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SUMMARY 

A RNase was isolated and pa r t i a l l y  pur i f ied from stat ionary 
phase cel ls of Bacil lus sub t i l i s .  The ac t i v i t y  of this RNase is stimu- 
lated by Mn 2+ and inhibi ted by Ca 2+. The ac t i v i t y  of the enzyme reaches 
a maximum at about 2-3 h af ter  the end of exponential growth ( t2 - t3) .  
The RNase is able to degrade, in addition to other polyribonucleotides, 
the RNA synthesized in v i t ro  by the RNA polymerase on @e DNA template 
but i t  is inact ive on the poly-AU, product synthesized on poly-d(AT) 
template. 

In pursuing one aspect of our invest igat ion of the biochemical 

events associated with spore morphogenesis in Bacil lus sub t i l i s ,  we 

focussed our attent ion on nuclease ac t i v i t y  during the sporulation pro- 

cess. A par t icu lar  reason to examine th is problem was to assess the 

poss ib i l i t y  of interference by nuclease ac t i v i t y  in those in v i t ro  assays 

of t ranscr ipt ion of various template DNA's which u t i l i s e  pa r t i a l l y  puri-  

f ied RNA polymerase prepared from vegetative and sporulating cel ls .  

In the present communication we report the iso la t ion,  from 

B. sub t i l i s  sporulating ce l ls ,  of manganese-stimulated ribonuclease 

(RNase), capable of hydrolyzing, in addition to other polyribonucleotides, 

the RNA synthesized in v i t ro  by the RNA polymerase on phage @e template 

DNA, but which is inactive towards the product synthesized on poly-d(AT) 

template (poly-AU). This ribonuclease reaches a maximum of ac t i v i t y  

about 2-3 hours af ter exponential growth has stopped ( t2- t3)  

MATERIALS AND METHODS 

Bacil lus subt i l is . ,  168M ( t r p )  and i t s  asporogenic derivat ive 
12A ( I )  were grown on nutr ient  broth (Difco) medium as described (2). 

For the synthesis of RNA in v i t r o ,  the RNA polymerase from ve- 
getative cel ls o f B .  spb t i l i s  was pur i f ied according to Shorenstein et 
a__!. (3). The enzyme fract ion IV was used with a specif ic ac t i v i t y  of--- 
720 units/mg of protein in the assay conditions described by Orrego e t  
a l .  (4). Sigma factor and core enzyme were obtained by following the pu- 
r i f i ca t i on  procedure through the phosphocellulose chromatography step. 
For the isolat ion of larger amounts of RNA or poly-AU the ingredients 
and volume of the respective assay mixtures (4) were mult ip l ied by a fac- 
tor of 5 or 8. The products were then pur i f ied by phenol extraction and 
ethanol precip i tat ion as described by Travers (5). 
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RNase a c t i v i t y  was measured by the rate of degradation of 
labeled polyr ibonucleotides into acid-soluble material .  The incubation 
mixture contained in 0.25 ml : 0.04 M tr is-HCl buf fer ,  ~H 7.9 ; 0.01 mM 
d i t h i o t r e i t o l  (DT~) ; 0.4 n~M K-phosphate ; 1 to 2 ~g of JH-RNA and 5 
to I0 ~g of enzyme protein.  I f  not otherwise stated, the reaction mixture 
was incubated i0 min at 34°C, the reaction was stopped by the addit ion of 
I ml of i0 % TCA and I00 ~I of  0.1M Na-pyrophosphate, and the mixture was 
kept on ice for  an addit ional 30 min. The TCA prec ip i tab le  material was 
f i l t e r e d  on Whatman GF/C f i l t e r s ,  washed extensively with 2.5 % TCA, and 
then with 1-2 ml of  ethanol, and dried. The rad ioac t i v i t y  was counted in 
a Intertechnique s c i n t i l l a t i o n  counter. One un i t  of RNase a c t i v i t y  corres- 
ponds to the degradation of 1 ~g of r ibonucleot ide per I0 min under the 
condit ions described. Protein concentrations were estimated by the method 
of Lowry et al .  (6) with c r i s t a l l i n e  bovine albumin as standard. 

Buffer A : I0 n~ t r is -HCl ,  pH 7.9 ; I0 mM MgCI 2 ; I0 mM KCI ; 
0.3 mM DTT ; 0.1 mM EDTA. Buffer B : I0 mM K-phosphate, pH 7.3 ; 20 mM 
KCI ; 0.3 mM DTT ; 5 % glycerol .  Buffer C : I0 mM t r i s -HCl ,  pH 7.9 ; 
10 mM MgCI 2 ; I0 mM KCI ; 0.3 mM DTT ; 50 % glycerol .  

RESULTS 

I t  was generally observed that the capacity to t ranscr ibe in 

v i t ro  the phage @e DNA (or B. sub t i l i s  DNA) sharply decreases when the 

RNA polymerase is isolated from B. sub t i l i s  sporulat ing cel ls instead 

of using the enzyme from exponential ly grown cel ls  (4, 7, 8, 9). No such 

decrease is observed with poly-d(AT) as template. Although i t  was sugges- 

ted that the decrease in the t ranscr ip t ion capacity of the sporulat ing 

RNA polymerase might be due to a loss of the sigma factor  a c t i v i t y ,  no 

conclusive evidence in support of this view has been reported (10). There- 

fore,  the poss ib i l i t y  cannot be excluded that the presence of an i nh ib i t o r ,  

associated to the RNA polymerase in sporulat ing ce l l s ,  might cause the 

observed decrease in the t ranscr ip t ion capacity. This idea was suggested 

by the resul ts shown in Table I .  I t  can be seen that the drop in trans- 

c r ip t ion  capacity ( re f lected by the ra t io  @e DNA/poly-d(AT)), observed 

with the pa r t i a l l y  pur i f ied  RNA polymerase from sporulat ing cel ls  ( t  4 and 

t8 ) ,  is abolished with the enzyme isolated from dormant spores, which 

show values s imi lar  to those obtained with the exponential cel l  enzyme. 

This would suggest that the pa r t i a l l y  pur i f ied  RNA polymerase from sporu- 

la t ing cel ls  contains an i nh ib i t o r  which is absent in the enzyme from 

dormant spores. 

These observations prompted us to search for  an i nh ib i t o r  of @e 

DNA t ranscr ip t ion in sporulat ing ce l l s .  We f i r s t  observed that ,  by adding 

a small amount (60 ~g of protein) of an ammonium sul fa te f rac t ion ,  pre- 

pared from sporulat ing cel ls  of B. sub t i l i s  ( t  3 ce l l s ) ,  to an in v i t ro  

RNA synthesizing system catalyzed by the RNA polymerase pur i f ied from 

vegetative cel ls  of th is organism (see Materials and Methods), a drop of 

about 30 % in the spec i f i c  a c t i v i t y  of the enzyme was obtained, as com- 
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TABLE 1. B. subt i l is  RNApolymeraSe ac t iv i ty  from vegetative and sPorulatin~ cells and 

from dormant Spores. 

Source of enzyme 

Specific ac t i v i t y  

Puri f icat ion step @e DNA poly-d(AT) @e DNA 
poly-d(AT) 

f 
cells J (NH4)2S02 33 5 6.6 

Vegetative 

L DEAE-cellulose 26.3 5.7 4.6 

Sporulating cells t4 ~ (NH4)2S04 8 20 0.4 

t8 L (NH4)2S04 8 18 0.44 

I (NH4)2S04 1.3 1 1.3 

Dormant spores DEAE-cellulose 16 1.7 9.5 

glycerol gradient 290 43 6.8 

pared to a control not containing the sporulating extract (see later in 

Table 5). We further found that the inhib i t ion produced by the t3-extract 

is a non dialysable protein, resistant to heat (I0 min at IO0°C), and 

f ina l l y ,  that i t  contained a ribonuclease ac t i v i t y .  This ac t i v i t y  was 

then purif ied 25 fold from a stationary phase culture of B. subt i l is  168M, 

harvested between t2-t3,  and washed and disrupted as previously described 

(4). After removal of cell debris, the supernatant f lu id was freed of 

ribosomes, by centrifugation for 90 min at I00,000 g in a Spinco ul tra- 

centrifuge, and fractionated with ammonium sulfate. The protein fraction 

precipitat ing between 42-60 % saturation was collected by centrifugation 

at 20,000 g for 15 min (step I ) .  The pellet was dissolved in a small vo- 

lume of buffer A, dialysed against the same buffer, and chromatographed 

on DEAE-cellulose. The RNase ac t i v i t y  was eluted in a broad peak between 

0.07-0.15 M KCI (step 2). A minor peak of ac t i v i t y  was also eluted at 

0.23 M KCl, which corresponds to the peak of RNA polymerase ac t iv i t y .  

This peak was le f t  out of the RNase preparation. The main peak fractions 

were pooled, brought to 65 % saturation with ammonium sulfate, and cen- 

trifuged after s t i r r ing  for 30 min at 4°C. The pellet was dissolved in 
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TABLE 2. Substrate s p e c i f i c i t y  of B. s u b t i l i s  RNase 

Substrate Specif ic a c t i v i t y  
(units/mg protein)  

3H-RNA(1) 127 

3H-RNA (2) 30 

3H-poly-AU (3) 0 

14C-poly-G 156 

14C-poly-C 642 

(1)RNA synthesized in v i t r o  by B. s u b t i l i s  RNA 
polymerase on phage #e DNA template. 

(2)Bulk RNA isolated from a B. s u b t i l i s  expo- 
nent ia l  cu l ture labeled with H-~ur id ine.  

(3)synthesized in v i t r o  by B. s u b t i l i s  RNA po- 
lymerase on a synthet ic  poly-d(AT) template. 

a small volume of buffer B, dialysed 15 h against the same buf fer ,  and 

applied on a 2 ml hydroxyapatite column equi l ib ra ted with the same buf fer .  

Under these condit ions the RNase a c t i v i t y  is not retained on the column 

and was found in the e f f luen t .  The RNase was then concentrated by ammo- 

nium sul fa te p rec ip i ta t ion  (65 % satura t ion) ,  dissolved in buffer C, 

dialysed against the same buf fer ,  and stored at -20°C (step 3). 

Table 2 shows the substrate spec i f i c i t y  of the RNase. I t  is 

in te res t ing  to note that  the RNA synthesized in v i t r o  by B. s u b t i l i s  

RNA polymerase in the presence of phage Ce template DNA is degraded by 

the RNase, whereas the poly-AU synthesized on poly-d(AT) template is not 

hydrolysed. Figure i shows the k inet ics  of act ion of the RNase on these 

two substrates. Furthermore, the apparent spec i f ic  a c t i v i t y  of the RNase 

when bulk B. s u b t i l i s  RNA is used as substrate is low compared to that  

obtained with the other degradable substrates. For greater i ns igh t  in to 

the s p e c i f i c i t y  of the RNase we are cur rent ly  analysing the products 

of hydrolys is of various substrates. 

Af ter  heating I0 min at 100°C, the enzyme is s t i l l  able to 

degrade B. s u b t i l i s  DNA (assayed with 32p-labeled DNA). But at the present 

stage of pu r i f i ca t i on  i t  cannot be decided i f  the hydrolysis of DNA and 

RNA is due to the same prote in or ,  as i t  seems most l i k e l y ,  resul ts  from 

the action of a heat stable DNase s im i la r  to that  found by McCarthy and 

Nester in exponential ce l ls  of B. s u b t i l i s  (11). 
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Figure i. Kineticsof action of RNase on RNA an d poly-AU. RNA and poly-AU 
were s y n t h e s ~  Vitro by B~sub±ilis RNA polymerase respectively in 
presence of phage~e-l~A-and~ynt-'heT~-c-poly-d(AT) used as templates. 

J , 

The RNase has a maximum of ac t i v i t y  at pH 7.9 ; i t  d i f fe rs  there- 

fore from the in t race l lu la r  RNase, isolated by Nishimura and Maruo (12) 

from B. sub t i l i s ,  which has an optimum pH at 5.8 and which is inactivated 

by heating at 100°C for 5 min. No phosphodiesterase ac t i v i t y  (assayed 

by p-nitrophenylphosphate) could be detected in the pa r t i a l l y  pur i f ied 

RNase preparation. The RNase ac t i v i t y  is not derived from polynucleotide 

phosphorylase, since this enzyme is completely inhibi ted by phosphate 

ions under the assay conditions employed. 

Table 3 shows the effect of divalent cations on RNase ac t i v i t y .  

I t  can be seen that MnCI 2 produces about a twenty f ive fold stimulation 

in the speci f ic ac t i v i t y .  This st imulation is completely abolished by 

EDTA. The addition of MgCI 2 produces re la t i ve ly  l i t t l e  st imulation. 

CaCI 2 produces an inh ib i t ion which can be reversed by the addition of 

EGTA. 

I t  is shown in Table 4 that the RNase ac t i v i t y  is low in expo- 

nential ce l l s ,  increases at the beginning of stat ionary phase, and reaches 

a maximum at about t2 - t  3. A simi lar  pattern of ac t i v i t y  was found in a 

zero stage sporulation mutant (12A). 

Table 5 shows the effect of an extract prepared from sporulating 

cel ls harvested at about t 3, on RNA synthesis catalyzed by ei ther vegeta- 

t ive RNA polymerase-holoenzyme, core enzyme, or core plus a. I t  can be 

seen that the inh ib i t ion  is exerted only when active sigma factor is 

present together with the core. The addition of t3-extract  to the core 
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TABLE 3. Effect of cations on RNase ac t i v i t y  

Additions Specific ac t i v i t y  
(uni ts/mgprotein)  

None 5.2 

MgCI 2 (10 mM) 11.8 

MnCI 2 (5 mM) 127 

MnCl 2 (5 mM) + EDTA (20 mM) 7.2 

CaCl 2 (0. I  mM) 2.4 

CaCl 2 (0.1 mM) + EGTA (I0 mM) 5.74 

The assay conditions were as described in Materials and 
Methods. 

TABLE 4. Kinetics of appearance of RNase ac t i v i t y  

Time of harvesting 
cel ls Specific ac t i v i t y  

t_ l  0.53 

to. 5 1.53 

t 2 3.25 

t 3 1.2 

t 5 1.5 

Ac t iv i t y  was 
fractions in 
tions of RNA 
and Methods) 

measured in ammonium sulfate enzyme 
presence of MgCl 2, i .e .  under condi- 
synthesis in v i t ro  (see Materials 

enzyme alone has no effect.  However, when the step 3 pur i f ied RNase 

was added to the same incubation mixture no inh ib i t ion  of RNA synthesis 

was observed. This would suggest that,  in addition to the RNase, the 

t 3 extract also contains an inh ib i to r  acting on the in v i t ro  RNA synthe- 

Sizing system. I t  should be kept in mind, however, that this system, with 

@e template DNA, always contains Mg ++ cations (4), which, as seen in 

Table 3, does not favor maximum ac t i v i t y  of the RNase. When MgCI 2 is 
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TABLE 5. Ef fect  of extracts prepared from sporulat ing ce l ls  

harvested at t3,  on RNA syn.thesizing system in pre- 

sence of B. s u b t i l i s  vegetative RNA polymerase. 

Vegetative Addit ion Specif ic a c t i v i t y  
RNA polymerase (un i t s /mgo f  protein)  

Holoenzyme - 790 

Holoenzyme t3-ex t rac t  1) 560 

Core enzyme - 73 

Core enzyme t3-ex t rac t  70 

Core enzyme + o - 1014 

Core enzyme + a t3 -ex t rac t  565 

Holoenzyme t3-RNase 2) 785 

I )  t3_extract  is  an ammonium su l fa te  f rac t ion  (see Materials and 
Methods) containing 60 ~g of prote in.  

2) t3_RNase is the step 3 pur i f ied  RNase containing 38 ~g of prote in.  

replaced by MnCI 2 ( in th is  incubation mixture),  the spec i f ic  a c t i v i t y  

of the RNA polymerase is decreased by about 50-60 % ; under these con- 

d i t ions  the addi t ion of pu r i f i ed  RNase decreases the RNA synthesis by 

about 60 % (not shown in the Table 5). 

DISCUSSION 

Ex t race l lu la r  nucleases from B. s u b t i l i s ,  capable of hydroly- 

zing DNA and RNA, have been described by a number of invest igators (13, 14). 

Several deoxyribonucleases have also been iden t i f i ed  in  extracts of 

B. s u b t i l i s  (11, 15, 16). Ex t race l lu la r  RNases were obtained from th is  

microorganism which show s p e c i f i c i t i e s  which are d i f fe ren t  than that 

of  pancreatic RNase and T 1RNase (17, 18). Nishimura and Maruo (12) and 

Yamasaki and Arima (19) have reported the existence, in extracts of 

B. s u b t i l i s ,  of an i n t r a c e l l u l a r  ribonuclease which is d i s t i n c t  in i t s  

propert ies from the ex t race l l u l a r  RNases. 

The i n t r a c e l l u l a r  RNase described here d i f fe rs  from that  studied 

by the above authors by i t s  optimum pH, heat s t a b i l i t y  and i n s e n s i t i v i t y  

to nucleosides tr iphosphates. I t  should be emphasized that  the enzyme 

(or enzyme complex) described here is also capable of degrading B. sub- 
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t i l i s  DNA, but there is no evidence that the two ac t i v i t i es  reside in 

a single protein. Further studies on more highly pur i f ied enzyme could 

solve th is problem. 

The fact that th is RNase is able to degrade the RNA, synthesized 

in v i t ro  by B. sub t i l i s  RNA polymerase in the presence of @e template 

DNA, but not the poly-AU product synthesized on a poly-d(AT) template, 

is of par t icu lar  in terest .  I t  may, indeed, explain, at least in great 

part, the loss of t ranscr ipt ion capacity of the @e DNA generally obser- 

ved when pa r t i a l l y  pur i f ied RNA polymerase derived from B. sub t i l i s  spo- 

ru lat ing cel ls is used. The results shown in Table 5 strongly support 

the view that the so-called "change in template spec i f i c i t y " ,  observed 

in v i t ro  when @e DNA and a pa r t i a l l y  pur i f ied RNA polymerase isolated 

from sporulating cel ls are used (7, 8, 20), might in fact be the resul t  

of action of an RNase-containing inh ib i to ry  complex present in the sporu- 

lat ing ce l l s .  

I t  is important to emphasize that,  in recent experiments, Kawamura 

and I to (21) have clearly demonstrated that ,  in vivo also, the t ranscr ipt ion 

of phage @e genes takes place even during the late stages of sporulation. 

Thus the RNA polymerase in B. sub t i l i s  sporulating cel ls is able to 

transcribe @e DNA in vivo and, as shown by Bonamy et al .  (22) is also able 

to transcribe i t s  own DNA, since ribosomal RNA continues to be made during 

the sporulation process. 

ACKNOWLEDGEMENTS 

This work was supported by grants from the D~l~gation G6n~rale 
la Recherche Scient i f ique et Technique, the Commissariat ~ l 'Energie Ato- 
mique, France and the Fondation pour la Recherche M~dicale Frangaise. 

REFERENCES 

1. Spizizen, J. (1965) In "Spores I I I " .  Am.Soc.Microbiol. Campbell, L.L. 
and Halvorson, H.O. (editors) pp. 125-137. 

2. Chasin, L.A., and Szulmajster, J. (1969) In "Spores IV" Am.Soc.Microbiol. 
Campbell, L.L. (editor) pp. 133-147. 

3. Shorenstein, R.G., and Losick, R. (1973) J.Biol.Chem. 248, 6163-6169. 
4. Orrego, C., Kerjan, P., Manca de Nadra, M.C. , and Szu~ajster,  J. (1973) 

J.Bacter iol .  116, 636-647. 
5. Travers, A.A., Kamen, R. I . ,  and Schlei f ,  R.F. (1970) Nature 228, 

748-751. 
6. Lowry, O.H., Rosebrough, N.Jo, Farr, A.L., and Randall, R.J. (1951) 

J.Biol.Chem. 192, 265-275. 
7. Losick, R., and Sonenshein, A.L. (1969) Nature 224, 35-37 
8. Brevet, J . ,  and Sonenshein, A.L. (1972) J.Bacter iol .  !12, 1270-1274. 
9. Klier~ A.F., Lecadet, M.M., and Dedonder, R. (1973) Eur.J.Biochem., 

366, 317-327. 
I0. Linn, T.G., Greenleaf. A.L., Shorenstein, R.G., and Losick, R. (1973) 

Proc.Natl.Acad.Sci. USA 70, 1865-1869. 
11. McCarthy, and Nester, E.W. (1969) J.Bact. 97, 1426-1430. 

1086 



Vol. 59, No. 3, 1 9 7 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

12. Nishimura, S., and Maruo, B., (1960) Biochim.Biophys.Acta 4__0_0, 355-357. 
13. Nakai, M., Minami, Z., Yamazaki, T., and Tzugita, A. (1965) J.Biochem. 

5__Z7, 96-99. 
14. Kanamori, N., Sakabe, K., and Okazaki, R. (1973) Biochim.Biophys. 

Acta 335, 155-172. 
15. Kerr, I .M., Chien, J.R., and Lehman, I.R. (1967) J.Biol.Chem. 242,2700-2708. 
16. Scher, B., and Dubnan, D. (1973) Biochem.Biophys.Res.Comm. 55, 5§5-602. 
17. Nishimura, S., and Nomura, M. (1958) Biochim.Biophys.Acta 30, 430. 
18. Nishimura, S. (1960) Biochim.Biophys.Acta 45, 15-27. 
19. Yamasaki, M. and Arima, K. (1967) Biochim.Biophys.Acta 139, 204-207. 
20. Szulmajster, J. (1973) In "R~gulation de la sporulation microbienne", 

Colloque Inter. C.N.R.S. n ° 227, pp. 47-53. 
21. Kawamura, F., and I to ,  J. (in press). 
22. Bonamy, C., Hirschbein, L., and Szulmajster, J. (1973) J.Bacteriol. 

113, 1296-1306. 

1 0 8 7  


