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Summary 

A phosphodiesterase activity is shown to copurify with the plasma mem- 
brane fraction prepared by the two-phase partition method. The enrichment in 
phosphodiesterase parallels that of alkaline phosphatase, which is thought to be 
a typical membranous enzyme. Up to 66% of the phosphodiesterase activity 
can be solubilized by a treatment with 0.2% Triton X-100. Higher doses were 
ineffective in solubilizing more activity. Analysis by native gel electrophoresis 
showed that an activity extracted by 2 M NaC1 migrated at the same position as 
'soluble' phosphodiesterase of cytosolic or extracellular origin. In contrast, the 
Triton-solubflized enzyme had an apparently higher molecular weight. When 
subjected to charge shift electrophoresis on agarose gels in the presence of an 
ionic detergent, the Triton-solubilized phosphodiesterase displayed a hydropho- 
bic character. This behaviour contrasts with that of 'soluble' phosphodiesterases, 
the electrophoretic mobility of which is unaffected by the presence of an 
anionic detergent. The hydrophobic character of the membranous enzyme was 
lost after gentle hydrolysis by papain. 

Introduction 

The developmental program of Dictyostelium discoideum amoebae is 
triggered by food deprivation. The first stage of this differentiation cycle con- 
sists of the aggregation of the population toward specific centers. Successive 
cell movements result from periodic emissions and receptions of cyclic AMP, 
a chemotactic mediator [ 1 ]. These signals are generated by periodic activations 
of adenylate cyclase activity [2,3]. Phosphodiesterase plays an important role 
in the process of cell communication since continuous hydrolysis of cyclic 
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AMP is required to keep the cells sensitive to successive signals [4--6]. 
High phosphodiesterase activities are found during the first hours of starva- 

tion as well as during aggregation [ 7 ]. The enzyme is in part excreted into the 
extracellular medium [8,9]. This activity, however, may be depressed, due to 
the excretion of a specific macromolecular inhibitor [10]. The cell-associated 
phosphodiesterase is found both as a 'soluble' cytosolic form and as a particle- 
bound enzyme [7,9]. Cytochemical and biochemical data have shown that 
some of this latter activity is closely associated with the plasma membrane and 
may be attached to the outer face of the membrane [4,11,12]. 

This membrane-bound phosphodiesterase exhibits properties different from 
the extracellular phosphodiesterase. For example, it displays non-Michaelian 
kinetics with respect to cyclic AMP, and a greater resistance to the inhibitor 
[4,7]. 

In an attempt to characterize the membrane-bound phosphodiesterase as a 
membrane-anchored protein, we have investigated the copurification of the 
activity with plasma membranes and, afterwards, compared its hydrophobic 
nature with the nature of the extracellular enzyme. 

Materials and Methods 

1. Chemicals 
The materials used and their sources are listed: cyclic AMP (Calbiochem); 

cyclic [3H]AMP, specific activity 25 Ci/mmol, from CEA (Saclay); Dextran 
T500 (Pharmacia); poly(ethylene glycol) Carbowax 6000 from Union Carbide 
Corp.; Magnesium-Titriplex (ethylenediaminetetraacetic acid dipotassium-mag- 
nesium salt) and Triton X-100 (octylphenoxy polyethoxyethanol) from Sigma; 
deoxycholic acid and sodium salt (Sigma); Agarose (Indubiose) (Industrie Bio- 
logique Franqaise); papain (Boehringer, Mannheim); p-nitrophenyl-N-acetyl- 
fl-D-glucosaminide, trypsin from hog pancreas (Sigma); pancreas (Calbiochem); 
p-nitrophenylphosphate, p-nitrophenyl~-D-mannopyranoside from Calbio- 
chem. 

2. Culture conditions 
Exponentially growing cells of axenic strain AX2 were harvested from HL5 * 

medium [13] by centrifugation at 1000 × g for 5 min and washed with 17 mM 
potassium phosphate buffer, pH 6.2. Unless otherwise indicated, the amoebae 
were starved as a spinner suspension in the buffer at a density of 107 cells/ml 
until they had developed aggregative properties. In order to promote aggrega- 
tion and to obtain maximum phosphodiesterase activity during starvation, cells 
were pulsed with exogenous cyclic AMP as described previously [14,15]. 

3. Preparation of  membranes 
Amoebae were resuspended in potassium phosphate buffer at a density of 

10 a cells/ml and disrupted at 4°C in a Dounce homogenizer by 50 strokes of a 
tight-fitting pestle. Efficiency was monitored by means of phase-contrast 
microscopy. Unbroken cells were removed from the lysate by centrifugation at 

* Composi t ion  of  medium:  10 g proteose peptone  ( D i f c o ) ,  5 g yeast  extract  ( O x o i d ) ,  0 .35  g N a 2 H P O 4 ,  
0 .35  g K H 2 P O 4 ,  10 g glucose and 1 1 wa te r ,  pH  = 6 .4 - -6 .6  
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500 X g for 5 min. The suspension of disrupted cells was next centrifuged for 
15 min at 7800 X g. The resulting pellet was washed with potassium phosphate 
buffer. Phosphodiesterase activity assayed in these disrupted cell particles was 
called 'particle-bound' phosphodiesterase. From this material plasma mem- 
branes were purified according to the method of Brunette and Till [16] as 
modified by Siu et al. [17]. 

After centrifugation at 10 000 X g for 10 min, plasma membranes were 
found at the interface of the two-phase system formed by Dextran and poly- 
(ethylene glycol). New extractions were made until the pellet was negligible. 
The plasma membranes were then washed twice in potassium phosphate buffer. 
Each step of the preparation was controlled by electron microscopy. The pure 
plasma membranes obtained showed regular vesicular structures with rare dense 
material and no recognizable contaminant. 

4. Extraction o f  membrane-bound phosphodiesterase activity with NaCl or 
Triton X-1 O0 

Membranes were resuspended in potassium phosphate buffer supplemented 
with NaC1 or/and Triton X-100 at the desired concentrations (see text), incu- 
bated at room temperature for 30 min and then centrifuged at 20 000 X g for 
30 min. The supernatants were dialysed with three changes for 24 h at 4°C 
against 1000 volumes of potassium phosphate buffer. The crude preparations 
of extracellular or cytosolic phosphodiesterases were treated as above in con- 
trol experiments involving these activities. 

5. Preparations o f  extracellular and cytosolic phosphodiesterases 
The starvation medium of aggregation phase cells, pulsed with cyclic AMP as 

described in section 2, was used as a crude preparation of extracellular phos- 
phodiesterase. 

The cytosolic phosphodiesterase came from cells starved for 1.5 h without 
pulses. Such preparations gave maximal specific activities. The crude super- 
natant of the 7800 X g centrifugation (see section 3) was recentrifuged for 1 h 
at 20 000 X g and called cytosolic phosphodiesterase. 

6. Sample conservation 
Extracellular phosphodiesterase, cytosolic phosphodiesterase and membrane- 

bound phosphodiesterase extracts were sterilised by filtration through Millipore 
filters (0.45 pm) and kept at 4°C. When used for gel electrophoresis, samples 
were concentrated by freeze<lrying. 

7. Polyacrylamide gel electrophoresis 
Samples were adjusted to 0.8% Triton X-100 and allowed to equilibrate over- 

night. The migration was performed according to Davis [18] in a separating gel 
of 6% acrylamide containing 0.2% Triton X-100. After electrophoresis at 2 
mA/gel, tube gels were cut into 2-mm fractions. Phosphodiesterase was eluted 
from the slices by incubation in potassium phosphate buffer for 60 h at 4 ° C. 

8. Charge shift electrophoresis in agarose gels 
Comparison was made between the migration of samples in the presence of 
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0.8% Triton X-100 alone or in the presence of 0.8 Triton X-100 plus 0.4% 
deoxycholate as described by Helenius and Simons [19]. Electrophoresis was 
carried out on glass plates overlaid with 1% agarose [20] with a running buffer 
composed of 73 mM Tris-HC1, pH 8.7/25 mM sodium barbital/0.2 mM sodium 
azide and a detergent concentration 4-fold less than in the samples. Gels were 
run at 8 V/cm during 6 h, then cut in 2-mm fractions which were eluted for 
24 h at 4°C in 1 ml of potassium phosphate buffer. 

9. Treatment with proteolytic enzymes 
The conditions of gentle hydrolysis were essentially as described by Parish et 

al. [21]. Samples containing the desired concentrations of detergent(s) used for 
the charge shift electrophoresis were treated with 70 pg/ml papain, 1.5 mg/ml 
trypsin or 1.5 mg/ml pronase. After a 30 min incubation at 22°C, they were 
immediately electrophoresed in agarose gels as described above. 

10. Enzyme assays 
Cyclic AMP phosphodiesterase was assayed by the radioisotopic procedure 

of Brooker et al [22] modified by Malkinson and Ashworth [23]. The incuba- 
tion mixture contained 10 -4 M unlabeled cyclic AMP and 0.5 tzCi cyclic [3H]- 
AMP. 

N-Acetyl glucosaminidase, alkaline phosphatase and a-mannosidase activities 
were tested as described previously [24--26] by the colorimetric measure of 
the p-nitrophenol formed. 

For all these assays, 1 unit of activity represents the amount of enzyme 
hydrolysing 1 nmol substrate/min of incubation at 30°C. Protein determina: 
tions were performed as described by Lowry et al. [27] using bovine serum 
albumin as the standard. Specific activities are expressed as units/mg protein. 

Results 

1. Activity assayed in membrane preparation 
Comparison between particle-bound phosphodiesterase activity and phos- 

phodiesterase activity assayed on purified plasma-membranes showed that 86% 
was lost during the procedure. However, the purification of membranes allowed 
a 5--10-fold enrichment in specific activity. Identical results were found for 
alkaline phosphatase. Some N-acetyl glucosaminidase activity was found in the 
suspension of Dounce~lisrupted cells: 99% of it was lost during membrane 
purification. We noticed phosphodiesterase activity in the supernatants of 
membrane washings. It varied with the incubation time of membranes in the 
buffer, but never exceeded 10% of the activity measured in the membrane sus- 
pension. 

2.8olubilization of  membrane-bound phosphodiesterase with Triton X-I O0 
A maximum of 66% of the phosph0diesterase activity associated with the 

membranes could be solubilized by 0.2% Triton X-100. Treatment of the mem- 
branes with higher concentrations (up to 1%) of detergent, whether or not pre- 
ceded by a sonication of the preparation, did not liberate the remaining 34%. 
The unsolubilized membrane pellet, as seen by electron microscopy, contained 
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few or no vesicles. In contrast to the membrane-bound phosphodiesterase, 
N-acetyl glucosamidase and ~-mannosidase activities were entirely solubilized 
by 0.2% detergent. 

3. Differential extraction of membrane-bound phosphodiesterase activity 
The stepwise extraction of purified membranes is shown in Table I. Unlike 

membrane-bound phosphodiesterase or alkaline phosphatase, almost all the 
N-acetyl glucosaminidase activity is removed with 2 M NaC1 plus 0.05% Triton 
X-100. The total amount of membrane-bound phosphodiesterase solubilized 
(66%) is comparable to that obtained with a single treatment with 0.2% 
detergent. 

4. Electrophoretic mobility of the solubilized membrane-bound phosphodi- 
esterase activities 

The membrane-bound phosphodiesterase was solubilized by three successive 
extractions: 2 M NaC1, 0.05% Triton X-100 and 0.2% Triton X-100. The three 
resulting extracts were adjusted to 0.8% Triton X-100 and subjected to native 
polyacrylamide gel electrophoresis in order to compare the migration pattern 
of the solubilized phosphodiesterases. Two 'soluble' phosphodiesterases, the 
extracellular and cytosolic forms, were used as controls. 

Both 'soluble' activities migrated as a single peak identical in position (Fig. 
1A). The electrophoretic profiles of extracted plasma-membrane activities 
resolved into two peaks (Fig. 1B). The activity extracted by high salt strength 
(2 M NaC1) migrated principally as a peak at fraction 12, which corresponds 
approximately to the position of 'soluble' phosphodiesterase, and a minor peak 
at fraction 5. The relative size of these two peaks was altered as the concentra- 
tion of Triton X-100 was increased and the extract became enriched in the 
slow-moving form of phosphodiesterase (Fig. 1B). 

T A B L E  I 

D I S T R I B U T I O N  O F  S O M E  E N Z Y M E  A C T I V I T I E S  E X T R A C T E D  BY S U C C E S S I V E  T R E A T M E N T S  O F  
P U R I F I E D  P L A S M A  M E M B R A N E S  

The s a m p l e  o f  membranes  conta ined  i n i t i a l ly  4 m g / p r o t e i n  p e r  ml .  I n c u b a t i o n  was  done  as described in 
Mate r ia l s  a n d  M e t h o d s .  In  th i s  e x p e r i m e n t ,  1 0 0 %  o f  a c t i v i t y  corresponds  to  7 0  u n i t s  o f  phosphod i -  
esterase,  17  u n i t s  o f  a lka l ine  p h o s p h a t a s e ,  6 u n i t s  o f  N - a c e t y l  g l u c o s a m i n i d a s e / m g  prote in .  

A c t i v i t y  a s s a y e d  in: Percentage o f  act ivity 

Phospho-  A l k a l i n e  N - A c e t y l  
diesterase phosphatase  g l u c o s a m i d a s e  

P l a s m a  membranes  be fore  t reatment  1 0 0  

S u p e m a t a n t  o f  the treatment  b y  
2 M NaCI  m i x e d  w i t h  0 . 0 5 %  T r i t o n  21  

S u p e r n a t a n t  o f  the wash w i t h  
potass ium phosphate  b u f f e r  9 

Supernatant  o f  the treatment  by  0 .2% T r i t o n  3 6  

T o t a l  e x t r a c t e d  6 6  

I 0 0  1 0 0  

1 4  8 5  

7 1 

31 7 

52  9 3  
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Fig.  I .  P o l y a c l T l a m i d e  gel e l e c t ropho re s i s  of  c rude  ' so lub l e '  s amples  and  e x t r a c t e d  s u p e r n a t a n t s  of  pur i -  
f ied p l a s m a  m e m b r a n e s .  A. o, extraceMulaz ac t iv i ty  (PDE ex t ) ;  *, c y t o s o l i c  ac t i v i t y  (PDE cyt) .  B. Mem- 
b r a n e - b o u n d  phosphod les t e l ' a se  ac t iv i t i es :  the  pu r i f i ed  p l a s m a  m e m b r a n e s  were  s u b m i t t e d  t o  th ree  succes-  
slve e x t r a c t i o n s  b y  2 M NaCI 0 .05% Tr i t on ,  0 .2% Tr i t on ,  a n d  w a s h e d  twice  w i t h  p o t a s s i u m  p h o s p h a t e  
bu f f e r  b e t w e e n  these  t r e a t m e n t s .  The  supe rna tan t~  were  t r e a t e d  as desc r ibed  in  Mater ia ls  and  Methods .  
o, Ac t iv i t y  of  the  2 M NaCI e x t r a c t ;  o, a c t i v i t y  of  the  0 .05% Tr i t on  e x t r a c t l  o, a c t i v i t y  of  the  0 .2% Tr i t on  
ex t r ac t .  TD,  t r a c k i n g  dye .  

5. The hydrophobic nature of membrane-bound phosphodiesterase 
The method of  Helenius and Simons [19] takes advantage of the fact that 

amphiphilic-membrane proteins can bind large amounts of ionic detergents 
which in turn modify their net charge. 

These experiments were performed with a membrane-bound phosphodi- 
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Fig. 2. Agazose gel electrophoresis  of: A, Extracel lular  phosphodiesterase (PDE) activity.  *, migrat ion 
profile in Tr i ton Xol00~ o, migrat lon profile in deoxyehola te .  B, Membrane-bound phosphodiesterase 
(PDE) activity ext rac ted  by 0.2% Tri ton X-lO0 (after t r ea tment  with 0.05% Tri ton supplemented  w i t h  
2 M NaCI). *, migrat ion profile in Tri ton X-100; o, migrat ion profile in deoxychola te ;  e, migrat ion pro- 
file in deoxychola te  after  a partial  hydrolysis  of the sample by papaln. TD, tracking dye. 

esterase extracted by 0.2% Triton X-100 after a treatment of  the membranes 
with 2 M NaC1 supplemented with 0.05% Triton X-100.  The phosphodiesterase 
preparations were electrophoresed on an agarose support in the presence either 
of  the neutral detergent Triton X-100 or the anionic detergent, deoxycholate .  
Comparison of  the migration patterns presented in Fig. 2A showed that deoxy-  
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cholate did not affect the electrophoretic mobility of either of the 'soluble' 
phosphodiesterases. 

In contrast, membrane-bound phosphodiesterase showed a shift toward the 
anode when migrated in deoxycholate (Fig. 2B). This shift was consistently 
reproduced but the size of the displacement varied slightly from one membrane 
preparation to another. 

Since these experiments were performed with crude membrane extracts the 
migration pattern o f  the extracellular phosphodiesterase was examined in an 
environment similar to that of the membrane-bound phosphodiesterase. Addi- 
tion of a Triton extract from vegetative cell membranes, which contain very 
little membrane-bound phosphodiesterase, did not affect the electrophoretic 
mobility of the extracellular phosphodiesterase. 

6. Loss o f  the hydrophobic character o f  solubilized membrane-bound phospho- 
diesterase 

The samples of membrane-bound phosphodiesterase and of extracellular 
phosphodiesterase were gently treated by proteolytic enzymes. Treatment of the 
preparations by trypsin or pronase slightly increased phosphodiesterase activ- 
ity. On agarose gels, membrane-bound phosphodiesterase and extracellular 
phosphodiesterase activities resolved as one or several peaks the position of 
which varied from one experiment to another. 

The action of papain, did not affect the phosphodiesterase activity. The 
proteolytic enzyme has no noticeable effect on the electrophoretic mobility of 
the extracellular phosphodiesterase. In contrast, after a partial hydrolysis by 
papain, the membrane-bound phosphodiesterase adopted the same behaviour as 
the extracellular phosphodiesterase: no shift in the migration was observed 
when deoxycholate was added (Fig. 2B). Therefore, partial proteolysis of the 
membrane-bound phosphodiesterase sample by papain suppressed the hydro- 
phobic character observed without this treatment. 

Discussion 

The phase-partition method was reported by several investigators to provide 
a valuable tool for the purification of plasma membranes of D. discoideum [17, 
28]. Use of this technique on cells which had developed aggregative properties 
has demonstrated a copurification of phosphodiesterase activity with the mem- 
branes. Purified membranes were markedly enriched in enzymatic activity. The 
specific activity of the phosphodiesterase was increased by a factor of 5--10 
over the starting homogenate. This copurification of the phosphodiesterase 
with plasma membrane parallels strikingly that of alkaline phosphatase, which 
is considered a typical membrane enzyme [17,29--31]. In agreement with Ono 
et al. [28] we have detected, in purified plasma membranes, the presence of 
a-mannosidase and N-acetyl glucosaminidase which may indicate some disrup- 
tion of lysosomal vesicles [26,32]. 

The similar behaviour of membrane-bound phosphodiesterase and alkaline 
phosphatase is not only observed during the purification of membranes. Com- 
parable amounts are liberated during different procedures of extraction. In 
order to remove extrinsic proteins [33], the purified membranes were incu- 



580 

bated with 2 M NaCI supplemented with 0..0.5% Triton X.-100. This t reatment  
caused solubilization of  almost all of  the N-acetylglucosaminidase or a-manno- 
sidase activities. Only 20% of the~.membrane~bound phosphodiesterase or 
alkaline phosphatase activities were solubilized under these conditions, and a 
little more enzyme was liberated during the wash with potassium phosphate 
buffer  (Table I). A maximum amount  of  66% of the initial phosphodiesterase 
activity was extracted by 0.2% Triton with or wi thout  previous incubation with 
2 M NaC1. Higher doses of detergent as welt as sonication of  the preparation 
were unable to detach the remaining 34% of the phosphodiesterase activity. 
These data indicate that  both activities are more or less firmly associated with 
the membranes.  

Heterogeneity of  the phosphodiesterase was directly demonstrated by frac- 
tionating the solubilized proteins with native polyacrylamide gel electro- 
phoresis. In these crude extracts, the presence of  the enzyme in the gel can 
only be observed by  its activity. The membrane-bound phosphodiesterase activ- 
ity extracted by 2 M NaC1 showed a major peak with an electrophoretic mo- 
bility comparable to that  of  the crude extracellular phosphodiesterase sample. 
The enzyme extracted with 0.05% Triton resolved in two peaks. The slow- 
moving material was further enriched and largely prominent  when the enzyme 
solubilized with 0.2% Triton was run on the gel. This heavier form may be a 
distinct molecular species more firmly associated with the membrane. Alterna- 
tively, the high Triton concentrat ion might solubilize aggregates of  the same 
molecular enti ty or of  several different proteins. Partially interconvertible low 
and high molecular weight phosphodiesterase species were described pre- 
viously for the extracellular enzyme [34].  

The s tudy of  the hydrophobic  character by charge shift electrophoresis as 
described by  Helenius and Simons [ 19] was performed with a membrane-bound 
phosphodiesterase extracted by 0.2% Triton X-100 and the fractionation was 
achieved on agarose gels. It seems that the two forms observed on polyacryl- 
amide gels bear the same net  charge because only one peak of  activity is 
detected with agarose gels. The peak observed in the presence of Triton X-100 
is displaced towards the anode when deoxychola te  is added. According to the 
principle of  the method this shift is interpreted as the result of  detergent bind- 
ing on a hydrophobic  domain, a domain which does not  seem to be present on 
the 'soluble'  extracellular phosphodiesterase molecule (Fig. 2A). Compared 
with that  of  the T4 membranous complex of  D. discoideum (Bordier et al. 
[33])  the shift obtained here is small. 

The charge modification due to the binding of  the anionic detergent is only 
proport ional  to the amount  of  the hydrophobic  region accessible to deoxycho-  
late. The small binding can be due to the configuration of  the protein or to the 
procedure of  extraction. If solubilization has caused formation of  aggregates, 
hydrophobic  sequences could be at the inside of  the structure associated to 
other  hydrophobic  molecules and thus poorly accessible to the detergent. 

One can imagine that  the membrane-bound phosphodiesterase, similarly to 
cy tochrome bs [35] ,  bears a short hydrophobic  sequence permitting its 
anchorage into the membrane.  This configuration could be consistent with the 
preservation of  the phosphodiesterase activity and with the loss of  the hydro- 
phobic character following partial hydrolysis by papain, since the junction with 
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the hydrophobic sequence is preferentially the point of cleavage by proteolytic 
enzyme [36]. Loss of this hydrophobic sequence would minimize the binding 
of  deoxycholate, thus preventing an alteration of the net charge of the mole- 
cule in the presence of this detergent. Preliminary experiments support to some 
extent this hypothesis, since limited papain digestion of membranes results in 
the extraction of  some phosphodiesterase activity. 

One cannot exclude, however, that the membrane-bound phosphodiesterase 
is tightly associated with a hydrophobic molecule(s) which confers to the com- 
plex its hydrophobic character, as observed in the case of membrane-bound 
penicillinase [37]. Only studies with the purified enzyme could lead to an un- 
ambiguous answer. 
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