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Summary 

Polyamine hydrochlorides, NaC1 and magnesium acetate stimulated the 
enzymatic dephosphorylation of phosphorylated H2B histone by two forms 
(large form, mol. wt. 250 000; small form, mol. wt. 30 000) of a pig heart 
phosphoprotein phosphatase (phosphoprotein phosphohydrolase, EC 3.1.3.16). 
These ionic compounds stimulated the large form of'the enzyme 5--9-fold but 
stimulated the small form of the enzyme only 2-fold. With phosphorylated 
H2B histone as substrate, these effectors caused an increase in both Km and V 
values of the two forms of the enzyme. On the other hand, when a tryptic 
phosphodecapeptide derived from phosphorylated H2B histone was used as 
substrate, these effectors were always inhibitory apparently non-competitively 
with respect to the substrate. Using phosphorylated H1 histone as substrate, 
these effectors stimulated the large form of the enzyme 2-fold but inhibited the 
small form. With phosphorylase a as substrate, the reactions were also inhibited 
by these effectors irrespective of the enzyme employed. With respect to phos- 
phorylase a, this inhibition was apparently of a competitive type for the large 
form and a non-competitive type for the small form of the enzyme. 

Introduction 

In eukaryotic cells, cyclic AMP produces its effects through the phosphoryla- 
tion of specific cellular proteins catalyzed by cyclic AMP-dependent protein 
kinase. The action of cyclic AMP is shut off through the dephosphorylation of 
the phosphorylated protein catalyzed by phosphoprotein phosphatase (phos- 
phoprotein phosphohydrolase, EC 3.1.3.16). Although the regulation mecha- 
nism of cyclic AMP<lependent protein kinase has been well documented [1], 

Abbreviations: cyclic AMP, adenosLne 3' ,5'-monophosphate;  H2B histone-P, H2B his tone phosphorylated 
with cyclic AMP-dependent protein kinase; H1 histone-P, H1 histone phosphorylated with  cyclic AMP- 
dependent  protein kinase. 
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the regulation mechanism of phosphoprotein phosphatase is not  well under- 
stood. It has been reported that  various ionic compounds such as AMP and 
metal salts could either stimulate or inhibit the reactions catalyzed by phos- 
phoprotein phosphatases [2--9]. Since polyamines are ionic compounds which 
may regulate various biological processes, especially during the early stage of 
cell proliferation [10],  we initiated studies on the effect  of polyamine hydro- 
chlorides on the phosphoprotein phosphatase. 

In a previous report  [11],  we described the partial purification of a high 
molecular weight form (large form, tool. wt. 250 000) of the phosphoprotein 
phosphatase from pig heart and its conversion to a smaller form (small form, 
mol. wt. 30 000) by ethanol treatment.  H2B histone-P, tryptic phosphopep- 
tides derived from H2B histone-P, H1 histone-P and phosphorylase a served as 
substrates for the two forms of  the enzyme [11].  

In this paper, we will report  the effects of polyamine hydrochlorides, NaC1 
and magnesium acetate on the dephosphorylat ion of these substrates catalyzed 
by the two forms of the enzyme. The data indicate that the activity of the 
enzyme was influenced by these ionic compounds  dependent  upon the sub- 
strate employed.  The present findings also indicate that dissociation of  the 
large form to the small form of the enzyme was accompanied by a pronounced 
change in response of the enzyme to these ionic compounds.  

Materials and Methods 

Materials. H2B histone and H1 histone were prepared from calf thymus as 
described previously [12].  Cyclic AMP-dependent protein kinase was purified 
from pig heart by the method described by Rubin et al. [13].  [~,-32P]ATP 
with a specific activity of  2--50 cpm/pmol  was prepared by the method of 
Glynn and Chappell [14].  Rabbi t  muscle phosphorylase b (3 × crystallized} was 
prepared by the method of  Fischer and Krebs [15]. Phosphorylase b kinase was 
purified as described by Cohen [16].  Bovine serum albumin, spermine.  4HC1, 
spermidine" 3HC1 and putrescine.  2HC1 were obtained from Sigma. Trypsin 
was obtained from Worthington. 3-Phosphoglycerate kinase and glyceralde- 
hyde-3-phosphate dehydrogenase were purchased from Boehringer Mannheim. 
Other chemicals were obtained from commercial sources. 

Preparation of substrates. 32P-labelled H2B and H1 histones were prepared 
with [7-32P]ATP and pig heart cyclic AMP-dependent protein kinase as 
described before [12].  32P-labelled H2B histone, used in the present studies, 
contained 53% of total alkali-labile phosphate (63 nmol/mg of H2B histone) at 
Set-36 and 43% at Set-32. 3~P-labelled H1 histone contained 17 nmol alkali- 
labile phosphate at Ser-38 per mg of H1 histone. A radioactive tryptic phospho- 
dc_capeptide, Lys-Glu-Ser(P)-Tyr-Ser-Val-Tyr-Val-Tyr-Lys was prepared from 
32P-labelled H2B histone as described previously [17l and identified by  amino 
acid analysis with a Nihondenshi amino acid analyzer, Model 5AH. 32P-labelled 
phosphorylase a was prepared by phosphorylating phosphorylase b with phos- 
phorylase b kinase as described by Krebs et al. [18].  32P-labelled phosphorylase 
a was crystallized three times by the method of Brandt et al. [19] and con- 
tained 8 nmol 32p i and 5 units per mg of phosphorylase a. All substrate concen- 
trations represent the concentration of the alkali-labile phosphate moiety  of 
the substrate protein. 
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Enzyme assay. Phosphoprotein phosphatase was routinely assayed by 
measuring [32P]orthophosphate which was released from 32P-labelled H2B 
histone. The reaction mixture (0.1 ml), containing 50 pM 32P-labelled H2B 
histone, 50 mM Tris • HC1 at pH 7.2, 50 mM magnesium acetate and 0.5 mM 
dithiothreitol  (standard assay conditions), was incubated for 10 min at 30°C 
and [32P]orthophosphate release was determined as described previously [11].  
One unit of the enzyme was defined as the amount  of enzyme which catalyzed 
the release of  1 nmol of  [32P]orthophosphate per rain. Phosphorylase a was 
assayed by  the method of  Brandt et al. [19].  Protein was determined by the 
method of  Lowry et al. [20] with bovine serum albumin as a standard. 

Purification of ph6sphoprotein phosphatase. The large form of phosphopro- 
tein phosphatase was purified from pig heart as described previously [11] 
except  that  the first ammonium sulfate precipitation and subsequent dialysis 
were omitted.  The large form of the enzyme had a molecular weight of  approx. 
250 000 and a specific activity of  75 units/mg protein. The small form of phos- 
phoprotein phosphatase was prepared by ethanol t reatment  of  the large form as 
described before [11].  The small form of the enzyme had a molecular weight 
of approx. 30 000 and a specific activity of  4300 units/mg protein. 

Results and Discussion 

The effects of  polyamine hydrochlorides on the rate of  dephosphorylat ion 
of  H2B histone-P by  the large and small forms of phosphoprotein phosphatase 
is shown in Fig. 1. With the large form of the enzyme, the reaction rate was 
stimulated 5--9-fold by  the addition of  spermine • 4HC1, spermidine • 3HC1 and 
putrescine • 2HC1 with optimal concentrations of  30, 60 and 125 mM, respec- 
tively (Fig. 1A). With the small form of the enzyme, the rate of Pi release was 
stimulated about  2-fold by  spermine • 4HC1, spermidine • 3HC1 and putrescine • 
2HCI with optimal concentrations of 20, 40 and 75 mM, respectively, and the 
rate was inhibited by  higher concentrations (Fig. 1B). 

The effects of various metal chlorides on the dephosphorylat ion of H2B 
histone-P by the two forms of phosphoprotein phosphatase were also investi- 
gated (Table I). Chlorides of  NH4 +, Li ÷, Na ÷, K ÷, Rb ÷, Mg 2÷, Ca 2÷, Sr 2÷, Ba ~÷ and 
Mn 2÷ at the indicated concentrations stimulated the reactions of both  forms of 
the enzyme. The large form of the enzyme was much more sensitive to the sti- 
mulatory effects of these salts. Chlorides of  Fe 2÷, Fe 3÷, Co 2÷, Ni 2÷, Cu 2÷, Zn 2÷, 
Cd 2÷, Hg 2+, Sn 2÷ and Pb 2+ at 1--5 mM, strongly inhibited the reactions of  both  
forms. 

Putrescine.  2HCI could replace NaC1 or magnesium acetate and thereby 
cause a shift in the optimal concentration of these salts in the dephosphoryla- 
tion of  H2B histone-P catalyzed by the two forms of  the enzyme (Figs. 2 and 
3). The magnitude of  stimulation by optimal concentrations of NaC1 or mag- 
nesium acetate, in the presence of  putrescine • 2HC1, was larger than those by 
NaC1 or magnesium acetate alone, so that the effects of  putrescine • 2HC1 and 
these salts were partially additive and no t  completely identical. The ionic 
strengths of  the polyamine hydrochlorides NaC1 and magnesium acetate at the 
optimal concentrat ion for stimulating the activity of the large form of the 
enzyme toward H2B histone-P were all about  the same (0.3--0.4 M). For the 
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F i g .  1 .  E f f e c t  o f  p o l y a m i n e  h y d r o c h l o r i d e s  o n  p h o s P h o p r o t e i n  p h o s p h a t a s e  a c t i v i t y .  T h e  r a t e  o f  P i  r e l e a s e  
f r o m  H 2 B  h i s t o n e - P  w a s  m e a s u r e d  w i t h  0 . 5 8  u n i t / m l  o f  t h e  l a r g e  f o r m  ( A )  or  0 . 7 5  u n i t / m 1  o f  t h e  s m a l l  
f o r m  ( B )  o f  t h e  e n z y m e  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  e x c e p t  t h a t  m a g n e s i u m  a c e t a t e  w a s  r e p l a c e d  b y  

s p e r m i n e  • 4 H C 1  ( - -  • - - ) ,  s p e r m i d i n e .  3 H C I  (-  - o - -)  o r  p u t r e s c i n e  • 2 H C 1  ( - -  • - - )  a t  t h e  i n d i c a t e d  c o n c e n -  
t r a t i o n .  

stimulation of  the small form of  the enzyme,  however, the optimal ionic 
strengths of  the polyamine hydrochlorides were more than twice (0 .2--0 .24 M) 
as much as that of  NaC1 and magnesium acetate (0.9--1.0 M). Although the 
effectiveness of  these ionic compounds  were found to be intimately correlated 
to their ionic strengths, the magnitude of  the stimulation at the optimal ionic 
strength was dependent upon their ionic species. 

Polyamine hydrochlorides, NaC1 and magnesium acetate caused similar 
changes in the Km and V values for H2B histone-P of  the large and small forms 
of  the enzyme (Table II). In the absence of  ionic compounds,  apparent Km 
values for H2B histone-P of  the large and small forms of the enzyme were 0.9 
and 8.7 pM, respectively. In the presence of  ionic compounds  at the indicated 
c o n c e n t r a t i o n s ,  K m values increased 3--10-fold and V values also increased 
2--5-fold with either the large or small form of  the enzyme.  Both K m and V 
values were increased progressively by increasing amounts of  putrescine • 2HC1 
from 20 to 120 mM. 

When a tryptic decapeptide containing the phosphorylated Set-36 in H2B 
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T A B L E  I 

E F F E C T S  OF V A R I O U S  S A L T S  ON TWO F O R M S  OF P H O S P H O P R O T E I N  P H O S P H A T A S E  

The  ra te  of  Pi release f r o m  H2B his tone-P was  m e a s u r e d  u n d e r  s t anda rd  assay cond i t ions  excep t  t h a t  vari- 
ous  salts at t he  ind ica ted  c o n c e n t r a t i o n s  were  a dde d  ins tead  o f  m a g n e s i u m  ace t a t e  wi th  0 .75  u n i t / m l  o f  
p h o s p h o p r o t e i n  p h o s p b a t a s e  as desc r ibed  u n d e r  Mater ia ls  and  Methods .  The  ra te  w i t h o u t  salts was  t a k e n  
as 100.  

Salts C o n c e n t r a t i o n  Ra te  of  Pi release 
(mM)  

Large  f o r m  Small  f o r m  

None  0 100  100 
NI-I4 CI 100 422  216 
LiCI 100 322  191 
NaCl 100  286 200  
KC1 100  227 201 
RbCl  100 300 162 
CsC1 100  95 13 

MgC12 20 314  213 
CaC12 20 336  220 
SrC12 20 288 232 
BaCI2 20 313  136 
MnC12 20 778 211 

ZnC12 5 3 0 
CdC12 5 0 1 

HgCI 2 5 3 0 

SnCl 2 1 22 4 
PbCl 2 1 48  5 
CuCI 2 5 0 0 

FeCl 2 5 8 1 
FeC13 1 42  61 
CoC12 5 26 34 
NiC12 5 64 29 

histone-P, Lys-Glu-Ser(P)-Tyr-Ser-Val-Tyr-Val-Tyr-Lys, was utilized under 
identical conditions, no activation but  inhibition of the dephosphorylat ion was 
observed with putrescine • 2HCI, NaC1 and magnesium acetate (Fig. 4). These 
results strongly suggest that  the effectors exert  their st imulatory effect  by  
binding to H2B histone-P. 

The apparent s0.a * values for the tryptic  phosphopept ide of  the large and 
small forms of  the enzyme were 34.6 and 38.4 uM, respectively (Table III). Put- 
rescine • 2HCI, NaC1 and magnesium acetate at the indicated concentrations did 
not  change the apparent s0.s value bu t  significantly reduced the V value of  
either the large or small form of the enzyme (Table III). The inhibition of  the 
two forms of the enzyme by  these ionic compounds  was of  an apparently 
non-competit ive type  with respect to the tryptic phosphopeptide.  It is there- 
fore assumed that both  forms of  the enzyme were inhibited by  binding of the 
effectors to a site on the enzyme other than the catalytic site. The extent  of 

* A l t h o u g h  the L ineweaver -Buxk  plot  for  b o t h  fo rms  of  the  e n z y m e  wi th  the  txypt ic  p h o s p h o p e p t i d e  was  
cu rv ed ,  the p lo t  o f  1/v vs. 1Is 2 was l inear .  T h e r e f o r e  So.s ,  the  substrate  concentra t ion  that  yields  
V/2, fo r  the  t r yp t i c  p h o s p h o p e p t i d e  was  e s t i m a t e d  ins tead  of  d e t e r m i n i n g  K m values  as descr ibed  in the 
l egends  to  Table  I I I .  
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F i g .  2 .  C o m b i n e d  e f f e c t  o f  N a C I  a n d  p u t r e s c i n e  • 2 H C I .  T h e  r a t e  o f  Pi  r e l e a s e  f r o m  H 2 B  h i s t o n e - P  w a s  
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F i g .  3 .  C o m b i n e d  e f f e c t  o f  m a g n e s i u m  a c e t a t e  a n d  p u t r e s c i n e  • 2 H C I .  T h e  r a t e  o f  Pi  r e l e a s e  f r o m  H 2 B  
h i s t o n e - P  w a s  m e a s u r e d  w i t h  0 . 3 7  u n i t / m l  o f  t h e  l a r g e  f o r m  ( A )  or  0 . 2 0  u n i t / m l  o f  t h e  s m a l l  f o r m  ( B )  o f  
t h e  e n z y m e  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  e x c e p t  t h a t  m a g n e s i u m  a c e t a t e  a t  t h e  i n d i c a t e d  c o n c e n t r a -  
t i o n  w a s  i n c l u d e d  in  t h e  p r e s e n c e  ( - -  • - - )  o r  a b s e n c e  ( -  - o - - )  o f  6 0  m M  p u t r e s c i n e  • 2HC1.  
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T A B L E  I I  

K I N E T I C  C O N S T A N T S  F O R  H 2 B  H I S T O N E - P  O F  T W O  F O R M S  O F  P H O S P H O P R O T E I N  P H O S P H A -  

T A S E  I N  T H E  P R E S E N C E  O R  A B S E N C E  O F  P O L Y A M I N E  H Y D R O C H L O R I D E S  A N D  O T H E R  S A L T S  

T h e  r a t e  o f  Pi  r e l e a s e  f r o m  H 2 B  h i s t o n e - P  w a s  m e a s u r e d  w i t h  0 . 1 - - 0 . 5  u n i t / m l  o f  e i t h e r  t h e  l a r g e  o r  s m a l l  

f o r m s  o f  p h o s p h o p r o t e i n  p h o s p h a t a s e  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  as  d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  

M e t h o d s  e x c e p t  t h a t  m a g n e s i u m  a c e t a t e  w a s  r e p l a c e d  b y  p o l y a m i n e  h y d r o c h l o r i d e s  o r  o t h e r  s a l t s  a t  t h e  

i n d i c a t e d  c o n c e n t r a t i o n s .  K i n e t i c  c o n s t a n t s  w e r e  e s t i m a t e d  b y  f i t t i n g  t h e  d a t a  t o  M i c h a e l i s - - M e n t e n  e q u a -  
t i o n s  u s i n g  t h e  m e t h o d  o f  l e a s t  s q u a r e s  [ 2 1 ] .  V a l u e s  a re  a v e r a g e s  ( w i t h  t h e  r a n g e )  o f  v a l u e s  f o r  t w o  

s e p a r a t e  e x p e r i m e n t s .  

A d d i t i o n s  C o n c e n -  L a r g e  f o r m  S m a l l  f o r m  
t r a t i o n  

( m M )  K m V K m V 

( p M )  ( p m o l / m i n  ( p M )  ( p m o l / m i n  
p e r  u n i t )  p e r  u n i t )  

N o n e  - -  0 . 9  ± 0 .1  4 5 8  ± 4 2  8 . 7  -+ 0 . 3  9 1 0  ± 7 3  

P u t r e s c i n e  • 2HC1 2 0  - -  - -  2 2 . 2  ± 6 .7  1 2 7 4  ± 2 8 9  
4 0  1 . 5 ± 0 . 1  6 8 4 ±  5 5  3 9 . 1  +- 5 . 5  2 2 0 2 - +  73  

6 0  5 .0  + 0 . 9  1 7 4 3  ± 2 2 7  5 7 . 8  ± 1 . 5  3 0 3 4  ± 5 9  

1 2 0  1 1 . 7  ± 0 . 4  2 4 9 9  ± 1 9 5  - -  - -  

S p e r m i d i n e  • 3HC1 3 0  1 0 . 8  +- 1 .6  1 3 2 5  ± 1 3 7  3 8 . 1  ± 1 3 . 0  1 7 1 2  ± 4 2 6  
S p e r m i n e  • 4 H C 1  20  1 2 . 0  ± 3 . 0  1 2 7 9  ± 4 5  4 2 . 0  ± 1 1 . 8  1 8 4 7  -+ 4 7 6  
N a C I  2 0 0  1 1 . 6  _+ 3 .6  1 2 9 9  + 2 4 2  5 3 . 2  ± 6 . 3  2 5 8 7  -+ 2 7 3  

M a g n e s i u m  a c e t a t e  50  2 3 . 7  -+ 2 .1  * 1 4 1 0  +- 8 2  * 8 1 . 4  ± 0 . 8  * 2 6 0 4  ± 6 4  * 

* V a l u e s  w e r e  t a k e n  f r o m  t h e  p r e v i o u s  r e p o r t  [ 1 1 ] .  

6°tk 50 
Z 
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Putrescine-2 NC[ (raM) NaC[ (raM) Magnesium acetate ( rnM)  

F i g .  4 .  E f f e c t  o f  p u t r e s c i n e  • 2 H C I ,  NaC1 a n d  m a g n e s i u m  a c e t a t e  o n  t h e  d e p h o s p h o r y l a t i o n  o f  a t r y p t i c  
p h o s p h o p e p t i d e  b y  p h o s p h o p r o t e i n  p h o s p h a t a s e .  T h e  r a t e  o f  P i  r e l e a s e  f ~ o m  a t r y p t i c  p h o s p h o p e p t i d e  

( 5 0  /~M), L y s - G l u - S e r ( P ) - T y r - S e r - V a l - T y r - V a l - T y r - L y s ,  w a s  m e a s u r e d  w i t h  0 . 6 4  u n i t / m l  o f  t h e  l a r g e  
f o r m  ( - -  • - - )  o r  1 . 0 2  u n i t s / r n l  o f  t h e  s m a l l  f o r m  (- - o - -) o f  t h e  e n z y m e  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  

e x c e p t  t h a t  p u t r e s c i n e  • 2HC1,  N a C I  o r  m a g n e s i u m  a c e t a t e  a t  t h e  i n d i c a t e d  c o n c e n t r a t i o n  w a s  i n c l u d e d  

i n s t e a d  o f  5 0  m M  m a g n e s i u m  a c e t a t e .  
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T A B L E  I I I  

K I N E T I C  C O N S T A N T S  F O R  A T R Y P T I C  P H O S P H O P E P T I D E  O F  TWO F O R M S  O F  P H O S P H O P R O -  

T E I N  P H O S P H A T A S E  IN  T H E  P R E S E N C E  O R  A B S E N C E  O F  P U T R E S C I N E  H Y D R O C H L O R I D E  A N D  
O T H E R  S A L T S  

The  ra te  o f  Pi re lease  f r o m  a t r y p t i c  p h o s p h o p e p t i d e ,  Lys -Glu -Ser - (P ) -Tyr -Se r -Va l -Tyr -Va l -Tyr -Lys ,  was 
m e a s u r e d  w i t h  0 . 6 - ' 0 . 9  u n i t / m l  o f  e i t he r  t he  large  or  smal l  f o r m s  o f  P h o s p h o p r o t e i n  p h o s p h a t a s e  u n d e r  s tan-  
dard  assay c o n d i t i o n s  as d e s c r i b e d  u n d e r  Mater ia ls  and  M e t h o d s  e x c e p t  t h a t  m a g n e s i u m  ace ta t e  was  

r ep laced  by  p u t r e s e i n e  • 2HCl  or  o t h e r  sal ts  a t  t he  i n d i c a t e d  c o n c e n t r a t i o n s .  Since the  doub le  rec ip roca l  
p lo t s  were  n o t  l inear ,  t he  V va lues  were  e s t i m a t e d  by  e x t r a p o l a t i o n  o f  the  curve  in  the  p lo t  o f  1/v versus  

1 / [ s ]  2 . The  h a l f - s a t u r a t i o n  c o n c e n t r a t i o n  va lues  (s0. 5, t he  s u b s t r a t e  c o n c e n t r a t i o n  tha t  y ie lds  V/2) for  the  

t r yp t i c  p h o s p h o p e p t i d e  were  e s t i m a t e d  f r o m  the  cu rve  in  the  p lo t  o f  v versus  s. Values  are averages  
( w i t h  the  r a n g e )  o f  va lues  fo r  t w o  sepa ra t e  e x p e r i m e n t s .  

A d d i t i o n s  Concen-  La rge  f o r m  Smal l  f o r m  

t r a t i o n  

( m M )  so.  5 V so.  5 V 
( # M )  ( p m o l / m i n  ( # M )  ( p m o l / m i n  

pe r  u n i t )  pe r  un i t )  

N o n e  - -  34.6  -+ 2 . 9  5097  -+ 14 38.4  -+ 0.1 851 ± 33 

Pu t r e sc i n e  - 2HCI  60  35.4  ± 0 .3  3 6 1 4  -+ 403  41.4  ± 10.3  726 ± 4 

NaC1 2 0 0  3 4 . 6  ± 3 . 0  3 6 9 9  ± 2 8 0  2 8 . 1  ± 2 . 6  764 -+ 6 6  

M a g n e s i u m  a c e t a t e  5 0  3 2 . 8  +- 2 . 8  2 6 3 2  ± 2 8  3 4 . 0  ± 0 . 9  4 4 7  -+ 7 3  

the stimulatory effect of  the ionic compounds  on the dephosphorylat ion of 
H2B histone-P may reflect the net effect of their interactions with the substrate 
resulting in a better substrate and with the enzyme causing an inactivation. 
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Fig.  5.  E f f e c t  o f  p u t r e s c i n e  • 2HCI,  NaC1 a n d  m a g n e s i u m  a c e t a t e  on  the  d e p h o s p h o r y l a t i o n  of  H1 h i s tone-P  
b y  p h o s p h o p r o t e i n  p h o s p h a t a s e .  T h e  ra te  o f  Pi r e l e a s e  f r o m  H 1  h i s t o n e - P  ( 2 5  ~ M )  w a s  m e a s u r e d  w i t h  0 . 6 5  
u n i t / m l  o f  t h e  l arge  f o r m  ( - -  • - - )  o r  0 . 9 9  u n i t / m l  o f  t h e  s m a l l  f o r m  (- - o - -)  o f  t h e  e n z y m e  u n d e r  s tan-  
d a r d  a s s a y  c o n d i t i o n s  e x c e p t  t h a t  p u t r e s c i n e  • 2 H C I ,  N a C I  o r  m a g n e s i u m  a c e t a t e  at  t h e  i n d i c a t e d  c o n c e n -  

t r a t i o n  w a s  i n c l u d e d  i n s t e a d  o f  5 0  m M  m a g n e s i u m  a c e t a t e .  
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Fig.  6 .  E f f e c t  o f  p u t r e s c i n e  • 2HCI,  NaCI a n d  m a g n e s i u m  a c e t a t e  o n  the  d e p h o s p h o r y l a t i o n  o f  p h o s p h o r y l -  
ase a b y  p h o s p h o p r o t e i n  p h o s p h a t a s e .  T h e  rate o f  Pi re lease  f r o m  p h o s p h o r y l a s e  a ( 8 . 7 5  ~ M )  w a s  
m e a s u r e d  w i t h  0 . 5 2  u n i t / m l  o f  t h e  large f o r m  ( - -  • - - )  o r  0 . 5 7  u n i t / m l  o f  t h e  smal l  f o r m  (- - o - -) o f  the  
e n z y m e  u n d e r  s tandard  assay c o n d i t i o n s  e x c e p t  that  p u t r e s c i n e  • 2HCI,  NaC1 or m a g n e s i u m  ace ta te  at  the  
i n d i c a t e d  c o n c e n t r a t i o n  w a s  i n c l u d e d  i n s t ead  o f  5 0  m M  m a g n e s i u m  a c e t a t e .  

The activity of  the large form of the phosphoprotein phosphatase toward H1 
histone-P was stimulated about 2-fold by putrescine • 2HC1, NaC1 and magnesi- 
um acetate with optimal concentrations of  40, 150 and 20 mM, respectively 
(Fig. 5). Whereas, the activity of the small form of the enzyme toward H1 
histone-P was not significantly stimulated but inhibited by these ionic com- 
pounds (Fig. 5). These observations indicate that following the transformation 
of  the large form of the enzyme to the small form, the properties of  the large 
form responsive to the stimulatory effect of  the ionic compounds were lost. 

Using phosphorylase a as substrate, both large and small forms of the 
enzyme were inhibited by polyamine hydrochlorides, NaC1 and magnesium 
acetate (Fig. 6). The inhibition was more significant with the small form of 
the enzyme. Spermine. 4HC1, spermidine. 3HC1 and putrescine. 2HC1 at 20 
mM inhibited the reaction of  the large form of the enzyme by 51, 34 and 23% 
and of the small form of the enzyme by 83, 74 and 58%, respectively, under 
conditions employed in Fig. 6. 

Apparent Km values for phosphorylase a of  the large and small forms were 
12.3 and 33.2 ~M, respectively (Table IV). Putrescine • 2HC1, NaCI and mag- 
nesium acetate caused an increase in the Km value but no significant change in 
the V value of the large form of the enzyme indicating that the inhibition of  
the effectors was apparently competitive with respect to phosphorylase a 
(Table IV). On the other hand, these effectors greatly reduced the V value 
without affecting the Km value of  the small form of the enzyme indicating that 
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T A B L E  I V  

K I N E T I C  C O N S T A N T S  F O R  P H O S P H O R Y L A S E  a O F  T W O  F O R M S  O F  P H O S P H O P R O T E I N  P H O S -  
P H A T A S E  I N  T H E  P R E S E N C E  O R  A B S E N C E  O F  P U T R E S C I N E  H Y D R O C H L O R I D E  A N D  O T H E R  
S A L T S  

T h e  r a t e  o f  Pi r e l e a s e  f r o m  p h o s p h o r y l a s e  a w a s  m e a s u r e d  w i t h  0 . 4 - - 1 . 9  u n i t s / m l  o f  e i t h e r  t h e  laxge o r  
s m a l l  f o r m s  o f  p h o s p h o p r o t e i n  p h o s p h a t a s e  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  as  d e s c r i b e d  u n d e r  M a t e r i a l s  
a n d  M e t h o d s  e x c e p t  t h a t  m a g n e s i u m  a c e t a t e  w a s  r e p l a c e d  b y  p u t r e s c i n e  • 2 H C L  N a C l  o r  m a g n e s i u m  

a c e t a t e  a t  t h e  i n d i c a t e d  c o n c e n t r a t i o n s .  K i n e t i c  c o n s t a n t s  w e r e  e s t i m a t e d  b y  f i t t i n g  t h e  d a t a  t o  M ichae l i s -  

M e n t e n  e q u a t i o n s  u s i n g  t h e  m e t h o d  o f  l e a s t  s q u a r e s  [ 2 1 ] .  T h e  m e a n  ± S . D .  o f  d a t a  o f  e x p e r i m e n t s  w i t h  
f o u r  s e p a r a t e  a n a l y s e s  axe g i v e n .  

A d d i t i o n s  C o n c e n -  L a r g e  f o r m  S m a l l  f o r m  
t r a t i o n  

( r a M )  K m V K m V 

( p M )  ( p m o l / m i n  ( # M )  ( P m o l / m i n  
P e r  u n i t )  p e r  u n i t )  

N o n e  - -  1 2 . 3  ± 0 . 6  1 0 6 8  ± 2 3 0  3 3 . 2  ± 1 .0  5 3 9 8  ± 8 4 8  

P u t r e s c i n e  • 2 H C l  6 0  3 0 . 4  ± 5 .7  1 0 2 6  -+ 47  3 0 . 3  ± 2 .2  4 7 2  ± 1 2 5  
1 2 0  5 0 . 6  ± 2 0 . 5  1 0 3 3  ± 3 2 1  - -  - -  

NaC1  2 0 0  4 2 . 6  ± 1 8 . 1  9 0 5  ± 3 4 9  3 5 . 8  ± 8 .9  6 6 8  ± 85  
M a g n e s i u m  a c e t a t e  50  3 5 . 9  ± 7 .4  1 2 9 0  ± 1 9 5  3 5 . 2  ± 3 .9  4 9 9  ± 77  

the inhibition of  the small form of the enzyme was non-competit ive with 
respect to phosphorylase a (Table IV). 

The inhibition of  a phosphoprotein phosphatase by MgC12 has been reported 
by Martensen et al. [6] to be competit ive and by Khandelwal [9] to be non- 
competit ive,  with respect to phosphorylase a. The discrepancy could arise 
because of  the use of  different enzyme preparations since Martensen et al. [6] 
used a rabbit skeletal muscle enzyme which was not  treated with ethanol, and 
Khandelwal [9] employed an ethanol-treated homogeneous form (mol. wt. 
30 000) of  rat liver enzyme. Nakai and Glinsmann [22] reported that sperm- 
ine .  4HC1 at 0.5 mM inhibited rabbit  skeletal muscle phosphoprotein phos- 
phatase which was treated by 30% ethanol and the inhibition was non-compe- 
titive with respect to phosphorylase a. 

Polyamine hydrochlorides,  NaC1 and magnesium acetate had similar effects 
on the activities of  the two forms of  the enzyme toward each substrate 
employed and caused similar changes in kinetic parameters for each substrate of 
both forms of the enzyme. These results may imply that the ionic compounds 
might exert  their effects on common sites of the enzymic reactions. 

The different effects of  the ionic compounds  on each dephosphorylat ion of 
different substrates by the same phosphoprotein phosphatase indicate that sub- 
strates play an important  role in determining the effects of the ionic com- 
pounds. These results support  the notion that phosphoprotein phosphatases 
might be controlled in vivo by either allosteric [8,23--25] or covalent [26] 
modification of  a substrate. 
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