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Abstract-Binding experiments with [‘Hlouabain were performed to investigate the presence of 
(Na++K+)-ATPase (EC 3.6.1.3) isoforms in adult male Schistosoma mansoni, the trematode responsible 
for human schistosomiasis. Non-linear regression analysis of equilibrium experiments performed with 
homogenates in a MePi medium indicated the presence of about 10% (B,, = 223 -+ 67 fmol/mg 
protein) high-affinity sites (& = 0.285 + 0.045 PM) and 90% (B,,, = 2117 * 348 fmol/mg protein) sites 
with a 20-fold lower affinity (K, = 4.9 + 1.28 ,uM). This was confirmed by the bi-exponential decay of 
[3H]ouabain dissociation. Furthermore, determination of association and dissociation rate constants 
indicated that the two classes of binding sites differed by their dissociation rate constants for ouabain 
(k-, = 0.0185 + 0.0019 min-’ and 0.0997 f 0.0528 min-’ for high- and low-affinity sites, respectively). 
Surprisingly, the association rate constant measured for ouabain binding to S. mansoni homogenate 
(0.038 PM-’ . min-‘) was lower (25- to 80-fold) than the one usually observed for mammalian enzymes. 
This is the first direct evidence for the existence of (Na++K+)-ATPase isoforms in platyhelminths, 
invertebrates of great importance from the phylogenetic point of view. 
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(Na++K+)-ATPase (EC 3.6.1.3), the enzyme 
responsible for active transport of Na+ and K+, is 
found in the plasma membrane of virtually all animal 
cells [l]. The first direct demonstration of the 
existence of R-subunit isoforms of this enzyme came 
independently from SDS-PAGEt studies of rat 
brain [2] and brine shrimp nauplii [3]. Molecular 
cloning and sequencing of cDNA revealed the 
existence of three major a-subunit isoforms in the 
rats [4-6]. Detection of a set of related a-subunit 
isoforms was reported in humans at about the same 
time [7-91. Using site-directed polyclonal antibodies 
generated against oligopeptides derived from rat a- 
isoforms, Pressley [lo] recently suggested that at 
least three cu-isoforms are present in all mammals, 
including both placental and marsupial mammalian 
species. Studies with birds (chicken [ll]) and teleost 
fishes (catfish [lo]) suggested that the presence of 
multiple c-isoforms extends to all vertebrate classes 
[lo]. On the other hand, the possibility that isoforms 
occur in invertebrates has been insufficiently explored 
[lo]: with the classical exception of brine shrimp (a 
crustacean) [3], no heterogeneity of (Na++K+)- 
ATPase has been reported until now [lo]. Studying 
the biochemical properties of (Na+ +K+)-ATPase 
from Schistosoma mansoni, the trematode respon- 

* Corresponding author. Tel. 021-2708588 (r. 24); FAX 
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t Abbreviations: POPOP, 1,4-bis[2-(5-phenyloxazolyl)]- 
benzene; PPO, 2,5-diphenyloxazole; and SDS-PAGE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 

sible for human schistosomiasis, we reported earlier 
that preparations from the tegument showeddifferent 
ouabain sensitivies than preparations from the rest 
of the body [12]. Because a direct correlation 
between ouabain affinity and isozyme type has been 
found within a given species [2], these results 
suggested the existence of (Na++K+)-ATPase 
isoforms in S. mansoni. 

The objective of the present work was to 
investigate the presence of isoforms of the 
(Na++K+)-ATPase in homogenate of adult male S. 
mansoni, using a [3H]ouabain binding assay, as this 
has proved to be very efficient in our characterization 
of rat heart isoforms [13-151. 

The results indicated the existence of two classes 
of independent ouabain binding sites in S. mansoni 
and provided the first direct evidence for the existence 
of (Na++K+)-ATPase isoforms in platyhelminths, a 
fact which is of great interest from the phylogenetic 
point of view [16]. 

MATERIALSANDMETHODS 

Infection of mice and harvesting of adult male S. 
mansoni. Male adult worms were obtained from 
mice infected with male cercariae of S. mansoni (BH 
strain), as previously described [ 171. 

Preparation of homogenate. About 1500 worms 
were homogenized in a Dounce homogenizer at 4” 
in 0.25 M sucrose buffered to pH 7.4 with 
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Fig. 1. Time-course of ouabain binding to S. mansoni 
homogenate. Homogenate (300 pg proteG) was incubated 
at 37” in the uresence of 3 mM MIX%. 3 mM P:-Tris. 1 mM 
EGTA, 20&M maleate-Tris (pH 714) and 30 nM [3H]- 
ouabain. The quantity of ouabain specifically bound per 
mg protein is plotted against the incubation time. Each 
point is the mean value of triplicate determinations in a 
typical experiment. Inset: The first four experimental points 
were plotted according to the simple rate equation for 
bimolecular association where a and b are equal to the 
concentration of unoccupied receptor and free ligand, 
respectively, at time r,, and x is equal to the concentration 
of ouabain-binding site complexes after reaction time t. 
The initiaf concentration of free binding sites (a) was 
determined by [3H]ouabain binding under equilibrium 

conditions according to the experiment of Fig. 2. 

5 mM Tris-HCI (sucrose buffer) containing 10 mM 
dithioerythritol and 0.2 mM phenylmethylsulfonyl 
fluoride, using 3 sequences of 10 passes of the pestle. 
The homogenate was stored at -70” until used. The 
yield of protein in homogenate was about 60-80 pg 
protein/worm as determined by the method of 
Lowry et al. [IS]. No ouabain-sensitive ATPase 
activity was reliably detected in the homogenate, 
probably due to the high (basal) Mg2+-ATPase 
activity. 

[3H]Oua6uin binding assay. The incubation 
medium contained f3H]ouabain (28.9 Ci/mmol, New 
England Nuclear, Boston, MA), 3 mM MgC12,3 mM 
Pi-Tris, 1 mM EGTA and 20 mM maleate-Tris, pH 
7.4, at 37”. The non-specific binding was estimated 
by incubating samples in the absence of Mg2+ and 
Pi and in the presence of 0.2 mM unlabeled ouabain 
[ 14]. In saturation experiments, non-specific binding 
accounted for 23-32% of total binding. A rapid 
filtration technique was used to separate membrane- 
bound from free ouabain: samples of 500 pL, usually 
containing 300 pg protein, were diluted rapidly with 
5 mL of chilled sucrose buffer and filtered on 
Whatman glass fiber filters (GF/C). Tubes were 
washed with 5 mL of chilled sucrose buffer, and 
filters were further washed twice with 10 mL of the 
same buffer. Filters were then dessicated and added 
to 10mL of the scintillation mixture consisting 
of toluene containing POPOP (0.1 g/L) and PPO 
(4 g/L). The radioactivity was counted in a liquid 
scintillation counter (Beckman LS-150). 

Statistical analysis. Binding data were graphically 

represented using classical plots (e.g. Scatchard plot 
for saturation experiments and semi-log plot for 
dissociation kinetics). Parameters were calculated 
using untransformed data and a computerized non- 
linear regression analysis based on the steepest 
descent technique [13]. The parameters are given 
with approximates of standard deviations that 
represent the “goodness of fit” of the parameter 
with respect to the model and the data. When an 
experiment was repeated twice, the constant was 
expressed as the mean value & SD of the mean from 
the three different experiments. In this case, SD 
represents the variation between the experiments 
and not the “goodness of fit.” Two different models 
(one and two classes of independent binding sites 
[13]) were discriminated by using the F-test for 
comparison of total variances 1131. The association 
rate constant (k+i), was calculated using the simple 
rate equation for bimolecular association f19]: 

l/a - b + In [b(a -x)/a(b -x)] = k,, . t 

where a and b represent the concentration of 
unoccupied receptor and free ligand, respectively, 
at time to, and x the concentration of ouabain- 
binding site complexes after reaction time t. 

RESULTS 

Time-course of ouubain binding to S. mansoni 
homogenate. Figure 1 illustrates the time-course of 
30nM [3HJouabain binding to homogenate in the 
Mg-Pi medium. [3H]Ouabain binding reached a 
maximum after about 30min and remained stable 
over the 90-min incubation period. 

[3H]Ouabain bindingasafunctionofconcentration. 
Ouabain binding to S. mansoni homogenate was 
measured after a 30-min incubation using con- 
centrations of ligand ranging from 10 to 10,000 nM, 
As shown in Fig. 2 for a typical experiment, the 
Scatchard plot was curvilinear and upwardly concave, 
suggesting the presence of more than one class of 
specific binding sites. The quantitative analysis of 
these results is consistent with the existence of two 
classes of independent binding sites characterized by 
the follo~ng values of B,,, and K,: 123 2 46 fmol/ 
mg protein and 0.241 + 0.076~M for the high- 
affinity sites; 1550 + lllOfmol/mg protein and 2.34 
f 0.21 PM for the low-affinity sites. Note that when 
submitted to an F-test, the total variance obtained 
when data were analyzed according to the model of 
two classes of sites (S$ = 0.0029; df = 11) was 
si~ificantly lower (P < 0.05) than the total variance 
obtained when the model of one class of sites was 
used (S$- = 0.0074; df = 13). These results suggest 
the presence of about 10% high-affinity sites and 
90% low-affinity sites. 

These data were confirmed in two other 
experiments performed with different homogenates. 
Mean values of parameters (?SEM) from the three 
experiments are reported in Table 1. 

Time-course of [3H]ouabain dissociation from 
S. mansoni homogenate. In this experiment, 
homogenate was incubated for 30 min in the presence 
of 70 nM [3H]ouabain in order to measure the specific 
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Fig. 2. Scatchard plot for [‘Hlouabain specific binding to 
S. mansoni homogenate. Homogenate was incubated for 
30 min in Mg-Pi medium as described in the legend of Fig. 
1 in the presence of various concentrations of (tritiated + 
unlabeled) ouabain (from 10 nM to 10 PM). 13H]Ouabain 
(10 nM; 15.4 Ci/mmol) was diluted with unlabeled ouabain 
to give final concentrations from 10 to 50 nM. [3H]Ouabain 
(70 nM) was diluted to give final concentrations from 70 nM 
to 10 @I. Each point is the mean of triplicate determinations 
in a typical experiment. The curve was drawn using the 
parameters fitted by non-linear regression analysis using 
the model of two classes of independent binding sites. 
B = ouabain specifically bound. F = free concentration of 

ouabain. 

Table 1. Capacity and dissociation constant values for the 
two classes of ouabain binding sites present in S. mansoni 

homogenate 

High-affinity sites 
Low-affinity sites 

(rmBdijag) (2) 

223 ? 67 0.285 + 0.045 
2117 +- 348 4.90 + 1.28 

Capacity (II,,,) and dissociation constant (K,) values 
were calculated on untransformed data (obtained in 
equilibrium experiments like the one described in Fig. 2) 
by non-linear regression analysis using the model of two 
classes of independent binding sites. Values shown are the 
means f SEM from three different experiments performed 
with homogenates obtained from about 1500 worms each. 

binding at equilibrium (lOO%), after which a large 
excess (0.2 mM) of unlabeled ouabain was added to 
promote the dissociation process without altering 
the volume (Cl%) (= isotopic dilution). The 
dissociation curve was curvilinear in a semi-log scale 
(Fig. 3), indicating that the dissociation did not 
follow first-order kinetics. Indeed, a bi-exponential 
model of decay fit the data better (see Materials and 
Methods). As calculated from the best fit to the 
dissociation curve, 43% of binding occurred at a 
low-affinity site (high k-1 value) and 51% at a high- 
affinity site (low k_l value), at this particular 
concentration of ouabain, in good agreement with 
the theoretical values expected from Ko and B,,, 
reported in Table 1. 
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Fig. 3. Time-course of [3H]ouabain dissociation from S. 
mansoni homogenate. Homogenate was incubated in Mg- 
Pi medium, as described in the legend of Fig. 1, in the 
presence of 70 nM [3H]ouabain. After a 30-min incubation, 
an excess of unlabeled ouabain was added. The amount of 
specifically bound ouabain (BOUND) was determined at 
different time intervals and expressed as a percentage of 
specific binding measured just before performing the 
isotopic dilution. Each point is the mean of triplicate 
determinations in one experiment. The curve was drawn 
using the parameters, indicated in the inset, calculated by 
non-linear regression analysis using the bi-exponential 
model of decay. k_, is the dissociation rate constant and 
contribution (%) is the relative amount of low-affinity sites 
(phase 1) and high-affinity sites (phase 2) that are labeled 
at this particular concentration of ouabain (70 nM). Note 

that the ordinate scale is logarithmic. 

Association rate constant. Figure 1 shows how the 
association rate constant (k,,) was calculated for 
ouabain binding to S. mansoni homogenates. Data 
obtained at l-, 3-, S- and 7-min incubations (i.e. 
relatively far from equilibrium) were plotted (Fig. 
1, insert) according to the simplified form of the 
second-order equation (see Materials and Methods). 
The value of k,, (equal to the slope) in this 
typical experiment was 0.043 2 0.005 ,uM-’ -mine’ as 
calculated by linear regression. As this concentration 
of ouabain (30 nM) binds to both types of sites and 
as the difference between high- and low-affinity sites 
is classically due to the difference in the k_l and not 
the k+l values, we assumed that the k+l measured 
here was valid for both high- and low-affinity sites. 
The lack of any evidence for heterogeneity in the 
association curves was also a reason to conclude that 
the sites had similar association rate constants. The 
k+l value corresponding to the mean + SEM from 
three different experiments is reported in Table 2. 

Comparison between dissociation constants 
measured at equilibrium (Kd) and kinetically 
(k_l/k+J. Table 2 summarizes data of [3H]ouabain 
binding to S. mansoni homogenate. Ratios of k_l 
and k,, values for both classes of sites were roughly 
in good agreement with Ko values calculated 
from independent equilibrium experiments, further 
validating our evidence for the existence of two 
isoforms of (Na++K+)-ATPase in S. mansoni 
differing by their dissociation rate constants for 
ouabain, as is the case for the different isoforms 
present in mammals. 
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Table 2. [3H]Ouabain binding to S. mansoni homogenate: Comparison between rate constants and 
equilibrium constants measured for both classes of sites 

k 
(pM-‘.+Ain-‘) 

k-1 k-,lk+, 
(min-‘) (PM) (2) 

High-affinity sites 0.038 2 0.002 0.0185 2 0.0019 0.487 * 0.056 0.285 2 0.045 
Low-affinity sites 0.038 * 0.002 0.0997 + 0.0528 2.62 f 1.40 4.90 2 1.28 

The association rate constant (k,,) and dissociation constant (measured in equilibrium experiment, 
K,) values are the means f SD of the mean of three different experiments. The dissociation rate 
constant (k-J is the parameter f SD calculated by non-linear regression analysis from one 
experiment. The approximate standard deviation represents here the “goodness of fit.” k-,/k+, is 
the dissociation constant calculated from the rate constants. SD was obtained by calculating the 
propagation of errors. 

DISCUSSION 

Heterogeneity of ouabain binding sites in S. 
mansoni. Analysis of the curvilinear Scatchard plot 
obtained for ouabain binding to S. mansoni 
homogenate indicated the presence of two classes of 
ouabain binding sites. This was confirmed by kinetic 
studies. The dissociation process followed a bi- 
exponential decay, and the ratio of dissociation to 
association rate constants was similar to the 
dissociation constant obtained from equilibrium 
experiments. Such a conclusion is contrary to that 
of Fetterer et al. [20], based on competition 
experiments with [3H]ouabain in the homogenate of 
S. mansoni. However, as their competition curve 
appeared somewhat shallow (Hill coefficient of less 
than l), as expected in the presence of multiple 
classes of binding sites [21], we carefully re-analyzed 
their data by non-linear regression and found that 
they would be more consistent with the existence of 
19% high-affinity sites and 81% low-affinity sites. 
Furthermore, present results confirmed our previous 
hypothesis based on differences in sensitivity to 
ouabain exhibited by preparations from the tegument 
and carcass of schistosomes [ 121. 

(Na++K+)-ATPase isoforms and evolution. In 
mammals, heterogeneity of ouabain binding sites 
has generally been ascribed to different a-subunit 
isoforms of (Na++K+)-ATPase [22-271. Therefore, 
the results in this paper could be considered as the 
first evidence of heterogeneity of isoforms of 
(Na++K+)-ATPase in platyhelminths, a group of 
particular phylogenetic importance since it has been 
proposed that multicellular animals could have 
originated from some primitive noncoelomate 
platyhelminth [16]. The presence of two isoforms of 
(Na++K+)-ATPase in S. mansoni suggests that the 
multiplication of the a-subunit gene occurred very 
early in the evolutionary process, and not just 200 
million years ago when mammals separated from 
birds [ll]. Alternatively, S. mansoni (and platy- 
helminth as a whole?) isoforms could evolve 
independently. Regardless of the evolutionary 
mechanism, the presence of two isoforms of 
(Na++K+)-ATPase in a second nonvertebrate class 
could further strengthen the argument that isoforms 
of the Na+-K+ pump confer some selective advantage 
IW 

Since little is known about the ATPase in 

invertebrates, we can not exclude alternative 
explanations, such as differences in local environment 
(e.g. lipid composition), the presence of extrinsic 
modulatory factors, or even the presence of distinct 
isoforms of the @-subunit, recently implicated as a 
contributor to glycoside binding [28]. 

Localization and physiological role of (Na++K+)- 
ATPase in S. mansoni. As previously reported, 
(Na++K+)-ATPase preparations from the tegument 
and other somatic tissues of S. mansoni exhibit 
differences in sensitivity to ouabain [12]. We propose 
here that the two isoforms present in the homogenate 
have a distinct tissue localization, which could be 
related to a characteristic physiologic role. In 
the tegument, the (Na++K+)-ATPase is present 
exclusively in the basal membrane of the cell [29]. 
This polarized distribution is typical of epithelial 
cells and is a prerequisite for the uptake of solutes 
and nutrients like amino acids and glucose by Na+- 
coupled transport. In S. mansoni, where the 
tegument is cellular and apparently modified for 
absorptive purposes [30], glucose and methionine 
were shown to be transported through the tegument, 
at least in part, by a Na+ gradient-dependent 
transport [30]. On the other hand, (Na++K+)- 
ATPase present in the somatic tissue should have a 
uniform, i.e. not polarized, distribution in the plasma 
membrane of excitable cells, where it would be 
responsible for the maintenance of ionic gradients. 
Since adult male worms possess an important 
muscular mass [31], the carcass (Na++K+)-ATPase 
should be found, mostly, in the muscle cells. This is 
in agreement with the large tension increase of the 
longitudinal musculature observed by Fetterer et al. 
[32] when ouabain was applied to adult male S. 
mansoni, indicating a significant role for active Na+- 
K+ transport in muscle contraction. 

Particularity of S. mansoni (Na++K+)-ATPase. 
The association rate constant measured for ouabain 
binding to S. mansoni homogenate (0.038 PM-‘. 
min-I) was surprisingly lower (25- to go-fold) than 
the one usually observed for mammalian enzymes 
from different sources [33,34], indicating a species 
difference between parasite and mammalian 
enzymes. This extends our previous report of 
differences in vanadate sensitivity between 
(Na++K+)-ATPase from S. mansoni carcass and 
lamb kidney, used as a typical source of mammalian 
(Na++K+)-ATPase [35]. 



Two (Na++K+)-ATPase isoforms in 5. munsoni 335 

Acknowledgements-We are indebted to Dr. Ligia 
Paraense, Instituto Oswald0 Cruz, Rio de Janeiro, for 
supplying selected male cercariae. We would like to thank 
Dr. Franklin D. Rumianek for critically reviewing the 
manuscript. This work- was supported by the Conselho 
National de Desenvolvimento Cientifico e Tecnol&ico 
(CNPq). R. Souto Pardon was the recipient of a CNPq 
fellowship. 

REFERENCES 

1. Skou JC, The Na,K-pump. Methods Enzymo1156: l- 
25, 1988. 

2. Sweadner KJ, Two molecular forms of (Na++K+)- 
stimulated ATPase in brain. Separation and difference 
in affinity for strophantidin. .I Biol Chem 254: 6060- 
6067, 1979. 

3. Peterson GL, Ewing RD. Hootman SR and Conte FP, 
Large scale partial purification and molecular and 
kinetic properties of the (Na + K)-activated adenosine 
triphosphatase from Artemia salina Nauplii. J Biol 
Chem 253: 4762-4770, 1978. 

4. Hara Y, Urayama 0, Kawakami K, Nojima H, 
Nagamune H, Kojima T, Ohta T, Nagano K and 
Nakao M, Primary structures of two types of alpha- 
subunit of rat brain Na+,K+-ATPase deduced from 
cDNA sequences. J Biochem (Japan) 102: 43-58,1987. 

5. Herrera VLM, Emanuel JR, Ruiz-Opazo N, Levenson 
R and Nadal-Ginard B, Three differently expressed 
Na,K-ATPase (Y subunit isoforms: Structural and 
functional implications. J Cell Biol 105: 18.55-1865, 
1987. 

6. Shull GE, Greeb J and Lingrel JB, Molecular cloning 
of three distinct forms of the Na+,K+-ATPase LX- 
subunit from rat brain. Biochemistry 25: 81258132, 
1986. 

7. Ovchinnikov YA, Monastyrskaya GS, Broude NE, 
Allikmets RL, Ushkarvov YA, Melkov AM, Smirnov 
YV, Malyshev IV, Dulubova IE, Petrukhin KE, 
Kostina MB. Modvanov NN and Sverdlov ED. The 
family of human Na+,K+-ATPase genes. A partial 
nucleotide sequence related to the cr-subunit. FEBS 
Lett 213: 73-80, 1987. 

8. Shull MM and Lingrel JB, Multiple genes encode the 
human Na+,K’-ATPase catalytic subunit. Proc Nat1 
Acad Sci USA 84: 403%4043, 1987. 

9. Sverdlov ED, Monastyrskaya GS, Broude NE, 
Ushkaryov YA, Allikmets RL, Melkov AM, Smirnov 
YV, Malyshev IV, Dulobova IE, Petrukhin KE, 
Grishin AV. Kiiatkin NI. Kostina MB. Sverdlov VE. 
Modyanov NN’and Ovchnikov YA, ‘The family of 
human Na+,K+-ATPase genes. No less than five genes 
and/or pseudogenes related to the cu-subunit. FEBS 
Lett 217: 275-278, 1987. 

10. Pressley TA, Phylogenetic conservation of isoform- 
specific regions within a-subunit of Na+-K+-ATPase. 
Am J Physiol262: C743-C751, 1992. 

11. Takevasu K. Lemas V and Fambroueh DM. Stabihtv ., . 
of Na+-K+-ATPase a-subunit isoforms in evolution. 
Am J Physiol259: C619C630, 1990. 

12. No&l F and Soares de Moura R, Schistoma mansoni: 
Preparation, characterization of (Na++K+)-ATPase 
from tegument and carcass. Exp Parasitol62: 298-307, 
1986. 

13. No&l F and Godfraind T, Heterogeneity of ouabain 
specific binding sites and (Na++K+)-ATPase inhibition 
in microsomes from rat heart. Biochem Pharmacol33: 
47-53, 1984. 

14. No&l F, Fagoo M and Godfraind T, A comparison of 
the affinities of rat (Na++K+)-ATPase isozymes for 
cardioactive steroids, role of lactone ring, sugar moiety 

and KC1 concentration. Biochem Pharmacol40: 2611- 
2616, 1990. 

15. No&l F, Wibo M and Godfraind T, Distribution of cul 
and ~‘2 (Na+,K+)-ATPase isoforms between the 
junctional ‘(t-tubular) and non-junctional sarcolemmal 
domains of rat ventricle. Biochem Pharmacol41: 313- 
315, 1991. 

16. Hanson ED, Animal Diuersity. Prentice-Hall, Engle- 
wood Cliffs, NJ, 1972. 

17. Cunha VMN. Mever-Femandes JR and No&l F. A 
(Ca*+-Mg2+)ATPase from Schbtosoma manson; is 
coupled to an active transport of calcium. Mol Biochem 
Parasitol52: 167-174, 1992. 
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein measurement with the Folin phenol reagent. J 
Biol Chem 193: 265-275, 1951. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

Bennett JP Jr, Methods in binding studies. In: 
Neurotransmitter Receptor Binding (Ed. Yamamura 
HI), pp. 57-90. Raven Press, New York, 1978. 
Fetterer RH, Vande Waa JA and Bennett JL, 
Characterization and localization of ouabain receptors 
in Schistosoma mansoni. Mol Biochem Parasitol 1: 
209-219, 1980. 
McGonigle P and Molinoff PB, Quantitative aspects of 
drug-receptor interactions. In: Basic Neurochemistry: 
Molecular, Cellular, and Medical Aspects (Ed. Siegel 
GJ), pp. 183-201. Raven Press, New York, 1989. 
De Pover A and Godfraind T, Interaction of ouabain 
with (Na++K+)-ATPase from human heart and from 
guinea-pig heart. Biochem Pharmacol28: 3051-3056, 
1979. 
Wellsmith NY and Lindenmayer GE, Two receptor 
forms for ouabain in sarcolemma-enriched preparations 
from canine ventricle. Circ Res 47: 710-720, 1980. 
Maixent JM, Charlemagne D, Chapelle B and Lelievre 
LG, Two Na,K-ATPase isoenzymes in canine cardiac 
myocytes. Molecular basis of inotropic and toxic effects 
of digitalis. J Biol Ckem 262: 6842-6848, 1987. 
McDonough AA and Schmitt CA, Isozymes of dog 
heart Na+-K+-ATPase are immunologically similar to 
isozymes in brain. Am J Physiol253: C862-C865,1987. 
Yuk-Chow NG and Akera T, Two classes of ouabain 
binding sites in ferret heart and two forms of Na+-K+- 
ATPase. Am J Physiot 252: HlO&H1022, 1987. 
Berrebi-Bertrand I, Maixent J, Guede FG, Gerbi A, 
Charlemagne D and Lelievre LG, Two functional 
Na+,K+-ATPase isoforms in the left ventricle of auinea- 
pig heart. Eur J Biochem 1%: 129-133, 1991. v 
Eakle KA, Seong Kim K, Kabalin MA and Farley RA, 
High-affinity ouabain binding by yeast cells expressing 
Na+,K+-ATPase LY subunits and the gastric H+,K+- 
ATPase /3 subunit. Proc Nat1 Acad Sci USA 89: 2834- 
2838, 1992. 
Podesta RB and McDiarmid SS, Enrichment and partial 
enzyme characterization of ATPase activity associated 
with the outward-facing membrane complex and 
inward-facing membrane of the surface epithelial 
syncytium of Schistosoma mansoni. Mot Biochem 
Parasitol6: 225-235, 1982. 
Pappas PW and Read CP, Membrane transport in 
helminth parasites: A review Exp Parasitol37: 469- 
530, 1975. 
Silk MH and Spence IM, Ultrastructural studies of 
the blood fluke-Schistosoma mansoni. II. The 
musculature. S Afr J Med Sci 34: 11-20, 1969. 
Fetterer RH, Pax RA and Bennett JL, Na+-K+ 
transport, motility and tegumental membrane potential 
in adult male Schistosoma mansoni. Parasitology 82: 
97-109, 1981. 
Erdmann E and Schoner W, Ouabain-receptor 
interactions in (Na+-K+)-ATPase preparations from 
different tissues and species. Determination of kinetic 



336 R. SOUTO PARDON and F. No&_ 

constants and dissociation constants. Biochim Biophys Thesis, Universitti Catholique de Louvain, Louvain, 
Acta 307: 386-398, 1973. Belgium, 1982. 

34. No&l F, Etude de l’h&&og&ztitk des sites spt?c$?ques de 35. Noel F and Souto Pardon R, Vanadate sensitivity of 
Iiaison des h&&osides cardiotoniques. Analyse de leur Na*,K+-ATPase from Schistosoma mansoni and its 
liaison et de leurs effects sur le coeur de rat. Ph.D. moduiat~on by Na”, K’ and Mg2+. Life Sci 44: 1677- 

1683, 1989. 


