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NUCLEOSIDES 6 NUCLEOTIDES, 2 (3) ,  257-274 (1983) 

INDUCTION OF BACTERIAL DIFFERENTIATION 
BY ADENINE- AND ADENOSINE-ANALOGS AND INHIBITORS 

OF NUCLEIC A C I D  SYNTHESIS 

* 
Zain-ul-Abedin, Juan  M. Lopez, and E r n s t  F r e e s e  

L a b o r a t o r y  of Molecular  B i o l o g y ,  N a t i o n a l  I n s t i t u t e  of  

N a t i o n a l  I n s t i t u t e s  of H e a l t h ,  B e t h e s d a ,  Maryland 20205 

ABSTRACT 

N e u r o l o g i c a l  and Communicative D i s o r d e r s  and S t r o k e ,  

S e v e r a l  adenine-  or a d e n o s i n e - a n a l o g s ,  which i n h i b i t e d  growth  and 
d e c r e a s e d  t h e  i n t r a c e l l u l a r  GTP p o o l ,  induced  s p o r u l a t i o n  of B a c i l l u s  
s u b t i l i s .  The i n d u c e r s  were added t o  c u l t u r e s  growing i n  a medium 
c o n t a i n i n g  excess ammonium i o n s ,  g l u c o s e ,  and p h o s p h a t e  i n  which c e l l s  
n o r m a l l y  c a n n o t  d i f f e r e n t i a t e .  They i n c l u d e d  compounds t h a t  a r e  
m o d i f i e d  i n  t h e  r i b o s e  u n i t  ( d e c o y i n i n e ,  p s i c o f u r a n i n e ,  c o r d y c e p i n )  o r  
are s u b s t i t u t e d  w i t h i n  the p u r i n e  r i n g  or a t  t h e  6-N p o s i t i o n  of adeno- 
s i n e  (6-methylaminopurine,  z e a t i n ,  6 - a n i l i n o p u r i n e ,  f o r m y c i n ) .  
effects  on t h e  c e l l u l a r  c o n c e n t r a t i o n  of n u c l e o t i d e s  were a l so  measured .  
A l l  s p o r u l a t i o n  i n d u c e r s  e x c e p t  formycin-A caused  a d e c r e a s e  of GMP, GDP 
and GTP, some by i n h i b i t i n g  IMP dehydrogenase  and o t h e r s  by  i n h i b i t i n g  
GMP s y n t h e t a s e .  I n  c o n t r a s t ,  formycin-A caused  an i n c r e a s e  of GMP while 
GDP and GTP d e c r e a s e d .  T h e r e f o r e ,  t h e  compound ( s i g n a l )  c o n t r o l l i n g  
s p o r u l a t i o n  is GDP or GTP b u t  n o t  GMP. A n t i b i o t i c s  i n h i b i t i n g  growth  b y  
d i r e c t  i n h i b i t i o n  of n u c l e i c  a c i d  s y n t h e s i s  d i d  n o t  i n d u c e  s p o r u l a t i o n .  

INTRODUCTION 

T h e i r  

B a c i l l u s  s u b t i l i s  n o r m a l l y  s p o r u l a t e s  when c a r b o n ,  n i t r o g e n ,  or 
phosphate  s o u r c e s  a r e  growth l i m i t i n g .  S e v e r a l  s t u d i e s  from t h i s  

l a b o r a t o r y ' - 6  h a v e  shown t h a t  s p o r u l a t i o n  c a n  be i n i t i a t e d  even  i n  an 

excess of a l l  t h e s e  n u t r i e n t s  i f  t h e  s y n t h e s i s  of p u r i n e  n u c l e o t i d e s ,  i n  

P a r t i c u l a r  g u a n i n e  n u c l e o t i d e s ,  is reduced  b u t  n o t  a b o l i s h e d .  T h i s  was 
demonst ra ted  w i t h  p u r i n e  r e q u i r i n g  m u t a n t s  ,2* 

i n h i b i t o r s  of p u r i n e  n u c l e o t i d e  s y n t h e s i s .  4'5  The most e f f e c t i v e  

compound was d e c o y i n i n e ,  an a d e n o s i n e  a n a l o g  t h a t  s p e c i f i c a l l y  i n h i b i t s  

p u r i n e  a n a l o g s ,  and o t h e r  

E 
GMP s y n t h e t a s e  .> Measurements of n u c l e o t i d e  p o o l s  
decrease i n  t h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n  of t h e  

p o o l s  is n o t  o n l y  s u f f i c i e n t  for  t h e  i n i t i a t i o n  of 

h a v e  shown t h a t  a 
g u a n i n e  n u c l e o t i d e  

s p o r u l a t i o n  b u t  is 
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258 ZAIN-LJL-ABEDIN, LOPEZ, AND FREESE 

observed  under  a l l  c o n d i t i o n s  under  which s p o r u l a t i o n  h a s  so f a r  been 
found . 116 

To d e t e r m i n e  which n u c l e o t i d e s  c o n t r o l  s p o r u l a t i o n ,  we i n v e s t i g a t e  
i n  t h i s  paper  which adenine-  and a d e n o s i n e - a n a l o g s  i n d u c e  s p o r u l a t i o n  - 
We shon t h a t  t h i s  i n d u c t i o n  is c o r r e l a t e d  wi th  a d e c r e a s e  i n  the 

c e l l u l a r  p o o l s  of GTP and GDP b u t  n o t  GMP. We a l s o  show t h a t  compounds 

which d i r e c t l y  i n h i b i t  n u c l e i c  a c i d  s y n t h e s i s  do n o t  i n d u c e  s p o r u l a t i o n .  

MATERIALS AND METHODS 

Growth c o n d i t i o n s .  B a c i l l u s  s u b t i l i s  s t r a i n  60015 = metC7 trpC2 

was used.  
p o t a s s i u m  phosphate  b u f f e r ,  pH 7.0; 100 mM morpholinopropanesulfonic 

a c i d  (MOPS), pH a d j u s t e d  t o  7.0 by KOH; 2 mM MgC12: 0.7 mM CaC12; 50 pM 
MnC12; 1 P M  ZnC12; 5 PM FeC13; 50 pg/ml L- t ryptophan;  20 pg/ml L-meth- 

i o n i n e ;  2 pM t h i a m i n e ;  20 mM g l u t a m i o  a c i d ,  a d j u s t e d  t o  pH 7.0 by KOH; 
and 55 mM D-glucose. 

p l a t e s  and grown for  6 t o  8 h a t  3 7 O C .  
s y n t h e t i c  medium a t  an a b s o r b a n c y  a t  600 nm (OD600)  of a b o u t  5 x 10 

These c u l t u r e s  were shaken  o v e r n i g h t  a t  200 s t r o k e s  per m i n u t e  i n  a 37 c 
w a t e r b a t h  u n t i l  t h e  OD600 reached  0.5. 

d r u g ,  u s u a l l y  d i s s o l v e d  i n  0.1 N KOH, was added.  

r e c e i v e d  the s o l v e n t  (0.1 N KOH) a l o n e .  Growth was followed by t h e  

change of The v i a b l e  ce l l  t i t e r  (V) was measured b y  d i l u t i n g  t h e  

c u l t u r e s  i n  0 . 1  M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 6 .5 .  p l u s  1 mM MgC12 
and p l a t i n g  on t r y p t o s e  blood a g a r  b a s e  p l a t e s .  
s p o r e  t i t e r  (S) was u s u a l l y  d e t e r m i n e d  10 h a f t e r  a d d i t i o n  of t h e  d r u g  

(t ,O) by h e a t i n g  t h e  d i l u t i o n  t u b e s  fo r  20 min a t  7 5 O C  and p l a t i n g .  

Cordycepin ,  9-4-D-arabinofuranosyladenine ( Ara-A) , 6-methyl- 

aminopur ine ,  z e a t i n ,  6 - a n i l i n o p u r i n e ,  6 - b e n z y l a d e n i n e ,  t u b e r c i d i n ,  

6 - i s o p e n t e n y l a d e n i n e ,  k i n e t i n ,  t y r o t h r i c i n ,  and emet in  were purchased  

from Sigma Chemica ls ,  st. L o u i s ,  MO. D e c o y i n i n e ,  p s i c o f u r a n i n e ,  

nogalamycin ,  and lomofungin were g i f t s  from Dr. Grady,  Upjohn Co., 

Kalamazoo, M I .  Formycin-A, formycin-B, and co-formycin were g i f t s  from 
Dr. Umezawa, I n s t i t u t e  o f  M i c r o b i a l  Chemis t ry ,  Tokyo, J a p a n ,  and t h e  
Developmental  T h e r a p e u t i c  Program and Chemotherapy, N a t i o n a l  Cancer  

I n s t i t u t e  ( D r .  Douros) . Echinomycin was a g i f t  from Dr. Scott ,  Hoffman 

LaRoche, N u t l e y ,  NJ; hedamycin from Dr. B r a d n e r ,  Br i s to l  Labs ,  S y r a c u s e ,  

S y n t h e t i c  m e d i u m  c o n t a i n e d  20 mM ammonium s u l f a t e ;  5 mM 

The b a c t e r i a  were s t r e a k e d  o n t o  t r y p t o s e  blood a g a r  base (Difco) 

-4 
The cel ls  were i n o c u l a t e d  i n t o  

. 
0 

A t  t h i s  time ( c a l l e d  to) t h e  
C o n t r o l  f l a s k s  

The h e a t  r e s i s t a n t  
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BACTERIAL DIFFERENTIATION 259 

NY; and l i p i a r m y c i n  from D r .  L a n c i n i ,  Cruppo L e p e t i t ,  M i l a n ,  I t a l y .  

p o o l s  c o m p l e t e l y ,  K2HPP04 ( s p e c i f i c  a c t i v i t y  of 50 pCi /umole  Pi) was 

added t o  a growing c u l t u r e  when t h e  OD600 was about 0.05. 

OD6o0 was 0.5, t h e  d r u g s  were added.  A t  a p p r o p r i a t e  times t h e r e a f t e r  5 
m l  of c u l t u r e  were f i l t e r e d  through a M i l l i p o r e  f i l t e r  (0.45 ,urn>, and 
t h e  f i l t e r  ( c o n t a i n i n g  t h e  cel ls)  was i m m e d i a t e l y  l a i d  u p s i d e  down o n t o  

0.3 m l  f o r m i c  a c i d  (0 .5  M )  k e p t  c h i l l e d  i n  a P e t r i  d i s h .  After 15 t o  30 
min t h e  f i l t e rs  were r i n s e d  w i t h  t h e  formic acid on the P e t r i  d i s h ,  and 

t h e  s u s p e n s i o n  was collected and c e n t r i f u g e d  i n  a m i c r o f u g e  for 2 min. 
F i v e  p l  samples  of t h e  s u p e r n a t a n t  were a p p l i e d  t o  washed ,6  0.1 mm t h i c k  

P E I - c e l l u l o s e  p l a t e s  (Polygram CEL 300 p o l y e t h y l e n i m i n e ,  Macherey Nagel  

C O . ,  Duren,  Germany). 

a p p l i e d  for UV m o n i t o r i n g  of t h e  s p o t s .  Chromatograms were d e v e l o p e d  i n  
one  d i m e n s i o n ,  e l e c t r o p h o r e s e d  i n  t h e  second d i m e n s i o n ,  and t h e  

r a d i o a c t i v i t y  of t h e  s p o t s  was c o u n t e d ,  a l l  a s  d e s c r i b e d  b e f o r e . 6  The 
c e l l u l a r  c o n c e n t r a t i o n s  of n u c l e o t i d e s  were e x p r e s s e d  a s  p m ~ l e s / O D ~ ~ ~ ,  

where 1 OD600 u n i t  is t h e  amount of c e l l s  which would g i v e  a n  OD600 of 1 

if t h e y  were c o n t a i n e d  i n  1 ml. 
OD600 u n i t  c o r r e s p o n d s  to  a b o u t  2 .6  x 10 

w i t h  t h e  OD600 of t h e  c u l t u r e  and t h e  c u l t u r e  medium, we have  e x p r e s s e d  

o u r  d a t a  i n  terms of t h e  a c t u a l l y  measured OD600 r a t h e r  t h a n  a 

c a l c u l a t e d  mg d r y  w e i g h t  v a l u e  or a s  a molar c o n c e n t r a t i o n .  
p h o s p h a t e  c o n c e n t r a t i o n  was measured i n  e a c h  c u l t u r e  a c c o r d i n g  t o  Ames 
and Dubin,'l and t h e  cpm/pmol Of 32pi was d e t e r m i n e d .  

D e t e r m i n a t i o n  of t h e  n u c l e o t i d e  p o o l s :  To labe l  t h e  n u c l e o t i d e  

When t h e  

A p p r o p r i a t e  s t a n d a r d s  ( 2  t o  10 p g )  were a l so  

For  a c u l t u r e  grown t o  OD600 of 1, 1 
8 

c e l l s h l ,  a volume of a b o u t  1 

0.5 mg d r y  w e i g h t ,  and 0 .25  mg p r o t e i n .  A s  t h e s e  r e l a t i o n s h i p s  v a r y  

The 

RESULTS 

Adenosine a n a l o g s  a l t e r e d  i n  t h e  r ibose moie ty .  Adenosine a n a l o g s  

d i f f e r i n g  i n  t h e i r  ribose m o i e t y  induced s p o r u l a t i o n  when t h e y  were 
added a t  p a r t i a l l y  i n h i b i t o r y  c o n c e n t r a t i o n s  t o  c u l t u r e s  of B. s u b t i l i s  

growing e x p o n e n t i a l l y  i n  s y n t h e t i c  medium ( T a b l e  1). P s i c o f u r a n i n e ,  

which - l i k e  d e c o y i n i n e  - i n h i b i t s  GMP s y n t h e t a s e , 8  was r e q u i r e d  i n  4 t o  
5 times h i g h e r  c o n c e n t r a t i o n  (8 mM) t h a n  d e c o y i n i n e  t o  p r o d u c e  t h e  same 
d e g r e e  of growth  i n h i b i t i o n  and s p o r u l a t i o n  ( F i g .  1 ) .  Whereas cordyce-  
p i n  i n h i b i t e d  growth  a t  a b o u t  t h e  same c o n c e n t r a t i o n  a s  d e c o y i n i n e ,  it 

was less  e f f e c t i v e  i n  i n d u c i n g  s p o r u l a t i o n  ( F i g .  2) .  
(Ara-A), which has a r a b i n o s e  i n  t h e  p l a c e  of ribose, i n h i b i t e d  growth a t  

A r a b i n o s y l a d e n i n e  
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CHEMICAL 
DRUG STRUCTURE 

NONE 

OECOYININE H&=Q 

Adenine 

H O C H i e n m e  OHOH 

H0CHQ;enine OHOH 

H O C H i A d e n m e  

PSICOFURANINE 
HzOH 

CORDYCEPIN 

Ara-A 

CONCENTRATIONS CAUSING OPTIMUM SPORE TITER 
OPTIMAL 50% GROWTH IN MlLLlONSiml 

SPORULATION INHIBITION 
0.5 - 1.0 

2m M 2mM 100 

8.4mM 8.4mM 30 

2mM 2mM 40 

.9mM .9mM 1 

INTRACELLULAR GTP 
PERCENT OF CONTROL 

100 

30 

50 

60 

110 

dHI 
H&NH 

6-METHYL 
AMINO-PURINE t?) 

6-ANILINO PURINE Ny> 
'N N 

CICH,ICH HICNH 

6-ISOPENTENYL- 
ADENINE 

KINETIN 

6-EENZYL ADENINE 

8mM 8mM 200 

3.2mM 3.2mM 200 

2.4mM 4mM 100 

2.95mM 4.2mM 20 

0.95mM 4mM 10 

1.3mM 3mM 5 

40 

55 

52 

70 

110 

100 

FORMYCIN-A [s:y 1 9 m M  4mM 20 73 

NT;se I 

5mM A O m M  0.8 1 20 
'N 

TUBERCIOIN 

Ribose 

TABLE 1 

Adenine and a d e n o s i n e  a n a l o g s  and their  effect  on growth ,  s p o r u l a t i o n  
i n d u c t i o n  and i n t r a c e l l u l a r  GTP p o o l s .  The c o n c e n t r a t i o n  of t h e  d r u g  
c a u s i n g  50% growth i n h i b i t i o n  ( a f t e r  3 h )  was d e t e r m i n e d  b y  i n t e r p o l a -  
t i o n  of t h e  r e s u l t s  a t  d i f f e r e n t  c o n c e n t r a t i o n s .  
c a u s i n g  o p t i m a l  s p o r u l a t i o n  and t h e  a v e r a g e  s p o r e  t i ters  are s t a t ed .  
F o r  GTP me u r e m e n t s ,  c e l l s  were grown i n  s y n t h e t i c  medium c o n t a i n i n g  
25 pCi/ml "Pi from OD -0.05 t o  0.5, a t  which time t h e  compound was 
added. 
i n h i b i t o r  a d d i t i o n  ( = c o n t r o l )  a n 8  10 min l a t e r .  
t i o n  of GTP i n  t h i s  e x p e r i m e n t  was 154 pmol/OD600. 
e x p e r i m e n t s  i n  which cells  were grown i n  t h e  same medium and t o  t h e  same 
OD600, a n  a v e r a g e  of 171.5 pmol/OD 
was c a l c u l a t e d .  Ara-A = a r a b i n o s y f t g e n i n e .  

The d r u g  c o n c e n t r a t i o n  

The amount of @P-per OD U n i t  was d e t e r m i n e d  just before 
The i n i t i a l  c o n c e n t r a -  

I n  16 i n d e p e n d e n t  

w i t h  a s t a n d a r d  d e v i a t i o n  of 61.1 
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4.0 1 1 1 I 1 I 1 

I I 1 I /- 1 2 3 4 l o  
0.0; 

TIME(HRS) 

FIG. 1 Growth i n h i b i t i o n  and s p o r u l a t i o n  i n d u c t i o n  a t  d i f f e r e n t  concen- 
t r a t i o n s  of p s i c o f u r a n i n e .  SN = h e a t  r e s i s t a n t  s p o r e s  p e r  v i a b l e  ce l l .  
The growth i n h i b i t i o n  by  2 mM d e c o y i n i n e  is shown for compar ison .  

lower c o n c e n t r a t i o n s  t h a n  the o t h e r  a d e n o s i n e  a n a l o g s  and caused  ce l l  

l y s i s  a f t e r  2-3 h ;  it d i d  n o t  i n d u c e  s p o r u l a t i o n  ( T a b l e  1 ) .  

The i n t r a c e l l u l a r  c o n c e n t r a t i o n  of GTP decreased w i t h i n  6 0  min 

a f t e r  a d d i t i o n  of 2 mM of t h e  above compounds, w i t h  t h e  e x c e p t i o n  of 
Ara-A which c a u s e d  an i n c r e a s e  (Fig. 3) .  S p e c i f i c a l l y ,  t h e  r e d u c t i o n  

was 60% w i t h  d e c o y i n i n e ,  50% w i t h  c o r d y c e p i n ,  and  37% w i t h  p s i c o f u r a n -  
i n e .  Both p s i c o f u r a n i n e  and d e c o y i n i n e  caused  a s e v e r a l  f o l d  i n c r e a s e  

o f  XMP o b v i o u s l y  b e c a u s e  t h e y  i n h i b i t  GMP s y n t h e t a s e .  
n o t  c a u s e  an a c c u m u l a t i o n  of e i t h e r  IMP or  XMP. Ara-A c a u s e d  a n  in-  

crease i n  t h e  c o n c e n t r a t i o n  of a l l  4 n u c l e o s i d e  t r i p h o s p h a t e s  ( F i g .  3). 
Adenine  d e r i v a t i v e s  w i t h  6-N s u b s t i t u t i o n s .  6-N s u b s t i t u t e d  aden- 

Cordycepin  d i d  

i n e s  i n h i b i t e d  growth  and induced s p o r u l a t i o n  to  d i f f e r i n g  d e g r e e s  

(Table 1). The most e f f e c t i v e  i n d u c e r s  (100- t o  200-fold) were 
6-methylaminopurine and zea t in ,  less e f f e c t i v e  were 6 - i s o p e n t e n y l a d e n i n e  

and  6 - a n i l i n o p u r i n e 1  w h i l e  6-benzyladenine  and k i n e t i n  were l e a s t  
e f f e c t i v e  (Fig. 4). The pool l e v e l s  of n u c l e o t i d e s  were examined for  
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I I  I I I I #I 
I 0.2 0.4 0.8 1.2 1.6 2.0 4.0 

CORDYCEPIN CONC. m M  

FIG. 2 Effect of c o r d y c e p i n  on growth  and s p o r u l a t i o n .  V = v i a b l e  c e l l  
t i t e r ;  S = s p o r e  t i t e r ;  D = d o u b l i n g  time, i n  h .  

t h o s e  c o n c e n t r a t i o n s  of 6-methylaminopurine ( F i g .  5) and z e a t i n  ( F i g .  6) 
which induced t h e  h i g h e s t  s p o r e  t i t e rs .  With e i t h e r  i n h i b i t o r ,  t h e  

i n t r a c e l l u l a r  c o n c e n t r a t i o n s  of a l l  3 g u a n i n e  n u c l e o t i d e s  and of UTP 
d e c r e a s e d  r a p i d l y  w h i l e  t h e  c o n c e n t r a t i o n  of ATP d e c r e a s e d  more s l o w l y  

or remained c o n s t a n t  and t h a t  of CTP i n c r e a s e d ;  t h e  c o n c e n t r a t i o n  of IMP 

i n c r e a s e d  more t h a n  2- fo ld  w i t h o u t  any  i n c r e a s e  i n  XMP, i n d i c a t i n g  an 
i n h i b i t i o n  of IMP dehydrogenase .  

Adenos ine  a n a l o g s  al tered i n  t h e  p u r i n e  moiety. Formycin-A, formy- 

cin-B, and t u b e r c i d i n  were among t h e  compounds used t h a t  are  a l t e r e d  i n  
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FIG. 3 Effect o f  adenosine analogs on the i n t r a c e l l u l a r  concentrat ion 
o f  nucleos ide  tr iphosphates  and some pert inent  monophosphates. Two mM 
decoyinine  (D), cordycepin (C), psicofuranine  (PI, and arabinosyladenine 
( A ) ,  were added t o  growing c u l t u r e s  (OD60 =0.5); the  nuc leo t ide  poo l s  
were analyzed 1 h l a t e r .  Control ( 0 )  cuf tures  rece ived no drug. 

I I I I I 1 

2.0 

r? 
n 
0 1.0 

0.5 
A 1.3 x lo8 2.5 x lo-' 

I I 6 me!. Am. Pu!. A 2.x  loB 4 x 10" 
4 0  

Zeatin 0.4 

1 2 3 4 5 '  
TIME (hours) 

FIG. 4 Effect of various adenine analogs  on growth and sporu la t ion .  
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i 
i 
I 
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0 10 20 40 60 

TIME (MINI 

FIG. 5 
of 6-methylaminopurine ( 6  mM); i n i t i a l  v a l u e s  (time 0) were ( i n  
p m ~ l / O D ~ ~ ~ ) :  
UTP=280. 

Changes i n  the i n t r a c e l l u l a r  n u c l e o t i d e  p o o l s  c a u s e d  by a d d i t i o n  

ATP=1040, CTP=89, GMP=81, GDP=42, GTP=219, IMP=128, 

t h e  p u r i n e  n u c l e u s .  Formycin-A h a s  a c a r b o n  i n  t h e  p l a c e  of a n i t r o g e n  

i n  t h e  9 - p o s i t i o n  and t u b e r c i d i n  h a s  t h e  same i n  t h e  7 - p o s i t i o n  of t h e  
p u r i n e  r i n g ;  b o t h  have a n i t r o g e n  in t he  8 - p o s i t i o n .  Formycin-B is  the  

6-deaminated p r o d u c t  o f  formycin-A. A t  c o n c e n t r a t i o n s  of 1-2 m M ,  formy- 
cin-A and formycin-B i n h i b i t e d  growth  m o d e r a t e l y  and i n c r e a s e d  t h e  s p o r e  

t i t e r  to 2 x 1 0  / m l .  I n c r e a s i n g  t h e  i n h i b i t o r  c o n c e n t r a t i o n  to  4 mM 

produced a d d i t i o n a l  growth  i n h i b i t i o n  w i t h o u t  a n y  f u r t h e r  i n c r e a s e  i n  

t h e  s p o r e  t i t e r .  The a d d i t i o n  of co-formycin,  a n  i n h i b i t o r  of a d e n o s i n e  

deaminase i n  mammalian t o g e t h e r  w i t h  formycin-A d i d  n o t  po ten-  
t i a t e  t h e  formycin  a c t i o n .  Co-formycin a l o n e  (0.5 mM) had no effect on 

growth and s p o r u l a t i o n .  T u b e r c i d i n  s l i g h t l y  (20%) i n h i b i t e d  growth  O n l y  
a t  h i g h  c o n c e n t r a t i o n s  (5 mM) and d i d  n o t  i n d u c e  s p o r u l a t i o n .  Formy- 

cin-A (3.5 mM) caused  a d e c r e a s e  i n  t h e  c o n c e n t r a t i o n s  of  GDP and GTP as  

well as s e v e r a l  o t h e r  n u c l e o t i d e s  ( F i g .  7 ) .  b u t  it c a u s e d  a n  i n c r e a s e  i n  

t h e  c o n c e n t r a t i o n  of GMP. 

7 

I n h i b i t o r s  of n u c l e i c  a c i d  s y n t h e s i s .  The effects of t h e  f o l l o w i n g  
compounds are sumnarized w i t h o u t  showing t h e  e x p e r i m e n t a l  da ta .  Tyro- 
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FIG. 6 Changes i n  t h e  i n t r a c e l l u l a r  n u c l e o t i d e  pools c a u s e d  by  t h e  
a d d i t i o n  of z e a t i n  ( 3  m M ) ;  I n i t i a l  v a l u e s  ( i n  p m 0 1 / O D ~ ~ ~ ) :  ATP=840, 
CTP=85, GMP=52, GTP=l67, XMP=16, IMP=95, UTP=208. The c u r v e  for GDP is  
almost t h e  same as t h a t  for GMP and was n o t  drawn t o  a v o i d  c rowding:  t h e  
i n i t i a l  v a l u e  for  GDP was 25. 

t h r i c i n  complex 

which is known t o  i n h i b i t  RNA s y n t h e s i s , "  i n h i b i t e d  growth  t o  50% a t  a 
c o n c e n t r a t i o n  of 0.1 pg/ml and caused comple te  c e s s a t i o n  of growth  a t  

1 pg/ml. 

h i g h e r  c o n c e n t r a t i o n s  ( 5  g/ml)  t h e  c e l l s  l y s e d  a f t e r  an I n i t i a l  l a g  of 

a b o u t  an hour .  A t  a l l  t y r o t h r i c i n  c o n c e n t r a t i o n s  t h e  s p o r e  t i t e r s  a t  
t,O and t20 were much lower t h a n  i n  t h e  c o n t r o l s .  

c i n ,  a n o t h e r  i n h i b i t o r  of RNA s y n t h e s i s ,  l 3  i n h i b i t e d  growth  p r o g r e s s i v e -  
l y  between 0.1 and 1.0 pg/ml and caused  l y s i s  of t h e  ce l l s  a t  h i g h e r  

c o n c e n t r a t i o n s .  

( a  p e p t i d e  a n t i b i o t i c  e l a b o r a t e d  by  B. b r e v i s ) ,  

However, t h e  c e l l s  s l o w l y  resumed g r o w t h  4-5 h l a t e r .  A t  

Y 

S i m i l a r l y ,  echinomy- 

Again t h e  s p o r e  t i ters were lower t h a n  i n  t h e  C o n t r o l s .  . -  ... 
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TIME (MIN) 

FIG. 7 Changes i n  the i n t r a c e l l u l a r  nucleotide pools caused by the add- 
i t i o n  of formycin-A (3.5 mM);  i n i t i a l  values ( i n  pmol/OD oo): AMP=171, 
ADP=94, ATP=740, CTP=85, GTP=137, GDP=52, GMP=88, IMP=13g, UTP=188. 

14-1 7 
Lomofungin, which i n h i b i t s  RNA and DNA synthes is  i n  yeast, 

inhibi ted growth and reduced the spore t i t e r  ( a t  t lo) a t  concentrat ions 
of 5 t o  40 

18'19 affected ne i ther  growth nor eukaryotic ribosomal RNA i nh ib i to r ,  

sporulation even when used a t  a concentration of 1 mg/ml. 

g/ml (50% inhib i t ion  a t  40 pg/ml). Emetin,  an a lka lo ida l  P 

Nogal amyc i n  2ov21 and hedamycinZ2 a r e  known t o  inh ib i t  RNA synthes is  

(by binding t o  DNA) i n  mammalian c e l l  cu l tu re s  as well a s  i n  many micro- 
organisms; they increasingly inhibi ted growth of  B. s u b t i l i s  a t  concen- 

t r a t ions  of 0.1 t o  10 pg/ml. 
fo r  about an hour, a f t e r  which the c e l l s  lysed. The spore t i t e r  of the 

surviving cells was v e r y  low (10 / m l ) .  

A t  higher concentrat ions,  growth ceased 

3 

Lipiarmycin , which binds t o  R N A  polymerase, 23-26 inhibi ted growth 

t rans ien t ly  a t  concentrations up t o  2 pg/ml and completely ( leading t o  
eventual l y s i s )  a t  higher concentrations;  no increase i n  the  spore t i t e r  

( a t  t lo) was observed in any of these cu l tures .  

DISCUSSION 

Several adenosine analogs examined here decreased the i n t r a c e l l u l a r  

GTP (and G D P )  pools and induced sporulat ion a t  a drug concentration a t  
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which growth was p a r t i a l l y  i n h i b i t e d .  The c o n c e n t r a t i o n  c a u s i n g  a 

c e r t a i n  d e g r e e  of growth i n h i b i t i o n  and t h e  c o n c e n t r a t i o n  o p t i m a l  for 

i n d u c i n g  s p o r u l a t i o n  depended on t h e  a n a l o g  u s e d ,  r e f l e c t i n g  d i f f e r e n c e s  

i n  c e l l u l a r  t r a n s p o r t ,  metabolism, and mode of a c t i o n .  
O f  t h e  f o u r  a d e n o s i n e  a n a l o g s  whose p e n t a f u r a n o s e  m o i e t y  d i f f e r e d  

from D-ribose , t h r e e  ( d e c o y i n i n e ,  c o r d y c e p i n ,  and p s i c o f u r a n i n e )  induced  
s p o r u l a t i o n  and decreased t h e  i n t r a c e l l u l a r  GTP p o o l s .  The f o u r t h ,  Ara- 

A ,  a known a n t i v i r a l  a g e n t ,  which i s  i n c o r p o r a t e d  i n t o  DNA and t h u s  
b l o c k s  i ts  s y n t h e s i s ,  27128 n e i t h e r  decreased GTP n o r  induced  s p o r u l a t i o n ;  

s i m i l a r  t o  many o t h e r  i n h i b i t o r s  of DNA s y n t h e s i s ,  it c a u s e d  ce l l  l y s i s .  
Both p s i c o f u r a n i n e  and d e c o y i n i n e  i n h i b i t  GMP s y n t h e t a s e  i n  mammalian 

and microbial s y s t e m s ;  8'29'30 t h i s  effect  was a lso d e m o n s t r a t e d  by t h e  

i n c r e a s e  of i n t r a c e l l u l a r  XMP f o l l o w i n g  t h e  a d d i t i o n  of e i t h e r  i n h i b i t o r  

t o  growing c u l t u r e s  of B. s u b t i l i s  ( F i g .  3).6 F i v e  times more p s i c o f u r -  
a n i n e  was needed t o  match t h e  i n h i b i t i o n  of d e c o y i n i n e .  S t u d i e s  by 

Rottman e t  a l .  31-33 i n  B. s u b t i l i s  h a v e  shown t h a t  t h e  5 l - p h o s p h a t e  of 

c o r d y c e p i n  i n h i b i t s  some e a r l y  s t e p (  s) of d e  novo p u r i n e  b i o s y n t h e s i s ;  

t h e  a u t h o r s  a1 so d e m o n s t r a t e d  t h a t  pur  i f  i ed phosphor  i b o  s y l  pyropho spha  t e  
amide t r a n s f e r a s e  (E.C.2.4.2.14) is i n h i b i t e d  by c o r d y c e p i n  p h o s p h a t e .  
I n  o t h e r  ce l l  t y p e s ,  c o r d y c e p i n  i n h i b i t s  t h e  i n c o r p o r a t i o n  of p h o s p h a t e  

i n t o  n u c l e i c  a c i d s ,  34 i n h i b i t s  t h e  f o r m a t i o n  of  D-5-phosphoribosylpyro-  
p h o s p h a t e  from D-ribose-5-phosphate ,35 and c a u s e s  c h a i n  t e r m i n a t i o n  

d u r i n g  R N A  s y n t h e s i s  as  was shown i n  ~ i t r o . ~ ~  The i n d u c t i o n  of SpOrUla- 

t i o n  by c o r d y c e p i n  p r o b a b l y  r e s u l t e d  from t h e  o b s e r v e d  d e c r e a s e  of guan- 
i n e  n u c l e o t i d e s ,  which is known to  i n d u c e  s p o r u l a t i o n ;  1 '2 '6 c o r d y c e p i n  

is less e f f e c t i v e  t h a n  d e c o y i n i n e ,  p resumably  b e c a u s e  its effects on R N A  

s y n t h e s i s  p r e v e n t  t h e  t i m e l y  s y n t h e s i s  of mRNA needed for  s p o r e  deve lop-  
ment .  

S e v e r a l  6-N s u b s t i t u t e d  a d e n o s i n e  a n a l o g s  are known c y t o k i n i n s  

( z e a t i n  , k i n e t i n ,  6 -benzyladenine)  or are s t r u c t u r a l l y  c l o s e l y  re la ted 

t o  them ( 6 - m e t h y l a m i n o p ~ r i n e ~  6 - a n i l i n o p u r i n e ,  6 - i s o p e n t e n y l a d e n i n e )  . 
Most of t h e s e  compounds i n h i b i t e d  t h e  growth  of B.  s u b t i l i s  a t  concen-  

t r a t i o n s  of 1 - 6  mM. However, t h e y  d i f f e r e d  i n  t h e i r  s p o r e  i n d u c i n g  

p o t e n c y  ( F i g .  4). 
most e f f e c t i v e ;  6 - i s o p e n t e n y l a d e n i n e  and k i n e t i n  were less e f f e c t i v e :  

and 6-benzyladenine  was l ea s t  e f f e c t i v e .  The most e f f e c t i v e  s p o r e  
i n d u c e r s  a l so  reduced  t h e  i n t r a c e l l u l a r  GTP p o o l  s i g n i f i c a n t l y .  The 

d i f f e r e n c e  i n  t h e  d e g r e e  of s p o r u l a t i o n  i n d u c t i o n  between z e a t i n  and 

i s o p e n t e n y l a d e n i n e  (which  are  c h e m i c a l l y  c l o s e l y  re la ted)  is n o t  under- 

6-Methy1aminopurinet z e a t i n ,  a n d  6 - a n i l i n o p u r i n e  were 
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268 ZAIN-UL-ABEDIN, LOPEZ, AND FREESE 

stood. AS 6 -benzyladenine  is one  of t h e  most p o t e n t  c y t o k i n i n s  b u t  was 
r a t h e r  i n e f f e c t i v e  a s  a n  i n d u c e r  of s p o r u l a t i o n ,  t h e r e  may b e  no corre- 

l a t i o n  between t h e  mechanisms of s p o r u l a t i o n  i n d u c t i o n  and t h e  c y t o k i n i n  

e f fec t  i n  p l a n t s .  However, d i f f e r e n c e s  i n  t r a n s p o r t  or metabol i sm c o u l d  
a l s o  a c c o u n t  for t h e  d i f f e r e n t  r e s p o n s e s .  I n t e r e s t i n g l y ,  s e v e r a l  2.6- 

s u b s t i t u t e d  p u r i n e  a n a l o g s  i n d u c e  d i f f e r e n t i a t i o n  i n  mammalian c e l l s  
w i t h o u t  b e i n g  i n c o r p o r a t e d  i n t o  n u c l e i c  a c i d s .  27 

The t h i r d  group of a d e n o s i n e  a n a l o g s  used h e r e  h a s  exchanged c a r b o n  

and n i t r o g e n  atoms i n  t h e  i m i d a z o l e  r i n g  (see T a b l e  1 ) .  Formycin-A c a n  

r e p l a c e  a d e n o s i n e  i n  a number o f  r e a c t i o n s .  8 * 9  
3.5 mM, it i n h i b i t e d  growth  of B. s u b t i l i s  by  45% and c a u s e d  a 20-fold 

i n c r e a s e  i n  t h e  s p o r e  t i t e r  ( a t  t ,O). Our n u c l e o t i d e  measurements  i n d i -  
c a t e d  t h a t  one effect of formycin-A or its n u c l e o t i d e  was t o  i n h i b i t  the  

f u r t h e r  p h o s p h o r y l a t i o n  of GMP t o  GDP (and GTP) b e c a u s e  t h e  c o n c e n t r a -  

t i o n s  of GDP and GTP d e c r e a s e d  w h i l e  t h e  c o n c e n t r a t i o n  of GMP i n c r e a s e d  
( t o  2 - f o l d )  ( F i g .  7 ) .  I n  mammalian ce l l s ,  formycin-A is deaminated  t o  
f o r m y ~ i n - B , ~ ~  which i n h i b i t s  poly-(ADP-Rib) polymerase.36 
t i l i s  formycin-B had the same effect  a s  formycin-A. T u b e r c i d i n  is a 

p o t e n t  i n h i b i t o r  of mammalian m R N A  s y n t h e s i s  and is i n c o r p o r a t e d  pref -  
e r e n t i a l l y  i n t o  poly-A (+ S t r a n d )  RNA.36 

o n l y  i n  some m i c r o o r g a n i s m s ,  p r o b a b l y  by i n t e r f e r i n g  w i t h  t h e i r  g l u c o s e  
u t i l i z a t i o n . ’  

s p o r u l a t i o n .  

A t  a c o n c e n t r a t i o n  of 

I n  B. sub- 

It  h a s  a n t i b i o t i c  a c t i v i t y  

I n  B. s u b t i l i s  it affected n e i t h e r  growth  n o r  

O t h e r  a n t i b i o t i c s  which i n h i b i t  g rowth  by  d i r e c t l y  i n t e r f e r i n g  w i t h  

RNA s y n t h e s i s  ( w i t h o u t  d e c r e a s i n g  t h e  GTP c o n c e n t r a t i o n )  d i d  n o t  i n d u c e  
s p o r u l a t i o n .  They i n c l u d e  t h e  p e p t i d e  a n t i b i o t i c s  t y r o t h r i c i n  and e c h i -  

nomycin ; 12’13 l i p i a r m y c i n  and lomofungin which i n h i b i t  RNA p o l p e r -  
a ~ e ; ’ ~ ’ ~ ~  and hedamycin22 which i n h i b i t s  growth  by  b i n d i n g  t o  DNA. 

i n a b i l i t y  of other i n h i b i t o r s  of RNA s y n t h e s i s :  act inomycin-D,  chromomy- 
cin-AS, daunomycin,  r i f a m p i n ,  s t r e p t o l y d i g i n ,  and s t r e p t o v a r i c i n ,  t o  

induce  s p o r u l a t i o n  ( a t  any i n h i b i t o r y  c o n c e n t r a t i o n )  h a s  been  r e p o r t e d  
b e f ~ r e . ~  Emet in ,  18’ ” a n  a l k a l o i d a l  i n h i b i t o r  of e u k a r y o t i c  ribosomal 

R N A  s y n t h e s i s ,  a f f e c t e d  n e i t h e r  growth  nor  s p o r u l a t i o n .  
whether  t h i s  compound is t a k e n  up by B. s u b t i l i s .  

The 

We do n o t  know 

I n  most (or  a l l )  b i o l o g i c a l  s y s t e m s ,  t h e  commitment of C e l l s  t o  
undergo  f u n c t i o n a l  and s t r u c t u r a l  d i f f e r e n t i a t i o n  is preceded  by a 

decrease or  an arrest i n  cel l  p r o l i f e r a t i o n .  T h i s  d i f f e r e n t i a t i o n  
p r o b a b l y  s t a r t e d  ( a t  l e a s t  i n  microorganisms)  a s  a n  e v o l u t i o n a r y  a d a p t a -  
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t i o n  to a d v e r s e  growth  c o n d i t i o n s  ( l i m i t a t i o n  of n u t r i e n t s ) .  ’ E a r l y  i n  

e v o l u t i o n ,  d e p l e t i o n  of an a l r e a d y  used m e t a b o l i t e  s u c h  a s  GTP, which 

c o n t a i n s  the key e l e m e n t s  ( C ,  N ,  O), may have  r e g u l a t e d  t h e  t r a n s i t i o n  

from v e g e t a t i v e  growth  t o  d i f f e r e n t i a t i o n .  Later e v o l u t i o n ,  r e q u i r i n g  
d i f f e r e n t  ce l l s  i n  a m u l t i c e l l u l a r  organism t o  d e v e l o p  d i f f e r e n t l y ,  
i n t r o d u c e d  a d d i t i o n a l  s i g n a l s  such  a s  c y c l i c  AMP [which i n  B a c i l l i  is 

u n d e t e c t a b l e  d u r i n g  growth  and s p o r u l a t i o n  ( c o n c e n t r a t i o n  less t h a n  
1 nM) I ,  38’ 39 hormones, etc . The e v i d e n c e  p r e s e n t e d  earlier2-6 and h e r e  

i n d i c a t e s  t h a t  a d e c r e a s e  of  GTP (o r  GDP) is used a s  a s i g n a l  t o  i n i t i -  

a t e  s p o r u l a t i o n  of B. s u b t i l i s .  If o n e  p r o d u c e s  a s p e c i f i c  decrease of  

g u a n i n e  n u c l e o t i d e s ,  s p o r u l a t i o n  o c c u r s  a n d ,  moreover ,  GTP d e c r e a s e s  

under  a l l  c o n d i t i o n s  under  which m a s s i v e  s p o r u l a t i o n  is o b s e r v e d ,  

whereas  a l l  o t h e r  n u c l e o t i d e s  i n c r e a s e  under  some and d e c r e a s e  under  

o t h e r  c o n d i t i o n s .  This p a p e r  shows for t h e  first time t h a t  GMP c a n n o t  

be a s p o r u l a t i o n  s i g n a l  b e c a u s e  i t s  c o n c e n t r a t i o n  d e c r e a s e d  under  most 

s p o r u l a t i o n  c o n d i t i o n s  b u t  i n c r e a s e d  d u r i n g  s p o r u l a t i o n  i n d u c t i o n  b y  

formycin-A. It  is also w o r t h  m e n t i o n i n g  t h a t  t h e  s i g n a l  is not ppGpP O r  

pppGpp, which are made d u r i n g  t h e  s t r i n g e n t  r e s p o n s e  t o  amino a c i d  
s t a r v a t i o n ,  b e c a u s e  o t h e r  s t u d i e s  i n  o u r  l a b o r a t o r y  have  shown t h a t  t h e  

s p o r u l a t i o n  o b s e r v e d  under  s u c h  c o n d i t i o n s  a c t u a l l y  r e s u l t s  from t h e  
d e c r e a s e  of GTP, which is a lso  a consequence  of t h e  s t r i n g e n t  r e s p o n s e :  

r e l a x e d  (-1 m u t a n t s ,  u n a b l e  to  produce  t h e  s t r i n g e n t  r e s p o n s e ,  n o  

l o n g e r  s p o r u l a t e  d u r i n g  p a r t i a l  amino a c i d  d e p r i v a t i o n  b u t  c a n  still 

s p o r u l a t e  when t he i r  GTP c o n c e n t r a t i o n  is d e c r e a s e d  o t h e r w i s e .  

N m e r o u s  u n u s u a l  n u c l e o t i d e s  have been o b s e r v e d  by  u s  and by  o t h e r s  i n  

t h i n - l a y e r  chromatography or e l e c t r o p h o r e s i s  of 32P-labeled compounds. 
However, most of t h e s e  compounds are o b s e r v e d  o n l y  under  s p e c i a l  ( n o t  

a l l )  s p o r u l a t i o n  c o n d i t i o n s .  We c a n n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  
s a n e  compound, made i n  m i n u t e  q u a n t i t y ,  m i g h t  u l t i m a t e l y  c o n t r o l  t h e  

o n s e t  of s p o r u l a t i o n .  
compound h a s  y e t  been p r o v i d e d .  

40-42 

1 

But no c o n v i n c i n g  e v i d e n c e  for t h e  ro le  of s u c h  a 
1 

GTP is  a p r e c u r s o r  of f o l a t e  and i t s  d e r i v a t i v e s  which are  needed 

for f o r m y l a t i o n  and c e r t a i n  m e t h y l a t i o n  r e a c t i o n s .  Bochner and  Ames 

found i n  S a l m o n e l l a  typhimurium t h a t  the  decrease of GTP l e a d s  to  a 

s u r p r i s i n g l y  r a p i d  a c c u m u l a t i o n  of 5-amino 4- imidazole  carboxamide  r i b o -  

s i d e  5 l-monophosphate ( = A I C A R  o r  ZMP) ,  4-N-succino-ZMP, and t h e  t r i p h o s -  
p h a t e  ZTP.43 ZMP is s y n t h e s i z e d  i n  t h e  p u r i n e  p a t h  and i s  a s i d e  
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p r o d u c t  of t h e  h i s t i d i n e  p a t h .  One would t h e r e f o r e  e x p e c t  t h a t  t h e  

a c c u m u l a t i o n  of ZMP and i t s  d e r i v a t i v e s  is p r e v e n t e d  i n  p u r i n e  auxo- 

t r o p h s  b locked  before ZMP i f  t h e y  are  grown i n  t h e  p r e s e n c e  of h i s t i d i n e  
which i n h i b i t s  d e  novo s y n t h e s i s  of h i s t i d i n e  by f e e d b a c k  i n h i b i t i o n  of 

t h e  f irst  enzyme i n  the h i s t i d i n e  pathway. I n  fac t ,  the above  ment ioned  

S. t y p h l m u r i m  s t u d i e s  show t h a t  under  such  c o n d i t i o n s  t h e  s e n s i t i v i t y  
of ce l l s  t o  fo la te  a n t i m e t a b o l i t e s  is e l i m i n a t e d . 4 3  We h a v e  n o t  meas- 
ured  t h e  a c c u m u l a t i o n  of these compounds u n d e r  c o n d i t i o n s  c a u s i n g  GTP 
d e p r i v a t i o n  i n  B. s u b t i l i s .  Al though t h e y  may be used by  t h e  c e l l  t o  

r e c o g n i z e  f o l a t e  d e f i c i e n c y , 4 3  ear l ier  r e s u l t s  from o u r  l a b o r a t o r y  make 

it v e r y  u n l i k e l y  t h a t  t h e  i n c r e a s e  of any  o n e  of t h e s e  compounds is 
n e c e s s a r y  for t h e  i n i t i a t i o n  of s p o r u l a t i o n :  1 )  P u r i n e  a u x o t r o p h s  of  & 
s u b t i l i s  blocked a t  d i f f e r e n t  s t e p s  b e f o r e  o r  a f t e r  ZMP s p o r u l a t e  a t  a 

f r e q u e n c y  t h a t  depends  on t h e i r  l e a k i n e s s  r a t h e r  t h a n  on t h e  p o s i t i o n  O f  

t h e  b l o c k  i n  t h e  p u r i n e  pa th .2  2 )  T h i s  is even  t r u e  for  h i s  p u r  m u t a n t s  

(with b o t h  b l o c k s  before ZMP) for which s p o r u l a t i o n  was measured i n  the  
p r e s e n c e  of h i s t i d i n e  (50 p g / m l ) ,  i .e.,  u n d e r  c o n d i t i o n s  t h a t  s h o u l d  

e n a b l e  n o  ZMP a c c u m u l a t i o n .  
IMP s p o r u l a t e  b e s t  if the  medium c o n t a i n s  a n  i n t e r m e d i a t e  c o n c e n t r a t i o n  

o f  5-amino 4- imidazole  carboxamide  ( A I C A )  a s  an e x t r a c e l l u l a r  p r e c u r s o r  
of ZMP.2 

normal ra te  b e c a u s e  ce l l s  grow i n  it o n l y  v e r y  s l o w l y .  High 
c o n c e n t r a t i o n s  of AICA e n a b l e  growth  a t  a normal  ra te  and do n o t  c a u s e  

s p o r u l a t i o n .  Thus,  it is t h e  l i m i t a t i o n  of p u r i n e  p r e c u r s o r s ,  i n c l u d i n g  
ZMP, and of t h e  d e r i v e d  n u c l e o t i d e s  which c a u s e s  s p o r u l a t i o n  and n o t  t h e  

accumula t ion  of ZMP. 

2 3 )  Non-leaky pur a u x o t r o p h s  b locked  before 

T h i s  amount of A I C A  is n o t  a b l e  t o  s u p p l y  p u r i n e s  a t  t h e  

One c o u l d  also a r g u e  t h a t  GTP d e p r i v a t i o n  and t h e  p o s s i b l y  r e s u l t -  

i n g  d e f i c i e n c y  i n  5-methyl t e t r a h y d r o f o l a t e  m i g h t  c a u s e  a d e f i c i e n c y  O f  

m e t h i o n i n e  and d e r i v e d  compounds and t h a t  t h i s  d e f i c i e n c y  c o u l d  be 

r e s p o n s i b l e  for s p o r u l a t i o n .  However, t h e  f o l l o w i n g  r e s u l t s  a r g u e  
a g a i n s t  t h i s  p o s s i b i l i t y :  1 )  1 %  c a s e i n  h y d r o l y s a t e  (which  c o n t a i n s  

m e t h i o n i n e )  or 1 mM L-methionine i n  combina t ion  w i t h  o t h e r  amino a c i d s  
d o  n o t  p r e v e n t  s p o r u l a t i o n  i n d u c t i o n  by d e c o y i n i n e .  5 '6  2)  The d e p r i v a -  

41 
t i o n  of m e t h i o n i n e  does n o t  i n i t i a t e  s p o r u l a t i o n  of a met re1 m u t a n t  
( i n  a met rel+ m u t a n t  m e t h i o n i n e  d e p r i v a t i o n  does i n i t i a t e  s p o r u l a t i o n  

b u t  t h a t  effect  r e s u l t s  from t h e  s t r i n g e n t  r e s p o n s e  to  any  amino a c i d  
d e f i c i e n c y ) .  
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We do not know how GTP exe r t s  its control  on sporulat ion.  It is  

known to  be a spec i f i c  subs t ra te  for  only a few enzymes o f  B. s u b t i l i s ,  
i .e., the ppGpp and pppGpp synthesizing enzymes, t he  various f a c t o r s  

used i n  protein synthesis ,  and RNA polymerase. The synthesis  of ppGPP 
is not e s sen t i a l  for  sporulat ion,  and the  enzymes used in  protein 

synthesis  apparently a l l  have km values of a few pM, whereas a decrease 
i n  the i n t r a c e l l u l a r  GTP concentration from about 300 t o  50 mM GTP 

sufficed to  i n i t i a t e  sporulat ion Cone OD600 u n i t  occupies a volume of 
about 1 yl1. 
synthesis  b u t  it does decrease the 
l e a s t  w i t h  respect  t o  ribosomal RNA 

t i on ) .  Therefore, the  GTP deprivat  
a f fec t ing  the r e l a t i v e  frequency a t  

The GTP decrease does not a f f ec t  the elongation of RNA 

n i t i a t i o n  of new R N A  chains ,  a t  
(Vasantha and Hansen, i n  prepara- 

on might i n i t i a t e  sporulat ion by 

which d i f f e r e n t  RNA molecules a re  

synthesized. 

one of t h e  numerous enzymes using ATP o r  other  purine de r iva t ives  (e.g.  

a protein klnase) ,  it could in t e r f e re  w i t h  the mechanism of c e l l  
septat ion (because sporulation s t a r t s  by the formation of an asymmetric 

septum), or it could ac t  d i r e c t l y  a t  t he  genet ic  l e v e l ,  e.g. a s  a 
corepressor.  

B u t  it could also i n h i b i t  or ac t iva t e  an enzyme such a s  

The d i f f e ren t i a t ion  of cer ta in  other  c e l l  types apparently i s  a l so  
controlled by nucleotides.  

Myxococcus xanthus is accompanied by accumulation of ppGpp and pppGpp. 
I n  the yeast  Saccharomyces cerv is iae ,  sporulat ion can be i n i t i a t e d  by 

t h e  deprivation of GTP (E.B. Freese, Olempska-Beer, Hartig,  and Freese; 

i n  preparat ion) .  I n  myxomycetes, formycin-B i n t e r f e r e s  with the  normal 

process of f ru i t i ng  body formation.45 I n  Plants ,  the r a t i o  of auxins t o  

cytokinins  (adenosine analogs) determines whether the  c a l l u s  Ce l l s  

d i f f e ren t i a t e  in to  a root or  a shoot. 46'47 
erythroleukemic c e l l s  can be induced by purines and purine analogs. 

For example, myxospore formation O f  
44 

Erythroid d i f f e ren t i a t ion  of 
27 
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