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CYCLIC ADENOSINE 3 5 ' -MONOPHOSPHATE IN 

ARTHROBACTER CRYSTALLOPOIETES 

(ARTHROBACTER GLOBIFORMIS)

INTRODUCTION

The genus A r th ro b a c te r  was d e s c r ib e d  by Conn and Dimmick (8) 

in  1947 as p leo m o rp h ic . Gram v a r ia b le ,  s o i l  b a c t e r i a  and p la c e d  in  th e  

C o ry n e b a c te ria c e a e  (1 9 ). One o f  th e  d is t in g u is h in g  c h a r a c t e r i s t i c s  

o f  A r th ro b a c te r  has been th e  m orphogenic c y c le  e x h ib i te d  d u rin g  growth 

(4 5 ). D is t in c t  c e l l  ty p es  o ccu r s e q u e n t ia l ly  d u r in g  th e  l i f e  c y c le : 

c o cc i e lo n g a te  to  ro d s  w hich grow and d iv id e  u n t i l  l a t e  in  lo g  s ta g e  

when they  frag m en t, become s h o r te r  and r e v e r t  t o  c o c c i .  T h is  sim ple 

m o rp h o lo g ica l v a r i a t i o n  and f a c i l e  grow th and s y n c h ro n iz a tio n  have made 

A r th ro b a c te rs  an  advan tageous system  in  which to  s tu d y  m orphogenesis, 

i t s  r e g u la t io n  and c o n t r o l  (6 ) .

The s p e c ie s  A rth ro b a c te r  c r y s ta l lo p o ie te s  (A rth ro b a c te r  

g lo b ifo rm is ) (19) was f i r s t  i s o la te d  from s o i l  and d e sc r ib e d  by Ensign 

and R it te n b e rg ,  (11) in  1963. I t  was c h a r a c te r iz e d  by th e  p ro d u c tio n  

o f a b lu e  p igm ent when u t i l i z i n g  2 -h y d ro x y p y rid in e  as a carbon  so u rce . 

L a te r ,  t h i s  p igm ent p ro d u c tio n  was shown to  be a  p la sm id  a s s o c ia te d  

phenomenon (4 6 ) . More r e c e n t ly ,  Keddie (19) h as  c l a s s i f i e d  A r th ro b a c te r  

c r y s ta l lo p o ie te s  as a s t r a i n  o f the  ty p e  s p e c ie s  A r th ro b a c te r



g lo b ifo rm is , and p la c e d  th e  genus in  th e  coryneform  group o f  b a c te r ia .  

For th e  pu rpose  o f  c o n t in u i ty ,  bo th  names w i l l  be c i te d  th ro u g h o u t th e  

fo llo w in g  m a n u sc rip t. Ensign  and Wolfe (12) re p o r te d  th a t  th e  morpho

g en ic  c y c le  in  A r th ro b a c te r  c r y s ta l lo p o ie te s  co u ld  be n u t r i t i o n a l l y  

c o n t ro l le d .  In  a  d e f in e d  medium c o n ta in in g  c e r t a in  s u b s t r a te s ,  fo r  

exam ple, g lu c o se , c e l l s  co u ld  be grown as c o c c i o n ly . The a d d i t io n  o f 

one o f  a number o f  a p p a re n tly  u n re la te d  compounds induced th e  fo rm atio n  

o f ro d  shaped c e l l s .  N u t r i t io n a l  c o n t ro l  was a h e lp f u l  f in d in g  in  

th a t  a  system  was p ro v id ed  in  which c e l l u l a r  changes a s s o c ia te d  w ith  

m orphogenesis co u ld  be compared to  changes due to  grow th and  ag ing .

The mechanism of n u t r i t i o n a l  c o n tro l  has n o t been a s c e r ta in e d . 

Once c o c c o id a l c e l l s  have been induced to  form ro d s , th e  p re sen ce  o r  

absence o f  th e  in d u c in g  compound d id  n o t appear to  d i r e c t l y  i n i t i a t e  

th e  o th e r  m ajor m orpho log ic  e v e n t, t h a t  i s ,  th e  f ra g m e n ta tio n  o f  th e  

ro d s  and e v e n tu a l r e v e r s io n  to  c o c c i (1 6 ). F rag m en ta tio n  d id  n o t 

r e s u l t  from  th e  e x h a u s tio n  o f  th e  in d u c in g  compound. T h e re fo re , 

a lth o u g h  i n i t i a t i o n  o f  th e  m orphogenic c y c le  was under n u t r i t i o n a l  

c o n t ro l ,  subsequen t s ta g e s  were n o t c o n t ro l le d  d i r e c t l y  by the  induc ing  

compound. T h is  d id  n o t p re c lu d e  th e  r o le  o f th e  compounds as p r e c u r 

so rs  o f  c e l l  m e ta b o li te s  w hich may p la y  a  r e g u la to ry  r o le .

There h a s  been some co n tro v e rsy  as to  w hether th e s e  compounds 

a c tu a l ly  induce th e  m orphogenic c y c le . Luscombe and Gray (26) and 

Crombach (9) p roposed  th a t  th e  morphology of c e r t a in  A r th ro b a c te r s  was 

a fu n c tio n  o f th e  growth r a t e  and th a t  s p e c i f i c  in d u c e rs  a r e  n o t 

re q u ire d . However, in  s u b s t r a te  le v e ls  which b a re ly  su p p o rted  grow th 

as m easured by in c re a s e  in  ab so rbance , c o c c o id a l A. c r y s ta l lo p o ie te s



c e l l s  were induced  to  th e  rod  s ta g e  (C. K im b e rli^ -H a rir i ,  M.S. t h e s i s ,  

U n iv e rs ity  o f  Oklahoma, Norman, 1974). A lso , growth r a t e s  ^ e re  ach iev ed  

in  n o n -in d u c in g  s u b s t r a te s  w hich su rp assed  th o s e  o b ta in e d  in  in d u c in g  

m edia bu t s t i l l  th e  c e l l s  rem ained c o c c o id a l. Ensign and S t. John (44) 

showed t h a t  c o c c o id a l c e l l s  in  an a p p ro p r ia te ,  ind u c in g  medium become 

rod shaped in  th e  p re se n c e  o f  a DNA i n h i b i to r  a lth o u g h  th e y  n e i th e r  

d iv id e  n o r  fragm en t. T h e re fo re  th e  m orphogenic change from  coccus to  

rod p reced ed  c e l l  d iv i s io n  and was independen t o f  th e  r a t e  o f  c e l l  

d iv is io n  o r  growth ra c e . However, th e re  co u ld  have been a  d i r e c t  

r e la t io n s h ip  betw een th e  r a t e  o f  in c re a s e  in  c e l l  mass and m orphogenesis, 

b u t no e v id en ce  has su g g es ted  th a t  a c a u s a l  r e la t io n s h ip  o c c u rs . As 

K vasnikov e t  a l . (24) p o in te d  o u t in  t h e i r  d is c u s s io n  o f  th e  n u t r i t i o n a l  

c o n tro l  o f  m orphogenesis in  A r th ro b a c te r  s im p lex  (Jen sen ) Lochhead, 

th e re  i s  a t  p re s e n t no unanimous o p in io n  co n ce rn in g  m orphogenesis and 

i t s  o ccu rren c e  o r  in d u c tio n  in  th e  d i f f e r e n t  A r th ro b a c te r  s p e c ie s .

Once th e  c y c le  has been  induced , th e  m o rp h o lo g ica l ev e n ts  o f  

e lo n g a tio n , f ra g m e n ta tio n  and re v e rs io n  a re  accompanied by b io c h em ic a l 

changes in  s t r u c t u r a l  and fu n c t io n a l  c e l l  components. A number o f  

b io ch em ica l d i f f e r e n c e s  have been observed  betw een c o c c o id a l and rod  

c e l l s .  K rulw ich e t  a l .  (2 0 ,2 1 ) r e p o r te d  t h a t  th e  p o ly sa c c h a r id e  

backbones o f  rod  c e l l  w a lls  w ere lo n g e r and more homogeneous th a n  th o se  

in  c o c c o id a l c e l l s ,  and th e  amino ac id  c r o s s - l in k in g  in  th e  p e p tid o -  

g lycan  was s l i g h t l y  g r e a te r  in  th e  ro d s . N -a c e ty l muram idase a c t i v i t y  

was fo u r to  f iv e  tim es h ig h e r  in  th e  sp h eres  (22 ). A lthough no 

s ig n i f i c a n t  v a r ia t io n  was found in  p h o sp h o lip id  o r g ly c o l ip id  com posi

t io n  when l i p id s  w ere e x t r a c te d  d u rin g  rod  and sphere  s ta g e s  (4 3 ),



H eyers (30) re p o r te d  t h a t  one n e u t r a l  l i p i d ,  a  d ig ly c e r id e ,  appeared 

on ly  in  c e l l s  j u s t  b eg in n in g  to  fragm ent.

Changes in  m orphology were accom panied by changes in  m etabo lism  

as w e ll .  F erd inandus ( J .  F erd in an d u s , Ph.D. t h e s i s .  U n iv e r s i ty  o f  

Oklahoma, Norman, 1969) r e p o r te d  th a t  f a t s  w ere accum ulated  d u rin g  ro d  

fo rm atio n  and u t i l i z e d  a s  an  endogenous energy  supply  d u r in g  frag m en ta 

t io n .  L ipogen ic enzymes reach ed  th e i r  h ig h e s t  s p e c i f i c  a c t i v i t y  d u rin g  

rod s ta g e , w h ile  l i p a s e  and th e  g luconeogen ic  enzymes had  t h e i r  h ig h e s t  

s p e c i f i c  a c t i v i t y  d u r in g  fra g m e n ta tio n . One enzyme, th e  m a lic  enzyme 

(L -m ala te : NADP o x id o re d u c ta s e  (d e c a rb o x y la tin g ) ; E.G. 1 .1 .1 .4 0 . ) ,  was 

found to  be a c t iv e  o n ly  d u rin g  th e  rod s ta g e . At p re s e n t ,  t h i s  i s  th e  

o n ly  rod s p e c i f i c  m arker a v a i la b le  d u rin g  th e  m orphogenic c y c le  o f 

A r th ro b a c te r  c r y s t a l l o p o i e t e s . F erd inandus su g g es ted  a  m odel to  e x p la in  

m orphogenic c o n tro l  a t  th e  s u b s t r a te  l e v e l  v i a  feedback  in h i b i t i o n  o f  

key enzymes. The enzymes o f  g ly c o ly s is  and lip o g e n e s is  w ould be 

s e le c t iv e ly  in h ib i te d  by f r e e  f a t t y  a c id s  w h ile  g lu co n eo g en ic  enzymes 

would be u n a f fe c te d .

F erd inandus and C la rk  (14) re p o r te d  t h a t  th e  p h o sp h o fru c to -  

k in a se  (ATP: D -fru c to se -6 -p h o sp h a te  1 -p h o s p h o tra n s fe ra se ; E.C. 2 .7 .1 .1 1 )  

found in  A r th ro b a c te r  c r y s ta l lo p o ie te s  c e l l s  w hich have undergone 

m o rp h o lo g ica l changes was n o t in h ib i te d  by h ig h  c o n c e n tra t io n s  o f  ATP. 

L a te r , Lawrence (1974, M.S. t h e s i s ,  U n iv e r s i ty  o f  Oklahoma, Norman) 

in v e s t ig a te d  th i s  enzyme and a d e n y la te  c o n t ro l  in  c e l l s  w hich were 

grown o n ly  as c o c c i and found th e  p h o sp h o fru c to k in a se  to  be a  r e g u la to ry  

enzyme. A p p aren tly , th e re  were two d i f f e r e n t  p h o sp h o fru c to k in a se s  in  

th i s  organism , and th e y  may p la y  a r o le  in  th e  m orphogenic cy c le .



O ther work has been done on th e  m etabo lism  o f  A r th ro b a c te r  

c r y s t a l l o p o ie t e s . T h is  s p e c ie s  has th e  enzymes o f  th e  Krebs c y c le ,  th e  

Em bden-M eyerhoff-Parnas pathway and th e  hexose monophosphate shun t 

pathway (2 ,23  ) .  S c h e c te r ,  e t  (40) re p o r te d  t h a t  th e  m ajo r c a ta b o -  

l i t e  e f f e c t s  on in d u c ib le  enzyme s y n th e s is  in v o lv ed  th e  u p ta k e  o f th e  

in d u ce r and a s e v e re  c a t a b o l i t e  r e p re s s io n  (a s  seen  w ith  L - s e r in e  

h y d ro ly ase  d eam in a tin g  d eh y d ra ta se  EC 4 ,2 ,1 .1 3 ) .  The e x te n t  o f  c a ta b o 

l i t e  r e p re s s io n  by a  compound had n o th in g  to  do w ith  i t s  u t i l i z a t i o n  as  

a s u b s t r a te  b u t was a p p a re n tly  r e l a t e d  to  th e  pathway by w hich i t  was 

m e tab o lized . C y c lic  ad en o sin e  3 ' :5 '-m onophosphate  (cAMP) d id  no t 

re v e rs e  th e  c a ta b o l i c  e f f e c t s .  They su g g es ted  th a t  cAMP may p o s s ib ly  

e f f e c t  m etabo lism  a t  th e  enzyme le v e l  v ia  p r o te in  k in a s e s .

L i t t l e  i s  a c tu a l ly  known o f  th e  c o n t ro l  mechanisms o f  morpho

g en es is  in  A r th ro b a c te r  c r y s t a l l o p o ie t e s . In d u c tio n  o f  m orphogenesis 

by s p e c i f i c  compounds i s  n o t u n d ers to o d . Changes in  th e  s p e c i f i c  

a c t i v i t  ie s  o f  enzymes d u r in g  m orphogenesis may be due to  e i t h e r  m eta

b o l ic  o r g e n e tic  c o n t r o l ,  o r  bo th . There i s  ev id en ce  to  su p p o rt th e  

concep t th a t  c o n t r o l  o ccu rs  a t  b o th  le v e ls .  C om p e titiv e  h y b r id iz a t io n  

s tu d ie s  by M assey, C la rk  and Jacobson  (29) in d ic a te d  th a t  s i g n i f i c a n t  

q u a l i t a t i v e  changes in  th e  mRNA p o p u la tio n  occu r d u rin g  m orphogenesis, 

su g g e s tin g  r e g u la t io n  by d i f f e r e n t i a l  t r a n s c r i p t io n .  D i f f e r e n t i a l  

t r a n s c r ip t io n  can r e s u l t  from  changes in  th e  e x i s t in g  RNA polym erase and 

i t s  s p e c i f i c i t y  a s  w e ll  as s y n th e s is  o f a  new RNA polym erase (1 0 ). Two 

DNA-dependent RNA p o lym erases have been i s o la te d  from  A r th ro b a c te r  

c ry s  t a l lo p o ie te s  by Jacobson  and M azukelli (1 7 ). These enzymes d i f f e r e d  

in  t h e i r  tem p la te  s p e c i f i c i t y  and o th e r  c h a r a c t e r i s t i c s .



The m a jo r i ty  o f  th e  in v e s t ig a t io n s  o f m orphogenesis in  

A r th ro b a c te r  c r y s ta l lo p o ie te s  produce s im i la r  q u e r ie s :  how i s  th e

m orphogenic c y c le  r e g u la te d ;  when does th e  r e g u la t io n  o ccu r and, a t  

what le v e l?

A se a rc h  was begun to  f in d  a m e ta b o l i te  c a p a b le  o f  c e l l  r e g u la 

t io n  a t  v a r io u s  l e v e l s ,  one th a t  was known to  be in v o lv e d  in  moirpho- 

g en es is  and one th a t  n o t on ly  r e g u la te d  c e l l  m etabo lism  b u t can i t s e l f  

be r e g u la te d  by th e  c e l l ' s  env ironm ent. E s p e c ia l ly  o f  i n t e r e s t  was a 

m e ta b o li te  w hich in f lu e n c e d  m orphogenesis w h ile  n o t a f f e c t i n g  growth 

of th e  o rgan ism  as  a  non-m orphogenizing e n t i t y .  C y c lic  ad en o sin e  

3 ':  5 ' -m onophosphate (cAMP) was s e le c te d  as th e  m e ta b o li te  to  be i n v e s t i 

g a ted . s in c e  i t  had a l l  o f th e  above c a p a c i t i e s .

C y c lic  ad en o sin e  3 5 ’-m onophosphate (cAMP) i s  an im p o rtan t 

r e g u la to ry  m olecu le  in  an im al c e l l s  (3 7 ). D iscovered  by S u th e r la n d  

e t  a l . (36) as th e  in te rm e d ia te  in  hormone a c t iv a t io n  o f  l i v e r  phos- 

p h o ry la s e , cAMP h as  been found to  p la y  an im p o rtan t r o l e  in  many h o r

monal a c t io n s  and re g u la to ry  mechanisms o f th e  an im al body (3 7 ). This 

c y c l ic  n u c le o t id e  has  been found in  a l l  an im al c e l l s  (3 8 ) , in  many 

p la n ts  (3 ,1 5 ) ,  i n  th e  g reen  a lg a e  (1) and in  th e  p r o c a r y o t ic  b lu e -g re e n  

a lg a , A n a c y s tis  n id u la n s  (3 8 ). In  1963, cAMP was i d e n t i f i e d  in  

E sc h e r ic h ia  c o l i  (28) and in  th e  c u l tu r e  f l u i d  o f B rev ib a c te riu m  

l iq u ie f a c ie n s  (3 1 ). S ince  th e n , cAMP has been d em o n stra ted  in  numerous 

p ro c a ry o te s  (34, 3 8 ).

In  the  p ro c a ry o t ic  c e l l s ,  cAMP has e x e r te d  i t s  e f f e c t s  p r im a r i

ly  by s t im u la t in g  th e  s y n th e s is  o f a number o f  p ro te in s  w hich were no t 

e s s e n t i a l  f o r  a l l  grow th c o n d i t io n s .  cAMP overcame s e v e re  t r a n s i e n t



r e p r e s s io n  (18) and th e  le s s  se v e re  c a t a b o l i t e  r e p re s s io n  (2 7 ,3 2 ) o f 

many in d u c ib le  enzymes. Makman and S u th e r la n d  have (28) found th a t  

c e l l u l a r  cAMP c o n c e n tra t io n s  depended g r e a t ly  upon grow th c o n d it io n s .

I n  p o o r o r  l im i t in g  s u b s t r a te s ,  c e l l s  accum ulated  la rg e  amounts o f  cAMP 

and th e  a d d i t io n  o f  & r e a d i ly  u t i l i z a b l e  s u b s t r a te  u s u a l ly  r e s u l t e d  in  

a  d e c re a se  in  th e  i n t r a c e l l u l a r  cAMP c o n c e n tra tio n .

cAMP has been  shown to  a f f e c t  s e v e ra l  p ro c a ry o t ic  system s 

w hich  undergo m orphogenesis o r  s t r u c t u r a l  changes. I t  was r e q u ire d  f o r  

th e  s y n th e s is  and fo rm a tio n  o f  f l a g e l l a  in  E s c h e r ic h ia  c o l i  and 

S a lm o n e lla  typhim urium  (4 8 ). V e g e ta tiv e  c e l l s  o f Myxococcus xan th u s 

w ere enhanced to  swarm and form  f r u i t i n g  b o d ie s  by t h i s  c y c l ic  n u c le o 

t i d e  (5 ) .  S hap iro  e t  a l .  (42) d em o n stra ted  th a t  cAMP h a s te n e d  th e  

m o rp h o lo g ic a l d i f f e r e n t i a t i o n  of C a u lo b ac te r  c r e s c e n tu s . In  B a c i l lu s  

l ic h e n ifo rm is ,  cAMP was found on ly  a t  th e  end o f  a c t iv e  c e l l  d iv i s io n  

and grow th (6 ) . The morphology o f  s im p le  e u c a ry o te s  has  a ls o  been 

shown to  be a f f e c te d  by cAMP. Hypha fo rm a tio n  in  Mucor racem osus was 

in h ib i te d  by cAMP (25 ). In  th e  l i f e  c y c le  o f  D ic ty o s te liu m  d isco ideum , 

cAMP was found to  a c t i v a t e  a g g re g a tio n  and c u lm in a tio n  (2 ,3 9 ) . Compounds 

w hich e i t h e r  reduced  o r  in c re a s e d  endogenous cAMP produced  m o rp h o lo g ica l 

a b n o rm a li t ie s  in  N eurospora  e ra s  sa  (4 1 ) . The mechanisms o f many o f 

th e se  a c t io n s  have n o t been e lu c id a te d .  I t  may be p o s s ib le ,  t h a t  some 

m echanisms o f cAMP m ed iated  e f f e c t s  i n  p ro c a ry o te s  a r e  s im i la r  to  th o se  

in  e u c a ry o te s .

cAMP and i t s  r e l a t io n s h ip  to  m orphogenesis in  A r th ro b a c te r  

c r y s ta l lo p o ie te s  h a s  n o t been p re v io u s ly  s tu d ie d . I n v e s t ig a t io n s  w ere 

u n d e rta k e n  in  an e f f o r t  to  e s t a b l i s h  n o t on ly  i f  cAMP i s  in v o lv ed  in



8

t h i s  system^ b u t how i t  i s  invo lved  and  by w hat mode(s) o f  a c t io n .  The 

r e s u l t s  p re s e n te d  in  th e  fo llo w in g  m a n u sc rip ts  answer to  some degree  

th e se  q u e s tio n s  and serve^ as w e ll ,  t o  in d ic a te  A rth ro b a c te r  as a 

p ro m isin g  system  in  w hich to  s tu d y  m orphogenic changes, t h e i r  r e g u la 

t io n  and c o n t ro l .
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INHIBITION OF MORPHOGENESIS IN A PROCARYOTE, 

ARTHROBACTER CRYSTALLOPOIETES (A. GLOBIFORMIS), BY 

EXOGENOUS CYCLIC ADENOSINE 3 5  ' -MONOPHOSPHATE

ABSTRACT

Exogenous cAMP i n h i b i t e d  th e  e lo n g a tio n  o f  c o c c o id a l c e l l s  

in to  ro d  form s. T h e o p h y llin e  d e lay ed  e lo n g a t io n  and fra g m e n ta tio n  o f  

th e  rod c e l l s .  C y c lic  GMP produced no ap p a re n t e f f e c t s  on th e  

m orphogenesis when te s t e d  u nder s im i la r  c o n d i t io n s .
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INTRODUCTION

The fu n c tio n s  o f  cAMP in  p ro c a ry o t ic  c e l l s  a r e  d iv e rs e  and 

numerous (1 0 ) . However, m orphogenic e f f e c t s  have been d em o n stra ted  in  

r e l a t i v e l y  few c a s e s . T hese e f f e c t s  w ere f o r  th e  m ost p a r t  " p o s i t iv e "  

in  r e l a t i o n  to  m orphogenic e v e n ts  and in c lu d ed  such  o b s e rv a tio n s  a s  

th e  re q u ire m e n t o f  cAMP in  f l a g e l l a t i o n  in  c o lifo rm s  (1 2 ) ,  th e  in d u c tio n  

o f  f r u i t i n g  body fo rm a tio n  in  Myxococous xan th u s (1 ) ,  and th e  enhance

ment o f  d i f f e r e n t i a t i o n  in  C a u lo b a c te r  c re s c e n tu s  (1 1 ) . In  c o n t r a s t ,  

t h i s  p ap e r r e p o r t s  th e  i n h i b i t i o n  o f  m orphogenesis in  A r th ro b a c te r  

c r v s t a l l o p o ie t e s  (4 , 6) by cAMP, a  " n e g a tiv e "  e f f e c t  on a  m orphogenic 

e v e n t, d e m o n s tra tin g  d i v e r s i t y  in  th e  r e g u la to ry  r o le s  o f cAMP in  

p ro c a ry o t ic  m orphogenic sy stem s. In  a d d i t io n ,  th e  e f f e c t  o f  th e o p h y l

l i n e ,  a  cAMP s p e c i f i c  p h o s p h o d ie s te ra se  in h i b i to r ,  was s tu d ie d ,  and th e  

observ ed  e f f e c t s  on m orphogenesis w ere th o u g h t to  r e s u l t  from  ijn v iv o  

p re v e n tio n  o f  cAMP d e s t r u c t io n  and th u s  an in c re a s e  i n  i n t r a c e l l u l a r  

le v e ls  o f  cAMP.

A r th ro b a c te r  c r y s t a l l o p o ie t e s  has a l i f e  c y c le  w ith  d i s t i n c t  

m o rp h o lo g ica l c e l l  ty p e s ; e a r ly  c o c c i  e lo n g a te  to  ro d s  w hich grow and 

d iv id e  u n t i l  l a t e  in  lo g  s ta g e  when th e y  frag m en t, become s h o r te r  ro d s  

and e v e n tu a l ly  r e v e r t  to  c o c c i (2 ) . This sp e c ie s  o f f e r e d  th e  advan tage 

o f  a  n u t r i t i o n a l l y  c o n t r o l la b le  m orphogenic c y c le  s in c e  th e  c e l l s  cou ld  

be grown o n ly  a s  c o c c i o r  induced  to  undergo a  m orphogenic c y c le  by
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th e  a d d i t io n  o f  c e r t a in  s u b s t r a te  s . ( 5 ) .  i n  c o n ju n c tio n  w ith  th e  morpho

lo g i c a l  s ta g e s ,  b io ch em ica l and p h y s io lo g ic a l  changes o ccu red  w hich 

w ere a b se n t o r  l e s s  pronounced i n  th e  c o c c o id a l c o n tro l  c e l l s  (2 ) .
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METHODS M D  MATERIALS

A rth ro b a c te r  c r y s t a l l o p o i e t e s (AICC 15481) (A. g lo b ifo rm ls )

(6 ) c o c c o id a l c e l l s  from  a synchronous 24 h o u r c u l tu r e  w ere t r e a te d  

by a m o d ified  TRIS-EDTA method (7 ) w hich made them  more perm eable. 

T re a te d  c e l l s  w ere in o c u la te d  in to  f l a s k s  c o n ta in in g  0.5% (w/v) g lu c o se  

m inim al s a l t s  medium (CMS) (5 ) , in  w hich c e l l s  w ere c o c c o id a l o n ly , 

and in to  th re e  m edia in  w hich c e l l s  underw ent m orphogenesis: 0.5%

L -a sp a ra g in e  m inim al s a l t s  (AMS), 0.5% s u c c in a te  m inim al s a l t s  (SMS) 

and T ryp tone  G lucose Y east b ro th  (B a ltim o re  B io lo g ic a l  L a b o ra to r ie s ) .  

I n i t i a l  ab so rb an ce  was s ta n d a rd iz e d  to  0 .0 2 5  a t  485 nm (Bausch and 

Lomb S p ec tro p h o to m ete r 20 ).

At th e  tim e  o f in o c u la t io n  and a t  2 h o u r i n t e r v a l s  t h e r e a f t e r ,  

cAMF o r  cGMF (Sigma C hem ical Company) was added  to  f la s k s  c o n ta in in g  

th e  p re v io u s ly  d e s c r ib e d  c e l l s  and m edia. F in a l  c y c l ic  n u c le o tid e  

c o n c e n tra t io n s  o f  0 .1 ,  0 .5 ,  1 .0 ,  2 .0  and 5 .0  mM were m a in ta in e d . C e ll 

grow th was m easured by ab so rb an ce  a t  485 nm and m orphology was d e t e r 

mined by 0.1% m ethy lene  b lu e  s t a in e d  s l i d e  p r e p a r a t io n s .

C o n tro ls  u t i l i z e d  m edia to  w hich no c y c l i c  n u c le o t id e  had 

been added and m edia to  which n u c le o t id e s  p re v io u s ly  t r e a t e d  w ith  

p h o sp h o d ie s te ra se  had  been added. S im ila r  ex p erim en ts  w ere perform ed  

add ing  10 oM th e o p h y ll in e  a t  th e  v a r io u s  tim e in t e r v a l s  to  th e  fo u r  

m edia c o n ta in in g  th e  TRIS-EDTA t r e a t e d  c e l l s .

E xperim ents w ere r e p e a te d  u s in g  c e l l s  a llow ed to  grow to  a  

c e r t a in  s ta g e  o f  th e  l i f e  c y c le ,  i . e .  e a r ly  ro d s , m id -lo g  phase  rods 

and frag m en tin g  ro d s  r e v e r t in g  to  c o c c i. The c e l l s  a t  th e  v a r io u s  

s ta g e s  w ere t r e a te d  w ith  TRIS-EDTA and w ere r e in o c u la te d  in to  t h e i r
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o r i g i n a l  m edia w hich had been  t i t r a t e d  from  an a lk a l in e  pH to  th e  

o r i g i n a l  pH o f th e  medium ( 7 .2 ) .  To th e s e  c u l tu r e s ,  5 .0  mM cAMP, cGMP 

o r  10 mM th e o p h y ll in e  was added, and o b se rv a tio n s  o f  th e  l i f e  c y c le  

w ere c o n tin u e d .
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RESULTS

The TRIS-EDTA tre a tm e n t  i t s e l f  had  no e f f e c t  on th e  m orpho- 

g e n lc  c y c le ,  b u t  a  s l i g h t l y  h ig h e r  maximum growth was ach iev ed  as  com

p a re d  to  u n tre a te d  c o n t ro l  c e l l s .  W ithou t t h i s  tr e a tm e n t,  th e  c e l l s  

w ere a p p a re n tly  im perm eable to  cAMP and th e o p h y ll in e  s in c e  no e f f e c t  

was o b se rv ed  in  c u l tu r e s  n o t p r e t r e a te d  w ith  TRIS-EDTA. C y c lic  cGMP 

d id  n o t  e f f e c t  th e  grow th o r  m orphogenesis o f  t r e a t e d  o r  u n t r e a te d  

c e l l s  u n d er any o f th e  c o n d i t io n s  u sed . The m orphogenic c y c le  in  

th e  th r e e  m edia i s  shown in  F ig . 1 . C e l ls  rem ained c o c c o id a l in  th e  

GMS medium on ly .

No e f f e c t  o f  cAMP was seen  in  th e  0.5% GMS medium i n  w hich 

c e l l s  w ere c o c c o id a l o n ly , o r  i n  any medium in  w hich  th e  cAMP concen

t r a t i o n  was below 1 .0  nM, o r  when p h o sp h o d ie s te ra se  was used  t o  b re a k  

down th e  cAMP b e fo re  i t s  a d d i t io n  to  th e  medium.

Above a 1 .0  mM c o n c e n tra t io n  o f  cAMP, e lo n g a tio n  o f  th e  c o c c i 

was d e la y e d  in  th e  m orphogenic c u l tu r e s  and rods d id  n o t a p p e a r  u n t i l  

ap p ro x im ate ly  16 h o u rs  (F ig . 2 ) .  T h is  d e la y  c o n tin u e d  th ro u g h  f r a g 

m e n ta tio n  w hich o ccu rred  a t  20-22 h o u rs  a s  compared t o  18-22 h o u rs  in  

th e  c o n t ro l s .  However, i f  cAMP was n o t added u t n i l  a f t e r  8 h o u rs  o f 

grow th , i t  had no o b se rv a b le  e f f e c t s  on th e  m orphogenic c y c le .  T here 

were s e v e ra l  p o s s ib le  e x p la n a t io n s  f o r  t h i s  lo s s  o f  e f f e c t .  The com

pound cou ld  have been  u n s ta b le  in  th e  in c re a s in g ly  a lk a l in e  m ed ia , a  

c r i t i c a l  th re sh o ld  l e v e l  m ight have been  reached  i n t r a c e l l u l a r l y ,  th e re  

c o u ld  have been o n ly  a s h o r t  tim e  span d u rin g  w hich cAMP was e f f e c t i v e ,  

o r  a f t e r  8 hours th e  c e l l s  m igh t no lo n g e r  have been  perm eable to  

exogenous cAMP.
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To t e s t  t h i s  l a s t  p o s s i b i l i t y ,  c e l l s  w ere a llow ed  to  reach  a 

p a r t i c u l a r  s ta g e  in  th e  m orphogenic c y c le , th e n  w ere t r e a te d  w ith  TRIS- 

EDTA, w ere r e in o c u la te d  in to  th e  v a r io u s  m edia, and cAMP was added 

a s  d e s c r ib e d  in  METHODS, These experim en ts  d em onstra ted  t h a t  once rod  

fo rm a tio n  had  begun exogenous cAMP d id  n o t  d e lay  th e  rem ain ing  morpho

g e n ic  s ta g e s  o f  f ra g m e n ta tio n  and r e v e r s io n  to  c o c c i .

T h e o p h y llin e  i n h i b i t s  cAMP s p e c i f i c  p h o sp h o d ie s te ra se , an 

enzyme w hich c a ta ly z e s  th e  breakdown o f i n t r a c e l l u l a r  cAMP. This 

me th y  Ix an  th in e  h as  been  shown to  i n h i b i t  i n  v i t r o  th e  p h o sp h o d ies te ra se  

i s o l a t e d  from  S e r r a t i a  m arcensens (8 ) ,  and was u sed  in  th e se  experim en ts 

to  m a in ta in  i n t r a c e l l u l a r  cAMP le v e ls  d u r in g  th e  m orphogenic cy c le .

In  th e  p re s e n c e  o f  10 nM th e o p h y llin e , c e l l s  w hich had  been grown in  

0.5% GMS medium, rem ained  c o c c o id a l and grew a t  th e  same r a t e  as th e  

c o n t ro l ,  a p p a re n t ly  u n a f fe c te d .

In  th e  m orphogenic c u l tu r e s ,  th e o p h y ll in e  d e lay ed  rod  form a

t i o n  a p p ro x im a te ly  2-8  h o u rs . Once ro d s w ere form ed they  f a i l e d  to  

fragm en t and r e v e r t  to  c o cc i u n t i l  32-36 h o u rs  w h ile  c o n tro ls  w ith o u t 

th e  th e o p h y ll in e  fragm en ted  a t  18-22 h o u rs  (F ig . 2 ) .  When added to  

TRIS-EDTA t r e a t e d  c e l l s  which had a lre a d y  reac h ed  ro d  s ta g e , th e o 

p h y l l in e  d e lay ed  fra g m e n ta tio n  f o r  a  2 -8  h o u rs  p e r io d .  The rod  c e l l s  

th e n  fragm en ted  and r e v e r te d  to  c o c c i.
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DISCUSSION

These o b se rv a tio n s  in d ic a te  t h a t  exogenous cAMP i n h i b i t s  th e  

norm al i n i t i a t i o n  o f th e  m orphogenic ev e n t o f  e lo n g a tio n  o f  c o c c i 

to  ro d s  in  th e  l i f e  cy c le  o f  A r th ro b a c te r  c r v s ta l lo p o ie te s  and th a t  

th e o p h y ll in e ,  a  cAMP p h o sp h o d ie s te ra se  i n h i b i t o r ,  h a s  a  s im i la r  

e f f e c t ,  a s  w e ll  a s  cau sin g  a  long  d e la y  in  th e  p ro c e s s  o f  f ra g m e n ta tio n  

o f  rods to  c o c c i. No e f f e c t  was o bserved  as  a  r e s u l t  o f  exogenous 

cGMP in  th e s e  experim en ts . T h is  does n o t im ply , how ever, th a t  t h i s  

n u c le o t id e  does n o t have a  p o s s ib le  r e g u la to ry  f u n c t io n ,  a s  y e t  u n d e te r 

m ined, d u rin g  th e  m orphogenic c y c le .  We assum e, from  th e se  r e s u l t s ,  

th a t  in c re a s e d  le v e ls  o f  cAMP ^  v iv o  may i n h i b i t  th e  e lo n g a tio n  o f  

c o c c i and s e q u e n t ia l  m o rp h o lo g ica l t r a n s i t i o n s .  A m easurem ent o f  

cAMP le v e ls  d u rin g  m orphogenesis may h e lp  to  s u b s t a n t i a t e  t h i s  

assum ption .
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FIGURE LEGENDS

F ig . 1. A r th ro b a c te r  c r y s ta l lo p o le te s  was grown i n  v a r io u s  m edia, 

w ith  grow th a s se s se d  th ro u g h  th e  in c re a s e  in  a b s o rp t io n  a t  485 nm:

( □ — □ )  try p to n e , g lu c o se  and y e a s t  (TGY) b ro th ;  ( #  — #  ) 0.5% L- 

a s p a ra g in e  w ith  m inim al s a l t s  (AMS); (O —0 )  0.5% s u c c in a te  w ith  m in i

m al s a l t s  (SMS) ; and ( ■ — ■ )  0.5% g lu c o se  w ith  m inim al s a l t s  (GMS). 

M o rp h o lo g ic a l changes a re  d e s c r ib e d  and drawn as  v iew ed  on p r e p a ra t io n s  

s ta in e d  w ith  0.1% m ethy lene  b lu e  u s in g  l i g h t  m icroscopy .
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F ig . 2. T h is d iagram  r e p r e s e n ts  th e  in h ib i to r y  e f f e c t s  o f  e i th e r  

3 ' , 5 '- c y c l i c  AMP o r  th e o p h y ll in e  added a t  th e  beg in n in g  o f  th e  l i f e  

c y c le  ( tim e  = 0 h ) to  c e l l s  which w ere p re v io u s ly  t r e a te d  w ith  TRIS- 

EDTA. A. M orphogenetic  c y c le  o f  c o n t r o l  c e l l s  grown in  SMS, AMS, TGY, 

w ith  o r  w ith o u t th e  TRIS-EDTA tre a tm e n t.  B. I n h ib i t io n  due to  ImM- 

5nM 3 ' - 5 '  cAMP in  th e  same m edia. C. I n h ib i t io n  due to  a d d i t io n  o f  

IOœM th e o p h y ll in e  in  th e  same m edia. The e f f e c t s  seen  i n  B and C 

o ccu r when cAMP o r  th e o p h y ll in e  w ere added between 0-8  h o u rs  b u t n o t  

a f te rw a rd s .  Rod s ta g e  c e l l s  w ere d e la y e d  in  t h e i r  fra g m e n ta tio n  

when TRIS-EDTA t r e a te d  and th e o p h y ll in e  was added.
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rods froçio'rtîng
foJ»

X >s>\X ;,!

8  12 16 2 0  2 4  28 3 2  3 6  40

TIME ( h o u r s )

F ig u re  2



28

REFERENCES

1 Compos, J .  M. and D. R. Zusman. 1975. R e g u la tio n  o f  developm ent

in  Myxococcus x a n th u s ; e f f e c t  o f  3 ' : 3 ' - c y c l i c  AMP, AD? and 

n u t r i t i o n .  P roc . N a tl. Acad. S c i .  U.S.A. 72 ;518-522 .

2 C la rk , J .  B. 1972. M orphogenesis in  th e  genus A r th ro b a c te r .

C r i t i c a l  Reviews o f  M icrob io logy  %, 521-544.

3 Conn, H. J .  and Dimmick, I .  1974. S o i l  B a c te r ia  S im ila r  in

M orphology to  M ycobacterium  and C orynebac terium . J o u rn a l o f  

B a c te r io lo g y  5 ^  291-303.

4 E nsign , J .  C. and R it te n b e rg , S. C. 1963. A C r y s t a l l i n e  Pigment

P roduced from  2-H ydroxypyrid ine  by A r th ro b a c te r  c r y s t a l l o - 

p o ie te s  n . sp . A rchiye fu r  M ik ro b io lo g ie  47, 137-153.

5 E n sig n , J .  C. and  W olfe, R. S. 1964. N u t r i t i o n a l  C o n tro l o f

M orphogenesis in  A rth ro b a c te r  c r y s t a l l o p o i e t e s . J o u rn a l  

o f  B a c te r io lo g y  87, 924-932.

6 K eddie, RM. 1974. A ctinom ycetes and r e l a t e d  o rg an ism s. Genus I I .

A r th ro b a c te r  Conn and Dimmick 1947. In , B e rg e y 's  Manual o f  D e te r

m in a tiv e  B a c te r io lo g y  p . 618-625, R.E. Buchanan and N.E. Gibbons, 

E d ., 8 th  E d i t io n , W illiam s and W ilk in s  C o ., B e th esd a , Md.

7 L e iv e , L. 1965. A ctin o n y c in  S e n s i t i v i t y  in  E s c h e r ic h ia  c o l i

Produced by EDTA. B iochem ical and B io p h y s ic a l R esearch  

Communications 18, 13-15.

8 O kabayash i, T. and Id e ,  M. 1970. C y c lic  3 ' ,  5 ’-N u c le o tid e

P h o sp h o d ie s te ra se  o f  S e r r a t i a  m arcescen s . B iochem ica e t  

B io p h y sica  A cta  220. 116-123.

9 P a s ta n , I .  and Pearlm an, R. L. 1968. R e g u la tio n  o f  B -G a la c to s id a se

S y n th e s is  in  E sc h e r ic h ia  c o l i  by cAMP. J o u r n a l  o f  B io lo g ic a l 

C hem istry  243, 5420-5427.



29

10 R ick en b erg , H. V. 1974. C y c lic  AMP i n  P ro c a ry o te s . Annual Review

o f  M icro b io lo g y . 28 , 353-369.

11 S h a p iro , L . , A g ab ian -K esh ish ia n , N ., H ir s h ,  A. and Rosen, 0 . M.

1972. E f f e c t  o f  D ib u ty ry la d e n o s in e  3 ' :  5 ' -C y c lic  N u c le o tid e  on 

Growth and  D i f f e r e n t i a t i o n  in  C a u lo b a c te r  c re s c e n tu s . P ro 

c ee d in g s  o f  th e  N a tio n a l Academy o f  S c ien ces  o f  th e  U n ite d  

S ta te s  o f  A m erica 69, 1225-1229.

12 Y okota, T. and G ots, J .  S. 1970, R equirem ent o f  A denosine 3 ' , 5 ' -

C y c lic  P h o sp h a te  f o r  F la g e l la  F o rm ation  in  E s c h e r ic h ia  c o l i  

and S a lm o n e lla  typhim urium . J o u r n a l  o f  B a c te r io lo g y  103, 

513-516.



PAPER I I

INTRACELLULAR AND EXTRACELLULAR LEVELS OF ADENOSINE 3 ' :5'-CYCLIC 

MONOPHOSPHATE DURING MORPHOGENESIS IN ARTHROBACTER CRYSTALLOPOIETES 

(A, GLOBIFORMIS) AS CCMPARED TO LEVELS DURING NON-MORPHOGENIC GROWTH

30



31

INTRACELLULAR AND EXTRACELLULAR LEVELS OF ADENOSINE 3 ' :5'-CYCLIC 

MONOPHOSPHATE DURING MORPHOGENESIS IN ARTHROBACTER CRYSTALLOPOIETES 

(A. GLOBIFORMIS) AS COMPARED TO LEVELS DURING NON-MORPHOGENIC GROWTH

ABSTRACT

I n t r a c e l l u l a r  cAMP l e v e l s  r a p id ly  and m arkedly in c re a s e d  in  

th e  c o c c o id a l c e l l s  w hich w ere e lo n g a t in g  to  form  rods. Endogenous 

cAMP peaked and r e tu r n e d  to  l e v e l s  in  th e  rod  c e l l s  com parable to  th a t  

found in  p r e - t r a n s i t i o n  c o c c i.  T h is  l e v e l  was m a in ta ined  th ro u g h o u t 

th e  rem ain ing  m orphogenic c y c le .  In c re a s e s  in  th e  e x t r a c e l l u l a r  cAMP 

le v e ls  w ere found a t  e a r ly  rod  and fra g m e n ta tio n  s ta g e s . D uring th e  

non-m orphogenic grow th c y c le ,  c e l l s  w ere c o c c o id a l only . I n t r a c e l l u l a r  

cAMP le v e ls  rem ained  r e l a t i v e l y  c o n s ta n t  w h ile  e x t r a c e l l u l a r  cAMP le v e ls  

g ra d u a l ly  in c re a s e d  a f t e r  lo g  s ta g e .
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INTRODüCTICaî

A rth ro b a c te r  c r v s ta l lo p o ie te s  (A. g lo b ifo rm is )  (7 ) has been 

in  p a r t  c h a ra c te r iz e d  by i t s  n u t r i t i o n a l l y  c o n t ro l le d  morphogenic 

c y c le  (5 ) .  In  g lu co se  m inim al s a l t s  medium, th e  c e l l s  grow as c o c c i. 

Upon th e  a d d i t io n  o f  a  number o f  seem ingly u n re la te d  compounds, th e  

c e l l s  e lo n g a te  to  rods w hich grow and d iv id e  u n t i l  l a t e  in  log  s ta g e  

when th e y  frag m en t, become s h o r te r  ro d s  and e v e n tu a lly  r e v e r t  to  c o c c i.

A. c r y s ta l lo p o ie te s  p ro v id e s  a  u s e f u l  system  in  which morphogenic 

changes can be compared to  changes o c c u rin g  d u rin g  growth and aging. 

(2 ).

E vidence has accum ula ted  in d ic a t in g  th a t  aden o sin e  3 ': 5 '~  

c y c l ic  m onophosphate (cAMP) has s p e c ia l iz e d  and r e g u la to ry  fu n c tio n s  

r e l a t e d  to  grow th and d i f f e r e n t i a t i o n  in  low er e u c a ry o tic  and p ro c a ry 

o t i c  o rgan ism s. Examples in c lu d e d , hypha fo rm a tio n  in  Mucor (8 ); 

a g g re g a tio n  and c u lm in a tio n  in  D ic tv o s te liu m  ( l ^ 10) f l a g e l l a t i o n  in  

c o lifo rm s (1 4 )  ; d i f f e r e n t i a t i o n  in  C au lo b ac te r  c re sc e n tu s  (13)> and 

f r u i t i n g  body fo rm atio n  in  Myxococcus x an th u s  ( 9 ) .  In  N eurospora 

c r a s s a .  d rugs w hich a l t e r e d  i n t r a c e l l u l a r  cAMP le v e ls  led  to  abnorm al

i t i e s  in  m orphology (1 2 ). In  B a c i l lu s  l ic h e n i f o r m is . a  r e p r e s e n ta t iv e  

o f  p ro c a ry o t ic  m orphogenesis v ia  s p o ru la t io n ,  endogenous cAMP has been 

found a t  th e  end o f  grow th and c e l l  d iv i s io n  (4 ) . A lthough cAMP has 

o f te n  been c o r r e la te d  w ith  m orphogenesis in  p ro c a ry o te s , i t  has a l s o
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been shown to  r e g u la te  non-m orphogenic system s a s  w e ll .  I t  h a s  been 

s t a t e d  th a t  cAMP p la y s  a  r e g u la to ry  r o le  in  b a c t e r i a  b u t i s  n o t 

e s s e n t i a l  f o r  grow th  and v i a b i l i t y  (9 ).

By em ploying th e  A rth ro b a c te r  system , changes in  cAMP le v e ls  

cou ld  be m easured and compared in  th e  m orphogenic and non-mo rp hogen ic  

c e l l s .  The purpose  o f t h i s  in v e s t ig a t io n  was to  d e te rm in e  i f  changes 

in  cAMP le v e ls  o c c u r d u rin g  m orphogenesis which v a ry  from  le v e ls  

found in  th e  c e l l s  grown a s  c o c c i on ly .
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MATERIALS AND METHODS

O rganism  and grow th c o n d i t io n s . A r th ro b a c te r  c r v s ta l lo p o ie te s  

ATCC 15481 (A. g lo b ifo rm is )  (7) c e l l s  were sy n ch ro n ize d  in  t h e i r  

m orphogenic c y c le  by t r a n s f e r  o f 24 h c o c c o id a l c e l l s  in to  f r e s h  

medium in  w hich th e  c y c le  o ccu rs . C e lls  w ere t r a n s f e r r e d  a t  48 h

i n t e r v a l s  in to  0.5% (w /v) g lu co se  m inim al s a l t s  (GMS) medium i n  w hich

c e l l s  grow on ly  a s  c o c c i .  The m inim al s a l t s  medium (5) c o n ta in e d  

e i t h e r  0.5% g lu c o se  o r  one o f  two m orphogenic in d u c in g  compounds; 0.1% 

(w /v) L -a sp a ra g in e  o f  0.05% (w/v) s u c c in a te .  In c u b a t io n  was a e ro b ic  

a t  30 C New B runsw ick C o n tro l le d  Environm ent In c u b a to r  S haker a t

225 RPM. ■ .o cu la  c o n s is te d  o f  c o c c o id a l  c e l l s  w ashed x 3 w ith  0 .03  M

phosphate  b u f f e r  (pH 7 .0 )  and w ere added to  200 ml medium to  a t t a i n  a

0 .025  abso rbance  a t  485 nm (Bausch and Lomb, S p ec tro p h o to m e te r  20). 

B a c te r ia l  numbers w ere d e te rm in ed  by co lony  fo rm ing  u n i t s  on P la n t  

Count ag a r (D ifc o ) . Growth was m easured by ab so rb an ce  a t  485 nm.

P r o te in  c o n c e n tr a t io n s  w ere q u a n t i ta t e d  by th e  m ethod o f  S c h a c te r le  

and P o lla c k  (1 1 ). DNA was q u a n t i ta t e d  by th e  m ethod o f  B u rto n  (2 ).

M o rp h o lo g ica l s ta g e s ,  a s  d e te rm in ed  by 0,1% m e th y len e  b lu e  

s ta in e d  s l i d e  p r e p a r a t io n s ,  s e le c te d  f o r  t h i s  s tu d y  w ere a s  fo llo w s : 

young c o c c i ( la g  s ta g e )  ; e lo n g a tin g  c o c c i ( e a r ly  lo g  s t a g e ) ; ro d s  

(m id -log  s t a g e ) ; frag m e n tin g  rods ( l a t e - l o g  s t a g e ) ; and newly formed 

c o c c i ( s ta t io n a r y  s ta g e  c e l l s )  (F ig . 1 ) . Growth s ta g e s  o f  th e  c e l l s  

grown in  0.5% GMS in c lu d e d ; lag  s ta g e  c o c c i;  e a r l y ,  m idd le  and l a t e  

lo g  s ta g e  c o c c i ;  and s ta t io n a r y  s ta g e  c o c c i.

M easurem ent o f  cAMP. Sam ples w ere tak en  a t  2 h i n t e r v a l s  an d /o r
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a t  th e  a p p ro p r ia te  m o rp h o lo g ica l s ta g e .  F o r th e  d e te rm in a tio n  o f cAMP 

le v e l s ,  10 ml a l iq u o ts  o f c u l tu r e  w ere r a p id ly  f i l t e r e d  (M illip o re  HAWP 

02500; AA 0 .45  jim membrane f i l t e r ) .  A p o r t io n  o f  th e  f i l t r a t e  was 

removed f o r  d e te rm in a tio n  o f  th e  e x t r a c e l l u l a r  cAMP le v e l .  F i l t e r s  

w ere washed x 2 w ith  10 ml o f  20 mM p h o sp h a te  b u f f e r  (pH 7 .0 )  and were 

p la c e d  in to  1. 0 ml o f  0 .1  N HCl in  a  b o i l in g  w a te r  b a th  f o r  10 m inu tes. 

E x t r a c ts  were d r ie d  in  a s tream  o f  a i r  and d i l u t e d  w ith  0 .5  ml o f  50 mM 

a c e ta t e  b u f f e r  (pH 4 ,5 ) .

T r i p l i c a t e  sam ples (10 |j.l) w ere a s sa y e d  f o r  cAMP c o n c e n tra 

t io n .  In  a d d i t io n ,  c o n tro ls  c o n s is t in g  o f  10 |j,l o f  each  sample were 

r e a c te d  w ith  cAMP dependent p h o s p h o d ie s te ra s e  (30 m in, 30 C) to  d e s tro y  

a l l  o f  th e  cAMP p r e s e n t  and a s s u re  t h a t  w hat was m easured in  th e  t e s t  

sam ple was a c tu a l ly  cAMP. Known q u a n t i t i e s  o f  cAMP w ere p rep a red  as  

s ta n d a rd s  in  a  ran g e  o f  1-20 p icom oles and w ere r e p e a te d ly  assayed  a t  

random th ro u g h o u t th e  t e s t in g .  Known am ounts o f  cAMP w ere added to  

sam ples o f t e s t  f i l t r a t e s  random ly s e le c te d  to  d e te rm in e  reco v e ry  

e f f ic ie n c y  and compared to  a  c o n t r o l  t e s t  c o n ta in in g  no added cAMP.

A m o d if ic a t io n  o f  th e  Gilman (6) cAMP p r o te in  b in d in g  a ssay  

was employed. The r e a c t io n  m ix tu re  in c lu d e d : 50 nM a c e ta te  b u ffe r  

(pH 4 .5 ) ;  10 |_l1 [% ] cAMP (3 8 .4  Ci/mM) ; 10 p.1 p r o te in  k in a se  in h ib i to r  

(4 iig /m l) ; 10 | i l  p r o te in  k in a se  (b in d in g  p r o te in )  (2 |ig /m l) ; 10 |j,l 

sam ple, s ta n d a rd  o r  c o n t ro l .  B ind ing  p r o t e i n  was added to  i n i t i a t e  

th e  r e a c t io n .  In c u b a tio n  was f o r  2 h a t  0 C. The r e a c t io n  was te rm in 

a te d  w ith  1 .0  ml c o ld  20 mM p h o sp h a te  b u f f e r  (pH 6 .0 ) .  Each t e s t  was 

f i l t e r e d  (M ill ip o re  HAWP 02500). F i l t e r s  w ere washed x  4 w ith  10 ml o f  

20 mM phosphate  b u f f e r  (pH 6 .0 ) ,  d r ie d  in  an a i r  s tream , p la ced  in  v i a l s



36

to  which 12 ml A quasol (New E ngland N u clea r) s c i n t i l l a n t  was added. 

R a d io a c tiv ity  o f  th e  [% ] -cAMP bound to  th e  p r o te in  c o l le c te d  on th e  

f i l t e r  was d e te rm in ed  by s c i n t i l l a t i o n  co u n tin g  u s in g  a  Beckman DPM-100 

l iq u id  s c i n t i l l a t i o n  system . C o n c e n tra tio n s  o f cAMP w ere c a lc u la te d  

by re fe re n c e  to  a s ta n d a rd  cu rv e  based  on a  d e c re a se  in  th e  amount o f 

bound [^H]-cAMP due to  th e  p re se n c e  o f  u n la b e le d  cAMP. A s ta n d a rd  

curve was e s ta b l i s h e d  f o r  each a ssa y .

C hem icals. cAMP, p r o te in  k in a s e ,  p ro te in  k in a s e  in h i b i to r ,  

and cAMP dependent p h o s p h o d ie s te ra se  w ere pu rch ased  from  th e  Sigma 

Chem ical Co., S t .  L o u is , Mo. A quasol s c i n t i l l a n t  and [% ] -cAMP 

(3 8 .4  Ci/mM) were p u rch ased  from  th e  New England N u c le a r , C orp ., B oston, 

Mass.
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RESULTS

D uring th e  m orphogenic c y c le ,  th e  i n t r a c e l l u l a r  le v e l  o f  cAMP 

in c re a se d  to  800 nM/mg p r o te in  when c o c c o id a l c e l l s  e lo n g a te d  ( F ig . l a  ) . 

As rod forms p redom inated , th e  cAMP le v e l  d ec re a se d  to  le s s  th an  50 nM 

/mg p r o te in  and rem ained r e l a t i v e l y  c o n s ta n t  th ro u g h o u t f ra g m e n ta tio n  

o f th e  ro d s  and r e v e r s io n  to  c o c c i. I n t r a c e l l u l a r  cAMP le v e ls  were 

c a lc u la te d  p e r  w eigh t o f wet c e l l s ,  mg p r o te in ,  p.g DNA and p e r  number 

of v ia b le  c e l l s :  in  each  in s ta n c e  th e  r e s u l t in g  changes in  cAMP 

le v e ls  rem ained s im i la r  q u a n t i t a t i v e l y ;  th e re fo re  we a r b i t r a r i l y  r e p o r t 

ed th e  cAMP le v e ls  p e r  mg p r o te in .  Samples w ere measured i n i t i a l l y  a t  

2 h i n t e r v a l s .  Once i t  had been  d e te rm in ed  th a t  a peak o c c u rre d  in  th e  

endogenous cAMP l e v e l ,  a s sa y s  were r e p e a te d  on sam ples a t  30 min 

in t e r v a l s .  C y c lic  AMP was r e le a s e d  in to  th e  medium when ro d  c e l l s  

had formed and ag a in  when ro d  c e l l s  w ere frag m en tin g  ( F ig . l a ) .

In  th e  GMS medium, in  w hich c e l l s  grow as  co cc i o n ly , th e re  

was a la g  p e r io d  f o r  ap p ro x im ate ly  18 h d u rin g  w hich th e  cAMP concen

t r a t i o n  rem ained a t  a p p ro x im a te ly  50 nM/mg p ro te in .  No exogenous 

cAMP was d e te c te d  a t  t h i s  s ta g e  ( F ig . l b ) .  Endogenous cAMP d ec reased  

s l i g h t l y  from  e a r ly  to  m id log  s ta g e  w h ile  a  g ra d u a l in c re a s e  was 

d e te c te d  d u rin g  l a t e  log  to  s ta t io n a r y  s ta g e . Sm all amounts o f  cAMP 

w ere d e te c te d  e x t r a c e l l u l a r l y  a f t e r  mid lo g  s ta g e  o f th e  c o c c i.
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DISCUSSION

The u b iq u i ty  o f cAMP and i t s  c o r r e l a t i o n  w ith  c e l l u l a r  changes 

in  e u c a ry o tic  and p ro c a ry o t ic  organ ism s prom pted th i s  in v e s t ig a t io n  o f  

cAMP le v e ls  d u rin g  m orphogenesis in  A r th ro b a c te r  c r y s ta l lo p o ie te s  as 

compared to  le v e ls  found d u rin g  th e  non-m orphogenic grow th c y c le . 

In h e re n t in  th e  m orphogenic c y c le  o f  A. c r y s ta l lo p o ie te s  a r e  s p e c i f i c  

changes in  c e l l  s t r u c t u r e :  c o c c o id a l c e l l s  e lo n g a te  to  form  ro d s ; a f t e r  

a  p e r io d  o f  rod  grow th and d iv i s io n ,  ro d  c e l l s  fragm ent and e v e n tu a lly  

r e v e r t  to  c o c c i. The h y p o th e s is ,  t h a t  cAMP was in v o lv ed  in  th e  r e g u la 

t i o n  o f  th e se  m o rp h o lo g ica l t r a n s i t i o n s ,  le d  to  th e se  q u e s tio n s :  (1 ) ,  

co u ld  exogenous cAMP a f f e c t  th e  m orphogenic c y c le ;  (2 ) ,  co u ld  changes 

in  th e  cAMP le v e ls  o ccu r d u r in g  m orphogenesis w hich w ere d i f f e r e n t  

from changes in  cAMP le v e ls  m easured d u rin g  non-m orphogenic grow th;

(3 ) ,  how a re  cAMP le v e ls  c o n t r o l le d  i n  th e  c e l l ;  and (4 ) ,  by w hat mode 

o f  a c t io n  does cAMP a f f e c t  m orphogenesis in  t h i s  system ?

I t  has  been shown (C. K im b e r l in -H a r ir i ,  Ph.D. d i s s e r t a t i o n ,  

1975, U n iv e rs i ty  o f  Oklahoma, Norman, O k la .)  t h a t  10"3 m exogenous 

cAMP delayed  th e  e lo n g a tio n  o f  TRIS-EDTA t r e a t e d  c o c c i. As a r e s u l t  

o f  th e  i n i t i a l  d e la y , th e  f ra g m e n ta tio n  p ro c e ss  was s l i g h t l y  d e lay ed  

a ls o  by exogenous cAMP, Under th e  same c o n d i t io n s ,  exogenous cGMP 

d id  no t produce any o b se rv a b le  e f f e c t s  on m orphogenesis. T h e o p h y llin e , 

a  cAMP dependent p h o sp h o d ie s te ra se  i n h i b i t o r ,  d e lay ed  e lo n g a tio n ,  and 

fra g m e n ta tio n  a s  w e ll ,  p resum ably  by in c re a s in g  th e  i n t r a c e l l u l a r  cAMP 

c o n c e n tra t io n  (by p re v e n tin g  cAMP d e s t r u c t io n  r e s u l t in g  from  phospho

d ie s t e r a s e  a c t i v i t y ) .  T h e re fo re , i t  was a p p a re n t t h a t  cAMP was 

in v o lv ed  in  th e  m orphogenesis o f  A. c r y s t a l l o p o ie t e s . T h is  paper
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r e p o r ts  th a t  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  cAMP le v e l s  f lu c tu a te d  

s ig n i f i c a n t l y  d u rin g  th e  t r a n s i t i o n  o f  c o c c i to  ro d s . A lthough t h i s  

seems to  be in  c o n t r a s t  to  th e  d e la y  o f  c o c c o id a l e lo n g a t io n  by 

exogenous cAMP, th e re  a re  p o s s ib le  e x p la n a tio n s  f o r  th e s e  r e s u l t s .  High 

c o n c e n tra tio n s  o f  cAMP v iv o  may i n h i b i t  e lo n g a tio n , w h ile  an in c re a s e  

fo llow ed  by a  d e c l in e  in  cAMP c o n c e n tra t io n  may t r i g g e r  e lo n g a tio n .  

Perhaps r e le a s e  o f  cAMP from  in s id e  th e  c e l l  i s  n e c e s s a ry  b e fo re  th e  

e lo n g a tio n  p ro c e s s  can o c c u r. These a re  s p e c u la tio n s  and more ev id en ce  

i s  needed to  c l a r i f y  th e  r e s u l t s .  D uring  fra g m e n ta tio n  o f  th e  ro d s , 

in c re a se d  le v e ls  o f  cAMP w ere found o n ly  e x t r a c e l l u l a r l y .  The p a t t e r n  

o f  cAMP le v e ls  d e te c te d  d u r in g  m orphogenesis w ere d i f f e r e n t  from  t h a t  

found in  c e l l s  grown a s  c o c c i  o n ly .

M o rp h o g en ic -re la te d  changes in  cAMP le v e ls  w ere n o t d e te c te d  

in  th e  C au lo b ac te r  c re s c e n tu s  m orphogenic c y c le  (1 3 ). However, in  

th a t  system , 3 x 10“%  d ib u ty ry la d e n o s in e  3 ' : 5 ' - c y c l i c  m onophosphate 

was found to  s t im u la te  th e  grow th  and d i f f e r e n t i a t i o n  o f  th e  c e l l s .

The c o n t r a s t s  o f  th e se  two p r o c a r y o t ic  system s in d i c a te  th e  d i v e r s i t y  

o f  cAMP a c t io n s .  In  th e  A r th ro b a c te r  c r y s ta l lo p o ie te s  system , 10“ 3 M 

(o r  g r e a te r )  exogenous cAMP d e la y e d  th e  e lo n g a tio n  o f  c o c c i ,  w h ile  

i n t r a c e l l u l a r l y ,  a  r a p id  in c r e a s e ,  fo llo w ed  by an e q u a l ly  r a p id  d e c l in e ,  

in  th e  cAMP le v e ls  o c c u rre d  d u r in g  c o c c o id a l e lo n g a tio n . I t  i s  n e c e s 

s a ry  then  to  e lu c id a te  th e  m ode(s) o f  a c t io n  o f  th e se  d iv e rs e  e f f e c t s  

in  r e l a t i o n  to  p ro c a ry o t ic  m orphogenesis.

A r th ro b a c te r  c r y s t a l l o p o ie t e s  w i l l  p ro v id e  a  u s e f u l  sy stem  in  

w hich to  s tu d y  th e se  a c t io n s  f o r  th e  fo llo w in g  re a so n s : one, i t  h a s  a 

n u t r i t i o n a l l y  c o n t r o l la b le  m orphogenic c y c le  w hich a llo w s  non-m orphogen

ic  growth and cou ld  r e l a t e d  m o rp h o g en esis-in d u c in g  compounds to  cAMP
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r e g u la t io n ;  two, s in c e  a b ru p t changes i n  cAMP le v e ls  o ccu r which a re  

a p p a re n t ly  m o rp h o g e n e s is - re la te d , th e r e  m ust e x i s t  c e r t a in  c o n tro ls  

o r  r e g u la t io n  of endogenous and exogenous cAMP l e v e l s ;  and th r e e ,  th e re  

e x i s t s  a  key enzyme a c t iv e  o n ly  d u r in g  rod  s ta g e  (u n p u b lish ed  d a ta ,

J .  F e rd in an d u s , Ph.D . t h e s i s .  U n iv e r s i ty  o f  Oklahoma, Norman, O kla. 

1969), w hich may o r  may n o t be r e g u la te d  by cAMP.
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FIGURE LEGENDS

F ig . l a ,  M orphogenic c y c le  d e p ic te d  a t  to p . ( • -------- • )  I n t r a c e l l u l a r

le v e ls  o f  cAMP d u r in g  th e  c y c le  (nM/mg p r o te in ) .  (o  o) E x t r a c e l lu 

l a r  le v e ls  o f  cAMP (nM/10 p,l c u l tu r e  f l u i d ) .

F ig . lb . Growth s ta g e s  d e p ic te d  a t  to p . (e  • )  I n t r a c e l l u l a r  cAMP

le v e ls  (nM/mg p r o te in ) ,  (o  o) E x t r a c e l lu la r  l e v e l s  o f cAMP (nM/10

U.1 c u l tu r e  f l u i d ) .
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REGÜIATION BY ADENOSINE 3 ' , 5 '-CYCLIC MONOPHOSPHATE AND 

GUANOSINE 3 ' ,  5 ' -CYCLIC MONOPHOSPHATE OF THE MALIC ENZYME IN 

ARTHROBACTER CRYSTALLOPOIETES. A MORPHOGENIC BACTERIUM

ABSTRACT

When L-mal a Ce was th e  v a r ie d  s u b s t r a t e  and NADP was in  e x c e ss , 

c-AMP and cGMP c o m p e ti t iv e ly  in h ib i te d  th e  m a lic  enzyme o f  a  crude 

e x t r a c t  from ro d -sh ap ed  A r th ro b a c te r  c r y s ta l lo p o ie te s .  As th e  c y c l ic  

n u c le o tid e  c o n c e n tr a t io n  was in c re a s e d  from  10 ^M to  10 th e  

in h ib i t io n  d is a p p e a re d . However, when L -m ala te  was a t  s a tu r a t io n  

le v e ls ,  and NADP  ̂ was th e  v a r ie d  s u b s t r a te ,  th e  c o m p e titiv e  in h ib i t i o n  

in c re a se d  a s  th e  c y c l ic  n u c le o t id e s  c o n c e n tra t io n s  in c re a se d . R egula

t io n  by th e se  compounds o f  th e  m alic  enzyme may p la y  a r o le  in  th e  

morphogenic c y c le  o f A r th ro b a c te r  c r y s ta l lo p o ie te s .
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INTRODUCTION

A rth ro b a c te r  c r y s ta l lo p o ie te s  (A. g lo b ifo rm is )  (7) i s  a 

b ac te riu m  w hich undergoes m orphogenesis under c e r t a i n  n u t r i t i o n a l  

c o n d itio n s  ( 2 ) .  I n  th e  p re se n c e  o f  a  number o f  seem ing ly  u n re la te d  

compounds, c o c c o id a l c e l l s  e lo n g a te  to  rods w hich grow and d iv id e  

u n t i l  l a t e  in  log  s ta g e  when th ey  fragm ent, become s h o r te r  and  even 

tu a l ly  r e v e r t  to  c o c c i .  However, th e  c e l l s  can be grown a s  c o c c i 

on ly  when c e r t a in  o th e r  s u b s t r a te s  a re  employed.

The m orphogenic c y c le  o f  A. c r y s ta l lo p o ie te s  has been  

c h a ra c te r iz e d  by changes in  enzyme a c t i v i t i e s .  One enzyme, th e  

m alic  enzyme, [L -m a la te : NADP o x id o red u c ta se  (d e c a rb o x y la t in g ) :

E.G. 1 .1 .1 .4 0 . ] ,  was d e te c te d  o n ly  in  rod  shaped c e l l s ,  h a v in g  had 

th e  h ig h e s t  s p e c i f i c  a c t i v i t y  d u rin g  rod  s ta g e  and d e c re a se d  s p e c i f i c  

a c t i v i t y  d u r in g  e a r l y  s ta g e s  o f  e lo n g a tio n  o r  th e  l a t e r  s ta g e s  o f 

fra g m e n ta tio n . C o cco id a l c e l l s  which had been in  th e  p re se n c e  o f  an 

in d u c e r  (p o s t - r e v e r s io n  c o c c i)  and those  grown in  a  medium w hich d id  

no t induce m orphogenesis, f a i l e d  to  e x h ib i t  any m a lic  enzyme a c t i v i t y .

Having been  found o n ly  d u rin g  one m orphologic s ta g e ,  th e  m alic  

enzyme cou ld  be c o n s id e re d  an  im p o rtan t enzyme o f A. c r y s t a l l o p o ie te s  

m orphogenesis. T h is  enzyme has been shown to  be m ain ly  concerned  

w ith  th e  g e n e ra tio n  o f  p y ru v a te  and NADPH fo r  l ip o g e n e s is  o c c u rr in g  

when th e re  i s  an abundance o f  compounds (5  ) .  D uring ro d  fo rm atio n
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l i p o l y s i s  and g luco n eo g en esis  o ccu r (1 , 3 ) .  F erd in an d u s and C la rk  (4) 

r e p o r te d  t h a t  f r e e  f a t t y  a c id s  in h ib i te d  th e  enzymes in v o lv ed  in  

l ip o g e n e s is  (g lu c o s e -6 -phosphate  dehydrogenase , p h o sp h o fru c to k in a se , 

p y ru v a te  k in a s e , fum arase, l a c t a t e  dehydrogenase and th e  m a lic  enzyme) 

b u t d id  n o t i n h i b i t  n o n -lip o g e n ic  enzymes. A p p a ren tly , m a lic  enzyme 

a c t i v i t y  and o th e r  enzymes o f  l ip o g e n e s is  w ere r e g u la te d  to  some 

d e g re e  a t  th e  enzyme - s u b s t r a te  l e v e l .  The p u rp o se  o f  t h i s  i n v e s t i 

g a t io n  was to  d e te rm in e  i f  th e  m a lic  enzyme co u ld  be a f f e c t e d  by cAMP 

a t  th e  s u b s t r a te  le v e l ,  fo r  i t  h a s  been shown t h a t  cAMP was a p p a re n tly  

in v o lv e d  in  th e  morphogenic c y c le  o f  A. c r y s t a l l o p o ie t e s ,  a l b e i t  th e  

mode o f  a c t io n  was unknown (C. K im berl i n - H a r i r i ,  Ph.D. t h e s i s .

U n iv e r s i ty  o f  Oklahoma, Norman, 1975).

In  o n ly  one p ro c a ry o te  has cAMP been  shown to  a f f e c t  an 

enzyme a t  th e  s u b s t r a te  le v e l  (12) r a th e r  th an  a t  th e  t r a n s c r i p t i o n a l  

l e v e l  (6 ) .  Sanwal and Smando (12) r e p o r te d  t h a t  in  E s c h e r ic h ia  c o l i ,  

cAMP c o m p e ti t iv e ly  i n h i b i t s  th e  m a lic  enzyme when m a la te  was th e  

v a r ie d  s u b s t r a te  and n o n c o m p e titiv e ly  i n h i b i t s  th e  enzyme when 

NADP"*" was th e  v a r ie d  s u b s t r a te .  They d e s c r ib e d  th e  m a lic  enzyme as 

a  d is p e n s a b le  one in  th a t  i t  was n o t e s s e n t i a l  f o r  c e l l  g row th . C o n tro l 

o f  th e  E. c o l i  m a lic  enzyme by cAMP was su g g e s te d  as a  p r o te c t iv e  

mechanism o f  the  c e l l  economy d u r in g  u n fa v o ra b le  c irc u m s ta n c e s .

T h is  concep t o f  c e l l  economy was a p p l ic a b le  to  A r th ro b a c te r  

c r y s t a l l o p o i e te s  a s  w e ll .  The c e l l s  may be  grown as o n ly  c o c c i  and n o t 

e x h i b i t  m a lic  enzyme a c t iv i t y .  When th e re  was ample en e rg y  a v a i la b le  

o r  by means o f  some s ig n a l ,  th e  c e l l s  became ro d  shaped and m a lic  

enzyme a c t i v i t y  ap p ea red . This p ap e r r e p o r ts  th e  r e s u l t s  o f  o u r
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in v e s t ig a t io n  of th e  a f f e c t s  o f  cAMP and cGMP on th e  m a lic  enzyme in  a  

crude e x t r a c t  from A r th ro b a c te r  c r y s ta l lo p o ie te s  ro d  shaped c e l l s  

and th e  p o s s ib le  fu n c tio n  o f  th e s e  e f f e c t s  d u r in g  m orphogenesis.
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MATERIALS AND METHODS

P re p a ra t io n  o f  c e l l  f r e e  c ru d e  e x t r a c t s .  A r th ro b a c te r  

c r y s t a l l o p o ie t e s  ATCC 15481 (A. g lo b ifo rm is )  (7) was grown a t  30 C in  

t r y p to s e ,  g lu c o se , y e a s t  e x t r a c t  b ro th  (BBL DIFCO), pH 7 .0 .  The c e l l s  

w ere sy n ch ro n ized  in  th e  m orphogenic c y c le  by t r a n s f e r  o f  24 h c o c c o id a l 

c e l l s  (washed x  2 w ith  0.03M phosp h a te  b u f f e r ,  pH 7 .0 ) in to  f r e s h  

TGY medium a t  24 h i n t e r v a l s .  C e lls  w ere h a rv e s te d  a t  ro d  s ta g e  (m id

lo g  s ta g e )  by c e n t r i f u g a t io n  a t  10,000 x g f o r  20 min i n  a  S o rv a ll  

RC2-B c e n t r i f u g e  a t  0 C. C e l ls  w ere washed tw ice  in  0.05M t r i s  

(hydroxym ethyl)-am ino-m ethane (TRIS)- c h lo r id e  (pH 7 .6 ) , resu sp en d ed  in  

a sm a ll volume o f  th e  same b u f f e r  and d is ru p te d  by s o n ic a t io n  

(B la c k s to n e , Model BP-2) w ith  10 sec  p u ls e s  a t  4  C fo r  10-15 m in u tes .

The e x t r a c t  was c e n tr i fu g e d  a t  30 ,000 x  g f o r  30 min a t  0 C (S o rv a ll  

RC2-B) and th e  s u p e rn a ta n t  was used  f o r  th e  m a lic  enzyme a s sa y .

E x t r a c ts  w ere m easured p ro m p tly  f o r  enzyme a c t i v i t y ,  a s  m a lic  enzyme 

was u n s ta b le  a f t e r  ap p ro x im a te ly  12 h a t  25 C o r  even upon s to ra g e  

f o r  th e  same p e r io d  o f  tim e a t  0 C. P r o te in  was de term ined  by th e  

method o f  S c h a c te r le  and P o lla c k  (13).

A ssay o f m a lic  enzyme. [L -m ala te : NADP o x id o re d u c ta se  

(d e c a rb o x y la tin g ) :  EC 1 .1 .1 .4 0 .]  enzyme a c t i v i t y  was m easured u s in g  a 

m o d ifie d  Ochoa ( 8 )  m ethod. The r e a c t io n  m ix tu re  in  Beckman 1 .0  cm 

s i l i c a  c u v e t te s  in c lu d e d  0 .3  ml g ly c y lg ly c in e  b u f fe r ,  pH 7 .4  (75 loM), 

0 .0 6  ml MnCl^ (3 .0  pM), v a ry in g  c o n c e n tra t io n s  o f  NADP (when s a tu r a t in g ,

0 .5 4  pM), v a ry in g  c o n c e n tra t io n s  o f  L -m ala te , (when s a tu r a t in g ,  18 pM), 

enzyme and w a te r  to  a  f i n a l  volume o f  3 .0  ml. The a ssa y  was c a r r i e d
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out a t  25 C. The r e a c t io n  was I n i t i a t e d  by th e  a d d i t io n  o f  L -m a la te , 

and abso rbance  re a d in g s  w ere measured s p e c tro p h o to m e tr ic a l ly  a t  340 nm 

using  a  G ilfo rd  model 2000 re c o rd in g  sp ec tro p h o to m e te r .

One enzyme u n i t  was d e f in e d  as  th a t  amount o f  enzyme c a u s in g  

an in c re a s e  in  ab so rb an ce  o f  0 .01 /m in . B lanks c o n s is te d  o f  th e  

r e a c t io n  m ix tu re  m inus NADP . C o n tro ls  in c lu d e d  th e  in a c t iv a te d  

enzyme (h ea ted  a t  100 C fo r  10 min) and an  endogenous c o n t ro l  w hich 

c o n ta in e d  a l l  c o n s t i tu e n t s  e x c e p t L -m ala te . N e ith e r  o f  th e se  c o n t r o l s  

d is p la y e d  abso rbance  changes when m onito red  s p e c tro p h o to m e tr ic a l ly  a t  

340 nm d u rin g  a  th r e e  min r e a c t io n  p e r io d .

I n h ib i t io n  s tu d ie s .  cAMP and cGMP was added to  th e  r e a c t io n  

m ix tu re  in  0 .1  ml volum es to  g iv e  th e  f i n a l  c o n c e n tra t io n s  in d ic a te d  

in  the f ig u r e s .  P o r t io n s  o f  a  c rude  c e l l  e x t r a c t ,  p rep a red  in  th e  

p re v io u s ly  d e sc r ib e d  manner, w ere in cu b a ted  f o r  12 h a t  0 and 25 C in  

o rd e r to  in a c t iv a te  th e  m a lic  enzyme p re s e n t .  These p r e p a ra t io n s  

were added  (1 :1  v /v )  to  a  f r e s h  crude e x t r a c t  and t h e i r  a c t i v i t i e s  

were compared in  th e  p re se n c e  and absence o f  cAMP and cGMP. T h is  was 

done in  o rd e r  to  d e te rm in e  i f  an  in te rm e d ia te  p r o te in  may s e rv e  a s  a  

ta r g e t  o f  c y c l ic  n u c le o t id e  a c t io n  and c o n seq u en tly  a f f e c t  enzyme 

a c t i v i t y .

C hem icals. The chem ica ls  used in  t h i s  s tu d y  w ere p u rch ased  

from th e  Sigma C hem ical Company, S t .  L ou is, Mo.
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RESULTS

The d a ta  in d ic a te  t h a t  c y c l ic  AMP c o n ç e t i t iv e ly  in h ib i te d  

th e  m a lic  enzyme from  crude e x t r a c t s  o f  rod  shaped A r th ro b a c te r  

c ry s  t a 1lo p o ie te s  when e i t h e r  L -m alate  o r  NADP was u se d  a s  th e  v a ry in g  

s u b s t r a t e .  As seen  in  F ig u re s  la  and b , c o m p e titiv e  i n h i b i t i o n  in c r e a s 

ed as th e  c y c l ic  n u c le o tid e  c o n c e n tra tio n  d ec reased  when L -m alate  was 

th e  v a ry in g  s u b s t r a te  and NADP was in  ex ce ss . U su a lly , when co m p e titiv e  

i n h i b i t i o n  has been d e sc r ib e d , the  i n h ib i t i o n  has in c re a s e d  in  p ro p o r

t i o n  to  an in c re a s e  in  i n h i b i to r  c o n c e n tra t io n . T h is was observed  in  

o u r system  when NADP was th e  v a r ie d  s u b s t r a te  and L -m a la te  was in  

e x c e ss ; c o m p e tit iv e  in h ib i t io n  in c re a se d  a s  th e  c y c l ic  n u c le o tid e  

c o n c e n tr a t io n  in c re a s e d  (F ig . 2a and b ) .  As can be s e e n  from  th e  

L inew eaver-B urke p lo t s ,  th e re  a p p a re n tly  was no c o o p e r a t iv i ty  between 

s u b s t r a t e  o r  e f f e c t o r  and enzyme. The enzyme under a l l  th e  d e sc rib e d  

t e s t  c o n d it io n s  e x h ib ite d  norm al M ichaelis-M en ten  k i n e t i c s .

A r a t i o  o f  cAMP and cGMP w ere added to  th e  enzyme m ix tu re . The 

c o m p e tit iv e  in h i b i t i o n  by th e  combined n u c le o tid e s  was n o t  equ a l to  

th e  i n h i b i t i o n  w hich  r e s u l te d  from th e  same c o n c e n tr a t io n  o f  e i t h e r  

c y c l ic  n u c le o t id e  a lo n e  o r t h a t  which r e s u l t e d  from th e  sum o f t h e i r  

c o n c e n tra t io n s  (F ig . la  and b ) .

The term  K^, a c o n s ta n t  v a lu e , has been d e f in e d  a s  th e  

a f f i n i t y  c o n s ta n t  f o r  the  b in d in g  o f th e  lig a n d  to  th e  enzyme. 

v a lu e s  w ere d e term ined  fo r  cAMP and cGMP and were found to  v a ry  in  

r e l a t i o n  to  th e  c o n c e n tra tio n  o f  th e  p a r t i c u l a r  i n h i b i t o r  in s te a d  o f 

rem ain in g  c o n s ta n t re g a rd le s s  o f  i n h i b i to r  c o n c e n tr a t io n .  When L -m alate 

had se rv ed  a s  th e  v a r ie d  s u b s t r a te ,  th e  v a lu e s  d e c re a se d  as th e
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i n h i b i to r  c o n c e n tra t io n  in c re a se d . When NADP had been  employed as 

th e  v a r ie d  s u b s t r a te ,  th e  v a lu e s  in c re a s e d  in  p ro p o r t io n  to  an 

in c re a se d  in h i b i t o r  c o n c e n tra tio n .

P ro te in  e x t r a c t s  from rod c e l l s  w ere p re p a re d  w hich lack ed  

m alic  enzyme a c t i v i t y  as  a  r e s u l t  o f  in c u b a tio n  f o r  18 h  a t  te m p era tu re s  

w hich d e s tro y  m a lic  enzyme a c t i v i t y  ( -0  and 25 C). When t h i s  e x t r a c t  

was added to  f r e s h  p r e p a ra t io n  and assay ed  f o r  m a lic  enzyme a c t i v i t y ,  

no e f f e c t  on a c t i v i t y  r e s u l t e d  when L -m ala te  o r  NADP was th e  v a ry in g  

s u b s t r a te .  The p r o te in  e x t r a c t  d id  n o t a l t e r  th e  e f f e c t s  o f  th e  

c y c l ic  n u c le o t id e s  on enzyme a c t i v i t y .

Sanwal and Smando (10, l l ) r e p o r t e d  t h a t  th e  m a lic  enzyme in  

E s c h e r ic h ia  c o l i  was a c t iv a te d  by 0 .6 6  M g ly c in e  and t h a t  d e s e n s i t i 

z a t io n  to  many e f f e c t o r  m olecu les o c c u rre d  in  i t s  p re se n c e . They 

su g g es ted  g ly c in e  may have caused  d i s s o c i a t i o n  o f  th e  enzyme s u b u n its .  

The m a lic  enzyme from A. c r y s ta l lo p o ie te s  was n o t  a c t iv a t e d  by g ly c in e  

(0 .66  M) no r d e s e n s i t iz e d  to  r e g u la t io n  by th e  c y c l ic  n u c le o tid e s  

te s t e d .
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DISCUSSION

I t  had p re v io u s ly  been  shown by t h i s  la b o ra to ry  t h a t  exogenous 

cAMP d e lay ed  c o c c o id a l e lo n g a tio n  when added to  D-8 h  TRIS-EDTA t r e a te d  

A r th ro b a c te r  c r y s ta l lo p o ie te s  c e l l s .  I n  a d d i t io n ,  we had d e te c te d  a  

ra p id  in c re a s e  and d e c l in e  in  th e  i n t r a c e l l u l a r  cAMP le v e ls  d u r in g  

th e  c o c c o id a l e lo n g a tio n  (p re -ro d )  s ta g e  (C. K im b e r l in -H a r ir i ,

Ph.D. t h e s i s .  U n iv e rs i ty  o f  Oklahoma, Norman, 1975). F erd in an d u s 

(Ph.D. t h e s i s .  U n iv e r s i ty  o f  Oklahoma, Norman, 1969) had found th a t  

m a lic  enzyme [L -m ala te : NADP o x id o re d u c ta s e  (d e c a rb o x y la tin g ) ;

EC 1 .1 .1 .4 0 ]  was a c t iv e  o n ly  in  ro d  shaped c e l l s .  We w ere th e r e f o r e  

i n t e r e s te d  in  in v e s t ig a t in g  th e  a f f e c t s ,  i f  any, by cAMP on m a lic  

enzyme a c t i v i t y  in  v i t r o .  Sanwal and  Smando(12) had r e p o r te d  t h a t  

th e  m a lic  enzyme in  E s c h e r ic h ia  c o l i  was th e  f i r s t  enzyme re p o r te d  

in  the  l i t e r a t u r e  to  be in h ib i te d  by  cAMP a t  th e  s u b s t r a te  l e v e l .

Thus, we w ondered i f  c o n t ro l  by cAMP a t  th e  s u b s t r a t e  le v e l  occu red  

in  A. c ry s  t a l l o p o i e t e s  a s  w e ll .

The m a lic  enzyme from c ru d e  e x t r a c t s  o f  ro d  shaped A rth ro b a c te r  

c r y s ta l lo p o ie te s  c e l l s  e x h ib i te d  norm al M ichae lis-M en ten  k in e t i c s  

when e i t h e r  L -m ala te  o r NADP was u sed  a s  th e  v a ry in g  s u b s t r a te  w h ile  

the  o th e r  was in  e x c e ss . T h is s u g g e s ts  t h a t  c o o p e r a t iv i ty  does n o t 

occur betw een th e se  s u b s t r a t e s .  When NADP was a t  a s a tu r a t in g  le v e l ,  

cAMP and cGMP c o m p e tit iv e ly  in h ib i t e d  m a lic  enzyme w ith  L -m ala te  as  

the  s u b s t r a t e .  However, t h i s  i n h i b i t i o n  was l o s t  a t  h ig h e r  co n cen 

t r a t io n s  o f  th e se  c y c l ic  n u c le o t id e s .  C o m p e titiv e  i n h i b i t i o n  by cAMP 

o f m alic  enzyme in  E s c h e r ic h ia  c o l i  was r e p o r te d  by Sanwal and Smando 

( 1 2 ) .  The c o n c e n tra t io n  o f  i n h i b i t o r  was in  th e  range  o f  10 M cAMP
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and a s  i t  in c re a se d , in h i b i t i o n  o f  enzyme a c t i v i t y  in c re a s e d , as has 

u s u a l ly  been r e p o r te d  w ith  c o m p e tit iv e  in h ib i t i o n .

There a re  many d i s s i m i l a r i t i e s  betw een th e  two enzymes.

When L -m ala te  was k e p t a t  s a tu r a t in g  le v e ls  and NADP was v a r ie d , th e  

c y c l i c  n u c le o tid e s  c o m p e ti t iv e ly  i n h i b i t  m a lic  enzyme from A r th ro b a c te r , 

th e  in h i b i t i o n  in c re a se d  as  th e  i n h i b i t o r  c o n c e n tra t io n  was in c re a s e d . 

However, in  E. c o l i ,  cAMP n o n -c o m p e tit iv e ly  in h ib i te d  m alic  enzyme 

when NADP was th e  v a ry in g  s u b s t r a te  (1 2 ). G lyc ine  f a i l e d  to  a c t i v a t e  

o r  d e s e n s i t i z e  th e  m a lic  enzyme o f  A. c r y s ta l lo p o ie te s .  G lycine was 

th o u g h t to  have had an a f f e c t  on m a lic  enzyme s t a b i l i t y  in  E. c o l i  (11 ). 

T here may be o th e r  f a c to r s ,  how ever, w hich w ould s e rv e  to  s t a b i l i z e  o r  

d i s s o c ia te  t h i s  enzyme in  A. c ry s  t a l lo p o i e te s  w hich co u ld  shed l i g h t  

on i t s  obv ious p h y s ic a l  i n s t a b i l i t y  and i t s  u n u su a l a c t i v i t y  in  th e  

p re se n c e  o f  cAMP and cGMP.

A d d itio n  o f  p r o te in  e x t r a c t  la c k in g  m a lic  enzyme a c t i v i t y  

to  f r e s h  p r e p a ra t io n s  w hich w ere a c t iv e  d id  n o t  p roduce any a p p a re n t 

e f f e c t s  on m a lic  enzyme a c t i v i t y ,  a lo n e  o r  in  th e  p re sen ce  o f  cAMP o r  

cGMP. T h is  su g g es ted  th a t  an in te rm e d ia te  p r o te in  was n o t s e rv in g  

a s  th e  t a r g e t  o f  c y c l ic  n u c le o t id e  r e g u la t io n  and in  tu r n  a c t in g  on 

m a lic  enzyme, b u t d id  n o t  p re c lu d e  th e  p o s s i b i l i t y  th a t  the  in te rm e 

d ia te  i t s e l f  may have been  l a b i l e  a t  th o se  te m p e ra tu re s  o f in c u b a tio n . 

Thus d e n a tu re d , i t  cou ld  have f a i l e d  to  a c t  in  c o m p e tit io n  w ith  

e i t h e r  c y c l ic  n u c le o tid e s  f o r  an e f f e c t o r  s i t e  o r r e a c t  w ith  th e  enzyme 

in  th e  absence o f  th e  c y c l ic  n u c le o t id e s .

The v a r i a t io n s  in  v a lu e s  co u ld , r e s u l t  from se v e ra l f a c to r s ,

i . e .  (1) th e  enzyme was c o n ta in e d  in  a  c rude e x t r a c t  ^ i c h  may have had
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c o n s t i tu e n ts  a f f e c t i n g  th e  a f f i n i t i e s  o f i n h i b i to r s  to  th e  enzyme o r 

(2) s im u ltan e o u s  r e a c t io n s  o ccu rin g  i n  the e x t r a c t  co u ld  have l im i te d  

one o r a number o f  compounds w hich w ere e s s e n t i a l  f o r  th e  m a lic  enzyme 

a c t i v i t y .

T h is  p a p e r  r e p o r ts  an  e f f e c t  on th e  m a lic  enzyme a c t i v i t y  by 

cAMP and cGMP u s in g  crude e x t r a c t s  o f  rod shaped  c e l l s  o f  Ar th ro b ac  t e r  

c r y s t a l l o p o ie t e s .  We were i n t e r e s t e d  in  d e te rm in in g  i f  t h i s  ro d -  

s p e c i f i c  enzyme was a f f e c te d  by cAMP since  th i s  c y c l ic  n u c le o tid e  was 

o b v io u s ly  in v o lv ed  in  th e  m orphogenic cy c le . However, we r e p o r t  t h a t  

s im i la r  e f f e c t s  on m a lic  enzyme a c t i v i t y  w ere seen when cGMP was u sed  

a s  the  i n h i b i t o r ,  a lth o u g h  t h i s  c y c l ic  n u c le o tid e  has n o t  been shown, 

a s  y e t ,  t o  b e  a  r e g u la to r  o f  m orphogenesis in  A. c r y s ta l lo p o ie te s .  

F u r th e r  w ork i s  n e c e ss a ry  t o  e lu c id a te  the mode o f  a c t io n  o f  cAMP and 

cGMP i n h i b i t i o n  o f  th e  m a lic  enzyme in  t h i s  system . Knowledge o f  th e  

enzyme s t r u c t u r e ,  b in d in g  s i t e s ,  e t c . ,  a cq u ired  from  in v e s t ig a t io n s  

u s in g  a  more p u r i f i e d  enzyme w i l l  c e r t a in l y  h e lp  to  c l a r i f y  th e se  

m a tte r s .  T h e re fo re , we have o b served  the re p o r te d  e f f e c t s  a lth o u g h  

t h e i r  r e a l  s ig n i f i c a n c e  in  r e l a t i o n  to  m orphogenesis and i t s  c o n t ro l  

i n  A r th ro b a c te r  c r y s ta l lo p o ie te s  cannot, a t  t h i s  tim e , be f u l l y  

a s c e r ta in e d .
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FIGURE LEGENDS

F ig . l a .  R e c ip ro c a l p lo t  o f  v e lo c i ty  v e rsu s  L -m ala te  c o n c e n tra t io n , 

a lo n e  and in  th e  p resen ce  o f  v a r io u s  c o n c e n tra t io n s  o f  cAMP or cAMP + 

cGMP. (a = 1 0 '^  M; b = 10"^M cAMP +  lO '^  M cGMP; c = lO "^ M cAMP; 

d = 10’^ M cAMP; e = 1 0 cAMP +  1 0 cGMP; f  = 1 0 cAMP.)

F ig . lb . R e c ip ro c a l p lo t  o f  v e lo c i ty  v e rsu s  L -m ala te  c o n c e n tra t io n

a lo n e  and in  th e  p resen ce  o f  v a r io u s  c o n c e n tra t io n s  o f  cGMP, o r  cGMP +

cAMP. (a . lO’ ^ M; b . 1 0 c.  10“^ M cGMP + 1 0 M cAMP; d. 1 0 M

cGMP; e . 10*^ M cGMP + 1 0 M cAMP; f .  1 0 M cGMP. )
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F ig . 2a. R e c ip ro c a l p lo t  o f  v e l o c i t y  v e rs u s  NADP c o n c e n tra t io n  a lo n e

-4and in  th e  p re se n c e  o f  v a r io u s  c o n c e n tra t io n s  o f  cAMP. (a  = 10 M 

cAMP; b = 10"^ M cAMP; c = lO "^ M cAMP).

F ig . 2b. R e c ip ro c a l p lo t  o f  v e l o c i t y  v e rs u s  NADP c o n c e n tra t io n  a lo n e

-4and in  th e  p re se n c e  o f v a r io u s  c o n c e n tra t io n s  o f  cGMP. (a  = 10 M 

cGMP; b = 10*^ M cGMP; c = 1 0 “^ M cGMP).
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ADENYL CYCLASE ACTIVITY AND cAMP-PHOSPHODIESTERASE ACTIVITY, AND 

ACCUMULATION AND RELEASE OF cAMP FROM MEMBRANES: CONTROL OF

ENDOGENOUS cAMP LEVELS DURING MORPHOGENESIS IN 

ARTHROBACTER CRYSTALLOPOIETES (A. GLOBIFORMIS)

ABSTRACT

C o cco id a l c e l l s  e x h ib i te d  g r e a t e r  ad en y l c y c la s e  a c t i v i t y  than  

rod  s ta g e  c e l l s .  In  a l l  c a s e s ,  a d en y l c y c la s e  a c t i v i t y  was s t im u la te d  

by p y ru v a te  b u t no t by g lu c o se , s u c c in a te ,  m a la te  o r  l a c t a t e .  C y c lic  

A M P-phosphodiesterase a c t i v i t y  d id  n o t  v a ry  d u rin g  th e  m orphogenic o r  

grow th c y c le . T h is  enzyme a c t i v i t y  was found in  th e  s o lu b le  f r a c t i o n  

o n ly  and was in h ib i t e d  by th e o p h y l l in e  b u t n o t a f f e c t e d  by p y ru v a te , 

g lu c o s e , m a la te , s u c c in a te  o r  l a c t a t e .  C occo ida l membranes w ere a b le  

to  accum ula te  more [3h]-cAM P th a n  ro d  s ta g e  membranes. V ario u s e f f e c t s  

r e s u l t e d  when g lu c o se , s u c c in a te ,  p y ru v a te ,  m a la te  and l a c t a t e  w ere 

added t o  membrane f r a c t i o n s ,  to  d e te rm in e  t h e i r  a f f e c t  on acc u m u la tio n  

and r e le a s e  o f  [3h]-cAM P.
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INTRODUCTION

A r th ro b a c te r  c r y s t a l l o p o ie t e s  (A. g lo b ifo rm is )  (9) i s  a  

m orphogenic b a c te r iu m  w hich  e îd i ib i t s  d i s t i n c t  s t r u c t u r a l  changes d u rin g  

i t s  l i f e  c y c le :  c o c c o id a l c e l l s  e lo n g a te  to  rods w h ich  grow and d iv id e  

u n t i l  l a t e  in  log  s ta g e  when th e y  frag m en t, s h o r te n  and r e v e r t  to  

c o c c i (3 ) . T h is  s im p le  m orphogenic c y c le  can be n u t r i t i o n a l l y  c o n t r o l 

le d  (5 ) . Changes in  th e  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  cAMP le v e ls  

h av e  been  found to  o c c u r  d u rin g  m orphogenesis w hich  w ere d i f f e r e n t  

from  th o se  m easured d u r in g  grow th a s  c o c c i (C. K im b e r l in -H a r ir i ,  Ph.D. 

t h e s i s .  U n iv e r s i ty  o f  Oklahoma, Norman, Oklahoma, 1975). A s ig n i f i c a n t  

in c re a s e  in  endogenous cAMP h as  been d e te c te d  in  c o c c o id a l  c e l l s  

e lo n g a tin g  to  rod  fo rm s. Once ro d s  w ere p red o m in an t, th e  cAMP le v e l  

r e tu rn e d  to  th e  p r e - t r a n s i t i o n  c o c c o id a l  c o n c e n tr a t io n  w h ile  th e  

exogenous cAMP le v e l  in c re a s e d . I n t r a c e l l u l a r  cAMP le v e ls  rem ain 

r e l a t i v e l y  c o n s ta n t  d u r in g  rod  g row th , f ra g m e n ta tio n  and r e v e r s io n  to  

c o c c i .  E x t r a c e l lu l a r  cAMP a p p e a rs  in  in c re a se d  am ounts d u rin g  and 

a f t e r  f ra g m e n ta tio n . I f  cAMP le v e l s  changed d u r in g  m orphogenesis, th e  

c y c l i c  n u c le o t id e  m ust have been  s u b je c t  to  c o n t r o l  o r  r e g u la t io n  o f  

some k in d . R e g u la tio n  o f  i n t r a c e l l u l a r  cAMP c o u ld  b e  accom plished  by 

th e  a c t io n  o f  a d e n y la te  c y c la s e  (E.G. 4 .6 .1 .1 .  ) ,  p h o s p h o d ie s te ra se  

(E.G. 3 .1 .4 .  D), o r  by a change in  th e  r e le a s e  o f  cAMP from  th e  b a c t e r i a  

in to  th e  su rro u n d in g  medium (1 0 ,1 3 ) .  E x tru s io n  from  th e  c e l l  may
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in v o lv e  th e  membrane, o f  c o u rse , and i n  r e l a t i o n  to  t h i s ,  i t  is  p o s s i 

b le  th a t  cAMP le v e ls  could  be  r e g u la te d  th e re .  S e to  e t  a l . (18) have 

re p o r te d  t h a t  g lu c o se  a f f e c t s  th e  accu m u la tio n  and r e l e a s e  o f  [% ] -cAMP 

in  membrane f r a c t io n s  o f  E s c h e r ic h ia  c o l i . R e p re ss io n  o f  B- 

g a la c to s id a s e  i n  t h a t  system  was a s s o c ia te d  w ith  an a b ru p t  d e c re a se  

in  in tram em branal cAMP le v e ls  as a  r e s u l t  o f th e  p re s e n c e  o f  g lu c o se -  

6 -p h o sp h a te . These f r a c t io n s  r e ta in e d  le s s  th a n  10% o f  th e  c e l l u l a r  

p h o sp h o d ie s te ra se  a c t i v i t y .

As p re v io u s ly  s t a t e d ,  th e  m orphogenic c y c le  o f  A r th ro b a c te r  

c r y s t a l l o p o ie t e s  i s  a t  l e a s t  in  p a r t  u n d e r n u t r i t i o n a l  c o n t ro l  (5 ) .

In  a g lu c o se  m inim al s a l t s  medium f o r  exam ple, c e l l s  grow and d iv id e  

as  c o cc i o n ly . However, when one o f  a  number o f  seem in g ly  u n r e la te d  

compounds was added th e  c e l l s  underw ent a s im p le , b u t d i s t i n c t ,  

m orphogenic c y c le ;  c o c c i e lo n g a te  to  form  ro d s , w h ich  grow and d iv id e  

u n t i l  l a t e  in  lo g  s ta g e ,  when they  frag m en t, become s h o r t e r  and even

tu a l l y  r e v e r t  to  c o c c i. S e v e ra l o f  th e s e  compounds w ere  s e le c te d  

f o r  t h i s  s tu d y  in  o rd e r  to  d e te rm in e  t h e i r  e f f e c t  on a d e n y l c y c la se  

and p h o sp h o d ie s te ra se  a c t i v i t i e s  i n  m orphogenic and non-m orphogenic 

A. c ry s t a 1lo p o ie te s  c e l l s .  U sing th e  membrane f r a c t i o n s ,  we dec ided  

to  d e te rm in e  i f  any o f  th e se  compounds could  cau se  in c re a s e d  accumu

l a t i o n  o f  cAMP a t  th e  membrane o r  w ould s t im u la te  r e l e a s e  o f  th e  cAMP 

from  th e  membrane. T h is  would o f f e r  th e  c e l l  a n o th e r  means o f r e g u la 

t in g  th e  i n t r a c e l l u l a r  le y e ls  o f cAMP as  w e ll  as  p o s s ib ly  e lu c id a t in g  

n u t r i t i o n a l  in d u c tio n  o f  m orphogenesis as a  membrane a s s o c ia te d  

phenomenon.

The f i r s t  p ro c a ry o t ic  ad en y l c y c la se  was d e te c te d  in



67

B rev ib ac te riu m  l ia u e f a c ie n s  by O kabayaski (12) and p a r t i a l l y  p u r i f i e d  

by H ir a ta  and H yashi ( 7 ) .  The enzyme has been shown to  be a c t iv a te d  

by p y ru v a te  b u t no t by g lu c o se  (2 0 ). A c tiv a tio n  o f  ad e n y l c y c la se  by 

p y ru v a te  has been d em o n stra ted  in  many b a c t e r i a  in c lu d in g  A rth ro b a c te r  

globiform is (ATCC 8010) and A. c i t r e u s  (ATCC 11624) ( 8 ) .  A 

p a r t i c u l a t e  b u t r e a d i ly  s o lu b i l i z a b le  adeny l c y c la s e  was d e te c te d  in  

E sc h e r ic h ia  c o l i  (1  ) ,  w hich showed l i t t l e  r e g u la t io n  ex cep t in  th e  

p resen ce  o f h ig h  c o n c e n tra t io n s  o f  e f f e c to r s  (1 0 ). A t p re s e n t ,  

th e r e f o r e ,  th e  p h y s io lo g ic a l  s ig n i f ic a n c e  o f  th e s e  e f f e c t s  i s  unknown. 

Makman and S u th e r la n d  (10) concluded  from  t h e i r  s tu d ie s  u s in g  

ch lo ram p h en ico l, t h a t  in c re a s e s  in  cAMP le v e ls  in  c o l i  were n o t 

dependent on ^  novo s y n th e s is  o f  ad en y l c y c la s e . P e te rk o fsk y  and 

Gazdar (14, 15) concu rred  t h a t  v a r ia t io n s  in  cAMP le v e l s  in  E. c o l i  

w ere n o t dependent on th e  ^  novo s y n th e s is  o f  e i t h e r  ad en y l c y c la s e  o r  

p h o s p h o d ie s te ra se . They a ls o  r e p o r te d  t h a t  g lu c o se  d id  n o t i n h i b i t  

ad en y l c y c la s e  a c t i v i t y .

A s o lu b le  cA M P-phosphodiesterase in  E. c o l i  was f i r s t  re p o r te d  

by Brana and C h y ti l  (2 ) . L a te r ,  th e  enzyme was p u r i f i e d  from S e r r a t i a  

m arcescens and found to  be 3 '5 ' - c y c l i c  n u c le o tid e  s p e c i f i c  and th e o 

p h y ll in e  s e n s i t i v e  (1 2 ). Id e  ( 8 )  r e p o r te d  t h a t  s o lu b le  c-AMP- 

p h o sp h o d ie s te ra se  was found in  s e v e r a l  b a c t e r i a  in c lu d in g  A. g lo b ifo rm is  

(ATCC 8010) and A. c i t r e u s  (ATCC 11624) b u t none was found in  s e v e ra l  

s p e c ie s  o f  B a c i l lu s  and in  s e v e r a l  s t r a i n s  o f E. c o l i . However, C la rk  

and B ern loh r (4) re p o r te d  t h a t  in  B a c i llu s  l i c h e n i f o r m is , membranal 

cAMP-phosphodies te ra s e  and ad en y l c y c la s e  a re  p r e s e n t ,  a lth o u g h  t h e i r  

s p e c i f i c  a c t i v i t i e s  d id  n o t change in  r e l a t i o n  to  i n t r a c e l l u l a r  le v e ls  

o f  cAMP ch ang ing .
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C o n f l ic t in g  r e p o r ts  as  to  w heth er th e s e  enzymes r e a l l y  r e g u la te  

i n t r a c e l l u l a r  cAMP le v e ls  e x i s t ,  and v e ry  l i t t l e  h a s  been  done t o  s tu d y  

t h e i r  a c t i v i t i e s  in  p ro c a ry o t ic  m orphogenic sy stem s. F o r exam ple, E. 

c o l i  AB257^^“ ^, a  m utan t la c k in g  p h o sp h o d ie s te ra se  a c t i v i t y ,  c o n ta in e d  

tw ic e  as much i n t r a c e l l u l a r  cAMP as th e  w ild  ty p e , AB257 (6 ) .  However, 

when s ta rv e d  on a  poor carbon so u rc e , b o th  s t r a i n s  showed equ a l in 

c re a se s  in  t h e i r  cAMP c o n c e n tr a t io n s .  R ickenberg  (16) concluded  from  

t h i s  th a t  th e  cAMP le v e ls  w ere n o t r e g u la te d  by th e  p h o sp h o d ie s te ra se .

I t  has  been observed  th a t  ad en y l c y c la s e  a c t i v i t y  v a r i e s  d u rin g  th e  

l i f e  cy c le  o f  C au lo b ac te r c r e s c e n tu s .  a  m orphogenic b a c te r iu m  (1 9 ), 

a lth o u g h  i n t r a c e l l u l a r  changes in  th e  cAMP le v e l s  d ie  n o t  occur in  

c o r r e la t io n  w ith  m orphogenesis.

T h is  paper r e p o r ts  th e  r e s u l t s  o f ad e n y l c y c la s e  and phospho

d ie s te r a s e  a c t i v i t i e s  a ssay ed  a t  v a r io u s  s ta g e s  o f  th e  m orphogenic 

c y c le  o f A. c r y s ta l lo p o ie te s  and in  th e  p re se n c e  o f  c e r t a i n  e f f e c t o r  

m o lecu le s. In  a d d i t io n ,  we have s tu d ie d  th e  a b i l i t y  o f  membrane 

f r a c t io n s  to  accum ula te  and r e l e a s e  [3 h ] cAMP a lo n e  and in  th e  p re se n c e  

o f  th e se  e f f e c to r s .
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C o n f l ic t in g  r e p o r ts  as  to  w h e th e r th e se  enzymes r e a l l y  r e g u la te  

i n t r a c e l l u l a r  cAMP le v e ls  e x i s t ,  and v e ry  l i t t l e  has been done to  s tu d y  

t h e i r  a c t i v i t i e s  in  p ro c a ry o t ic  m orphogenic sy stem s. F o r exam ple, E. 

c o l i  AB257PC -I, a  m utant la c k in g  p h o sp h o d ie s te ra se  a c t i v i t y ,  c o n ta in e d  

tw ic e  as much i n t r a c e l l u l a r  cAMP as th e  w ild  ty p e , AB257 (6 ) .  However, 

when s ta rv e d  on a  poor carbon so u rc e , b o th  s t r a i n s  showed eq u a l i n 

c re a se s  in  t h e i r  cAMP c o n c e n tra t io n s .  R ickenberg  (16) concluded  from  

t h i s  t h a t  th e  cAMP le v e ls  w ere n o t r e g u la te d  by th e  p h o s p h o d ie s te ra s e .

I t  has been  o b serv ed  th a t  ad en y l c y c la s e  a c t i v i t y  v a r i e s  d u rin g  th e  

l i f e  c y c le  o f  C au lo b ac te r c re s c e n tu s .  a  m orphogenic b a c te r iu m  (1 9 ), 

a lth o u g h  i n t r a c e l l u l a r  changes in  th e  cAMP le v e l s  d ie  n o t  o ccu r in  

c o r r e l a t i o n  w ith  m orphogenesis.

T h is p ap e r r e p o r ts  th e  r e s u l t s  o f  ad en y l c y c la s e  and phospho

d ie s t e r a s e  a c t i v i t i e s  a ssay ed  a t  v a r io u s  s ta g e s  o f  th e  m orphogenic 

c y c le  o f  A. c r v s ta l lo o o ie te s  and in  th e  p re se n c e  o f  c e r t a i n  e f f e c t o r  

m o le c u le s . In  a d d i t io n ,  we hav e  s tu d ie d  th e  a b i l i t y  o f  membrane 

f r a c t io n s  to  accum ula te  and  r e le a s e  [3h ]cAMP a lo n e  and in  th e  p re se n c e  

o f  th e se  e f f e c to r s .
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MATERIALS AND METHODS

O rganism  and grow th c o n d it io n s .  A r th ro b a c te r  c r y s ta l lo p o ie te s  

ATCC 15481 (A. g lo b ifo rm is ) (9) c e l l s  were sy n ch ro n ize d  in  t h e i r  

m orphogenic c y c le  by t r a n s f e r  o f  24 h  c o c c o id a l c e l l s  in to  f r e s h  P la te  

Count b ro th  (DIFCO) in  w hich th e  m orphogenic c y c le  o c c u rs . C e lls  w ere 

t r a n s f e r r e d  a t  48 h i n t e r v a l s  in to  0.5% g lu c o s e  m inim al s a l t s  (CMS) 

medium (5) in  w hich th e  c e l l s  grow a s  c o c c i o n ly . In c u b a t io n  was 

a e ro b ic  a t  30 C i n  a  New B runsw ick C o n tro l le d  Environm ent In c u b a to r  

Shaker a t  225 RPM. From th e  p l a t e  co u n t b r o th ,  c e l l s  w ere h a rv e s te d  

d u rin g  th e  fo llo w in g  m o rp h o lo g ica l s ta g e s  (a s  de te rm in ed  by 0 . 1% 

m ethy lene b lu e  s l i d e  p r e p a r a t io n s ) :  e a r ly  c o c c i ,  e lo n g a t in g  c o c c i,

m id -lo g  ro d s , fra g m e n tin g  ro d s  and r e v e r s io n - c o c c i .  From QIS medium, 

m id -lo g  c o c c i and s t a t i o n a r y  phase c o c c i  w ere  h a rv e s te d . C o cco id a l 

c e l l s  from  GMS medium w ere c o n s id e re d  to  be n o n -in d u ced  to  undergo 

m o rphogenesis, a lth o u g h  c ap a b le  o f  d o in g  so . To in s u r e  t h i s ,  an 

inoculum  was removed and p la c e d  in  p l a t e  c o u n t b ro th  w hich induced  

th e  c e l l s  to  e lo n g a te  and undergo  th e  m orphogenic c y c le .  C o cco id a l 

c e l l s  h a rv e s te d  from  p l a t e  coun t b ro th  w ere c o n s id e re d  to  b e  morpho- 

g e n ic a l ly  ind u ced  even though m o rp h o lo g ic a lly  they  w ere s t i l l  c o c c o id a l .

P r e p a r a t io n  o f  e x t r a c t s  and membrane sam ples f o r  enzym atic  

a n a l y s i s . C e l ls ,  washed x  2 in  50 imM T ris-H C l b u f fe r  pH 9 .0 ,  w ere 

resu sp en d ed  in  2 v o l  o f  th e  same b u f f e r  c o n ta in in g  10 mM MgClg, 5 mM 

2 -m e rc a p to e th a n o l and 10 ^ g /m l d e o x y rib o n u c le a se . T h is  c e l l  su sp e n s io n  

was d is ru p te d  by s o n ic a t io n  (B la c k s to n e , Model BP-2) u s in g  10 second 

p u ls e s  w ith  30 second r e s t s  a t  0 -4  C. E x t r a c ts  were c e n t r i f u g e d  a t
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30,000  X g f o r  30 min a t  0°C in  a S o rv a l l  RC2-B c e n t r i f u g e .  The r e s u l t 

a n t su p e rn a ta n t and th e  p r e c i p i t a t e  (resuspended  in  1 v o l  same b u f f e r )  

were a ssay ed  f o r  adeny l c y c la s e  and p h o sp h o d ie s te ra se  a c t i v i t y .  Samples 

cou ld  be s to re d  a t  -0  C w ith o u t lo s s  o f  a c t i v i t y .

A denyl c y c la s e  a c t i v i t y .  The a ssay  method o f  Id e  ( 8  ) was 

u sed  w ith  a few m o d if ic a t io n s .  Enzyme a c t i v i t y  was m easured by d e t e r 

m ining th e  r a d io a c t i v i ty  o f  th e  cAMP-[^^C] form ed from ATP-[^^C], The 

p ro d u c t was s e p a ra te d  by chrom atography and th e  sp o t was i d e n t i f i e d  by 

th e  fo llo w in g  means: co-chrom atography o f  cAMP-[^H]; and s e le c t in g  one 

o f  th e  t r i p l i c a t e  sam ples f o r  tre a tm e n t and d e s t r u c t io n  by  cAMP- 

p h o sp h o d ie s te ra se  a f t e r  th e  adeny l c y c la se  r e a c t io n  o c c u rre d . H eated 

enzyme c o n t ro l s  were a ls o  assay ed  and found to  produce no la b e le d  

p ro d u c t a t  t h i s  lo c a t io n  on th e  chrom atograph.

The s ta n d a rd  r e a c t io n  m ix tu re  c o n ta in e d  th e  fo llo w in g  in  a  

t o t a l  volum e o f  0 .05  m l: 50nM TRIS-HCl, pH 9 .0 ;  2 .5  mM ATP-[^^C] (4  ^ C i/  

p,M) ; 30 mM MgCl2 ; 5mM 2 -m e rc a p to e th a n o l; and 0 .02  ml o f  enzyme p re p a ra 

t i o n  (200 [,ig p r o te in ) .  C o n c e n tra tio n  o f  e f f e c t o r  compounds when added 

w ere 30 mM. C o n tro ls  c o n s is te d  o f h e a te d  enzyme p re p a ra t io n s  (100 C,

10 m in ). The r e a c t io n  was c a r r ie d  o u t a t  30 C f o r  30 min and was 

te rm in a te d  by adding 40 p.1 o f  40% c o ld  t r i c h lo r o a c e t i c  a c id ,  c o n ta in in g  

10 mM [%]cAMP as a m arker compound. T h is m ix tu re  was c e n t r i f u g e d  

(5 ,0 0 0  X g, S o rv a ll ,  Model GLC-1) and 20 | i l  o f  th e  s u p e rn a ta n t  was 

s p o t te d  on Whatman No. 3 MM f i l t e r  p ap er (40 x  40 cm) and chrom atograph

ed u s in g  a s o lv e n t  c o n s is t in g  o f  is o p ro p y l a lc o h o l,  ammonia and  w a te r  

(7 :1 :2  v /v )  ( 1 ,  8 ) .  The sp o t co rre sp o n d in g  to  th e  [ % ] -cAMP c o n t ro l  

was c u t o u t (5 cm2), p la c e d  in  a v i a l ,  d r ie d  in  an a i r  s tream .
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resusp en d ed  in  to lu e n e  based f l u o r ,  and i t s  r a d io a c t i v i ty  was d e t e r 

mined by u s in g  a  Beckman DPM-100 l i q u i d - s c i n t i l l a t i o n  c o u n te r .

A ssay o f  cA M P-phosphodiesterase. D eg rad a tio n  o f  -cAMP 

was m easured to  d e term ine  p h o sp h o d ie s te ra se  a c t i v i t y .  The a ssa y  

m ix tu re  c o n ta in e d  in  a  t o t a l  volum e o f  0 .0 5  ml in c lu d e d : 50 nM T r i s -  

HCl, pH 9 .0 ;  0 .6  hM %cAMP (3 7 .7  Ci/nM) ; 30 mM MgCla; 5 mM 2 -m ercap to e

th a n o l;  and 0 .0 2  ml enzyme p r e p a r a t io n  (200 p,g p r o te in ) .  The r e a c t io n  

was c a r r i e d  o u t a t  30 C f o r  30 min and te rm in a te d  w ith  th e  a d d i t io n  o f 

20 111 c o ld  40% (w /v) t r i c h l o r o a c e t i c  a c id .  The m ix tu re  was c e n tr ifu g e d  

(5 ,000  X g , 5 m in, S o rv a l l ,  Model GLC-1) and 20 j i l  o f  th e  s u p e rn a ta n t 

was a p p lie d  to  a  Whatman No. 3 MM f i l t e r  p a p e r  (40 x  40 cm), and 

chrom atographed u s in g  th e  same s o lv e n t  u sed  in  th e  ad en y l c y c la s e  

a ssay . The s p o t co rre sp o n d in g  to  [^H] cAMP was c u t o u t and m easured 

f o r  i t s  d e c re a se  in  r a d io a c t i v i t y .  C o n tro ls  c o n s is te d  o f  h e a te d  enzyme 

p re p a ra t io n s  (100 C, 10 min) w hich showed r e l a t i v e l y  no d e c re a se  in  cpm 

as  compared to  th e  [% ] cAMP s ta n d a rd  u sed . T h is  re a d in g  was u sed  as 

th e  100% v a lu e  to  d e term in e  th e  amount o f d e c re a se  o f  %cAMP. In  

a d d i t io n ,  a s ta n d a rd  was a ssay ed  c o n ta in in g  200 j i g / .  05 m l cAMP- 

p h o sp h o d ie s te ra se  (Sigma Chem. C o.) and  0 .6  nM [3 r ] - cAMP and chrom ato

graphed un d er t e s t  c o n d it io n s .  E f f e c to r s  employed in  t h i s  s tu d y  

in c lu d ed : 10” M th e o p h y ll in e ,  30 nM o f  e i t h e r  g lu c o se , p y ru v a te , 

m a la te , l a c t a t e  o r  s u c c in a te .

A l l  chrom atogram s w ere developed  u s in g  an a scen d in g  method 

f o r  16 h a t  25 C. Chromatograms w ere th e n  d r ie d  o v e rn ig h t b e fo re  

be in g  c u t in to  a ssa y  sam ples (ap p ro x im a te ly  5 x 5  cm) and p la c e d  in  

v i a l s .  P r o te in  was m easured u s in g  th e  method o f S c h a c te r le  and P o lla c k  

(1 5 ).
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P re p a ra t io n  o f  th e  membrane sy stem s. Membrane f r a c t io n s  o f  th e  

v a r io u s  s ta g e s  o f  A, c r y s t a l l o p o ie t e s  c e l l s  w ere p re p a re d  w ith  a 

m od ified  method o f Maruo e t  (1 1 ), th e  d e s c r ip t io n  o f  which fo llo w s . 

C e lls  w ere h a rv e s te d  by c e n t r i f u g a t io n  (8 .0 0 0  x  g, 15 m in, 4 C, u s in g  

a  S o rv a l RC2-B c e n t r i f u g e ) .  C e l ls  w ere re su sp en d ed  in  0 .025  M T ris -H C l 

b u f f e r ,  pH 8 .0 ,  c o n ta in in g  400 |j,g/ml e th y le n e d ia m in e te t r a c e ta te  (EDTA), 

25 ng /m l lysozym e, 0. 05 M MgCl2 and in c u b a te d  a t  30 C f o r  30 min w ith  

g e n t le  sh ak in g . The su sp e n s io n  was c e n t r i f u g e d  a t  20 ,000 x  g, 15 m in,

0 C, and th e  p e l l e t  was re su sp e n d e d  in  ic e  c o ld  0 .05  M T ris -H C l, pH 7 .6 ,  

c o n ta in in g  0 ,0 5  M MgCl2 . The su sp e n sio n  was s o n ic a te d  v e ry  g e n t ly  a t  

0 .4  C w ith  5 se c  p u ls e s  and 30 s e c  r e s t s  u s in g  a  B la ck s to n e  Model BP-2 

s o n ic a to r ,  and c e n t r i f u g e d  (1 5 ,0 0 0  x  g, 20 m in, 0 -4  C). The p e l l e t  

was re su sp en d ed  in  0 .0 5  M T ris -H C l, pH 7 .6 ,  c o n ta in in g  0 .005  M MgCl2 , 

d i l u te d  to  a  s ta n d a rd  p r o te i n  c o n c e n tr a t io n  o f  100 jug/O .1 m l and 

c o n s id e re d  as  th e  membrane sy stem . P r o te in  was m easured by th e  method 

o f  S c h a c te r le  and P o lla c k  (1 7 ) .

A ccum ulation  o f  [3h ] cAMP. A ccum ulation  o f  [^H]-cAMP in  th e  

membrane f r a c t i o n  was m easured  by  th e  M il l ip o r e  f i l t r a t i o n  m ethod (1 8 ). 

One m i l i t i t e r  o f  th e  r e a c t io n  m ix tu re  in c lu d e d : 0. 5 ml membrane 

f r a c t io n  (500 ^g  p r o te i n ) ;  0 .2  nM p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .0 ;

10 nM MgCl^; f^H]-cAMP (2 x 1 0 "% , 3 7 .7  Ci/mM) ; and in  some c a s e s ,  30 

nW o f e i t h e r  g lu c o se , s u c c in a te ,  m a la te , l a c t a t e  o r  p y ru v a te . The 

r e a c t io n  was c a r r i e d  o u t a t  30 C, 30 min and te rm in a te d  w ith  ic e  c o ld  

0 .1  M p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .0 . The d i lu te d  sam ples were 

p la c e d  on ic e ,  f i l t e r e d  as  soon a s  p o s s ib le  w ith  membrane f i l t e r s  

(HAWP 0 .45  ^m, M il l ip o re  F i l t e r  C o ., B edford , M ass.) and washed w ith
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an e q u a l volume o f c o ld  b u f f e r .  The f i l t e r s  w ere p la c e d  in  v i a l s ,  

d r ie d  in  an a i r  s tream , and r a d io a c t i v i ty  was d e te rm in ed  by s c i n t i l l a 

t io n  c o u n tin g  i n  a to lu e n e -b a s e d  s c i n t i l l a n t  u s in g  a  Beckman DPM-100 

l iq u id  s c i n t i l l a t i o n  co u n tin g  system .

R e lease  o f  [3h ] - cAMP r e ta in e d  in  th e  membranes. The membrane 

f r a c t i o n s  w ere in c u b a te d  a t  30 C f o r  30 m in in  th e  p resen ce  o f  2 x  

1 0 " ^  [3r ] - cAMP (3 7 .7  Ci/mM). A f te r  t h i s  p e r io d , th e y  re c e iv e d  e i t h e r

0 .2  nM phosp h a te  b u f f e r  pH 7 .0 , o r  30 mM o f  e i t h e r  g lu c o se , s u c c in a te ,  

m a la te , l a c t a t e  o r  p y ru v a te . The r e a c t io n  m ix tu re  was c o n ta in e d  in  a  

t o t a l  volume o f  1 .0  ml, and in c lu d e d : 0 .5  ml membrane f r a c t io n  (500 

(ig p r o te in )  p re in c u b a te d  w ith  [ % ] -cAMP a s  m en tio n ed ; 0 .2  mM p h o sp h a te  

b u f f e r ,  pH 7 .0 ; 10 ^mol MgCl2 and in  some c a se s  30 mM o f th e  p r e v io u s ly  

l i s t e d  carbon  compounds. T h is  m ix tu re  was in c u b a te d  f o r  30 m in a t  30 C, 

th e  r e a c t io n  was te rm in a te d  and membranes w ere c o l l e c t e d  as p re v io u s ly  

d e s c r ib e d .

C hem icals. A ll  ch em ica ls  were p u rc h a se d  from  the Sigma 

Chem ical Company, S t .  L o u is , Mo. R a d io a c tiv e  m a te r ia l s  ATP'^^C 

(52.8m  Ci/mM) and cAMP-[3h ] (3 7 .7  Ci/m  m ole) w ere pu rchased  from  New 

England N u c lea r, B oston , Mass.
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RESULTS

F orm ation  o f  cAIG* from  ATP. The s e p a r a t io n  o f  cAMP from ATP 

o c c u rre d  w ith  good r e s o lu t io n  in  th e  s o lv e n t system  used  in  t h i s  s tu d y : 

th e  Rp v a lu e  o f  cAMP was 0 .45  w h ile  th e  Rp v a lu e  o f  ATP was 0 .1 0 .

Samples t r e a t e d  w ith  p h o sp h o d ie s te ra se  a f t e r  th e  ad en y l c y c la s e  r e a c t io n  

had o c c u rre d  and b e fo r e  te rm in a tio n  w ith  c o ld  TCA showed no la b e le d  

p ro d u c t a t  th e  s p o t  c o rre sp o n d in g  to  th e  chrom atographed  [% ] -cAMP 

m arker. S in ce  th e  same amount o f  p r o te i n / r e a c t io n  m ix tu re  was u sed  in  

a l l  sam ples and th e  same amount o f  ATP-^^C was added to  a l l ,  th e  

d i f f e r e n c e  in  cpm/30 min r e a c t io n  tim e was used  to  e s t im a te  enzyme 

a c t i v i t y .  A conq>arison o f  ad en y l c y c la se  a c t i v i t y  o f  v a r io u s  s ta g e s  

o f  th e  m orphogenic and grow th c y c le  i s  shown in  T a b le  1. A l l  s ta g e s  

in v o lv in g  c o c c o id a l  c e l l s  w ere more a c t iv e  th a n  ro d  s ta g e s .  P yruvate  

g r e a t ly  s t im u la te d  ad e n y l c y c la se  a c t i v i t y  o f  a l l  th e  f r a c t io n s  showing 

a c t i v i t y .  L i t t l e  o r  no a f f e c t  on enzyme a c t i v i t y  was e x h ib i te d  in  th e  

p re se n c e  o f  30nM o f  g lu c o se , s u c c in a te ,  m a la te ,  o r  l a c t a t e .

D e g ra d a tio n  o f  cAMP by p h o s p h o d ie s te ra se . P h o sp h o d ie s te ra se  

a c t i v i t y  was d e te rm in e d  by c a lc u la t in g  th e  % d e c re a s e  in  cpm as  compared 

to  cpm o f  a  s ta n d a rd  amount o f  [^H]-cAMP w hich had  b een  r e a c te d  w ith  h e a t  

in a c t iv a te d  enzyme. The same amount o f  p r o te in  and [% ] cAMP was added 

to  a l l  r e a c t io n  m ix tu re s ,  and th e  °L d e c re a se  in  r a d i o a c t i v i t y  o f  th e  

f%l]-cAMP was d e te rm in e d  f o r  each m o rp h o lo g ica l and  grow th s ta g e .

R e su lts  a re  shown in  T ab le  I I .  A c t iv i ty  was found in  th e  su p e rn a ta n t 

f r a c t io n s  o n ly . T here  was no rem arkab le change in  a c t i v i t y  th ro u g h o u t 

th e  m orphogenic o r  grow th c y c le . The enzyme was in h i b i t e d  by 10”^ M
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th e o p h y llin e  b u t  no e f f e c t  was seen  on enzyme a c t i v i t y  when 30 nM o f 

p y ru v a te , g lu c o se , m a la te , s u c c in a te  o r  l a c t a t e  was added.

A ccum ulation o f  ^hcAMP in  membranal sy stem s. C o cco id a l 

membranes from  A. c r y s ta l lo p o ie te s  c e l l s  accum ulated  a p p ro x im a te ly  th e  

same amount o f  [%]-cAMP p e r  |j,g p r o te in  r e g a rd le s s  o f  t h e i r  grow th 

o r  m o rp h o lo g ica l s ta g e . C occi w hich had been in  p re se n c e  o f  in d u c in g  

a g e n ts  o r  had undergone m orphogenesis accum ula ted  s l i g h t l y  l e s s  th a n  

non-m orphogenic c o c c i. (T able 3 ) . T h is  was in  m arked c o n t r a s t  to  th e  

sm a ll amount o f  [3h ] - cAMP accum ulated  by th e  rod  membranes. G lucose  

s tim u la te d  accum ula tion  o f  th e  c y c l ic  n u c le o t id e  s l i g h t l y  in  c o c c o id a l  

c e l l s  b u t by a  f a c to r  o f  fo u r  in  ro d  c e l l s .  M ala te  had l i t t l e  o r  no 

e f f e c t .  S u cc in a te  s t im u la te d  th e  accu m u la tio n  o f  cAMP in  th e  ro d s  

(x 7 ) , had l i t t l e  e f f e c t  on in d u c e d -re v e rs io n  c o c c i ,  and s l i g h t l y  low ered 

th a t  in  the  non-m orphogenic c o c c i.  L a c ta te  low ered [^]cAM P accum ula

t i o n  in  the  non-m orphogenic c o c c i .  P y ru v a te  low ered  accu m u la ted  cAMP 

in  c o c c o id a l c e l l s  b u t s l i g h t l y  r a i s e d  th e  le v e l  ach iev ed  in  th e  ro d s . 

These r e s u l t s  were c o n s is te n t  a f t e r  10 min and 30 min in c u b a tio n  p e r io d s .

R e lease  o f [%]cAMP from  m embranal sy stem s. When membranes 

were in cu b a ted  fo r  two 30 min p e r io d s  a t  30 C in  th e  p re se n c e  o f  [ ^ ]  

cAMP d iv e rs e  e f f e c t s  r e s u l t e d .  C occi w hich had been induced  to  u n d e r

go m orphogenesis o r  th o se  w hich had j u s t  r e v e r te d  from fra g m e n tin g  rods 

sp o n tan eo u sly  r e le a s e d  more th a n  50% o f  t h e i r  accum ula ted  [%]cAMP. 

G lucose and s u c c in a te  p re v e n te d  t h i s  lo s s  and a c tu a l ly  s t im u la te d  

g r e a t e r  accu m u la tio n , w h ile  th e  o th e r  compounds showed no e f f e c t .  Rod 

membranes however l o s t  l e s s  [%]cAMP upon co n tin u ed  in c u b a tio n .  A gain
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g lu co se  and su c c in a te  and in  a d d i t io n  m alate^ ten d ed  to  s t im u la te  

accu m u la tio n  w h ile  l a c t a t e  and p y ru v a te  caused  r e le a s e  o f th e  c y c l ic  

n u c le o t id e .  In  th e  n on -induced  c o c c o id a l membranes la rg e  amounts o f  

[% ] -cAMP accum ulated  d u rin g  th e  second in c u b a tio n  p e r io d . In c u b a t io n  

w ith  g lu c o se , s u c c in a te  and m a la te  r e s u l t e d  in  some r e le a s e  from  th e  

membrane, w h ile  la c to s e  and p y ru v a te  r e s u l t e d  in  a lm ost com plete r e l e a s e  

from  th e  membrane o f  th e  t o t a l  amount o f  accum ula ted  [% ] cAMP. No 

re le a s e  from  th e  membrane co u ld  be d e te c te d  u n t i l  a t  l e a s t  10 min 

in c u b a tio n  had o ccu rred  w ith  maximum r e le a s e  m easured a f t e r  20  m in.
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DISCUSSION

D uring th e  m orphogenic c y c le  o f  A r th ro b a c te r  c r y s t a l l o p o ie t e s , 

changes w ere found to  o ccu r in  th e  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  cAMP 

le v e ls  w hich d id  n o t  o c c u r d u rin g  grow th as o n ly  c o c c i (C. K im b e rlin - 

H a r i r i ,  Ph.D. t h e s i s .  U n iv e r s i ty  o f  Oklahoma, Norman, 1975). As 

c o c c o id a l c e l l s  e lo n g a te d ,  endogenous cAMP l e v e l s  in c re a s e d  from  50 nM 

to  800 nM/mg p r o te in .  When c e l l s  w ere ro d  fo rm s, th e  cAMP le v e l  had 

re tu rn e d  s l i g h t l y  l e s s  th a n  50 nM and rem ained  c o n s ta n t  th ro u g h o u t 

f ra g m e n ta tio n  and r e v e r s io n  to  c o c c i. We had p re v io u s ly  shown th a t  

exogenous cAMP can  d e la y  e lo n g a tio n  o f  c o c c i .  A p p a ren tly , in c re a s e d  

i n t r a c e l l u l a r  cAMP l e v e l s  i n h i b i t  e lo n g a tio n  w h ile  th e  r a p id  d e c l in e  

in  th e  le v e l  may t r i g g e r  e lo n g a tio n  to  o c c u r . F u r th e r  in v e s t ig a t io n s  

a r e  needed to  s u b s t a n t i a t e  t h i s  p o s s i b i l i t y .  E x t r a c e l lu l a r  cAMP was 

in c re a s e d  in  th e  medium j u s t  a f t e r  e lo n g a t io n  and a g a in  d u rin g  and a f t e r  

f ra g m e n ta tio n . I n t r a c e l l u l a r  cAMP le v e l s  co u ld  be  r e g u la te d  by 

a d en y l c y c la s e ,  p h o s p h o d ie s te ra s e  o r  by r e l e a s e  o f  th e  cAMP in to  th e  

medium. T h is  p a p e r  r e p o r t s  th e  r e s u l t s  o f  a  com para tiv e  s tu d y  o f  adeny l 

c y c la s e  and p h o s p h o d ie s te ra se  a c t i v i t y  i n  membrane and s o lu b le  f r a c t io n s  

o f  c e l l s  from  v a r io u s  m orphogenic and grow th s ta g e s .

A denyl c y c la s e  a c t i v i t y  had p r e v io u s ly  been d e te c te d  in  s t a t i o n 

a ry  c o c c i o f  two A r th ro b a c te r  sp e c ie s  by Id e  ( 8 ) .  A. g lo b ifo rm is  ATCC 

8010 e x h ib i te d  a d e n y l c y c la s e  a c t i v i t y  in  th e  s u p e rn a ta n t  and p r e c i p i 

t a t e  f r a c t io n s  w h ile  A. c i t r e u s  ATCC 11624 showed a c t i v i t y  in  th e  

p r e c i p i t a t e  o n ly  in  th e  p re se n c e  o f  p y ru v a te . P y ru v a te  a c t iv a t e d  th e  

ad en y l c y c la s e  a c t i v i t y  o f  b o th  f r a c t io n s  from  A. g lo b ifo rm is  ATCC 

8010. As seen  in  T a b le  1, A r th ro b a c te r  c r v s ta l lo o o ie te s  ATCC 15481
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e x h ib i te d  ad en y l c y c la se  a c t i v i t y  in  b o th  p a r t i c u l a t e  and s o lu b le  

f r a c t i o n s  when th e  c e l l s  w ere c o c c o id a l . However, d u r in g  rod  s ta g e s  

ad en y l c y c la s e  a c t i v i t y  was g r e a t ly  d im in ish ed  and found o n ly  in  th e  

membrane sam ples. The enzyme in  a l l  f r a c t io n s  was g r e a t ly  a c t iv a te d  

by th e  p re se n c e  o f  30 nM p y ru v a te . The same c o n c e n tr a t io n  o f  g lu c o se , 

m a la te , s u c c in a te ,  o r  l a c t a t e  d id  n o t a f f e c t  enzyme a c t i v i t y  as  a ssay ed . 

S in ce  th e  a c t i v i t y  o f  ad en y l c y c la s e  was m easured by th e  amount o f  cAMP 

form ed, th e  d e c re a se  in  a c t i v i t y  seen  a t  rod  s ta g e  co u ld  have been  

produced  by p h o s p h o d ie s te ra se  in  th e  p re p a ra t io n .  However t h i s  ap p ea rs  

u n l ik e ly  a s  ro d  membranes showed l i t t l e  o r no p h o sp h o d ie s te ra se  a c t i v i t y .

C y c lic  A M P-phosphodiesterase a c t i v i t y  was d e te c te d  in  a l l  

s ta g e s  o f  c e l l s  b u t o n ly  in  th e  s o lu b le  f r a c t io n s .  No s i g n i f i c a n t  

change in  a c t i v i t y  o c c u rre d  a s  a  fu n c t io n  o f  grow th o r  m orphogenic 

s ta g e .  T h is  enzyme was s e n s i t i v e  to  th e o p h y ll in e  v i t r o . E a r l i e r  

s tu d ie s  had  shown th a t  exogenous th e o p h y ll in e  caused  a  d e la y  o f  th e  

norm al m orphogenic c y c le  a t  th e  e lo n g a tio n  and f ra g m e n ta tio n  s ta g e s .

(C. K im b e r l in -H a r ir i ,  Ph.D. t h e s i s .  U n iv e rs i ty  o f  Oklahoma, Norman,

1975). T h is  su g g e s ts  t h a t ,  a lth o u g h  th e  a c t i v i t y  o f  th e  cAMP phospho

d i e s t e r a s e  does n o t change, i t  may p la y  a  r o le  in  r e g u la t in g  i n t r a 

c e l l u l a r  cAMP le v e l s  w hich in  tu rn  can  a f f e c t  th e  m orphogenic c y c le .

No d e f i n i t e  p a t t e r n  o f  accu m u la tio n  o f  cAMP in  membranes and 

r e le a s e  o f  cAMP from  membranes a t  v a r io u s  s ta g e s  d u rin g  th e  l i f e  c y c le  

o f  A r th ro b a c te r  c r y s t a l l o p o ie t e s  was o bserved . Rod membranes d id  n o t 

accu m u la te  a s  g r e a t  an amount o f  [ % ] -cAMP/|j,g p r o te in  as  c o c c o id a l 

membranes accum ula ted . I n  membranes c o l le c te d  d u rin g  a l l  s ta g e s  o f  

m o rp h o g en esis , g lu c o se , s u c c in a te  and m a la te  e i t h e r  s t im u la te d  o r  had
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no e f f e c t  on  accum ula tion  o f  in tram em branal cAMP c o n c e n tr a t io n .  I n  th e  

n o n -in d u ced  c o c c o id a l membranes, th e se  compounds m a in ta in e d  th e  concen

t r a t i o n  w i th in  a  c e r t a in  ran g e .

R e le a s e  o f cAMP from  th e  membrane was e s p e c i a l l y  o b se rv a b le  

in  membranes o f  non-induced  c o c c o id a l c e l l s  in  th e  p re se n c e  o f  a l l  

s u b s t r a te s  t e s t e d .  R e lease  o f  cAMP from  th e  membranes o f  induced  

c o c c i and ro d s  was n o t a f f e c t e d  g r e a t ly  by th e  p re se n c e  o f  th e  sub 

s t r a t e s .

A lth o u g h  no d e f i n i t e  p a t t e r n  had  been e s ta b l i s h e d  in  r e l a t i o n  

to  th e  n o n -in d u c in g  compounds, g lu c o se  and p y ru v a te , and th e  in d u c in g  

conq>ound m a la te ,  s u c c in a te  and l a c t a t e ,  i t  was obv ious t h a t  th e  c o n t ro l  

o f  i n t r a c e l l u l a r  and in tram em branal l e v e l s  o f  cAMP may depend on more 

th a n  th e  a d e n y l c y c la se  and p h o sp h o d ie s te ra se  a c t i v i t i e s .  These 

membranal f r a c t i o n s  were found n o t to  c o n ta in  p h o s p h o d ie s te ra se  a c t i v i t y ;  

th e r e f o r e ,  we assume t h a t  r e le a s e  from  th e  membrane was a  r e s u l t  o f  

some o th e r  mechanism. H eated  membrane c o n t r o l s  accum ula ted  l i t t l e  o r  

none o f  th e  [% ] c AMP (2Cr50cpm/500 |ig ) w hich s u g g e s ts  t h i s  a c t io n  

w ith  cAMP was n o t mere a d s o rp t io n  a lth o u g h  i t  d id  n o t c o n ç le te ly  r u le  

o u t n o n - s p e c i f ic  a d s o rp tio n  on th e  i n t a c t  membrane. D uring  in c u b a tio n , 

th e  membranes a re  cap a b le  o f  enzym atic  a c t i v i t y  (18 ) and th u s  many 

r e a c t io n s  c o u ld  be o c c u rr in g  in  th e  p re se n c e  o f  th e s e  v a r io u s  s u b s t r a te s  

w hich co u ld  in v o lv e  o r e f f e c t  th e  in tram em b ran a l cAMP le v e l .  Much 

more in fo rm a tio n  i s  needed on th e  m e ta b o lic  r o le  o f  th e s e  compounds, 

t h e i r  ap p ea ran ce  in  th e  c y c le ,  and r e s u l t i n g  m orphogenic changes w hich 

may o ccu r. However, i t  i s  obv ious th a t  th e  membrane i s  a  c a n d id a te  f o r  

a  r e g u la to r  o f  i n t r a c e l l u l a r  cAMP le v e ls  in  a d d i t io n  to  th e  o th e r  known 

m echanism s.
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I t  i s  d i f f i c u l t  to  a s c r ib e  th e  e x a c t r e g u la to r y  r o le ? —c£_

ad en y l c y c la s e  and cA M P-phosphodiesterase in  th e  m orphogenic c y c le  o f 

A r th ro b a c te r  c r y s ta l lo p o ie te s . We can  on ly  r e p o r t  w hat i s  known to  

d a te  and su g g e s t p o s s ib le  a c t io n s .  A summary o f  t h i s  in fo rm a tio n  on 

cAMP le v e ls  and th e  enzymes o r  a c t io n s  which co u ld  r e g u la te  them i s  

shown in  T ab le  I I I ,  I t  was hoped th a t  a c o r r e l a t i o n  c o u ld  be found 

betw een ad en y l c y c la s e  a c t i v i t y  and th e  p re se n c e  o f  compounds w hich 

can  in d u ce  m orphogenesis ( s u c c in a te ,  m a la te , l a c t a t e )  o r  th e  p resen ce  

o f  th o se  compounds which su p p o rt g row th o f  th e  c e l l s  a s  c o c c i  o n ly  

(g lu c o se , p y ru v a te ) .  However th e  o n ly  e f f e c t  seen  was a  g r e a t  s tim u la 

t io n  o f  a d en y l c y c la s e  a c t i v i t y  by p y ru v a te . The s ig n i f i c a n c e  o f  t h i s  

a t  p r e s e n t  i s  undeterm ined . More knowledge o f  th e  m e ta b o lic  r o le  o f 

p y ru v a te  as  a  key in te rm e d ia te  m e ta b o li te  d u rin g  m orphogenesis and 

i t s  e f f e c t  on o th e r  enzymes would p e rh ap s  e lu c id a te  i t s  p h y s io lo g ic a l  

r o l e  as an a c t i v a t o r  o f  ad en y l c y c la s e .
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TABLE I

Adenyl c y c la s e  a c t i v i t y  i n  membrane and s u p e rn a ta n t 

f r a c t io n s  o f  c e l l s  from v a r io u s  s ta g e s  d u rin g  grow th 

and  m orphogenesis in  A. c r y s ta l lo p o ie te s

A r th ro b a c te r  
c ry s  t a l lo p o i e te s

M orphogenic -  o r -  
Growth S tag e

A denyl c y c la se  a c t i v i t y  cpm cAMP/30 min/mg p r o te in

cpm X 1Q3
Membrane F ra c tio n  S u p e rn a ta n t f r a c t i o n

j+  P y ru v a te +  P y ru v a te

Induced
C occi 0 50 250 50 250

E lo n g a tin g
Cocci (3 50 250 50 250

Rods
(M id-log) 0 8 30 0 0

Fragm enting
Rods

2 10 0 .8 0 .8

R ev e rs io n
C occi o 40 250 60 300

N on-induced , 
m id -lo g  c o c c i 0 50 250 50 200

N on-induced ,
s ta t io n a r y

c o c c i
0 50 200 60 250
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TABLE I I

cA M P-phosphodiesterase a c t i v i t y  d u r in g  v a r io u s  s ta g e s  o f  

g row th  and isorphogenesis in  A. c r y s t a l l o p o ie t e s

A. c r y s t a l l o p o ie t e s

M orphogenic o r  Growth 
s ta g e s

cA M P-phosphodiesterase a c t i v i t y  
% d e c re a se  cpm/30 min re a c tio n /m g  p r o te in

Membranes S u p e rn a ta n t 1 0 -2 M T heophylline

Induced  c o c c i o 0 - 1% 90% 5%

E lo n g a tin g  c o c c i <3 0 - 2% 87% 4%

Rods Û 0 - 1% 92% 5%

F ragm en ting  ro d s 0 - 1% 89% 1%

R e v e rs io n  c o c c i o 0 - 2% 85% 3%

Non Induced c o c c i  
(m id -lo g ) o 0-3% 90% 5%

Non Induced  c o c c i  
( S ta t io n a r y ) o 0 - 2% 90% 5%

C o n tro l 97% re d u c t io n  i n  cpm[3R]cAMP 7%
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TABLE I I I

Amounts o f  [% ] -cAMP accum ula ted  p e r  500 p.g membrane 

p r o te in /3 0  min a t  v a r io u s  m orphogenic and grow th  s ta g e s ,  

a lo n e , and in  p re se n c e  o f  30 mM o f  s u b s t r a te s  l i s t e d

A ccum ulated [3h ] - c A ^  in  p ro te in -m em brane f r a c t io n  
(cpm X 103/500 pg p r o te in )  r e a c te d  30 m in, 30 C

Membrane
Alone

30nM
G lucose

30mM
M ala te

30nM
S uccin

a te

30mM
L ac
t a t e

30mM
P yru
v a te

Induced c o c c i 

R ev ers io n  c o c c i
%o 11-12 15 14 14 .5 12 8 .5

Rods 1 .4 -1 .5 4 1 .5 7 0 .4 2

N on-induced 
c o c c i A l l  

s ta g e s
o 15-20 17 15 12 7 2
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TABLE IV

Amount o f  [%]-cAMP p re s e n t  in  th e  membranes (w hich h ad  been 

p re in c u b a te d  30 min w ith  [3h ] cAMP), a f t e r  30 min added in c u b a tio n  

a lo n e  and in  th e  p re se n c e  o f  th e  e f f e c t o r s  l i s t e d

R e lea se  o f  [%]-cAMP from  membranes p re in c u b a te d  30 
min — r e a c te d  30 min i n  p re se n c e  o f  [^]-cA M P:

(cpm X 103/500 )j.g p r o te in )

Mem
b ran e
a lo n e

30mM
G lu
co se

30nM
M alate

30nM
S u cc in 

a t e

30mM
L a c ta te

30mM
P yru
v a te

In duced  & 
R e v e rs io n  

c o c c i

0
o

4 .0 40 4 .7 3 .0 4 .0 4 .0

Rods
di'O

1 .0 13 10 8 .0 0 .3 0 .3

N oninduced 
c o c c i  a l l  

s ta g e s

o 30 12 12 7 .0 3 .0 3 .0
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TABLE 7

Summary o f  d a ta  showing cA M P-related 

e f f e c t s  d u rin g  m orphogenesis in  A. c r y s t a l l o p o ie t e s

A r th ro b a c te r  c r y s ta l lo p o ie te s
o (3 I p Om orphogenic c y c le

I n h ib i t i o n  o f  m orphogenesis by 
Exogenous cAMP I n  Vivo X X ------ ------ —

In c re a s e d  endogenous cAMF 
In  V itro -------- X —— ------

A denyl c y c la s e  a c t i v i t y .  In  V itro X X ------ ------ X

E x tru s io n  o f  cAMP from  c e l l .  
I n  Vivo ------ X----

e a r ly
---- X
la t e

X

cA M P-phosphodiesterase a c t i v i t y  
I n  V itro X X X X X

D elayed  m orphogenesis by 
th e o p h y ll in e  I n  Vivo X X ------ X X

Membranes accu m u la te  la r g e  
am ounts o f  cAMP In  V itro X X — ■ X
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SUMMARY

The s tu d y  o f  m orphogenesis i s  an  a t te m p t to  d is c o v e r ,  d e s c r ib e  

and e x p la in  a  sequence o f  m o rp h o lo g ica l t r a n s i t i o n s  w hich a r e  accom

p an ied  by b io c h em ic a l and m e ta b o lic  ch an g es. A r th ro b a c te r  c r y s t a l l o 

p o ie te s  i s  a  good system  w ith  w hich t h i s  ty p e  o f  in v e s t ig a t io n  can  

be perfo rm ed  fo r  th e s e  re a s o n s :  (1) i t  h a s  a  s im p le  m orphogenic c y c le ;  

(2) i t  can  be n u t r i t i o n a l l y  induced  to  undergo  m orphogenesis o r  be 

grown a s  a  non -m orphogenic sy stem  w hich  p ro v id e s  a  c o n t ro l le d  

s i t u a t i o n  f o r  th e  com parison  o f  ag in g  phenomena v e rs u s  m orphogenic 

phenomena and  (3) changes i n  m etabo lism  o ccu r w hich in c lu d e  th e  

e s ta b l is h m e n t o f  v a ry in g  enzym atic  p a t t e r n s  o b v io u s ly  in v o lv in g  

r e g u la t io n  a t  some l e v e l ,  e i t h e r  gene o r  s u b s t r a t e  o r  b o th .

The r e s e a r c h  r e p o r te d  in  t h i s  d i s s e r t a t i o n  i s  th e  r e s u l t  o f  

q u e s tio n s  w hich w ere asked  i n  r e l a t i o n  to  th e  r e g u la t io n  o f  morpho

g e n e s is  in  A r th ro b a c te r  c r y s t a l l o p o ie t e s  : (1) i s  cAMP, w hich  i s  

known to  be  an im p o rta n t r e g u la to r y  m o lecu le  in  an im al, p la n t ,  and 

b a c t e r i a l  c e l l s ,  in v o lv e d  i n  th e  m orphogenic c y c le  o f  A. c r y s t a l l o 

p o ie te s ? (2 ) i f  i t  i s  in v o lv e d , how does cAMP e x e r t  i t s  r e g u la to r y  

e f f e c t s ?  (3 ) do cAMP le v e ls  d u rin g  m orphogenesis f lu c tu a te  o r  rem ain  

c o n s ta n t?  (4) how a r e  cAMP le v e ls  r e g u la te d  by th e  c e l l s  and f i n a l l y ,  

(5) how does t h i s  sy stem  o f  m orphogenesis compare to  o th e rs  in  r e l a t i o n  

to  r e g u la t io n  by cAMP?

89
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We have shown th a t  exogenous cAMP, when added to  c e l l s  

t r e a te d  to  make them more p erm eab le  to  th e  c y c l ic  n u c le o tid e ,  can 

d e la y  a  m orphogenic ev en t, i . e . ,  th e  e lo n g a tio n  o f  c o c c i .  This 

d e la y  i s  tim e dependent (0 -8  h r )  dosage dependen t ( g r e a te r  than  

ImM cAMP), and a p p a re n tly  cAMP s p e c i f i c  s in c e  cGMP produced no s im i la r  

d e la y . How does t h i s  d e la y  r e l a t e  to  th e  peak  o f  cAMP m easured 

in t r a c e l lu l a r l y ?  A lthough i t  i s  s p e c u la t iv e ,  we p ro p o se  th a t  i f ,  

a f t e r  th e  cAMP le v e l  peaked, i t  d id  n o t  d e c l in e ,  th e n  perh ap s rod  

fo rm atio n  would n o t o ccu r. What c o n t r o l s  th e  d e c re a se  in  th e  cAMP 

le v e l  a t  t h i s  tim e? A lthough  no change in  th e  cAMP-dependent-  

p h o sp h o d ie s te ra se  s p e c i f i c  a c t i v i t y  o c c u rre d  a s  a  fu n c t io n  of 

m orphologic changes, when t h i s  enzyme was in h ib i t e d  ^  v iv o  by 

th e o p h y llin e , ro d  fo rm atio n  d id  n o t  o c c u r . We presum e t h i s  r e s u l t e d  

from  h ig h  cAMP c o n c e n tra t io n s  due to  p h o s p h o d ie s te ra se  i n h ib i t i o n .  The 

c e l l  a ls o  d e c re a se s  i t s  i n t r a c e l l u l a r  cAMP le v e l  by r e g u la t in g  i t s  

flow  o u t o f  th e  c e l l  in to  th e  medium a t  t h i s  tim e . In  a d d i t io n ,  

once c e l l s  become rod  s ta g e , th e y : (a) have l e s s  ad en y l c y c la se  

a c t i v i t y ,  (b) f a i l  to  accu m u la te  cAMP a t  th e  membrane and (c) a re  

s t i l l  cap ab le  o f  cAMP d e s t r u c t io n  by p h o sp h o d ie s te ra se  o r  a re  cap a b le  

o f  e x tru d in g  cAMP in to  th e  medium. These e v e n ts  a l l  p roduce th e  

c o n d itio n  o f  low i n t r a c e l l u l a r  cAMP.

One may a sk , why th e n  a re  i n t r a c e l l u l a r  le v e ls  a t  t h i s  tim e 

com parable to  t h a t  found in  non  -m orphogenic c o c c i?  One p o s s ib le  

e x p la n a tio n  i s  th a t  cAMP le v e ls  a r e  h ig h  in  th e s e  non-m orphogenic c o c c i 

b u t w ere u n d e te c te d  by ou r m ethods due to  th e  enhanced b in d in g  o f  cAMP 

to  th e se  c o c c o id a l  membranes. A no ther e x p la n a tio n  i s  t h a t  a c tu a l ly  a
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s ig n i f i c a n t  change in  cAMP le v e ls  t r i g g e r s  morphogenic e v e n ts  and n o t  

sim ply  p a r t i c u l a r  le v e ls  o f  th e  c y c l i c  n u c le o tid e .

T here i s  a  s l i g h t  in c re a s e  i n  e x t r a c e l l u l a r  cAMP a t  th e  

fra g m e n ta tio n  s ta g e  w hich i s  c o tç a r a b le  b u t n o t e q u a l to  th e  in c re a s e  

seen  a t  l a t e  lo g  and s t a t io n a r y  s ta g e s  d u rin g  non -m orphogenic grow th . 

However, s in c e  th e o p h y llin e  d e lay ed  fra g m e n ta tio n , we s u s p e c t  th a t  

cAMP is  in v o lv ed  in  r e g u la t in g  t h i s  s ta g e  a l b e i t  we can  n o t  f u l l y  

e x p la in  i t  a t  t h i s  tim e. We f e e l  t h a t  c l a r i f i c a t i o n  o f  th e  m a lic  

enzyme work u s in g  a  more p u r i f i e d  p r e p a ra t io n  may p rod u ce  r e s u l t s  

w hich w i l l  b e t t e r  f i t  th e  p a t t e r n  o f  d a ta  th u s  f a r  accu m u la ted . However, 

i t  i s  s i g n i f i c a n t  th a t  t h i s  r o d - s ta g e  s p e c i f i c  enzyme was shown to  

be a f f e c te d  by cAMP a t  th e  s u b s t r a t e  le v e l .

Out f in d in g s  a re  s i g n i f i c a n t ,  a s  compared to  th o s e  r e s u l t i n g  

from  s tu d ie s  o f  cAMP in  p ro c a r y o t ic  m orphogenic sy stem s, f o r  th e  

fo llo w in g  re a so n s :

1. we have shown, a  somewhat in f r e q u e n tly  o b se rv ed , n e g a t iv e  

e f f e c t  on i n i t i a t i o n  o f  m orphogenesis ;

2 . we have shown changes in  i n t r a c e l l u l a r  cAMP le v e l s  and 

ad en y l c y c la se  a c t i v i t y  w hich  ap p ea rs  to  b e  a  fu n c tio n  o f  

m orphogenesis and n o t a g in g  and,

3 . o u r d a ta  su g g e s ts  t h a t  r e g u la t io n  by cAMP o c c u rs  a t  b o th  

gene and s u b s t r a t e  l e v e l s .

I t  i s  u n fo r tu n a te  t h a t  no p a t t e r n  o f  a s s o c ia t io n  evo lved  

betw een m o rp h o g en esis-in d u c in g  a g e n ts  and cAMP r e g u la t io n .  T h is n u t r i 

t i o n a l  c o n t ro l ,  a lo n g  w ith  numerous o th e r  a re a s ,  a re  s t i l l  to  be 

e x p la in e d . The answ ers, w h ich  accum ula te  from  in v e s t ig a t io n s  o f  th e
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r e g u la t io n  o f  m orphogenesis in  A r th ro b a c te r s ,  w i l l  p e rh ap s  app ly  t o  

o th e r  b a s ic  b io lo g ic a l  system s a s  w e ll .


