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Summary 

The naturally-occurring polyamines were found to stimulate glycogen syn- 
thase phosphatase from rat skeletal muscle. The sequence of effectiveness in 
the stimulation was spermine > spermidine > putrescine. It was shown that the 
spermine-sensitive phosphatase was present primarily in the soluble fraction of 
the muscle extract. In the presence of spermine, the phosphatase activity can 
be further stimulated by Mn2+; however, a lower Mn 2÷ concentration is 
required for the activation of the enzyme in comparison with that in the 
absence of spermine. Kinetic studies indicated that activation of glycogen 
synthase phosphatase by spermine was achieved by an increase in its V without 
significant alteration in the Kin, suggesting that spermine directly stimulated 
the catalytic efficiency of the phosphatase enzyme. 

Introduction 

The naturally-occurring aliphatic polyamines, spermine, spermidine, and 
putrescine have been implicated to have regulatory effects on protein synthesis 
and cell proliferation [1]. Furthermore, some of the diverse biological effects 
of insulin can be mimicked by polyamines. For instance, stimulation of the 
intracellular utilization of glucose in adipocytes appears to be a metabolic 
effect shared by insulin and polyamine [2,3]. 

In liver and skeletal muscle, insulin exerts a glycogenic effect [4,5]. This is 
caused likely by a conversion of glycogen synthase D to its I form, via dephos- 

Abbreviation: Mes, 2-[N-morpholino]ethanesulfonic acid. 
T h e  D a n d  I f o r m s  o f  g l y c o g e n  s y n t h a s e  are  r e f e r r e d  t o  in IUB n o m e n c l a t t t r e  as  a a n d  b ,  r e s p e c t i v e l y .  
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phorylation by glycogen synthase phosphatase (phosphoprotein phosphatase) 
[6]. Since polyamines mimic several aspects of insulin action, it is of interest 
to examine whether the enzymatic activity of phosphoprotein phosphatase, 
catalyzing the conversion of synthase D to I, can be affected by polyamines. 
In this communication, we report that polyamines stimulate the activity of 
glycogen synthase phosphatase (phosphoprotein phosphatase). The polyamine 
order of effectiveness is: spermine > spermidine > putrescine. 

Materials and Methods 

Preparation of glycogen synthase D form 
Glycogen synthase D was purified from rabbit skeletal muscle according to 

the method of Smith et ah [7]. 

Preparation of crude phosphatase from rat skeletal muscle 
Wistar strain male rats (140--160 g) were used. The rats were first anesthe- 

tized with pentobarbital and then the hind leg muscle was removed. The muscle 
was quickly frozen in liquid nitrogen and powdered. 1 g frozen powder of rat 
skeletal muscle was homogenized with 3 ml 50 mM 2-[N-morpholino]ethane- 
sulfonic acid (Mes)/1 mM EDTA, pH 7.0, in a Teflon glass homogenizer. 

The homogenate was centrifuged at 700 × g for 15 min. The supernatant 
fluid was then passed through a layer of glass wool and used as phosphatase 
source. In the case of column-treated enzyme, 2 ml crude phosphatase was 
passed through a Sephadex G-50 column (1.5 × 20 cm) equilibrated with 50 
mM Mes, 1 mM EDTA, pH 7.0. The main protein peak was collected and used 
as enzyme source. 

Assay of phosphatase activity 
Method I. Phosphatase activity was measured by the rate of conversion of 

glycogen synthase D to I form. Glycogen synthase activity was determined by 
the amount of glucose transferred from UDp[14C]glucose to glycogen by the 
method of Thomas et al. [8]. 1 unit of glycogen synthase was the amount of 
enzyme catalyzing the incorporation of 1 #tool glucose into glycogen. The 
phosphatase assay mixture composed of 100 ~l phosphatase preparation, 20 pl 
0.5 M Mes (pH 7.0), 10 mM EDTA, 30 pl glycogen synthase D (0.17 unit), and 
polyamines, in a final volume of 330 #l. In a routine assay, polyamines and 
Mes buffer were first mixed in a test tube, phosphatase was added immediately 
before the assay. The reaction was initiated by the addition of synthase D. 150 
#l of the assay mixture were withdrawn at zero time and kept in ice, while the 
remaining mixture was incubated at 30°C for 2 min and then kept in ice. 
Glycogen synthase I and total activity in the zero time and 2 rain samples were 
measured. Phosphatase activity is represented by increase in synthase I activity 
expressed as nmol glycose incorporated into glycogen. 

Method II. Phosphatase activity was also assayed by the release of 32p from 
32p-labeled glycogen synthase D. 32P-labeled synthase D was prepared according 
to the method of Binstock and Li [9] using purified synthase I, [~,-32p]ATP, 
and the catalytic subunit of rabbit skeletal muscle cyclic AMP-dependent pro- 
tein kinase. The phosphatase activity of rat skeletal muscle extract was mea- 
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sured by incubating 32P-labeled-synthase D (0.06 mg containing 20 000 cpm), 
50 mM Mes, 1 mM EDTA (pH 7.0), and phosphatase preparations in a total 
volume of 100 #1 at 30°C for 10 min. The reaction was terminated by the addi- 
tion of  1 ml 10% trichloroacetic acid, 0.25% sodium tungstate, 0.06 N H2SO4 
as described by  Kuo and Greengard [10]. Then 1 mg bovine serum albumin was 
added to the mixture and the protein precipitate was separated by  centrifuga- 
tion. The clear supernatant was transferred to a scintillation counting vial and 
counted in a Beckman 7000 scintilation counter.  The increase in radioactivity 
in the supernatant over reagent blank represents the phosphatase activity. 

Separation o f  soluble fraction from mitochondrial and microsomal fractions 
1 g of frozen rat muscle powder  was homogenized with 9 ml 0.25 M sucrose 

in 10 m M  Mes, pH 7.0 [11].  The homogenate  was then centrifuged at 700 X g 
for 15 min to remove cell debris. The supernatant was then centrifuged at 
57 000 X g for 1 h. After centrifugation, the supernatant was used as soluble 
fraction while the precipitate was resuspended in the original volume of 0.25 M 
sucrose, 10 mM Mes (pH 7.0) as particulate fraction. 

Incubation o f  rat diaphragm with polyamines and insulin 
An intact diaphragm of a Wistar rat (weighing 140--160 g), fasted for 24 h 

was first incubated in 20 ml Gey and Gey buffer  [12] containing no glucose for 
30 min at 37°C as described by  Shen et al. [13].  The diaphragm was then trans- 
ferred to 20 ml of  the same buffer containing 2 mM polyamines or 0.1 unit/ml 
amorphous insulin. After incubation, the diaphragm was rapidly frozen in 
liquid nitrogen. A duplicate experiment was performed under identical condi- 
tions. The frozen muscle was removed from the rib cage and powdered. The 
powdered muscle was homogenized with 10 vols of  10 mM EDTA/50 mM KF 
(pH 7.8), as described by  Shen et al. [13]. Glycogen synthase activity of  the 
homogenate was assayed according to the method of  Thomas et al. [8]. 

Other methods 
Protein concentration was determined according to the method of Lowry et 

al. [14] using bovine serum albumin as standard. 

Chemicals 
Polyamines were purchased from Sigma Chemical Company. Mes was 

obtained from Calbiochem. UDP [14C]glucose was prepared from [ ~4C] glucose 
according to the method of  Wright and Robbins [15] as modified by DePaoli- 
Roach (personal communication).  Insulin was purchased from Novo Labora- 
tories, Copenhagen, Denmark. Other chemicals were of  reagent grade. 

Results 

Effect o f  polyamines on phosphatase activity 
The crude phosphatase preparation isolated from rat skeletal muscle was 

used to examine the effect  of various polyamines on its activity. In these 
experiments, purified glycogen synthase D was the substrate of phosphoprotein 
phosphatase in the crude enzyme preparation, and the activity of  phosphatase 
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Fig. 1. E f fec t  of  po lyarn ines  on  phos pha t a s e  ac t iv i ty .  Phospha tase  act iv i ty  was  assayed b y  M e t h o d  I (see 
Materials  and  Methods) .  Phospha tase  ac t iv i ty  is p r e s e n t e d  as the  increase  in g lycogen  syn thase  i ac t iv i ty  
wh ich  is expressed  as n m o l  glucose i n c o r p o r a t e d  in to  g lycogen.  The  p o l y a m i n e s  were  a d d e d  at  the  indi- 
c a t ed  c o n c e n t r a t i o n s .  • • ,  s p e r m i n e  was added ;  ~ ~, sperrnidine was  added ;  o o, 
pu t resc ine  was  added .  

was expressed, via the coupled glycogen synthase according to Method I, in 
terms of incorporation of ['4C]glucose into glycogen from UDP[14C]glucose. 

Results show that the amount  of [14C]glucose incorporation assayed in the 
absence of phosphoprotein phosphatase is not  affected by polyamines, indicat- 
ing that  the activity of purified glycogen synthase D remains constant upon 
addition of polyamines. However, in the presence of phosphoprotein phos- 
phatase, the glucose incorporation was found to be enhanced by polyamines 
(Fig. 1). This enhanced incorporation can, therefore, be reasonably assumed to 
be mediated via the stimulation of phosphatase activity by polyamines. Fig. 1 
shows that the enhanced glucose incorporation which corresponds to the phos- 
phatase activity can be stimulated significantly by spermine with a half-satura- 
tion concentration of about 0.4 mM. Stimulation by spermidine was also 
apparent. Putrescine, however, was the least effective polyamine in activating 
the phosphatase. 

The activation of phosphatase, as measured from the enhancement in the 
glucose incorporation by a fixed concentration (2 mM) of spermine, was found 
to be linearly dependent  on the concentration of the crude enzyme used, 
ranging from 0.4 to 1.5 mg of the total protein (data not  shown). Furthermore, 
the total glycogen synthase assayed in the presence of glucose 6-phosphate was 
unchanged during the course of phosphatase reaction in the presence and 
absence of spermine. 

Glycogen synthase phosphatase activity was also assayed directly by the 
release of 32p from 32P-labeled synthase according to Method II. In the absence 
of spermine, the amount  of 3~p released was 71 pmol/mg protein; in the 
presence of  2 mM spermine, however, the amount  of 32p released was increased 
to 135 pmol /mg protein. These data support our results obtained by Method I, 
indicating that  glycosen synthase phosphatase was activated by polyamines. 

Localization of the spermine-sensitive phosphatase activity 
It is known that  two classes of phosphoprotein phosphatase exist: the 

soluble fraction and the microsome-bound or particulate glycogen-bound frac- 
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tions [16]. The phosphoprotein phosphatase activity in the soluble and particu- 
late fractions of muscle homogenate, separated according to the method of 
Schneider and Hogeboon [11], was measured. Also, the endogenous glycogen 
synthase activity was determined. Results (data not shown) indicate that 97% 
of the total phosphoprotein phosphatase activity was present in the soluble 
fraction, whereas glycogen synthase was present mostly in the particulate frac- 
tion. Moreover, it was the soluble form of phosphoprotein phosphatase that 
can be stimulated 2.5-fold by spermine. These results rule out the possibility 
that the spermine may activate the phosphoprotein phosphatase in the crude 
preparation by converting the latent particulate form of phosphatase into the 
active soluble form of phosphatase. 

Effects o f  spermine on the activation o f  phosphatase by Mn 2÷ 
It is known that divalent cations are required for glycogen synthase phos- 

phatase to show optimal activity [17]. We have, therefore, designed experi- 
ments to examine whether spermine can substitute Mn 2 ÷ for glycogen synthase 
phosphatase. In order to remove endogenous kinase activity, the crude phos- 
phoprotein phosphatase was subjected to gel filtration on a Sephadex G-50 
column which can separate the endogenous ATP, a substrate of protein kinase, 
from the protein. With this ATP-free phosphatase, it was observed (Fig. 2) that 
t he  phosphatase activity was stimulated by Mn 2÷ within a very narrow range of 
concentration (3--4 mM). In the presence of 2 mM spermine, the phosphatase 
activity assayed in the absence of Mn 2÷ showed an activity higher than the 
maximal activity stimulated by Mn 2÷ (Fig. 2). Addition of small amounts of 
Mn 2÷ further stimulated the spermine-activated enzyme and maximum was 
reached at about 1--2 mM Mn 2÷. It should be mentioned that the relative 
increase in phosphatase activity by Mn 2÷ in the absence and presence of 
spermine was different (Fig. 2). 

Noncompetitive activation o f  phosphatase by spermine 
The phosphatase activities assay in the presence and absence of spermine 

showed a typical Michaelis-Menten type saturation curve with respect to the 
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Fig .  2. E f f e c t  o f  M n  2+ o n  p h o s p h a t a s e  a c t i v i t y  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  s p e r r n i n e .  T h e  p h o s p h a t a s e  
a c t i v i t y  w a s  a s s a y e d  b y  M e t h o d  I ( s e e  M a t e r i a l s  a n d  M e t h o d s ) .  T h e  p h o s p h a t a s e  w a s  t h e  c o l u m n - t r e a t e d  
e x t r a c t .  M n C 1 2  w a s  a d d e d  as  i n d i c a t e d ,  o o, n o  s p e r m i n e  w a s  a d d e d ;  • • ,  2 m M  s p e r m i n e  
w a s  a d d e d .  
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Fig. 3.  ( A )  E f f e c t  o f  g l y c o g e n  s y n t h a s e  D c o n c e n t r a t i o n  on  phosphatase  act iv i ty  in the  presence  and 
absence  o f  s permi ne .  Phosphatase  act iv i ty  was  m e a s u r e d  b y  M e t h o d  I (see  Materials  and M e t h o d s )  e x c e p t  
s y n t h a s e  D was  varied at  th e  c o n c e n t r a t i o n  ind ica ted ,  o o,  e n z y m e  a lone ,  n o  s p e r m i n e  added .  
• --, 2 m M  spermine  was  added.  (B)  L ineweaver -Burk  p l o t  o f  the  data  presented  in (A) .  S y m b o l s  
are the  s a m e  as in ( A ) .  

substrate concentration (Fig. 3A). The Lineweaver-Burk plot indicated that 
spermine behaved as simple noncompetitive activator (Fig. 3B). The Km value 
estimated from the horizontal intercept was virtually identical for the two lines 
corresponding to 4.2 unit/ml, while the V is increased from 316 nmol/mg 
obtained in the absence of  spermidine to 835 nmol/mg obtained in the 
presence of  2 mM spermine. 

Effect of  polyamines and insulin on glycogen synthase in the intact diaphragm 
Since polyamines have been shown to stimulate the conversion of  glycogen 

synthase D to I in vitro, experiments were designed to test if the stimulatory 
effect can also occur in the intact muscle. Intact rat diaphragms were incubated 
with polyamines in the absence of  glucose and their glycogen synthase activities 
were determined. Table I shows that when the diaphragms were incubated with 
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T A B L E  I 

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

Rat  d i a p h r a g m s  w e r e  i n c u b a t e d  w i t h  2 m M  p o l y a m i n e s  o r  0 .1  u n i t / m l  i n s u l i n .  T w o  d i a p h r a g m s  w e r e  u s e d  
f o r  e a c h  e x p e r i m e n t a l  c o n d i t i o n  a n d  t h e i r  m u s c l e  w a s  p o o l e d  a n d  p o w d e r e d .  The  s y n t h a s e  I a n d  t o t a l  
act ivi t ies  in  e a c h  m u s c l e  e x t r a c t  w e r e  d e t e r m i n e d  a n d  e x p r e s s e d  as  s y n t h a s e  I p e r c e n t .  M e a n s  o f  three  
e x p e r i m e n t s  ± S . D .  a r e  presented .  

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

C o n t r o l  2 6 . 7  ± 3 .9  

S p e r m i n e  2 8 . 3  ± 3 .2  
S p e r m i d i n e  4 1 . 6  ± 6 . 9  * 
P u t r e s c i n e  5 4 . 9  ± 4 . 6  **  

I n s u l i n  5 1 . 2  ± 9 .1  **  

* C o m p a r i s o n  of  the  d i f f erence  o f  the m e a n s  b y  S t u d e n t ' s  p a i r e d  t - test  s h o w s  d i f f erent  f r o m  c o n t r o l  a t  

the  0 .1  > P > 0 . 0 5  l eve l .  

**  P < 0 . 0 1 .  

spermidine or putrescine, their synthase I percentage was significantly 
increased. It also demonstrated that  putrescine elevated the synthase I percent- 
age to the same extent  as that  of  insulin. It was noted that spermine failed to 
exert any effect on synthase I percentage in the intact diaphragm. It is possible 
that  spermine cannot enter the muscle cell membrane as readily as putrescine, 
due to its size, charge, or both.  Clearly, more work is needed to clarify this 
point. However,  these experiments do demonstrate that  some polyamines can 
stimulate glycogen synthase in intact muscle. Furthermore,  this stimulation is 
similar to the action of insulin. 

Discussion 

Although insulin interacts directly with its receptor  at cell surface, it is well 
known that insulin exerts diverse biological effects on cell function. At the 
level of  cell membrane, insulin is known to promote  glucose transport. Within 
the cell, the glycogenic effect  of  insulin is well documented.  Polyamines have 
been demonstrated to mimic several metabolic effects of  insulin, but  not  at the 
transport  level [2,3,18]. Polyamines have also been reported to enhance the 
affinity of  phosphorylase b toward AMP, in vitro [ 19 ] ; the physiological signifi- 
cance of  this observation, however, has not  been demonstrated in intact cells. 
In this s tudy we have shown using rat skeletal muscle extract  and purified 
rabbit glycogen synthase D that in vitro synthesis of  glycogen as measured by 
the [ '4C]glycose incorporation in stimulated by  polyamines. Furthermore,  gly- 
cogen synthase activity in the intact muscle can also be shown to be stimulated 
by  polyamines. This enhanced glycogen synthesis can be at tr ibuted primarily to 
the increase in phosphoprotein phosphatase activity by polyamines based on 
the following reasons. (1) The glycogen synthase D activity is not  affected by 
the addition of  polyamines. (2) The enhanced glycogen synthesis persists under 
the condition that  ATP has been removed. If the effect  of  polyamines is to 
inhibit the endogenous protein kinase which, in turn, promotes  the glycogen 
synthesis, then the polyamines effect  would be dependent  on the presence of  
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ATP, a substrate of protein kinase. The fact that polyamine together with the 
ATP-free glycogen synthase D can stimulate the glycogen synthesis can be taken 
as evidence to argue against the involvement of protein kinase in the observed 
enhancement of glucose incorporation. (3) Phosphoprotein phosphatase 
activity is known to be stimulated by Mn 2÷. The enhanced glycogen synthesis is 
also stimulated by Mn 2÷, although the relative stimulation is lowered somewhat 
in the presence of polyamines (Fig. 2). (4) The release of 32p from labeled 
glycogen synthase in the presence of rat skeletal muscle extract is stimulated by 
spermine, suggesting strongly that the glycogen synthase phosphatase in the 
muscle is activated by spermine. We have further shown that the presumptive 
increase activity cannot be attributed to the shift in equilibrium concentration 
of phosphoprotein phosphatase by polyamine between the soluble and the 
particulate forms. 

It should be pointed out that in contrast to our data, KiUilea et al. [20] 
reported that phosphorylase phosphatase with Mr 35 000 from rabbit liver and 
beef heart can be inhibited in vitro by polyamines. The inhibitory effect of 
polyamines was due to their binding to the substrate rather than binding to the 
Mr 35 000 enzyme itself [20]. Furthermore, these workers showed that the 
dephosphorylation of 32p-labeled lysine-rich histone by bovine heart phos- 
phorylase phosphatase was not affected by polyamines. As reported here, we 
observed that the 32p release from labeled glycogen synthase was markedly 
increased by polyamines and, more importantly, the stimulatory effect of poly- 
amines on glycogen synthase phosphatase has been demonstrated not only in 
vitro, but also in intact cells. One possible explanation of the discrepancy is 
that phosphorylase phosphatase may exist as a complex multi-subunit form and 
the purified Mr 35 000 species of Killilea et al. may be a catalytic subunit of 
the holoenzyme [21]. Polyamines may activate the holoenzyme by interacting 
with the binding subunit followed by the release of catalytic subunit (M~ 
35 000); however, in the absence of the binding subunit of the holoenzyme, 
polyamines interact preferentially with the substrate or phosphorylase. This 
polyamine-substrate complex renders the M~ 35 000 phosphatase a poor 
enzyme as suggested by Killilea et al. [20]. In fact, polyamines have been 
reported to stimulate the activity of a histone phosphatase with a molecular 
weight of 250000. In constrast, the activity of a smaller histone phosphatase 
(Mr 30 000) was inhibited [22]. These data keep in line with our hypothesis 
that the Mr 35 000 subunit interacts differently with polyamines from its 
holoenzyme. An alternative explanation is that phosphorylase phosphatase of 
M~ 35 000 is an enzyme distinctly different from glycogen synthase phospha- 
tase of Mr 49000 [9]. Thus, a different interaction with polyamines is 
expected. Clearly, the explanations given above are merely speculative and the 
true explanation must await further experimentation. 

The stimulation of glycogen synthesis by insulin has been explained, at least 
in part, as a result of the activation of glycogen synthase [23,24]. There are at 
least two ways by which the activation can be brought about: one is the inhibi- 
tion of a protein kinase which phosphorylates glycogen synthase [25], while 
the other is the activation of a phosphoprotein phosphatase which dephos- 
phorylates glycogen synthase. There is evidence to suggest that phosphoprotein 
phosphatase can be activated by insulin [6,25]. Here, we present evidence to 
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show that the glycogen synthesis in vitro can be stimulated by polyamines, and 
the stimulation is best explained by the activation of a soluble form of phos- 
phoprotein phosphatase which, in turn, dephosphorylates its substrate, 
glycogen synthase D, resulting in a more active form of glycogen synthase. 

The fact that polyamines can mimic several aspects of insulin action in the 
regulation of carbohydrate metabolism may be, in part, due to their common 
stimulating effect on the activity of phosphoprotein phosphatase. Since insulin 
may exert its effects without actually entering cells, it is quite possible that 
insulin may, through an unknown mechanism, cause an increase in intracellular 
level of polyamines which by stimulating phosphoprotein phosphatase, favors 
glycogenesis as well as lipogenesis. In fact, it has been recently postulated by 
Younkin [27] that insulin binds to liver membranes in liver cells and eventually 
causes an increase in the activity of intracellular ornithine decarboxylase. Since 
ornithine decarboxylase is the first, and probably rate-limiting step in the 
biosynthesis of polyamines from ornithine [28,29], it is thus quite probable 
that the biosynthesis of polyamines may be stimulated by insulin. Alternatively, 
insulin may, via an unknown mechanism, shift the intracellular concentrations 
of polyarnines from bound to free form which, in turn, activate phosphopro- 
tein phosphatase. Hence, the glycogenesis and lipogenesis promoted by insulin 
may be mediated by polyamines through their stimulatory effects on phospho- 
protein phosphatase. It should be emphasized, however, that the insulin 
mechanism proposed by Younkin [27] was based on studies using liver cells 
and soluble enzymes in liver cells. Here, our studies were carried out with 
muscle phosphatase. More studies are clearly needed to establish the connec- 
tion between insulin action and the polyamines function. 
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