sodium pyrophosphate was added and the mix- 
ture was filtered through glass-fiber filters. The filters were 
washed with 40 ml of 0.01 M sodium pyrophosphate, dried, 
and counted. 

effects of Rose Bengal are primarily due to its binding to  the 
enzyme rather than the sensitized photooxidation. It is con- 
ceivable that binding of Rose Bengal to R N A  polymerase in- 
duces certain reversible structural changes in the enzyme 
which results in the loss of its ability to  catalyze chain elonga- 
tion. Such structural changes, however, may become ir- 
reversible after photooxidation. This is in keeping with the 
observation that photooxidized enzyme failed to  synthesize 
R N A  even after extensive dilution. 

As has been observed by many investigators, a sigmoidal 
curve is obtained when the rate of R N A  synthesis is plotted 
as a function of nucleotide concentration (Niyogi and Stevens, 
1956; Anthony et ul., 1966, 1969). A similar effect is observed 
with d(A-T) copolymer as a template (Anthony et ul., 1969; 
Downey and So, 1970). However, when saturating concentra- 
tions of either ATP or UTP are used while the concentration of 
the alternate NTP is varied, normal Michaelis-Menten ki- 
netics is observed. The resulting double-reciprocal plot be- 
comes linear under these conditions and thus can be used to  
study inhibitor effects by kinetic analysis. The observed non- 
competitive inhibition of Rose Bengal with respect to  N T P  
(Figure 3) suggests that the inhibitor does not affect the com- 
bination of the substrates with the enzyme and a ternary 
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FIGURE 6: Determination of the binding of Rose Bengal to RNA 
polymerase (A) and to calf thymus DNA (B)  by chromatography 
on Sephadex (3-75. Reaction mixture (0.2 ml) containing 2.7 nig,'ml 
of RNA polymerase (or 4.2 mg/ml of calf thymus DNA) and 1 X 
10-6 M Rose Benagl in 0.05 M Tris-HCI (pH X), 0.2 M KCI. 0.5 mxt 
dithiothreitol, and 0.1 mbi EDTA, was incubated at 37' for 30 
min in the dark. The sample was then loaded onto a Sephadex G-75 
column ( I  X 14 cm) equilibrated and eluted with the same buffer. 
A control without Rose Bengal was run under the same conditions. 
The Rose Bengal concentration was monitored at 545 nm (0). the 
protein at 280 nm. and the DNA at 260 nm. RNA polymerase 
concentration was determined by an extinction coefficient of 
= 0.65 (Richardson, 1966). 

inhibitor-enzyme-substrate complex may exist. Similarly, 
Rose Bengal did not alter the binding of R N A  polymerase t o  
DNA (Figure 4). Thus, our data suggest that Rose Bengal, 
NTP, and D N A  occupy physically distinct sites on the en- 
zyme. Nevertheless, it should be emphasized that the kinetic 
analysis described here is a simplified interpretation of a com- 
plex reaction sequence and that other independent evidence is 
needed to further establish this interpretation. 

The most interesting result obtained in the experiments de- 
scribed above is the preferential inhibition of chain elongation 

TABLE III: Effect of Rose Bengal on Unprimed Synthesis of 
Poly[(rA. rU)] and Poly(A) by R N A  Polymerase." 

Conditions 

Complete system' 
lop6 M Rose Bengal 

M Rose Bengal 
- UTP 
-UTP + M Rose Bengal 

[ aH]AMP 
Incorp 

(nmoles) Act. 

7 .40  100 
5.62 76 
0.12 1 . 6  
1 . 6 1  22 
0 . 1 8  2 . 5  

a The complete system (0.25 ml) contained SO mM Tris-HC1 
(pH 7.8), 4 mM 8-mercaptoethanol, 2 mM MnCI2, 0.6 mM UTP, 
0.6 mM C3H]ATP (7 X lo3 cpm/nmol), and 5 pg of E. coli 
R N A  polymerase. The reaction mixtures were incubated for 
120 min at 37" in  the dark. 
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(as compared to initiation) by relatively low concentrations of 
Rose Bengal. In addition, the [ 32P]PPi-NTP-exchange reac- 
tions (Table 11) also indicated that Rose Bengal inhibits the 
formation of phosphodiester bonds (except the first one). 
However, it  is a l ~ o  possible that Rose Bengal inhibits trans- 
location of the enzyme rathcr than phosphodiester-bond for- 
mation. During the course of gene transcription, the polym- 
erase must iiiove along the template after formation of each 
phosphodiester bond. Failure of the enzyme to translocate 
will prevent the formation of subsequent bonds without 
affecting the first phosphodiester bond. Whether Rose Bengal 
inhibits enzyme translocation or phosphodiester-bond forma- 
tion still remains to be resolved. 

Some other inhibitors of RNA polymerase also exhibit 
selective efect o n  initiation and polymerization. Like Rose 
Bengal, actinomycin inhibits polymerization at low concen- 
trations (10 ' v) hut  also inhibits initiation at much higher 
concentrations (10 -:I 1.1) (Richardson. 1969). However. unlike 
Rose Bengal. this antibiotic binds strongly to DNA (Kirk. 
1960) and co~i ld  achieve its actions by preventing R N A  polym- 
erase from moving through a region of DNA. Another 
antibiotic, streptolydigin attacks chain elongation by inter- 
action with RNA polymerase (Siddhikal rr ul.% 1969; Schleif, 
1969). In contrast to Rose Bengal: streptolydigin alters the 
affinity of' C T P  and CTP for polymerase (Cassani et a/.. 1970) 
and stabilizes the DNA--enzyme complex (von der Helm and 
Krakow, 1970). Furthermore. Rose Bengal is a much more 
potent inhibitor. The concentration of Rose Bengal required 
for 50u4 inhibition is an order to  magnitude lower than that of 
streptolydigin. 

Evidence has been presented that Rose Bengal binds to 
RNA polymerase but not to D N A  (Figure 7). The binding of 
Rose Bengal to R N A  polymerase involves a strong interaction 
hascd on the IC, value obtained. Although the Rose Bengal 
hinding markedly alters the catalytic properties of the enzyme. 
the binding may occur at a region distant from the substrate or 
template sites. Thus it will be of interest to further investigate 
the Rose Bengal binding sites on R N A  polymerase. Such a 
study as approached by spectroscopic methods is presented i n  
the following article. 
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