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S U M M A R Y  

I. Cyclic 3' ,5'-AMP phosphodiesterase activity can be demonstrated in Sac- 
charomyces carlsbergensis by measuring the 5'-AMP formation from cyclic 3',5'-AMP. 

2. Enzymic activity was optimal at pH 8.5 and shows a 2-fold stimulation in 
the presence of 4 mM Mn2+; Mg 2+, Ca 2+ and EDTA hardly show any effect. 

3. ATP, inorganic polyphosphate and pyrophosphate are effective inhibitors 
of the phosphodiesterase. The nature of these inhibitions was found to be of the mixed 
type. 

4. The possible physiological significance of this inhibition is discussed. 

INTRODUCTION 

SUTHERLAND AND RALL 1 have described an enzyme that  hydrolyzes cyclic 
3',5'-AMP to 5'-AMP. The enzyme has been found widely distributed in animal 
tissues2, 3, slime molds 4 and bacteria 5. Since cyclic 3',5'-AMP occupies an important  
position in cellular metabolism, and phosphodiesterase may play a major role in 
regulating its level, a great deal of interest in this enzyme has developed. Until now, 
no data are known on the presence and the role of cyclic 3',5'-AMP phosphodiesterase 
in yeast cells. Recently 6 it could be demonstrated that  in S. carlsbergensis the level 
of cyclic 3',5'-AMP varies with the physiological state of the cells. In order to stud3; 
the regulation of the level of cyclic 3',5'-AMP the phosphodiesterase in this yeast 
was characterized. This report deals with the results of this study. 

M A T E R I A L S  A N D  M E T H O D S  

Chemicals 
Cyclic 3',5'-AMP, lactate dehydrogenase, myokinase and pyruvate  kinase were 

obtained from C. F. Boehringer and Soehne, Mannheim, Germany. ATP was pur- 
chased from P-L Biochemicals Inc., Milwaukee, Wisc., U.S.A. Phosphoenolpyruvate 
and pyrophosphate (tetrasodium salt) were obtained from Sigma Chemical Company, 
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St. l.ouis. Miss., U.S.A. NADH and tetraphosphoric acid were purchased l-r~)m K~wh- 
lAght l.aboratories, ( 'olnlwook, l:mgland, and d i s ,d ium hydr .gen  . r t h ( @ l . s p h a t c  

) . - ,  

lr~m~ l,lit]sh l)rug Houses l . td . ,  Vooh',  l'h~glan(l. 

~'('(IS[ N[t'tlI'tl 

N. carlshcr~cnsis strain no 74, N.('.V.('., l{ngland, was used. Yeast cul tur ing 
was perl-~)rmt'd as described previ~m>ly 7, The (-olls were harvested &]rilL< tlw h)g ; i -  

ritllmi(" phase ()I" gr()wth. 

l'r@araliun (qy,cas! c.vtracl 
After centr ifugation the \ 'east cells were washed twice with distilled water and 

rcsuspcnded in o.o 4 .M Tris H('I bulter (pH 8.5) containing 4"IO a M MgS()~ t~, a 
final ,om'entrati~m of 5o mg yeast d r \  wl. per ml. The (-ells were broken in the c~,hl 
by shaking during I rain with glass beads (diameter o.45 o.5o ram) in an appara tus  
;wcordin< t¢) MER('KI,'.NS('HI.A(I1,;R t '[ (~1. 8, After centr ifugation for i o  rain at ( )  and 
2 o ( ) .  2, the superna tan t  was removed carefulh" from unbrt)ken (-ells and glass 
beads and was centrifuged at o '  l()r 3o rain at 45 ooo . ,~. The resulting sut)ernatant  
was dialvse(l ~Velnight against 5oo vol. ~)f the same l 'r is H('I Mg 2~ buff'or. MR'-" w:~s 
~)mit td  whtql tim eftcot ()f bivalent  earl, ms was tested. The dialyzed extract (c,)n 
tMning appr,,x. IO mg pr~)tein pcr ml) ca~ be st~wed at 2o with no apt,r('ciabh, h,ss 
,U cnzxmatic  act ivi ty  f~,r sewwal weeks. 

lh'h'rmimtlion qf o'clic 3',5'-.-t 31P /~h,@hodicstcrasc aclk'ilv 
( 'relic 3', 5 '-AM P phosphodi(sterase act ivi ty was determim'd by a modilicati<m 

~f the method ()f ('HF.IN(i:L The enzyme preparat ion was incubated at 37 for 4 ° rain. 
Tile rt,m'tion mixture contained in a final vol. of I ln!ll: 4 ° /I,111()les Tris H('l troffer 

pH '~.5, 2 ,mmdcs Na2HP() v o. 4 ym()les .MgS() v 2 ym(Aes cyclic 3 ' ,5 ' -AMt'  and o. 3 mg 
pr~tein. After Io rain of preincubat ion the reaction was started b\' the additi~m ,if 
tilt' stl[)sti;tte cvclic 3' ,5'-AMP. The reaction was st<}pped after .lo ,nin by additi~m 
~l-o.I ml (U 3 .M H('I(),. After centrifugation the superna tan t  was neutralizud with 
Kft( ' ( )  a cr\'stals. I n sdub le  K('I() 1 was then rcm~)vcd b \  h~w speed centrifugati~m 
and tile supcrmltant  was ttse(t fi)r tit{? assav ~)f 5'-:\M P. l /e tcrminat ion (,f the am~nmt 
(,1- 5'-A.MP was perfiwmed by the use {~1 the u(mph'd rem'ti(m of p y r u \ a t e  kim/sc. 
Iretare dvhydrogvnase and msokilmsel°.  For this duterminat ion 5 units  ()1: cm'll 
cnz\ 'mu was present in a final volume (d 3 ml. The mx(Ninase was added last. when 
tht.ro w a s  n() Ih~)re ('hallge in the al~s()rl)ance :It 34 () nln, using :l spcctr()t4~()tomvtm 
l~cckmalm 1)1,[ 2. Protein was assa\ed m'c(wding t() thc meth~,d (~f 1.owl{v c! ,t. ~ 
using b ,xim,  serum al lmmin as a s tandard.  ( 'relic 3',5'-AMI) phosl~h~di~'stvras(' 
spccilic m ' t i v i t \  is expressed as nln~,h's :\XlP f, wmed per rain per mR pr~)tvin. 

I,~ I {  'S I," I .Tt':, 

Tin' ltsc , f  pho@hah' duri~g im' ,bal ion 
The assay methods commonly used to measure cyclic 3 ' ,5 '-AMP specilic phos- 

phodiesterase act ivi ty are based on the assumption that  the enzwnc act ivi ty is 
proportional to the amount  (,f 5 '-AMP present in the incubat ion mixture after 
im'ulmti(m with cyclic 3'.5' AMP. lIv using this method it was ~d~served that the 
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Fig. z. Effect of  Na2HPO, on the apparen t  cyclic 3', 5 '-AMP phosphodiesterase activity. The 
tubes  contained per ml : 2 / ,moles  cyclic 3', 5"-AMP, 4 ° / , mo le s  Tris-HC1 buffer (pH 8.5), o. 4 Fmoles 
MgSO4 and 1 mg protein, a. a m o u n t  of 5 '-AMP measured during incubation in the absence of 
Na=HPO 4. b. idem in the presence of 2/ lmoles Na2HPO a. 

formation of 5'-AMP during incubation of the extract with 2 mM cyclic 3',5'-AMP 
shows no linear rate (Fig. I). However in the presence of 2 mM Na2HPO ~ the amount 
of 5'-AMP formed from cyclic 3',5'-AMP maintained a linear rate up to 6o min 
(Fig. I, Curve b). 

The effect of inorganic phosphate can be explained by the occurrence in crude 
preparations of other enzymes that  catalyze the hydrolysis of the reaction product 
5'-AMP~Z In separate experiments the presence of a 5'-AMP splitting activity in 
preparations of S. carlsbergensis was measured by the incubation of a crude extract 
with 5'-AMP and determining the decrease in the amount of 5'-AMP by the use of 
the coupled reaction of pyruvate  kinase, lactate dehydrogenase and myokinase ~°. 
I t  was found that  the 5'-AMP conversion is completely inhibited by the addition of 
2 mM Na2HPO 4. 
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Fig. 2. Activity of  cyclic 3', 5 '-AMP phosphodiesterase as a function of the protein concentra- 
tion. Other  conditions were as discussed in the text. 

Fig. 3. I:ffect of p H  on cyclic 3', 5 '-AMP phosphodiesterase activity. 4 ° mM Tris-HCl was used 
as a buffer, containing o. 4 mM MgSO v 
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T \ l q . I -  I 

I,:I;I;I;A'T ()V IHVAI.I';NT C: \TIONS AND l ' i l ) ' l ) : \  ON FHF. ACTIVITy  ¢)F CYCLIC .{ ' ,5 '  A'~I]~ PH()SPI[()III  

ES ' rVRaSF 

I L n z v m i c  a c t i v i t y  ill t h i s  e x p e r i m e n t  w a s  d e t e r m i n e d  b y  m c a s u r i ] a o  t h e  i n i t i a l  r a t e  o f  5" \ M I '  
f o r m a t i o n  in t h e  a b s e n c e  o f  2 m M  Na2 t l I> ( )~ .  T h e  a c t i v i t y  in t h e  a i ) s c n c c  ¢)1 Nl,q 2~ i o n s  \xils  Itll¢cll 
a s  I o o " , , .  \ \ h e n  I ' [ I ) T A  w a s  t e s t e d  t h c  i n c u l ) a t i o n  l l l ixI i i i -c  \~,ip4 l w c i n c u l ) a t ( ' d  f l ) r  t o ini l l  in t h -  

a l ) s c n c c  o f  t i l e  s t t l ) s t r a t c  c y c l i c  3 ' , 5 ' - . \ \ I I ' .  
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I "5 I I)() 
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IO 25o  
( ' a ( ' l  2 i 92 
I ' ; I ) T . \  l l o o  

Effect of protci~z concentration amt pH 
When various amounts  of protein were incubated for 45 rain the amount  ~f 

5'-AMP formed appeared to be directly proportional to the protein c,~m-entvation 
in the reaction mixture  up to 1.25 mg per ml (Fig. 2). 

The dependence on the pH of the incubat ion medium was determined in the' 
range of pH 7 to 9-3 using Tris HC1 buffer. As is shown in Fig. 3 the cyclic 3 ' , \ ' -AMP 
phosphodiesterase shows a maximal  act ivi ty  in this pH range at appr<~ximately ~-5. 

I~ffcc! of divah'ut cations amt EDTA 
.Most of the cyclic 3 ' ,5 ' -AMP phosphodicsterases described in the l i terature 

require Mg e: or Mn"~ to express a full activitv~a, ~4. In Table I the data  obtained fin_ 
Mg z~, Mn ~ ,  ( 'a ~ and EDTA were expressed as a percentage of the blank activity,  
i.e. the act ivi ty  measured in a Tris HC1 buffer c~mtaining no addit ional  alnoul/ts o( 
bivalent  cations or EDTA. 

It can be seen in Table 1 tha t  the act ivi ty  is not strongly dependent  Cm the 
presem-c ~f 5lg~ : o. 4 mM is already en<mgh to causv full act ivi ty  which is only I(~",, 
higher than the act ivi ty  obtained in the complete absence of Mg ~ . In the presence 
of Mn'-'~ the \ 'east cyclic 3',5'-:kM1 ) t)laosphodiesterase shows a significant hi~zher 
act iv i ty :  a s t imulat ion of appr~)x. 2oo% could be obtained at a concentrcltion ~>t- 
4 raM. ()n the other hand ('a '-'~ was fl>und to exhibit  a slight inhibitory effect, while 
m> effect at all was observed in the presence of 2 mM ILI)TA. 

Mickaclis 3lenten consta*zt and the ~ of ttill 
The I'[., value of cyclic 3',5' AMP phos|~hodiesterase was determined in an 

experiment  i l lustrated in Fig, 4. 
l:rom these data  a l(m could be calculated of o.22 raM. From the ~ame experi- 

mental  data, a Hill plot (Fig. 5) was computed b\" plott ing log (v/~'max v) as a 

/]/ot/HtJl. /l[~@]lys..'It/H, 235 {I<}71] 4t)t~ -172 
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Fig. 4. Lineweaver -Burk  plot of  cyclic 3', 5"-AMP phosphod ies t e ra se  ac t iv i ty  with cyclic 3", 5'- 
A M P  as substrate.  Km value  is o.22 raM. v, initial ra te  of  the formation of  5 '- . , \MP (nmoles 
f o r m e d / m i n  per mg protein). 

Fig. 5. Hill  plot c o m t m t e d  from the  da t a  presented in Fig. 4. v, nmoles  5 ' -AMP formed/ ra in  per  
m g  protein. 

function of log(s). This should give a straight line with a slope nts, ~6. The ,l, is the 
number of substrate molecules cooperatively reacting with each molecule of enzyme" 
from the data illustrated in Fig. 5, n appears to be approx. I. 

Inhibition by ATP, inorganic pyrophosphate (PPI) and polyphosphate 
ATP, PPI and polyphosphate appear to inhibit the cyclic 3',5'-AMP phospho- 

diesterase activity of S. carlsbergensis. Figs. 6, 7 and 8 indicate the nature of the 
inhibition by ATP, PPI and inorganic polyphosphate respectively. 

In Fig. 6 a Km of 0.22 mM with no ATP increases to 0.60 mM at I mM ATI' 
The fact that the intercepts do not coincide on the ordinate indicates that this is not 
a simple competitive inhibition but a mixed typOL 

1 2 r a m  
V 

I 

5 1 raM 

, , i i L t - -  

- 5  __4 __3 - 2  __1 1 2 3 4 5 I 
C y c l i c  A M P ( r a M -  ) 

0 2  m M  

n o A T P  

Fig. 6. L i n e w e a v e r - B u r k  plot of  cyclic 3 ' , 5 ' -AMP phosphod ies t e rase  wi th  cyclic y , 5 ' - A M P  as 
substrate  in the presence of various amounts  of  ATP.  
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FiR 7-Lim,xx<~xc,r Burk  plot  of  cyclic .(,.5" .\ \ll~ ph¢~sl)hodicstcrasc wi th  cyclic C , 5 ' - . \ \ I 1 '  :~s 
sul)strat~, in the  prcselp.:c of  va r ious  tti/Ioullis i)f inorganic  p y r q ~ h o s p h a t c  {l't 'i). 

I"i~ S. I.im'x~cax'cr Burk p lo t  of  cyclic 3 ' , 5 ' - . \ ' d l  ~ phosph<~dicster:tsc, wi th  cyclic 3"3" \,Nil' ;ts 
s u b s t r a t c  ill tilt' t)rcscncc of  va r ious  ~unounts  ~>t inorgan ic  t> lyph(~spha tc  (pol i- l'). 

l:igs. 7 a~d ,~ i l lus t ra te  t h a t  th(' inhil)iti<m I)v PPi  and  inorganic  pdyphostdu~t t ,  
exl~ibit charac te r i s t ics  s imi lar  t~ th~)se (,f A T P  in Fig. ( ) . . \ g a i n  the  K,,, increases  
l r < n  o.22 mM with no inhi l ) i tor  to o.37 m~l in the  presence of z mM PPi (Fig. 7) 
a~d <32  mM in the  presence  of ~ mM in( ,rganic pdvph~)st )hatc  (Fig. 8) r~tst)ectivels. 
In all three  figures (Figs. 6, 7 a n d  ,~) Umax decreases as a functi~m ~/t" the i~d~il)it~r 
com'el~trati<m. 

.tdi~,,ih ' ~{/ o'clic 3 ' ,5 ' -A311 ~ 15hosflhodicstcras: actiuih' zndcr  ; 'ariMlc c.lufili,,~,s q/ 
calc~bdilc n'/)rcssioJz 

{;r<)wth <)f S. carlsbcrge,z.~is cells in media  c o n t a i n i n g  dilfc~rel)t carl)~)n s,,urc~,> 
\vies found  to lead to different  cel lular  a m o u n t s  ~f cyclic 3 ' ,5 '  AMP. In a pr¢'vi~us 
paper  ~; the  i n t r : e l l u l a r  c o n c e n t r a t i o n  was t~mnd to be o.o 4 / 3 I  in cells which x v : c  
grown in a syn the t i c  m e d i u m  with  2~},, glucose as the  n~le source of c : b ~ m ,  whih '  it 
was o . 2 5 / 3 I  when  2~!i, galaetose  was the  ca rbon  source. 

The  m e a s u r e m e n t  of the  cyclic 3 ' ,5 '- :XMP ph<)spl>diesterast '  u n d <  thc>c t\w~ 
c~)nditi<ms rex'eals t h a t  the  ac t i v i t y  ~)1 this  e n z y m e  is the same, n a m e h  <).q mn~,l~'s 
. \51P f~)rmed per I/~in per  mg 1)rotein. 

IllS(TSSI{)S 

F()r the m e a s u r e m e n t  ()f the  cveli(" 3 ' ,5 ' -AMI ) ph<)sph(ldiesterasc \ w  use(| th(' 
mcth()d of CHEf:N(; :) whid~ measures  ae t iv ih"  as a func t ion  ()f the  incr<~s(' in 5'-AM 1'. 
I~ \ ' eas t  ex t r ac t s  this  appears  ()nlv appl icab le  if there  is n<> fur ther  deg rada t ion  (,I- 
5'-A511 >. This  condit i ()n can be appv<>ximated when the  ra te  ()f 5'-AM1 ) f</rmztti<a is 
measu red  in the  presence of 2 mM () r thophosphate .  

l"<~r the  cyclic 3 ' , 5 ' -AMP p l >s p h o d i e s t e r a se  ~1 N. c~,r/sfur.~clms a m i n d ) :  ~,1 
basic charac te r i s t i cs  were d e t e r m i n e d :  the  ~)t)timal pH was found  t<~ be N. 5, a /{,, 
was f~lund of o.22 m~l a n d  the  ac t iv i t \ '  appeared  to be s t i m u l a t e d  in the  presem~' ~)f 
~In'-" u t) t~ 4 raM. \ \ ' e  s tud ied  t l >  c \ d i c  3 ' ,5 ' -A. 'qP ph()sl~l>diesterase in ~r(h'r t,~ 

I ~ u ~ l , i : .  lh" ' /q l3 's.  -4~:l~, -'35 ( ic~. l )  i i , t ,  t7-' 
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e x p l a i n  t h e  d i f f e ren t  a m o u n t s  of  cw tic 3 ' , 5 ' - A M P  p r e s e n t  in (:ells whicl l  wcr(~ gr~av~ 

e i t h e r  on  2 70 g lucose  ,ir ~,n 2", ,  g a l a c t o s e  ~. P r i n c i p a l l y  t h i s  d i f f e rence  can  be caux~:d 

b y  d i f f e rences  in t h e  r a t e  o f  s y n t h e s i s  of  cycl ic  3 ' , 5 ' - A M P  or b y  d i f f e r en (e s  in t he  ra t~ 

o f  b r e a k d o w n  of  cycl ic  3 ' , 5 ' - : \ M P .  R es u l t s  of  t h e  p r e s e n t  s t u d y  show t h a t  t lw  s a m e  

a m o u n t  of  cycl ic  3 ' , 5 ' - A M P  t ) l , ) s p h o d i e s t e r a s e  is p r e s e n t  in  e x t r a c t s  wh ich  c(intail~ 

d i f f e r e n t  cycl ic  3 ' , 5 ' - A M P  c o n c e n t r a t i l m s .  H o w e v e r ,  it was  o b s e r v e d  t h a t  t h e  a c t i v i t y  

of  t h i s  e n z y m e  c a n  be i n h i b i t e d  b y  A T P ,  P P i  a n d  i n o r g a n i c  p o l y p h o s p h a t e .  The  

s t r o n g  i n h i b i t i o n  b y  A T P  a t  c ( m c e n t r a t i o n s  of  a p p r o x i m a t e l y  p h y s i o l o g i c a l  levels  t~ 

sugges t s  t h a t  p h o s p h o d i e s t e r a s e  a c t i v i t y  iJl ~,ivo m i g h t  be  r e g u l a t e d  b y  t h i s  i n h i b i t i o ~  

as wel l  as  b y  t h a t  b y  p o l y p h o s p h a t e ,  a c o m p o u n d  t h a t  is a lso p r e s e n t  in h igh  a m o u n t s  

in  y e a s t  19. T h u s ,  p h o s p h o d i e s t e r a s e  in  i t s  t u r n  cou ld  c o n s t i t u t e  a use fu l  in viz~o c o n t r o l  

m e c h a n i s m  of  t h e  i n t r a c e l h f l a r  a m o u n t  of  cycl ic  3 ' , 5 ' - A M P .  
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