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Summary 

The effect of the endogenous protem achvator on the kmetm charactenstms 
of a highly punfmd,  actlvator-defmmnt rat brain phosphodmsterase (EC 3 1 4.-) 
was studmd This enzyme preparahon has only a high Km for cychc AMP and a 
low Km for cychc GMP In the presence of 20 #M Ca 2÷, saturating concentra- 
tmns of the activator decreased the Km of this enzyme for cychc AMP from 
350 pM to about 80 pM, without  changmg the V The phosphodmsterase 
achvator did not  change the Km of phosphodmsterase for cychc GMP, how- 
ever, a moderate increase of V was seen The achvator lacks specms speclfmlty, 
the achvator isolated from the bullfrog sympathetm cham produced the same 
quahtatlve and comparable quantl tahve changes m the kmehc properhes of the 
punfmd rat brain phosphodmsterase 

Cychc GMP ~s a potent  compehhve inhibitor of the phosphodmsterase ach- 
vatmn by the achvator (K, = 1 8 pM), using cychc AMP as a substrate Cychc 
AMP inhibits shghtly the hydrolysis of cychc GMP by phosphodmsterase m the 
presence of activator (K~ = 155 pM) only 

Introduction 

Cychc 3',5'-nucleotlde phosphodmsterase (EC 3 1 4-) is the only enzyme 
that  catabohzes 3',5'-cychc adenosine monophosphate (cychc AMP) and 3',5'- 
cychc guanosme monophosphate (cychc GMP) m the central nervous system 
and m other hssues, there are various molecular forms of phosphodmsterase 
present m any given hssue [1--13] Some forms of phosphodmsterase require 
speoflc ions, others require an endogenous protein actwator [5,7,13--16] The 
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activator regulates vanous cychc AMP phosphodmsterase preparatmns by de- 
creasmg the Km of the enzyme for cychc AMP [7] ,  by mcreasmg the V of the 
enzyme [15] ,  or by changing both klnetm constants [17] Teo et al [18] 
suggested that  the type  of actmn ehclted by the activator on the kmetm proper- 
tins of  phosphodmsterase depends upon its concentratmn In low concentra- 
tions, the activator increases the V of an actlvator-deficmnt phosphodmsterase 
when cychc AMP is used as a substrate, whereas m high concentrations the 
activator only decreases the Km Since phosphodmsterase homogenei ty  and 
purity vaned m these studms, it is dfffmult to offer a umfmd explanatmn of the 
mteractmn of phosphodmsterase and the activator at the molecular level How- 
ever, it is apparent that  those forms of  phosphodmsterase which are activator- 
sensitive have a high Km for cychc AMP and catalyze the hydrolysis of both 
cychc AMP and cychc GMP [7,11] 

In the present paper we report  mvestlgatmns on the mechanisms whereby 
the activator changes the kmetm parameters of  a highly purified phosphodms- 
terase prepared from rat brain, whmh is termed phosphodmsterase Peak II, to 
facilitate direct reference to our prewous work [7] .  This preparatmn of phos- 
phodmsterase Peak II gives a smgle band on analytmal gel electrophoresls and 
shows a classmal type  of Mmhaehs-Menten kmetms over a wide range of cychc 
AMP concentratmns Thus, the enzyme has simple kmetm charactenstms and a 
high Km for cychc AMP In this s tudy we found that the activator decreases 
the Km of phosphodmsterase Peak II for cychc AMP and mcreases the V for 
cychc GMP. In addition, the effect  of cychc GMP on the hydrolysis of cychc 
AMP by phosphod;esterase Peak II, and wce versa, was studied usmg both the 
activator-deficient phosphodmsterase and the activated enzyme 

Methods 

Materials Brains from Sprague--Dawley rats obtained from Zlvm Miller (Alh- 
son Park, Pa ) were used for the punfmat lon of  phosphodmsterase Peak II [7] 
Sympathetm gangha were isolated from bullfrogs (Rana catesbezana) purchased 
from E G Hoffman (Oshkosh, Mmh ) 3H-labeled cychc AMP (specific radio- 
activity 37.7 Cffmmol) and 3H.labeled cychc GMP (speclfm radioactivity 4 8 
C1/mmol) were purchased from New England Nuclear Corp. (Boston, Mass ) 
Before use, 3H.labeled cychc AMP was punfmd by column chromatography on 
Dowex 1 ( X 2 , 2 0 0 - - 4 0 0  mesh, C1- form) and 3H-labeled cychc AMP on Dowex 
50 (X8, 200--400 mesh, H ÷ form) Unlabeled cychc AMP and cychc GMP were 
purchased from Sigma Chemmal Co (St Lores, Mo ) The compounds  used for 
preparation of  polyacrylamlde gels (acrylamlde, N,N-methyleneblsacrylamlde, 
N,N,N',N'-tetramethylenedlamme and (NH4)2 $20s  ) were obtained from East- 
man Orgamc Chemmals (Rochester,  N Y ) Firefly luclferm-luclferase was ob- 
tamed from E I Dupont  de Nemours and Co (Wilmington, Del ) The two 
sources of  5'-nucleotldase (EC 3.1 3 5) were the venom of Ophmphagus hannah 
and a punfmd 5'-nucleotldase both from Sigma Chemmal Co (St Lores, Mo ) 

Isolatmn of phosphodzesterase Peak H The actlvator-defmmnt phosphodms- 
terase Peak II was isolated according to Uzunov and Weiss [7] Male Sprague- 
Dawley rats ( 2 0 0 - 2 5 0  g) were killed by decapitation The brains were rapidly 
removed, placed on me and freed from dura mater t~ssues and blood vessels 
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These brains were minced with scmsors, homogemzed m 0 32 M sucrose, som- 
cated for 5 min and centrifuged at 100 000 × g for 1 h The soluble super- 
natant  was used for phosphodmsterase Peak II purification by preparative poly- 
acrylamlde column electrophoresls [7] The apparatus used was manufactured 
by Shandon Scmntlflc Co (Phfla, Pa ) The column (11 cm m height) was 
prepared with 7 5% acrylamlde gel, polymenzed m the presence of 
(NH4)2 $2 Os and 0 37 M Tns HC1 buffer, pH 9 2 To remove the polymeriza- 
tion catalyst the column was washed for 1 h with this Tns buffer by applying a 
current of 20 mA The 100 000 × g supernatant of the brain homogenates was 
loaded on thin column and chromatographed for 1 h with a current of 25 mA 
using Tns/glycme (0 08 M), pH 8 3 Then the current mtenmty was increased to 
60 mA and kept at this level for 20 h The proteins were eluted from the 
elution chamber with a constant stream of 0 43 M Tns/acetm acid buffer, pH 
7 6 200 1-ml fractions were assayed for phosphodmsterase activity both in the 
presence and m the absence of added endogenous activator Phosphodmster- 
ase Peak II was eluted from the column m the 76 to 86 fractions These 
fractions were pooled together and frozen m small allquots which were stored 
at --80°C for use at a later time An aliquot was used to ascertain the enzyme 
purity by rechromatography on analytical polyacrylamlde gel electrophoresls 
Thin procedure yields a single protein peak, which contains all the phosphodms- 
terase activity This preparation has a specific activity of 3200 pmol cychc 
AMP hydrolyzed/pg protein per mm The specific activity of whole brain 
homogenate phosphodmsterase was 20 pmol/pg protein per mm, giving a 160- 
fold purification 

The phosphodmsterase actlwty of various eluate fractions was assayed by the 
method of Weiss et al [19] Briefly, this assay is based on the stomhlometnc 
conversion of 5'-AMP, the product  of phosphodmsterase activity, to ATP by 
the ad&tlon of an excess myokmase and pyruvate kmase The ATP formed was 
assayed with a luminescence blometer (Dupont and Co ,  Wilmington, Del ) by 
measunng the hght generated when firefly luclferm-luclferase is added 

The kmetms of the purified phosphodmsterase Peak II were studied by the 
isotopic method of Fflburn and Karn [20], using either cyclic AMP or cyclic 
GMP as a substrate A standard mtxture m a final volume of 100 pl contained 
varying concentrations of substrate (120 000--130 000 cpm 3H), I mM Mg 2÷ 
20 pM Ca 2÷, 0 6 mM dlthlothreltol,  32 mM Tris HC1 (pH 7 5) and purified 
enzyme The mLxtures were incubated at 37 °C, during our standard incubation 
time (5 mm) no more than 20% of any given substrate concentration was 
hydrolyzed The reaction velocity was linear up to 0 2 pg protein per pl The 
reaction was stopped by placing the test tubes m boiling water for 1 mm Then 
50 pg of Oph~ophagus hannah venom or 4 pg of purified 5'-nucleotldase were 
added to the mLxtures and the samples were remcubated for 30 mm at 37°C 
This t reatment  yields quantitative conversion of the 5'-nucleotldes to the corre- 
sponding nucleomdes The reaction was stopped by the addition of 400 pl of 
0 1 M ammonium acetate buffer, pH 4 Adenosine or guanosme were separated 
from the enzymatic mLxture on neutral aluminum oxide columns which were 
prevmusly equilibrated with the ammonium acetate buffer The effluent was 
collected and the nucleomdes were eluted by adding 1 5 ml of ammomum 
acetate buffer, pH 4 The combined effluents and eluates were added to aqua- 
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sol and counted m a Beckman hqmd scmtfllatmn spectrometer. Counting effl- 
cmncy for 3H was 18% 

Preparatzon of phosphodlesterase actwator The phosphodmsterase activator 
was isolated from rat brain usmg the method of Lm et al. [21] with a shght 
modffmatmn The procedure revolved (NH4)2SO4 preclpltatmn, heat treat- 
ment, DEAE-cellulose chromatography and preparative polyacrylamlde column 
gel electrophoresls The activator was prepared from the bullfrog sympathetic 
chain according to a procedure prewously described [22] 

Results 

(A) Effect of phosphodwsterase actwator on the hydrolyszs of cychc AMP 
by phosphod~esterase Peak H The phosphodmsterase activity from rat brain 
included m Peak II, isolated by preparative polyacrylamlde gel electrophoresls, 
represents a major proportion (68%) of the brain phosphodlesterase activity 
when cychc AMP is the substrate. Reciprocal plots of phosphodmsterase Peak 
II activity against a wide range of cychc AMP concentratmns exhibit only one 
apparent Km (about 350/aM). The reciprocal plots of phosphodmsterase Peak 
II actlwty m the presence and m the absence of the activator are presented m 
Fig 1 The maximal decrease m the Km of the enzyme was ehclted by 20 pg of 
activator, a greater concentratmn of this protein falls to show an addltmnal 
increase m the affinity of phosphodmsterase Peak II for cychc AMP With 20 pg 
of activator, the maximal velocity of the phosphodmsterase act~wty remained 
unchanged (Fig 1), while the Km for cychc AMP decreased by more than 
4-fold (from 350 to about 80 pM) Saturating concentratmns of activator pro- 
duced no more than a 30% increase of the V of phosphodmsterase Peak II, 
using cychc AMP as a substrate. 

(B) Effect of cychc GMP on the hydrolysis of cychc AMP by phosphodtes- 
terase Peak H These studms were performed to ascertain whether cychc GMP 
changes the hydrolysis of cychc AMP by both actlvator-dehcmnt and activator- 

E 

3 5-AMP (raM) 

Fzg 1 Doub le  rec iprocal  p l o t  o f  t h e  in i t ia l  ve loc i t y  of  p h o s p h o d l e s t e r a s e  Peak II versus  3 ' , 5 ' - A M P  ( c y c h c  
AMP)  c o n c e n t r a t i o n  tn the  p r e s e n c e  of  s u b s a t u r a t m g  and saturat ing c o n c e n t r a t i o n s  o f  the  a c t i v a t o r  T h e  
c o n d i t i o n s  o f  t he  assay are descr ibed  under  M e t h o d s  ~ 6, no  a d d i t i o n ,  o o, 10 #g  of  act ivator ,  
• • ,  20  ~tg o f  ac t ivator  
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/S 3 5-AMP(raM) 

Fig 2 l n h t b l t t o n  by  c y c h e  GMP o f  a e t i v a t o r - d e f l m e n t  p h o s p h o d l e s t e r a s e  P e a k  II  • 

GMP,  t] El, 1 10 -5 M c y c h c  GMP,  e -  e,  2 10-5 M c y c h c  GMP 
i ,  no eychc  

saturated phosphodmsterase Peak II The results are presented m Figs 2 and 3 
In both  cases, cychc GMP is a potent  compet lhve inhibitor of  cychc AMP, the 
K, values for the actlvator-deficmnt and achvator-saturated phosphodmsterase 
were 2.0 and 1.8 pM, respectively 

(C) Effect of phosphod~esterase actwator on the hydrolysis of cychc GMP by 
phosphodwsterase Peak H The hydrolysis of  cychc GMP by phosphodmsterase 
Peak II in the presence or in the absence of  the activator is presented m Fig 4 
The actlvator-deficmnt phosphodmsterase Peak II has a high affinity for cychc 
GMP and hydrolyzes this mononucleot lde with a V greater than that displayed 
for cychc AMP The apparent Km of phosphodmsterase Peak II for cychc GMP 
is 5--9 pM The addltmn of saturating concentratmns of the activator did not  
change the Km of  phosphodmsterase Peak II for cychc GMP but  it mcreased its 
V by about  2-fold. These kmetm constants were characterized using a wide 
range of  cychc GMP and activator concentratmns The effects of  activator from 
rat brain on the hydrolysis of  cychc AMP and cychc GMP by phosphodmsterase 
peak II are summarized m Table I 

2 
$ 

×> 

-,o o ,'o 2'o "o 
I/S 3 5-AMP (raM) 

Fig  3 I n h i b i t i o n  o f  activator-saturated phosphodlesterase Peak  II by  cychc  GMP The  c o n c e n t r a t i o n s  of  
cychc  GMPwere  o o,  n o n e , •  s ,  1 1 0  - S M . a n d •  o,  2 1 0  - 5 M  
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~3()~MI 3,5-GMP 
F i g  4 D o u b l e  r e c i p r o c a l  p l o t  o f  t h e  l m t i a l  v e l o c i t y  o f  p h o s p h o d i e s t e r a s e  P e a k  I I  v e r s u s  3 ' , 5 ' - G M P  ( c y c l i c  
G M P )  m t h e  p r e s e n c e  o f  s u b s a t u r a t i n g  a n d  s a t u r a t i n g  c o n c e n t r a t m n s  o f  t h e  a c t i v a t o r  T h e  c o n c e n t r a t m n s  
o f  a c t i v a t o r  w e r e  ~ ~, n o n e ,  o o, 1 0  p g ,  a n d o  o ,  2 0  ~ g  

(D) Effect of  cychc AMP on the hydrolyszs of cychc GMP by phosphodles- 
terase Peak H in the presence and zn the absence of  phosphod~esterase actwa- 
tor Cychc AMP (5 • 10 -s M) did not change the hydrolysis of cychc GMP by 
the actlvator-deflcmnt phosphodmsterase Peak II. In the presence of saturating 
concentrations of endogenou~ achvator, however, cychc AMP inhibited the 
enzyme achvlty This inhibition appeared to be of a competitive type with a K1 
value of 155 pM 

(E) Experiments w~th phosphodzesterase actwator from bullfrog sympathetic 
chain The activator isolated from the bullfrog sympathetic chain produced the 
same qualitative and comparable quantltahve changes m the kmehc properties 
of punhed phosphodlesterase Peak II as those ehclted by the activator isolated 
from rat bram It decreased the Km for cyclic AMP by more than 3-fold and 
increased the V for cychc GMP by about 2-fold. 

Discussion 

The results from our study offer a basis for understanding the possible role 
of the phosphodmsterase activator m the regulahon of cychc AMP and cychc 

T A B L E  I 

E F F E C T  O F  T H E  E N D O G E N O U S  P R O T E I N  A C T I V A T O R  F R O M  R A T  B R A I N  O N  P H O S P H O D I -  

E S T E R A S E  P E A K  I I  

T h e  p h o s p h o d i e s t e r a s e  a c t i v a t o r  w a s  i s o l a t e d  as  d e s c r i b e d  i n  M e t h o d s  T h e  a c t i v a t o r  ( 1 0  # g  p r o t e i n )  w a s  

a d d e d  t o  a c t i v a t o r - d e f i c i e n t  p h o s p h o d l e s t e r a s e  u s i n g  e i t h e r  c y c h c  A M P  o r  c y c h c  G M P  as  a s u b s t r a t e  E a c h  

v a l u e  w a s  c a l c u l a t e d  o n  t h e  b a s i s  o f  h v e  e n z y m e  d e t e r m i n a t i o n s  

A d d i t i o n  K m (juM) V ( n m o l / m l  e l u a t e  p e r  r a i n )  

C y c l i c  A M P  C y c h c  G M P  C y c h c  A M P  C y c l i c  G M P  

N o n e  3 5 0  -+ 1 5  9 +- 0 3  20-+  1 5 7 5-+ 0 5 

P h o s p h o d x e s t e r -  
a s e a c t i v a t o r  8 0  + 0 4  9 + 0 5 19-+  1 3 1 8  2-+ 2 0 
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GMP content  in the cell Using purified phosphodiesterase Peak II trom 1at 
brain which has high Km for cychc AMP (350 pM) and low K m for cyclic GMP 
(5--9 pM) it was found that  the activator lowers the apparent Km of this 
enzyme for cyclic AMP by more than 4-fold No changes m the apparent Km of 
phosphodlesterase Peak II for cyclic GMP was found A wide range of both 
subsaturating and saturating concentrations of the activator did not change the 
V of phosphodiesterase Peak II activity sigmflcantly, using cyclic AMP as a 
substrate The V increased by about 30% whereas the apparent K m of phospho- 
diesterase Peak II for cychc AMP decreased to a level approximately one-fourth 
of that  observed m the absence of the activator Thus the activator increases 
the aff lmty of the Peak II phosphodiesterase for cyclic AMP four-fold without  
changing the V The V of phosphodiesterase Peak II is several-fold higher than 
that  of the other molecular forms of phosphodiesterase, including those foims 
that  have low Km for cyclic AMP [22] In the natural form, phosphodlesterase 
Peak II (K m 350 pM) is highly unlikely to hydrolyze the concentration of 
cyclic AMP normally present In the cell (10 -6 M) This inference may be true 
also when the lntracellular concentrations of cyclic AMP doubles However, 
when phosphodiesterase Peak II is saturated with activator, the enzyme affinity 
for cyclic AMP is within the range of the tissue content  The high hydrolytic 
capacity of the phosphodiesterase Peak II is eminently suitable for a rapid 
catabolism of cyclic AMP when the tissue content  is increased following ade- 
nylate cyclase stimulation by hormones and neurotransmitters This conmdera- 
tlon ~s in line w~th previous reports that  the activity of the activator increases in 
the cytoplasm of  several tissues when cyclic AMP content  is elevated through a 
transsynaptm actlvatmn of adenylate cyclase [23--25] It has been suggested 
previously that  the high Km phosphodiesterase is the enzyme that  operates 
when the concentrations of cyclic AMP are high and most probably protects 
the cell from exceptionally high accumulation of this second messenger [26] 
However, wi thout  the activator participation, phosphodiesterase Peak II would 
have almost no role m modulating the hydrolyms of cyclic AMP unless the 
cychc nucleotlde concentrations were at least 100-fold greater than normal 

Prewous kinetic studies of the effect of the endogenous protein activator on 
the high Km phosphodmsterase revealed changes of the kinetic characteristics 
of this enzyme, which are similar to those described in this report [17,18] A 
comparison of our data with those of Appleman and Terasakl [27] shows a 
number of similarities their phosphodiesterase D-I, obtained essentially by a 
single-step punf lca tmn has a high K m for cyclic AMP (more than 200 pM), a 
low Km for cychc GMP and a very high V when cyclic AMP is the substrate. 
Our phosphodmsterase Peak II has almost identical characteristms When phos- 
phodmsterase D-I is saturated with the activator, the V increases by 30% but 
the Km decreases by only 60% However, the Km of phosphodmsterase Peak II 
can be lowered by more than 400% in plesence of activator Probably the 
DEAE-cellulose column used by Appleman and Terasakl [27] falls to produce 
a separation of the activator from phosphodIesterase as complete as that ob- 
tained with polyacrylamide gel electrophoresls The results of the present study 
are at variance with a report b~" Weiss et al [28] concerning the effects of the 
activator on phosphodiesterase Peak II The preparation of the enzyme was 
virtually the same, however, Weiss et al [28] found that  the activator increases 
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the V but does not  decrease the K m of phosphodmsterase Peak II for cychc 
AMP The only poss:ble explanahon for this discrepancy :s the difference m 
the methods used for determining phosphodmsterase act:vlty. The very sensi- 
tive method of Weiss et al. [19] to assay phosphodmsterase :s based on the 
quant:tatlve conversmn of cychc AMP into ATP and consecutive hght forma- 
hon  by using a cycle of four enzyme reactions Perhaps th:s otherwise useful 
method for phosphodmsterase assay is not  the method of chome to study 
phosphod:esterase kmetms 

The fmdmg that  the activator isolated from bullfrog sympathetm gangha also 
decreases the K m of phosphodmsterase Peak II for cychc AMP without  chang- 
mg the V suggests that  activator present m tissues of different specms may act 
on phosphodmsterase Peak I I m  a s:mflar manner Therefore, one might refer 
that  the act:vator regulates phosphodmsterase w:th a mechamsm that  lacks 
both tissue and spec:es speclfm:ty and is dependent  on m:cromolar Ca 2+ con- 
centratmns [ 5,21 ] 

Our studms conf:rm that  cychc GMP mhlb:ts cychc AMP hydrolys:s by both 
act:vator-deflcmnt and achvator-saturated phosphodmsterase Peak II 
[27,29,30] The K~ values of cychc GMP for the :nhlbltmn of cychc AMP 
hydrolysis are very close to the Km of the enzyme for cychc GMP. Th:s fmdmg 
ra:ses the possibility that  phosphodmsterase achwty could be regulated by 
cychc GMP concentratmns m t:ssues where the cychc GMP content  is relat:vely 
high (: e. cerebellum [31]). Since cychc GMP content  m cerebellum [31,32] 
and :n adrenal medulla [33] can mcrease by several-fold without  a correspond- 
mg change :n cychc AMP content,  we can surmise that  the compar tmenta tmn 
of the two nucleot:des may prevent the:r d~rect mteractmn Other explanatmns 
could be postulated but  it :s clear that  the regulatory functmn of the activator 
cannot be understood completely until we know the molecular nature of the 
changes that  occur m this protein when the tissue content  of cychc AMP or 
cychc GMP increases. The development of mhlbltmn of the act:vated phospho- 
dmsterase Peak II by cychc AMP when cychc GMP is used as a substrate :s 
within the hnes of the expectatmns Obv:ously, the appearance of inhibition m 
the presence of saturating concentrat:ons of achvator reflects the decrease of 
the Km of phosphodmsterase Peak II for cychc AMP 

In conclusmn, th:s study shows that  the activator can lower the Km for 
cychc AMP of a phosphod:esterase w:th high Km for this nucleohde This 
finding and the senslt:v:ty of phosphodmsterase Peak II for achvator act:vatmn 
supports the wew that  the kmetm propertms of phosphodmsterase are regulated 
m wvo by the activator [21] and that  an increase m achvator act:vlty reflects a 
prewous mcrement  of second messengers responses It remams to be eluc:dated 
whether the achvator actlwty increase reflects a new synthetls of activator or a 
release of achvator from a binding site m t:ssues. Prehmmary exper:ments being 
conducted m our laboratory appear to support the latter vmw 
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