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Evidence is presented for the presence of both diethylstilbestrol (DES)-sensitive and DES-imensifive 
Mg2+ATPase activities in plasma ,nembrane enriched fractions of Dictyostdium ,da~:eide,am..When 
removed from the membrane, the DES-sensitive activity is markedly less stable than the DE~.~nsensitive 
activity, and the two activities display a number of quite distinct properties. The DES-sensitive ct~zyme has a 
decided preference for Mg z÷ over Ca z+, displays saturation kinetics in response to ATP as subslrate 
(K,  = 0,2 mlVl) m l  has a narrow pH optimum range, in contrast, the DES-iasensitive activity is stimulated 
equally by Mg 2÷ or Ca z÷, is net saturable by ATP within the mM eoaeentrafion range m l  has a much 
broader pH optimum. The DES-insensitive activity has been purified extensivdy. The purified enzyme is 
inhibited ~ vanadate and fluoride, but is insensitive to N,N'.dicyclohexylcarbodiimide (DCCD), N-ethyl- 
malelmlde and thlmemsal. In the absence of divalent cations, the enzyme displays a signmldal activity curve 
in resporse to substrate concentration, which is abolished by addition of either Mg 2+ or Ca 2+, suggesting a 
binding !~ite for a divalent cation tad a positive cooperative interaction. The en~me is capable of 
hydrolyzing other nudeotide triphos/~uttes and ADP, but is without activity on AMP, p - n i ~ y l  
phosphate and pyrophosphate. The en~me has an apparent molecular weight of aplwoximately 64000. 

Ina'oduefion 

There have been several reports describing the 
existence of plasma membrane ATPases in Dic. 
tyostelium discoideurn, Initially, Parish and Weibel 
showed the presence of art ectopic ATPase activity 
that hydrolyzed extracellular ATP to ADP and Pi 
[1] and Blanco provided evidence for a Na+/K +- 

Abbreviations: DES, diethyl~itbestrol; DCCD, N,N'.di. 
~elohexy!czrb,#.iir~id~'" pNPP, p-nitrophenyl phosphate: 
PMSF. pnenylmethylsulfonyl fluoride. 

Correspondence: G. Weeks, Department of Microbiology, 
University of British Columbia, 300-6174 University Boule- 
vard, Vancouver, BC, Canada, V6T 1WS. 

stimulated, azide-sensitive activity [2]. Somewhat 
later, we characterized Mg2+-stimulated ATPase 
activity in plasma membrane enriched fractions, 
that was partially inhibited by vanadate, diethyl- 
stilbestrol (DES), N,N'-dieyclohexylcarbodiimide 
(DCCD) and thimerosal but was insensitive to the 
mitochondrial ATPase inhibitors azide and 
oligomycin [3]. Pogge-von Strandmann et al. [4] 
and Serrano et al. [5] subsequently presented simi- 
lar evidence for a plasma membrane ATPase ac- 
tivity that was sensitive to vanadate and DES. 
Moreover, DES-sensitive proton translocation was 
observed when lysophosphatidylcholine-solubi- 
lized ATPase was reconstituted into phosphati- 
dylcholine vesicles [4]. 

In this paper, we extend our studies on the 
plasma membrane ATPases of D. discoideum. E~/t- 
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(.e-~ce is provided for the existence of distinct 
DES-sensitive and DES-insensitive ATPases in 
pI~sma membrane enriched fractions, and the 
DES-insensitive activity has been purified exten- 
sively. This enzyme has the characteristics of a 
low-affinity Mg 2+- or Ca2+-ATPase. While this 
work was in progress, reports were published char. 
acterizing an ATPase activity with the properties 
of a high-affinity calcium pump [6,7] properties 
quite distinct from those of the enzyme described 
here. 

Materials and Methods 

Materials 
Bacteriological peptone and yeast extract were 

from Oxoid. Acrylamide, bis-acrylamide, am- 
moniu,'a persuifate, glycine, TEMED and the si|ver 
staining kit were from Bio-Rad. Sephacryl S-300 
and DEAE.Sephacel were purchased as pre-swoI- 
len beads from Pharmacia and lysophosphati- 
dylcholine and Z-14 were from Calbiochem. All 
other che~eals were of reagent grade from Fisher 
Scientific or Sigma Chemical Co. 

Organism and culture conditions 
D. discoideum, strain Ax-2, was grown in HL-5 

media [81 at 22°C on a gyratory shaker, to a 
density of 5.106-1 • 107 cells/ml. The ceils were 
harvested by centrifugation at 700 × g and washed 
twice with Bonnets salts [9]. Cells at various stages 
of differentiation were obtained by plating cells 
on non nutrient agar as previously described [3]. 

Plasma membrane preparation and soIubilization 
Plasma membrane enriched fractions were pre- 

pared as previously described [3] with the excep. 
tion all buffers contained 1 mM p.aminoben- 
zamidine and 0.1 mM phenylmethylsulfonyl fluo- 
ride (PMSF) and were freshly prepared ira. 
mediately before use. Unless indicated otherwise 
in the figure legends, solubilized extracts were 
prepared by resuspending the membrane prepara. 
tion at a protein concentration of i.5-2.0 mg/ml 
in 10 mM Tris-HCl (pH 7.5), 20~o (v/v) glycerol, 
1 mM p-aminobenzamidine and 0.1 mM PMSF. 
Detergent was added from a 10~, (w/v) stock 
solution to give the desired final concentration 

and 'he suspension was stirred on ice for 15 rnin. 
The suspension was centrifuged at 100000 x g for 
30 min and the supernatznt containing the solubi. 
lized ATPase fraction was removed. The remain- 
ing pellet was resuspended in 10 mM Tris.HCI 
(pH 7.5), 20~ (v/v) glycerol, 1 mini p-an~noben- 
zamidine and 0.1 mM PMSF to a v ~lume ~xlual to 
that of the original suspension. 

Purification of A TPase activity 
All buffers contained 1 mM p-aminob,mzami- 

dine and 0.1 mM PMSF. 
(i) Sephacryl S-300 gd filtration. Sephacryl S-300 

was packed into a 3 x 80 cm column and equi- 
librated with 25 mM Tris-HCI (pH 7.5), 0.5% 
CHAPS, 0.3 M NaCi. No more than 4 ml of a 1% 
C12E9 solubilized membrane preparation (16-20 
mg protein) was applied to the column and eluted 
with the equilibration buffer. Fractions expressing 
enzyme activity were pooled and dialyzed for 12 h 
against at least 100 volumes of 10 mM Tris-HCl 
(pH 7.5) containing 107o (v/v) glycerol and 0.1~ 
CHAPS. The buffer was changed once during the 
dialysis procedure. 

(ii) Ion-exchange chromatography on DEAE. 
Sephacel. Approximately 5 ml of DEAE-Sephacel 
was poured into a 1 x 10 cm column and equi- 
librated with 100 ml of 10 mM Tris-HCl (pH 7.5), 
0.5~ CHAPS. Enzyme preparations were loaded 
onto the column and the unbound protein was 
removed by washing with 75 ml of equilibration 
buffer. Bound protein was duted by successively 
washing the column with four to six column 
volumes of 0.1, 0.3 and 0.5 M NaC1 in equilibra- 
tion buffer. Fractions containing ATPase were 
pooled and dialyzed against 100 volumes of Tris- 
HCI (pH 7.5) containing 10% (v/v) glycerol and 
0.1~ CHAPS. 

(iii) Glycerol gradient centnfugation. Approxi- 
mately 0.5 ml of the ATPase preparation was 
layered onto each of six 9 ml linear glycerol gradi- 
ents (15 to 35~ (v/v) glycerol, 0.25% (w/v) 
CHAPS in mM Tris-HCl (pH 7.5)) and centri- 
fuged at 120000 × g for 24 to 36 h in a Beckman 
SW41 rotor. The tubes were then punctured at the 
bottom and 20 drop fractions were collected. Fol- 
lowing the removal of glycerol by overnight dialy- 
sis against 10 mM Tris-HC1 (pH 7.5), fractions 
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were assayed for ATPase activity and protein as 
described below. 

Enzyme assays and protein determination 
The ATPase activity was assayed at 30 °C by 

the release of inorganic phosphate. Unless indi- 
cated otherwise in the figure legends, the reaction 
mixtures contained 3 ram ATP, 10 ram MgCI 2, 
10 mM Mes-Tris (pH 6.8) and enzyme protein in a 
final volume of 1.0 nd. After a 10 rain pre-incuba- 
tion reactions were initiated by the addition of 
ATP and were terminated after 15 rain, unless 
otherwise indicated, by the addition of 0.1 ml 1070 
(w/v) trichloroacetic acid and 170 (w/v) SDS. 
Inorganic phosphate was measured by a slight 
modification of the method of Ames [10]. Aliquots 
of the terminated reactions (0.1 ml) were added to 
0.2 ml 170 (w/v) SDS and 0.7 ml ammonium 
molybdate reagent (six parts of 0.4270 (w/v) am- 
monium molybdate, 0.5~ (w/v) SDS, in 0.5 M 
I'i2SO 4 to one part 1% (w/v) SDS, 1% (w/v) 
ascorbic acid). Solutions were incubated at 45 °C 
for 15 min and the absorbance was read at 660 
nm. The rate of reaction was constant throughout 
the incubation period. 

Protein was determined throughout by a mod- 
ified Folin procedure [11], except that column and 
gradient fractions were monitored by absorbance 
at 280 nm. 

Polyacrylamide gel eleetrophoresis 
Sodium dodecylsulfate polyacrylarnide gel elec- 

trophoresis was performed by the procedure of 
Laemmli [12]. The separation gel contained 7% 
acrylamide, 0.1% SDS in 0.15 M Tris-HC1 (pH 
8.8) and the stacking gel contained 1% acrylamide, 
0.1% SDS in 0.083 M Tris-HC1 (pH 6.8). The 
running buffer consisted of 0.2 M glycine, 0.083 
M Tris in Tris.base and 0.1% SDS and the sample 
buffer contained 2~ (v/v) glycerol, 0.083 M Tris- 
HCI (pH 6.8) and 2t$ (w/v) SDS. The gels were 
subjected to 5 mA for 1 h and then 30 mA until 
the Bromophenol blue tracking dye had reached 
the bottom of the gel. The gels were fixed over- 
night in methanol/glacial acetic acid/deionized 
water (0.8: 0.2:1.0, v/v/~,) ~ d  then silver :t.~i~e.,:l 
as d~cfibed by the Bio-Rad technical bulletin, 
except that the oxidizing step was replaced by 
treatanent with 3 mg/ml dithiothreitol as de- 
scribed by Morrissey [13]. 

Results 

Identification of separate DES,sensitive and DES- 
insensitive A TPases 

In an earlier paper, we reported the existence of 
a Mg2÷-stimulated, DES-sensitive ATPase activity 
that was present in pIasma membrane enriched 
fractions [3]. When these fractions were detergent 
solubilized, the extracted activity was less sensitive 
to DES and the results of a systematic analysis of 
the effects of detergent are shown in Fig. 1. 

C12E 9 extraction had essentially no effect on 
the DES-insensitive activity and only a slightly 
inhibitory effect on the DES-sensitive activity (Fig. 
1C). The results for CHAPS, oct)l glucoside, Tri- 
ton X-100 and deoxycholate were similar except 
that the deleterious effects on the DES-sensitive 
activity were slightly more pronounced (data not 
shown). Lysophosphatidylchofine also had a 
slightly inhibitory effect on the DES-sensitive ac- 
tivity, but a marked stimulatory effect on the 
DES-insensitive activity (Fig. IA). In contrast Z-14 
had no effect on the DES-iasensi6ve activity, but 
abolished the DES.sensitive activity (Fig. 1B). 
These results suggested that there were two dis- 
tinct ATPase activities, one sensitive to DES and 
one insensitive to DES. 

Properties of the membrane.bound DES.sensitive 
and DES.insensitive A TPase activities 

In order to confirm that there were two distinct 
ATPase enzymes, the properties of the two activi- 
ties in the original membrane preparations were 
examined. 

The DES-sensitive ATPase was stimulated to a 
much larger extent by Mg 2+ as compared to Ca 2÷, 
whereas the DES-insensitive activity was stimu- 
lated equally well by both cations (Fig. 2), further 
suggesting the existence of two distinct enzymes. 
Both activities required mM concentrations of the 
divalent cations to produce maximum activity. 

The response of enzyme activity to substrate 
concentration was also consistent with the hy- 
pothesis that there were two ATPases. In the 
presence of Mg 2+ the DES-sensitive activity 
increased with ATP concentration, reaching 
saturation between 0.6 and 1.0 mM (Fig. 3A). 
When Mg 2+ was replaced by Ca 2. the response to 
ATP concentration was similar, although the ac- 
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Fig. l. Inactivation of the DES.sensitive ATPase upon treatment whh various d~tergants: ]ysophosphatldylcho~ne (A): Z.14 (It); and 
C12E 9 (C). Plasma membrane~ were treated with the indicated concentrations of detergent as described in Materials and Methods 
and the ATPase activities of 0.05 ml aliquots were dete:ndned in the presence and absen~ of 0.2 mM DES. The DES.insensitive 
activity (I) was p~ovided by the former value, w[~le the DES-sensitive activity (A) was calculated as the difference bvtwcen the 
activities obtained in the presen~ and absence of DES. The effects observed were obtained in three ind~endent experiments. 
However, since the ATPase activit~ of pl~ma merabranc fractions varied slightly from preparation to preparation, the data shown 

are from a single experiment. 
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Fig. 2. Effect of Ca 2÷ and Mg 2÷ on the membrane bound DES-sensitive and DES-insensitive ATPase activity. Plasma membranes 
(0.1 mS protein) w~e incubated in the presence and absence of 0.2 mM DES in a mixture contai~ing 3 ~nivi Na2ATP and the 
indicated concentrations of MgCI 2 (A) or CaC12 (B) in 10 mM Mes-Tris (pH 6.8). DES-~i,zi~;,-,~ ~g') ~,d DF~S-h~sens~ti~c (D) 

ATPas¢ activities were deteff~ined as described in Fig. 1. The data points are from a single experiment (see legend to Fig. 1). 
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Fig. 3. Effect of ATP concentration on the membrane bound DES.sensitive and DFS-iasensidve ATPase activity in the presence of 
M82+ or Ca 2+. The reaction mixtures contained, in addition to the indicated concentrations of ATP, 10 mM MgC[ 2 (A) ot CaCI 2 
(B) in 10 mM Mes-Tris (pH 6.8) and 0.1 m$ of plasma membrane protein in the presence or absence of 0.2 mM DES. DES-sensitive 
(e) and DES-insensitive (o) activity was determined as described in Fig. 1. The data points are from a single experiment (see legend 

to Fig. 1). 

tivity was considerably lower (Fig. 3B). Double-re- 
ciprocal plots of these data revealed that the K,~ 
values were approximately the same (0.2 mM), 
regardless as to which cation was present. In con. 
trast, the DES-insensitive ATPase was not 
saturated by substrate at concentrations up to I 
mM, and activities were similar with either Mg 2+ 
or Ca 2+ (Fig. 3). Double-reciprocal plots of these 
data were non-linear. 

Finally, the DES.sensitive ATPase exhibited a 
bell-shaped pH curve with an optimum pH of 
7.0-7.5, while the DES-insensitive enzyme dis. 
played a much broader pH curve with an opti- 
mum of between pH 6.5 and 7.0 (Fig. 4). 

Purification of the DES.insensitive ATPase 
CI2E 9 was the detergent of choice for the initial 

purification experiments since it had the least 
deleterious effect on the DES-sensitive activity 
(Fig. 1C). Subsequently it was found that the use 
of CHAPS in all the column and gradient buffers 

improved the purification. When Ct2E 9 extracts of 
plasma membrane enriched preparations were 
fractionated on a CHAPS-equilibrated Sephacryl 
S-300 column most of the ATPase activity was 
well separated from the major protein pe~dc (Fig. 
5). All the eluted ATPase, including the small 
amount of activity that co-chromatographed with 
the major main protein peak, was insensitive to 
DES, indicating a complete loss of the DES-senst- 
tive ATPase during the fractionation. The sub- 
stitution of CnE9 or other detergents during the 
purification procedure failed to prev~t the com- 
plete loss of the DES-sensitive activity and resulted 
in a less purified product (data not shown). 

The fractions from the main peak of ATPase 
activity were pooled, dialyzed and applied to a 
DEAE-Sephacel column. A major peak of ATPase 
activity was eluted with 0.3 M NaCI (Fig. 6). 
SDS-polyacrylamide gel electrophoresis of the 
purified ATPase reve~ed ~ single major protein 
band of appi'o~Jiiately 64C~0 ?d r (Fig. 7). Table ! 
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Fig. 4. Effect of pH on the membrane bound DES-sensitive 
and DES-insensitive ATPas¢ acti',dties. The reaction mixtures 
contained 2 mM ATE 10 mM MgC| 2 and 10 mM Mes-Tris at 
the indicated pH values. DES-sensitive (I) and DES.insensi- 
tive (5) activities were determined as described in Fig. 1. The 
data po:.nts are from a single experiment (see legend to Fig. 1). 

shows the yield ~)d et:richment art',fined during 
this purification procedure. 

The ATPase was also purified by an alternative 
method involving an initial [ractionation of 
solubilized plasma membranes by DEAE-Sephacd 
chromatography followed by  centrifugation 

through a linear 15-35~ glycerol gradient of the 

activity that eh t ed  at 0.3 M NaC1. '('he peak 

ATPase fractions from the glycerol gradient con- 

rained the same 64000 M, band (Fig. 7) although 

the yield of ATPase activity was lower than that 
obtained using the method summarized in Table I. 
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Fig. 5. Gel filtration of solubilized plasma membranes. Plasma 
membrane enriched fractions(4 mg/ml) were solubilized with 
l~ CI2Eg alld 4. m[ (16 mg protein) of the 100000X g super- 
natant was applied to a Sepliacryl S-300 column (3 x 80 cm) 
which had been equilibrated in 25 mM Tris-HCi (pH 7.5) 
containing 0.5% CHAPS, 0,3 M NaCI, 1 mM p.aminoben- 
zamidine and 0.1 mM PMSE Fractions of 2,5 ml were col. 
letted and protein (O) was monitored by absorbance at 280 
nm. ATPase activity (o) was determined for a 0.1 rnl sample of 
each fraction as described under Materials and Methods, ex- 
cept that a 1 h incubation time was used. Activity ~,s expressed 
as absorbance at 660 nm. The arrow ind:.cates the fraction at 
which a peak of Blue dextran ehted and is a measure of the 

void volume of the colum,:. 

Properties o/the purified DES.insensitive A TPase 
Purified ATPase activity was stimulated by a 

wide variety of divalent cations (Table II), includ- 
ing MS 2+ and Ca 2+. Comparatively high con- 

centrations (mM) of the divalent cations were 

required to elicit the. stimulatory response. A de- 
tailed analysis of the effects of  Mg 2+ and Ca 2+ on 

the purified enzyme revealed results that were very 
similar to those previously described (Fig. 2) for 
the membrane bound DES-insensitive enzyme 

TABLE ! 

PURIFICATION OF THE DES-INSENSITIVE PLASMA MEMBRANE ATPase 

Fraction Protein Total activity Recovery 
(rag) (nmol Pi/rain) (%) 

Specific activity 
(nmol Pi/min per ms) 

Plasma membranes 22.0 680.0 100 31.0 
CnE 9 extract 16.0 690.0 101 46.1 
Sepha~i S-300 fraction 0.83 290.0 43 343.6 
DEAE-Sephacei fraction 0.11 56.7 8.3 515.2 
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Fig. 6. DEAE.Sephacel chromatography. The dialyzed, pooied 
ATPasc fractions from the Sephacryl S-300 column (0.8 mg 
protein) were applied to a I x 10 cm DEAE-Sephacel column 
which had been equilibrated as described under Materials and 
Methods. Unbound protein was rcmovod by washing the col- 
umn with 75 ml of equilibration buffer. Bound protein was 
eluted by successive applications of 5 column volumes of 0.1 M 
NaCI and 0,3 M NaC1 in equilibration buffer. Protein was 
monitored by absorbance at 280 rim, (e) and ATPase activity 
(O) was determined as described under Materials and Meth- 
ods, except that 0.1 ml aliquots of the fractions were assayed 
and incubations were for 2 h. Enzyme activity is expressed as 

absorb~nce at 660 nm. 

(data not shown). Curiously, Mg 2+ and Ca 2+ 
inhibited enzyme activity when added together; 
concentrations of as low as 0.1 mM Ca 2+ pro- 
duced a slight inhibitory effect in the presence of 5 
mM Mg z+ (Fig. 8). Neither the basal activity nor 
the divalent cation stimulated activity was 
inhibited by the inclusion of monovalent cations 
(data not shown). 

The purified ATPase displayed a sigmoidal ac- 
tivity curve with increasing ATP concentration in 
the absence of added divalent cation (Fig. 9). 
Addition of 1.0 or 10.0 mM Mg 2+ produced a 
positive ailosteric effect abolishing the sigmoidal 
nature of the curve and resulting in an apparent 
increase in the affinity of the enzyme for ATP. 
However, a further increase in the cation con- 
centration to 100 mM had no additional effect on 
ATP affinity and the reaction velocity was 
decreased (Fig. 9). Ca 2+ had an almost identical 
effect to that of Mg 2+ (data not shown) ATP was 
the most activdy hydrolyzed substrate, although 
all the nucleoside triphosphates and ADP were 
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Fig. 7. SDS-polyacrylamide gel electrophoresis of ATPase con- 
taining fractions. Solubilized plasma membranes (Lane A, 20 
ts.g protein), matedal eluted from Sepha~l 5-300 (lane 13, I0 
/tg protein), material from subsequent DEAE-Sephacel chro- 
matography (Lane C, 2.5 ttg protein), material obtained by 
direct DEAE-Scphacel chromatography of plasma m~:.tb~~¢ 
extracts (Lane D, 10 ~g protein) and material from glycerol 
gradient (Lane E, 3/~g protein) were subjected to SDS-poly- 
acrylamide gel e]ectrophoresis as described under Materials 
and Methods. Proteins were visualized using the silver staining 
procedure described under Materials and Methods, Molecular 
mass markers were myosin (207 kDa). /~-galactosldas¢ (i16 
kDa). phosphorylase b (97 kDa). bovine serum albumin (66 

kDa) and egg albumin (45 kDa). 

TABLE !I 

EFFECT OF VARIOUS CATIONS ON PURIFIED ATPase 
ACTIVITY 

Addition a Acli*,'i:y b Relative 
(nmol Pi/mln)  activity e 

($) 

None 1.1 + 0.0 17.7 
Mg 2÷ 6.2+0.1 100.0 
Ca 2 ~" 6.7 4- 0.1 108.8 
Ba 2+ 3.1 +0.1 50.0 
Zn 2÷ 11.5:1:0.1 186,3 
Mn 2 + 9.2 + 0.1 148.6 
Cu 2+ 12.1 +0.6 195.7 

a In all cases the cation concentrations were 10 raM. 
b The data rep~zzen: :he m~':s ± S.D. of th::: °~:ratc experi- 

ments. 
c The activity in the presence of Mg 2÷ was taken as 100~ 

activity, 
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Fig. 8. Inhibition of purified ATPase activity by Ca 2+. Purified 
ATPase activity was assayed in the presence of 5 mM MgCI2 
and the indicated concentrations of CaCI:, as descn.'bed under 

Materials and Methods. 

hydrolyzed to a significant extent (Table III). 
AMP, pyrophosphate and pNPP were not utilized 
(Table III), 

TABLE III 

SUBSTRATE SPECIFICITY OF THE PURIFIED ATPase 

Substrate" % Activity 

ATP 100 
GTP 33.7 4- 3.4 
CTP 57.7 4- 2.6 
UTP 26.7 ± 8.3 
ADP 24.54-5.5 
AMP 0.0 
pNPP 0.0 
Pyrophospi,ate 0,0 

The final substrate concentrations were 4 mM for the 
nucleotides and i mM for pNPP and pyrophosphate. The 
data are the means+ S.D. of three separate experiments. 

Otdy marginal inhibition was obtained with 
thir~erosal but the A'i Pase e.'dfibited pronounced 
sensitivity to vanadate and NaF (Fig. 10). The 
enzyme was insensitive to N.ethylmaleimide. 

In addition to its insensitivity to DES, the 
enzyme was also insensitive to DCCD (Fig. 10). IO0. 

6O 

i~ o-1" i 
O-2 ,:'~ 40' 

2O 

2,0 4.0 6.0 8,0 lO.O ~ 6 5 i - -3 

ATP (m.) 

F;~. 9. E i '~  u; ATP ~a~m,.ilon on the activity of the 
purified ATPase. AYPas¢ activity was determined at each of 
the indicated ATP concentrations in the absence of MgCl 2 (~) 
or in the presence of] mM MgCI 2 (A), 10 raM MgCl 2 02) or 

100 mM MgCI2 (at). 

Inhibitor (,-log M) 

Fig. lO. Effect of various inhibitors on p.rified ATPase activ- 
ity. Purified ATPase was assayed as described in Materials and 
Methods. with the indicated concentratio, s of vanadat¢ (@). 
thimerosal (o). DCCD (e) and NaF (O). The data represent 

the means :i: S.D. for three separate experiments. 
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Discussion 

In an earlier publication we described the ex- 
istence of a Mg2+-stimulated, DES- and 
vanadate.sensitive, ATPase activity in plasma 
membrane enriched fractions from D. discoideum 
[3]. The results of the present study indicate that 
these fractions contain both DES-sensitive and 
DES-insensitive activities, that differ with regard 
to pH optimum, divalent cation stimulation and 
substrate kinetics. The DES.sensitive ATPase was 
partially inactivated when removed from its native 
membrane-bound state by detergent treatment and 
the solubilized activity could not be fractionated 
without complete loss of enzyme activity. 

Our results indicate that the DES-sensitive 
ATPase is always the activity that is preferentially 
lost and the possibility that the insensitive activity 
results from proteolytic cleavage of the sensitive 
activity must be considered. However, the fact 
that DES sensitivity, substrate kinetics, pH op- 
tima and divalent cation requirements are all so 
different makes it unlikely that the one activity is 
merely a proteolytic cleavage product of the other. 
Furthermore, in many experiments where the 
DES-sensitive activity decreased there was no con- 
comitant increase in the DES.insensitive activity 
(e.g. Fig. 1B). Finally, the fact that all buffers 
contained proteinase inhibitors and were freshly 
prepared also makes proteolysis an unlikely possi- 
bility, The total loss of the DES-sensitive activity 
upon column chromatography is difficult to un- 
derstand, in view of the fact that the activity was 
not m~kedly unstable following Ct2E9 or CHAPS 
detergent extraction (Fig. 1). 

The DES-sensitive ATPase described in this 
report is probably identical to the DES-sensitive 
activity described by other workers [4,5] and is 
probably analogous to the well characterized pro- 
ton pump Mg2+-ATPase of yeast and other fungi 
[14-18], although these latter enzymes are consid- 
erably more stable. There has been no previous 
study of the DES-insensitive, Mg z÷. or Ca 2+. 
ATPase that we have identified, although the 
low-affinity Ca2+-ATPase mentioned by Bohme et 
al. [6] may be the same enzyme. The DES-insensi- 
tive activity proved to be stable to detergent and 
was purified extensively. Preparations obtained by 
two different procedures were shown to contain a 

major constituent of M r 64 000, when fractionated 
by SDS-PAGE. In addition, active enzyme sexli- 
mented in a glycerol gradient with an estimated 
molecular mass of between 65 and 77 kDa (data 
not shown). The purified activity was markedly 
inhibited by vanadate and NaF, slightly inhibited 
by thimerosal and was insensitive to DCCD and 
N-ethylmaleimide. 

The kinetic properties of the purified protein 
are noteworthy. When ATPas¢ activity was mea- 
sured as a function of the ATP concentration in 
the absence of a divalent cation a sigmoidal curve 
was obtained (Fig. 8). Addition of 1 or 10 mM 
Mg 2+ or Ca 2+ served to increase the affinity of 
the enzyme for substrate indicating a positive al- 
lostefic effect. From these data it is possible to 
postulate the presence of at least one distinct 
divalent cation binding site at which binding of 
Mg 2+ or Ca 2+ serves to activate the enzyme by 
increasing its affinity for substrate. The reduction 
in velocity observed with 100 mM divalent cation 
may indicate an additional lower-affinity binding 
site, occupancy of which irdfibits rather than 
activates the enzyme, although the inhibitory con- 
centration is well beyond the physiological range. 
The inhibition of enzyme activity is not simply a 
non-specific high ionic strength effect because en- 
zyme activity was unaffected by high concentra- 
tions of NaCI or KCI. Interestingly, however, con- 
siderable inhibition occurred when both Mg z+ 
and Ca 2+ were present together at concentrations 
that were stimulatory when each was present alone 
(Fig. 8). The underlying reasons for this inhibitory 
phenomenon are not known. 

The purified ATPase does not display any of 
the properties of a high-affinity Ca 2+ pump. En- 
zyme activity was not stimulated by low con- 
centrations of Ca 2+ (0.01-10/~M). In addition the 
molecular weight of the enzyme is considerably 
lower than those previously obtained for plasma 
membrane Ca 2~ pumps [19-22]. It is therefore 
highly unlikely that the ATPase purified in this 
study is the same as the recently reported high-af- 
finity Ca ~-+ pump [6,7]. However, in addition to 
the high.affinity Ca2+.ATPase, Bohme and co- 
workers [6] did indicate the existence of an ad- 
ditional low-affinity Ca:+-ATPa.~e, which may be 
identical to the purified DES-insensitive enzyme 
described here. 
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DCCD inhibition has been suggested as a gen- 
eral probe for proton translocating ATPases [23], 
and the absence of inhibition of the Mg 2+- or 

Ca2+-ATPase by DCCD would suggest that the 

enzyme is not involved in this function. Further- 
more, the lack of sensitivity to N-ethylmaleimide 
would indicate that the enzyme is not a vacuolar 
type ATPase [24]. 

The purified ATPase displays many of the 
characteristics of the non-specific, low-affinity 
Ca 2+- or Mg2+-ATPases that have been identified 
in the plasma membranes of a variety of mam- 
malian cells [25-33]. These properties include 
equal stimulation by Ca 2+ and Mg 2., tolerance to 
other divalent cations and relatively low substrate 
specificity. The physiological function of these 
enzymes are not kmown although several of them 
have been shown to be ecto-ATPases [31-33] and 
as such may be involved in nucleotide triphos- 
phate degradation ~.s an initial step in nucleoside 
formation. Whether the Dictyostelium enzyme is 

an otto-enzyme will require further study, but it is 

noteworthy that the existence of an ecto-ATPase 
has been reported previously [1] and it is possible 

that the two enzymes are identical. 
There have now been described several mem- 

brane bound ATPases in D. discoideum and more 

detailed comparisons of the various activities will 
be necessary for a clear picture to emerge. The 
delineation of distinc' DES-sensitive and DES-in- 

sensitive activities in plasma membrane enriched 
fractions is an initial step along the path to a 
comprehensive understanding. 
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