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Abstract—1. Kinetic and physico-chemical studies on human placental microsomal fraction
confirmed that the ATPase and ADPase activities detected in this fraction correspond to the
enzyme ATP-diphosphohydrolase or apyrase (EC 3.6.1.5). These include substrate specificity,
and coincident M, and pI values of both ATPase-ADPase activities. :

2. This enzyme hydrolyses both the free unprotonated and cation-nucleotide complex, the
catalytic efficiency for the latter being considerably higher.

3. Microsomal apyrase is insensitive to ouabain and ApSA. The highly purified enzyme was
only inhibited by o-vanadate, DES and slightly by DCCD.

4. Apyrase seems to be a glycoprotein from its interaction with Concanavalin-A.

5. Preliminary studies on the essential amino acid residues suggest the participation of Arg,
Lys and His residues, and discard the requirement of —SH, COO~, —OH, and probably also

Tyr and Trp.

6. Two kinetic modulatory proteins of apyrase were detected in placental tissue. An
activating protein was found in the soluble fraction and an inhibitory protein was loosely

bound to the membranes.

7. The proposed in vivo function for apyrase is related to the inhibition of platelet
aggregation due to its ADPase activity, which is supported by the direct effect on washed
platelets and by its plasma membrane localization.

INTRODUCTION

ATPase activity in human term placenta was
initially demonstrated by Cerletti ez al. (1960).
But its biochemical characterization was under-
taken by Miller and .Berndt (1973). These
authors found at least two proteins with ATP-
ase activity, one of them was Mg’*-dependent
and stimulated by Na* and K7, the other was
a Ca?*-ATPase. This latter enzyme hydrolysed
ATP as well as GTP, ITP and ADP and was
insensitive to ouabain. Besides Ca**-ATPase, a
high affinity calcium-stimulated Mg?*-ATPase

*To whom correspondence should be addressed.

Abbreviations: ApSA, adenylyl (3'-5")-adenosine pentaphos-
phate; DCCD, dicyclohexylcarbodiimide; DES, diethyl-
stylbestrol; PMFS, phenylmethylsulfonyl’ fluoride;
DTNB, bis-dithionitrobenzoic acid; AMP-PCP, 5-(§,
[-methylene) triphosphate; TNM, tetranitromethane;
WSC, water soluble carbodiimide, 1-ethyl-3(3-dimethyl-
aminopropyl) carbodiimide; Koshland reagent, 2-hy-
droxy-5-nitrobenzyl bromide. e :
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has been described, whose function might be the
transport and regulation of intracellular calcium
concentrations (Treinen and Kulkarni, 1986;
Tuan and Kushner, 1987).

During placental development both micro-
somal ATPases (Na*, K*), stimulated Mg’ -
ATPase and Ca?*-Mg**-ATPase increase
steadily with gestational age until weeks
18-21, and decrease in the second half of
pregnancy. No change in K, was observed
during this period (Mukherjea et al., 1986). Two
components of calcium-stimulated ATP hy-
drolysis in human placental basal plasma mem-
brane were also characterized by Kelley ez al.
(1990). One of them probably corresponds to
the same enzyme initially studied by Miller
and Berndt (1973) because of its substrate un-
specificity and divalent cation stimulation, and
the other could be the calcium-transporting
ATPase.
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A powerful ADPase activity that inhibited
ADP-induced platelet aggregation was demon-
strated in human placental extracts by Hutton
et al. (1980). The enzyme could be a protective
mechanism since significant placental thrombo-
sis is a relatively rare phenomenom. It must be
pointed out that placental tissue itself produces
very small quantities of PGI,, another antiag-
gregatory agent, when compared to other
vascular tissues (Barradas er al., 1983). Hence
this ADPase activity might be replacing the
PGI, effect. It has been established also that
ADPase activity in umbilical cord plasma is
significantly higher than that in the correspond-
ing human maternal blood (Barradas er al.,
1990). These results indicate that ADPase ac-
tivity must be produced in the placental tissue.
Recently, Yagi et al. (1992) showed that this
activity is not separated from the ATPase
activity but is expressed by one enzyme,
ATP-diphosphohydrolase.

Papamarcaki and Tsolas (1990) presented ev-
idence which indicated the existence of
ATP-diphosphohydrolase, known as apyrase
(EC 3.6.1.5), in the placental tissue. Our
rescarch group has also been working in
normal human term placental apyrase and has
found similar characteristics with regard to
those described by Papamarcaki and Tsolas
(1990). These similarities are in relation to its
hydrolytic activity on ATP and ADP, the stim-
ulating effect of Ca’* or Mg?*, the inhibitory
effect of azide and fluoride, the insensitivity
towards ouabain and Ap5A and also in relation
to the microsomal subcellular localization. Nev-
ertheless, we have found significant differences
in the phosphorylated nucleosides specificity
and DCCD effect. The reason for this disagree-
ment is not clear because in both cases the
characterization was done in a microsomal
preparation.

The physiological role of ATP—diphospho-
hydrolase in this vascular tissue is probably
the same as that proposed by Miura er al.
(1987) for the enzyme present in aortic
epithelium, This function can be related to
foetal blood flux regulation due to its ADPase
activity, which inhibits ADP-induced platelet
aggregation.

QOur research group has demonstrated the
presence of an apyrase-activating protein in
several rat tissues (Valenzuela er al., 1989). The
existence of this modulatory protein indicates
that in vivo this enzyme should be regulated.

The present work has three main aspects: a
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biochemical characterization of this enzyme,
which includes kinetic and physico-chemical
studies; a functional aspect through studies of
its effect on platelet aggregation and subcellular
localization, in order to support the proposed
physiological role related to foetal blood flux
regulation; and a regulatory aspect looking for
the presence of ATP—diphosphohydrolase mod-
ulatory proteins in placental tissue.

MATERIALS AND METHODS

Materials

All the chemicals used were of analytical
grade and obtained from Sigma Chemical Co.
(St Louis, Mo., U.S.A.) or from Merck (Darm-
stadt, Germany).

Microsomal fraction preparation

Microsomal fraction was prepared according
to Pieber ez al. (1991) from normal human term
placenta, previously washed in isotonic saline
(0.15 M NaCl) to remove the circulating blood.

This preparation was used for the biochemi-
cal and physico-chemical characterization.
membrane separation and the effect on platelet
aggregation. Samples taken from the foetal or
maternal side of the placenta did not show
any significant difference in either activity or
ATPase—ADPase subcellular distribution.

Enzyme assays

Apyrase activity was measured with ATP
(ATPase activity) or ADP (ADPase activity) as
substrate at a final concentration of 2 mM in the
presence of 0.5 or 5SmM CaCl, in 100 mM
Tris—HCI, pH 8.0; the P; (inorganic phosphate)
released was determined using the method of
Fiske and Subbarow (1925) or Ernster er al.
(1950), according to the sensitivity required.
Because the ampholines interfere with the Fiske
and Subbarow method, the Ernster method was
used for detecting apyrase activity of the enzyme
eluted from isoelectrofusing gels. A unit of
activity (U) is defined as the amount of enzyme
which produces 1 umol of P; per min at 30 C.

The S5-nucleotidase (5-AMPase) and glu-
cose-6-phosphatase (G-6-Pase) were measured
as described by Beaufay et al. (1974). Glutamate
and lactate dehydrogenases were determined
according to Leighton er al. (1968) and
Bergmeyer et al. (1974), respectively.
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Protein determination

Protein was determinated by the method of
Lowry et al. (1951), with BSA as standard.

Metal ion quantification

Calcium, magnesium and manganese con-
tamination in the assay mixture due to the
buffer, substrate and enzyme was detected by
atomic absorption spectrophotometry.

Kinetic parameters determination

Apyrase K, and V,, values for the free nucleo-
tide were determined in the presence of 50 uM
EDTA to remove the Ca’* and Mg’* contami-
nation. The kinetic parameters for the cal-
cium-nucleotide complex in the presence of
0.5mM Ca’* (maximal activity concentration)
and 5.0mM Ca’* (inhibitory concentration)
were also determined.

The competition plot

The competition plot described by Chevillard
et al. (1993) consisted briefly of choosing a
concentration a, of substrate A that gives v, in
the absence of B, and a concentration b, of B
that gives the same v, in the absence of A, were
selected. Then a series of mixtures containing A
and B were prepared at concentrations a =
(1 —p) a, and b = pb,, respectively, and the
total rate was determined for each mixture and
plotted against p. The p values ranged from 1 to
0. A constant rate independent of p indicates
that the two reactions occur at the same site.
Substrates A and B were ATP and ADP, re-
spectively. The identical v, values were obtained
using 0.4 mM ATP and 0.2 mM ADP,

Partial fractionation of the microsomal mem-
branes

One ml (13.4 mg of protein) of the micro-
somal fraction resuspended in the homogeniz-
ation buffer (0.25M sucrose, SmM MgCl,
25mM KCl, 50mM Tris—HCI, pH 7.5) was
placed on the top of a partially continuous
sucrose gradient made in 50 mM Tris—HCI,
pH 7.5, and centrifuged in a SW 30 rotor at
40,000g for 2 hr. The sucrose gradient consisted
of 5ml of 50% sucrose, 20ml of a linear
gradient between 45 and 30% sucrose and
finally 5ml of 25% sucrose. One ml aliquots
were collected and assayed for ATPase-ADPase
activities, 5-AMPase and G-6-Pase.
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M, determination

The M, associated with the microsomal
ATPase-ADPase activities was determined by
the irradiation—inactivation method using ®Co
(Kempner and Schlegel, 1979). The freeze-dried
microsomal samples in vacuum-ampoules were
irradiated at the Comision Chilena de Energia
Nuclear in a *Co irradiator Naratom 3500, with
an average dose rate of 417.3 Gy/h. This dose
was equivalent to | Mrad/day. The control
samples were kept at the same temperature
conditions as the irradiated ones. The logarithm
of the residual activity was plotted as a function
of the dose; the slope of this function was
determined by linear regression analysis. The
inverse of this value corresponded to the 37%
dose (D), and this data was used to empirically
calculate the M,. Apyrase true ATPase activity
was measured in the presence of oligomycin
in order to discount possible mitochondrial
ATPase contamination. ADPase activity also
corresponded to apyrase because Ap5SA did not
change the activity found.

Microsomal enzyme solubilization

n-Octylglucoside (10 mg/1 mg of protein) was
added to the microsomal fractions (resuspended
in 50 mM Tris—-HCI, pH 7.5) and incubated for
60 min at 30°C. Solubilized proteins were separ-
ated by centrifugation at 100,000g for 1 hr and
the supernatant was collected.

pl of the ATPase—ADPase activities

The pl was determined by isoelectrofocusing
in the presence of 2M urea according to
Sanchez et al. (1980). Because of the high aggre-
gability of the enzyme, 1% of n-octylglucoside
was also added. After measuring the pH gradi-
ent, the gel was cut into 2 mm slices and the
proteins eluted with 50 mM Tris—HCl, pH 8.0,
containing 0.1 M NaCl and 0.5% n-octylglu-
coside. After a, minimum of 3 hr or usually
24 hr, aliquots were assayed for ATPase and
ADPase activities with 0.5mM CaCl, in the
assay medium.

SDS-PAGE

Electrophoresis, under denaturing conditions,
was done in slabs 0.03 x 6 x 10 cm, with gel
mixture as described by Laemmli (1970). The
enzyme eluted from the isoelectrofocusing gel
with a corresponding pl of 4.5 was concentrated
10 times using the Amicon apparatus through a
Sartorius PM 10 membrane, exhaustively
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dialysed against distilled water and finally
freeze-dried before applying to the SDS gel.

Interaction of apyrase with lectins

SDS-PAGE was performed as described
above and proteins were transferred to nitrocel-
lulose paper according to Towbin et al. (1979).
The enzyme transferred to the nitrocellulose
filter was treated separately with four different
lectins conjugated to peroxidase obtained from
Sigma Chemical Co. For the Concanavalin-
A-peroxidase assay the paper was blocked for
an hour with 0.1 mM CaCl,, 0.1 mM MnSO,,
0.15M NaCl, 3% (p/v) gelatin in 10 mM
sodium phosphate, pH 6.8. For the other three
lectins tested (Erithrina cristagalli, Maclura
pomifera and Tetragonolobus purpureas), the
blocking solution was 0.15M NaCl, 3% (p/v)
gelatin in 10 mM sodium phosphate, pH 6.8.
Then, each nitrocellulose paper was incubated
for 24 hr with the corresponding lectin diluted
1/1000 in the same buffer used for blocking but
with 1% (p/v) gelatin. After incubation the
paper was washed 3 times with the same buffer
without gelatin. Finally the interaction was
developed through the peroxidase assay using a
solution containing 60 mg of 4-chloro-1-naph-
tol, 20 ml methanol, 60 ul 30% H,O, prepared
in the respective buffer without gelatin.

Platelet aggregation

Platelet aggregation was monitored following
the transmittance increase as a function of time
in an aggregometer PAP-4 (Biodata Corp.) ac-
cording to Mustard et al. (1972). The medium
contained citrate-treated platelet-rich human
plasma (2 x 10® platelets/ml), and a final con-
centration of 4 uM ADP to induce aggregation.
The apyrase (0.0146 U/ml) tested was eluted
from an isoelectrofocusing gel with 0.1 M NaCl
in 50 mM Tris—HCI, pH 8.0, and further con-
centrated 10 times by the Amicon apparatus
through a Sartorius PM 10 membrane. In the
control experiment apyrase was replaced by
0.15M NaCl.

Chemical modification of amino acid residues

Modifications were performed as described
by Means and Feeney (1964). The modification
time, pH and reagent concentration employed
depended on the modifier reagent. Aliquots
of the treated sample were then assayed for
ATPase-ADPase activities. Control exper-
iments were performed without the specific re-
agent but with the corresponding modifier
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solvent. The buffer conditions were the follow-
ing: 0.1 M Tris-HCI, pH 8.0, for DTNB and
TNM modifications; 0.1 M sodium bicarbonate,
pH 8.0, for phenylglyoxal reaction; 0.08 M
sodium acetate, pH 4.0, for Koshland and di-
ethylpyrocarbonate  modifications; 0.09 M
methyl glycine ester, pH 4.7, for WSC pre-incu-
bation; and 0.05M tricine, pH 9.0, for maleic
anhydride reaction. Prevention of the modifi-
cation was done with 10mM AMP-PcP as
substrate analogue (a competitive inhibitor of
the ATPase and ADPase activities).

Partial isolation and assay of apyrase modulatory
proteins

Both the 100,000g supernatant and the solu-
bilized microsomal fractions (previously incu-
bated with n-octylglucoside 10mg/l mg of
protein or with 2M NaCl) were separately
precipitated with 50% ammonium sulphate.
This precipitate was centrifuged at 17,300g for
30 min. The pellet was dissolved in 50 mM
Tris-HCI, pH 7.5, to } of the initial volume,
heated at 100°C for 5min (which separates
inactivated apyrase and other proteins) and
rapidly cooled in ice. The insoluble material
produced by the heating was separated by cen-
trifugation at 17,300¢ for 30 min. The super-
natant was freeze-dried and dissolved in distilled
water in 7; of the initial volume, and then
exhaustively dialysed against 0.1 M NaCl. These
fractions were called Fr-50.

The presence of a regulatory protein was
assayed as described in Mancilla er al. (1987).
Briefly, an homogenous apyrase preparation
purified from S. tuberosum tuber or a micro-
somal fraction obtained from placental tissue
was pre-incubated with the modulatory fraction
or with BSA (at the same protein concentration)
as control, in the presence of 0.1 M NaCl
Aliquots of these mixtures were assayed for
apyrase activity as previously described.

RESULTS AND DISCUSSION

Apyrase subcellular distribution

The ATPase-ADPase specific activities of the
100,000g pellet, which should correspond to
apyrase, increased 7.7 times compared to the
homogenate (Table 1). The recovery of these
activities in this membrane fraction was close to
30%. Practically no enzymic activity was found
in the final supernatant. This microsomal frac-
tion was also enriched with 5-AMPase (plasma
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Table 1. Partial isolation of plasma membrane and endoplasmic reticulum.

For experimental details see Materials and Methods section. The sucrose

gradient and the respective analytical determination of activities and
protein were run in duplicate

Specific activity

Enzymatic activity

(U/mg protein)

Purification factor

Microsomal fraction:
ATPase 0.176 Tl
ADPase 0.180 7.9
5'-AMPase 0.100 5.7
G-6-Pase 0.0011 55
Sucrose gradient (39.5%)
ATPase 0.690 23.1
ADPase 0.697 30.8
5-AMPase 0.252 15.4
G-6-Pase 0.002 9.9
Sucrose gradient (24.8%)
ATPase 0.40 17.7
ADPase 0.41 18.2
5’-AMPase 0.18 10.3
G-6-Pase 0.0051 25.3

*The purification of the enzymatic activities was calculated in relation to

the homogenate.

membrane marker) and in G-6-Pase (endoplas-
mic reticulum marker); their increases in specific
activities compared to the homogenate are also
shown in Table 1. This fraction was neither
contaminated with glutamate dehydrogenase
(mitochrondrial marker) nor lactate dehydro-
genase (cytosolic marker).

Because apyrase shows a typical microsomal
distribution pattern, further separation of the
different types of membranes was necessary to
assure its subcellular localization. The micro-
somal types of membrane were practically sep-
arated by a partially continuous sucrose
gradient, purity and recovery of the isolated
membranes were determined by the use of 5'-
AMPase and G-6-Pase. The total recovery of
apyrase and G-6-Pase was approx. 95% and
5’-AMPase was 70%. A zone with ATPase-
ADPase activities was found in the 39.5% su-
crose layer with a larger purification of apyrase
and 5-AMPase (Table 1). G-6-Pase activity was
concentrated at the 24.8% sucrose layer
(Table 1). From these results we conclude that
apyrase is localized in the plasma membrane
and its association with endoplasmic reticulum
is ruled out.

Kinetic characterization of the microsomal prep-
aration

The competition plot. This kinetic method
determines whether competitive reactions
(ATPase and ADPase) occur at the same active

site, or correspond to multiple sites (Chevillard
et al., 1993). A horizontal straight line resulted
in the competition plot (i.e. a constant rate
independent of p), indicating that both hydro-
lytic activities correspond to the same active site
of one single enzyme (Fig. 1).

Apyrase ion metal dependence. The micro-
somal ATPase-ADPase activities are stimulated
by bivalent metal ion, Ca’* being the most
efficient, followed by Mgt >Mn** > Zn**
> Co?* (data not shown). Considering the
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Fig. 1. Competition plot. Substrate A (ATP) at p =0 was
0.4 mM; substrate B (ADP) at p =1 was 0.2mM. Assay
medium alse contained SmM CaCl, in 0.1 M Tris-HC],
pH 8.0. All the experiments were run at least in duplicate.
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Fig. 2, Calcium ion effect on ATPase-ADPase activities. ll,

ATPase; O, ADPase. The enzyme assay was done in 50 gy M

EDTA and 0.1 M Tris-HCI, pH 8.0. The experiment was
run at least in duplicate.

activity obtained with Ca’* as 100% a relative
value of c¢. 40% was reached with Co?*.
Apyrase activity (measured with 2 mM nucleo-
tide) reached its maximum value at 0.5 mM
Ca’* (Fig. 2). In the absence of added metal ion
the amount of contamination was negligible,
being 10 uM for Ca?* and 4 uM for Mg?*, no
manganese ions were detected. The addition of
50 uM EDTA, to chelate the contaminating
metal ions, partially decreased the activity
measured in the presence of calcium (Table 2).
A further activity reduction was produced by
10 mM EDTA, EGTA or CDTA which cannot
be explained by metal ion chelation, but could
be due to the direct inhibitory effect of these
agents on the enzyme. This non-absolute metal
ion dependence makes the placental apyrase
different from the enzymes of other origins
(Kettlun er al., 1982; Valenzuela et al., 1989;
Pieber et al, 1991). The activity maximum
reached at a lower calcium concentration than
the one necessary to completely chelate the

Table 2. Kinetic parameters of free and complexed nucleo-
tides. For experimental details see Materials and Methods
section. All experiments were run at least in duplicate

Vo K, VoK,
ATP 50uM EDTA 0210  0.086 244
ADP 50uM EDTA 0208  0.064 3.25
Ca-ATP  0.5mM Ca®* 0325  0.041 7.90
Ca-ADP 0.5mM Ca’* 0395  0.040 9.90
Ca-ATP S.0mM Ca’* 0254  0.088 2.90
Ca-ADP 5.0mM Ca** 0.384 0.105 3.70
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nucleotide, suggests that the free metal ion also
binds to the enzyme but in a non-catalytic form.
From these results we conclude that both the
free nucleotide and the metal complexes are
substrates. Laliberté er al. (1982) have already
reported that ATP*-, Ca-ATP?- and Mg-
ATP?~ were substrates of the pancreas
ATP—diphosphohydrolase, but free cations did
not bind to the enzyme.

The kinetic parameters of these two species
were determined. The Hanes—Woolf plots were
linear, giving no indication of co-operativity or
substrate inhibition in the experimental con-
ditions used, either with 0.5 or 5.0 mM Ca’*, or
in the absence of contaminating metal ions
(Table 2). The catalytic efficiency determined in
the presence of 0.5 mM CaCl, was higher than
that of the free nucleotides. The decreased value
observed in the presence of an inhibitory cal-
cium concentration (5mM) was due to the
simultaneous decrease in V,, and increase in K, .

Effect of inhibitors. (Na®, K*)-ATPase in this
microsomal fraction was not detected because
of its insensitivity towards ouabain (Table 3).
Although no mitochondrial marker activity was
observed in this membrane fraction, the small
inhibitory effect of oligomycin on the ATPase
activity can be interpreted as a contamination
by mitochondrial ATPase (Table 3). The aden-
ylate kinase inhibitor, Ap5A (Feldhaus er al.,
1975), did not change ATPase-ADPase activi-
ties. These results led us to conclude that we
were measuring a true ADPase activity which
must correspond to apyrase. Other less specific
inhibitors (Serrano, 1983), like DCCD, o-vana-
date and DES, inhibited both microsomal hy-
drolytic activities, but azide and fluoride almost
did not affect them. Since, in contrast with these
results, Papamarcaki and Tsolas (1990) re-
ported no effect of DCCD on this enzyme, we
also studied the effect of these compounds on a
highly purified apyrase fraction eluted from an
isoelectrofocusing gel (previously solubilized
with n-octylglucoside, see ATPase—ADPase
isoelectric point). Only o-vanadate and DES
caused a very significant inhibition and DCCD
had only a slight effect (Table 3). The larger
inhibitory effect of DES on the ATPase activity
is difficult to understand but it is a product of
the solubilization step and not of the isoelectro-
focusing one (data not shown). The small inhi-
bition by oligomycin, azide and fluoride, and
larger effect of DCCD on the microsomal prep-
aration was no longer observed in the solubil-
ized enzyme. The differences compared to the



Biochemical studies on human ATP-diphosphohydrolase

Table 3. Inhibitor effects on the microsomal and solubilized
isoelectrofocused enzyme. The enzyme activity was deter-
mined as described in the Materials and Methods section.
The P, released was followed by the Fiske and SubbaRow
method when the microsomal fraction was used, and by the
Ernster ef al. method when the effect on the isoelectro-
focused enzyme was tested. All experiments were run at least
in duplicate

Inhibition (%)

Inhibitor Concentration ATPase  ADPase
Microsomal apyrase:

Ouabain 5.0 mM 0 0
Oligomycin 0.1 mg/ml 18.6 0
ApSA 0.5mM 0 0
Azide 10.0 mM 124 28.1
Fluoride 10.0 mM 18.0 26.7
DCCD 1.0 mM 33.0 30.0
o-Vanadate 0.1 mM 30.3 36.3
DES 1.0 mM 63.0 S
Isoelectrofocused apyrase:

DCCD 1.0 mM 12.4 11.2
o-Vanadate 0.1 mM 70.0 61.3
DES 1.0 mM TR 50.4

membrane-bound apyrase could be due to some
conformational changes produced on the solu-
bilized enzyme due to the absence of the mem-
brane hydrophobic portion.

Amino acid residues participation in the enzy-
matic reaction. The participation of COO~,
-OH and -SH groups is excluded because of
apyrase insensitivity towards WSC, PMSF and
DTNB, respectively. The effects of the different
amino acid modifier reagents are summarized in
Table 4.

The enzyme activity decayed when Tyr and
Trp residues were modified with TNM and
Koshland reagent, respectively, indicating that
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both groups were modified. The lack of protec-
tion by AMP-PcP (substrate analogue) suggests
that these residues are not involved at the active
site. The inactivation enhancement observed
when the Koshland reagent and AMP-PcP were
added together, can be interpreted as a confor-
mational change produced by the AMP-PcP
enzyme binding which exposed some Trp
residues. The loss of ATPase-ADPase activities
of the human placental preparation, when either
of the aromatic residues were modified, was
probably produced by structural changes of the
enzyme caused by chemical modification of
these two amino acids, which indirectly affected
the active site.

The data shown in Table 4 support the par-
ticipation of Arg, Lys and His residues. The
inactivation observed by the addition of phenyl-
glyoxal (Arg modifier) was largely avoided when
the enzyme was pre-incubated with AMP-PcP.
The large decrease in activity produced by
maleic anhydride, which is relatively selective
for amino groups, together with the partial
protection by AMP-PcP, could also suggest that
Lys residues might be involved at the active site.
It is known that Arg generally serves as an anion
binding site, particularly for phosphate and
carboxylate groups (Riordan, 1973); also Lys
residues have been considered to be involved in
nucleotide binding and catalysis (Hollenberg
et al., 1971). The non-absolute dependence of
this apyrase for bivalent metal ions could rest in
the known pyrophosphate neutralizing role of
Arg, thus facilitating nucleophilic attack on the
free nucleotide (Cotton et al., 1973).

The loss of activity produced by diethylpyro-
carbonate (His' modifier) was prevented by
AMP-PcP. The participation of His and Lys

Table 4. Chemical modification of ATP-diphosphohydrolase. Controls were preincubated with

the respective solvent used for solubilization of the reagents. AMP-PcP (substrate analogue)

had a final concentration of 10 mM. Buffer conditions are described in the Materials and
Methods section. All experiments were run at least in duplicate

Preincubation

Inactivation (%)

Concentration time Temperature
Reagent (mM) (min) (°C) ATPase ADPase
TNM 100 30 30 67 70
+ AMP-PcP 100 30 30 62 64
Koshland R. 20 10 20 61 65
+ AMP-PcP 20 10 20 85 85
DEP 100 15 30 70 67
+ AMP-PcP 100 15 30 21 24
Phenylglyoxal 20 . 60 20 65 77
+ AMP-PcP 20 60 20 16 30
Maleic anhydrate 16 15 0 76 73
+ AMP-PcP 16 15 0 58 54
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residues was supported by the pH profile of
both ATPase-ADPase activities, where pK,
values around 7.5 and 9.5 were interpolated
(data not shown).

These chemical modification studies on the
human placental apyrase show some substantial
differences from the other enzymes already
studied. In homogenous S. tuberosum and rat
placental apyrases, Tyr and Trp groups are
probably involved in the substrate binding site,
and carboxylic groups in the catalytic site
(Kettlun er al., 1982; Pieber et al., 1991). A
deprotonated His residue could function as a
general basic catalyser or a nucleophile instead
of Asp or Glu. g

In spite of the differences just mentioned,
there are some similarities too, such as the
unessentiality of the —SH groups and the poss-
ible participation of Arg and His (Kettlun et al.,
1982, 1992). The requirement of amino groups
seems doubtful in plant apyrase (Valenzuela
et al., 1973), and perhaps also in the placental
enzyme because of the low substrate analogue
protection from maleylation (Table 4).

Physico-chemical characterization

Enzyme solubilization. To determine the
apyrase M, and pl, the enzyme was released
from the membrane with n-octylglucoside. Both
ATPase-ADPase activities recovery was close
to 80%. Almost no activity was detected in the
pellet remaining after 100,000g centrifugation.
This solubilized protein is very stable frozen or
at 4°C. Other detergents tested were Triton
"X-100 or Tween 20 but they inactivated the
enzyme and Brij 58 did not solubilize apyrase
from the membrane. Both the high solubil-
ization and stability in the glycosidic detergent
indicate that perhaps we are dealing with a
glycoprotein.

ATPase—ADPase molecular mass. Placental-
solubilized apyrase showed a large tendency to
aggregate, which complicated the M, determi-
nation by gel filtration. The ATPase-ADPase
activities eluted in the void volume even though
disaggregating agents (urea, Brij 58 or n-octyl-
glucoside) were added. This large aggregability
probably means that it is a highly hydrophobic
protein. A similar situation was found with the
enzyme isolated from rat mammary gland
(Valenzuela et al., 1989), but it is not the general
case.

To overcome this difficulty the radiation—
inactivation technique was employed. This
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technique reveals the size of the smallest unit
required to carry out the enzyme function
(Kempner and Schlegel, 1979). Classical target
analysis data have been used to determine the
M. of enzymes in the native membranes. The
inactivation of ATPase-ADPase activities oc-
curred as a simple exponential function of radi-
ation dose. Molecular sizes of 62,700 for
ATPase and 60,500 for ADPase were deter-
mined. The similar A, values obtained for
ATPase and ADPase activities support the hy-
pothesis that both belong to the same enzyme
protein. The high stability of this hydrolytic
enzyme is remarkable; the loss of activity of the
radiation—inactivation controls kept 10 days at
room temperature was only 7%.

The M.,s found are in accordance with the
ones reported for other mammalian apyrases
determined by gel filtration, such as the enzymes
from pig pancreas (LeBel er al., 1980), from
some rat tissue (Valenzuela et al., 1989; Pieber
et al., 1991) and from human umbilical vessels
(Yagi et al., 1992), but differ from the value of
110 kDa described for the bovine aorta apyrase
(Yagi et al., 1989). However Coté et al. (1991),
using the same ®Co radiation—inactivation
method, calculated Ms of 132kDa and
189 kDa for the pancreas and aorta enzymes,
respectively. The data discrepancies show that
there are different types of tissue-dependent
diphosphohydrolases.

ATPase—AD Pase isoelectric point. A protein
band of plI 4.5 hydrolysed both ATP and ADP
in the presence of CaCl,. This eluted fraction
showed a main protein band of M, close to 64
kDa by SDS-PAGE. This value agrees with that
found by the irradiation—inactivation technique.
This fraction was sometimes contaminated with
two other minor bands with each one represent-
ing no more than 10% of the total protein. One
of these has a M, of 98 kDa and the other a M,
of 210kDa. The activity recovery after iso-
electrofocusing was approx. 30% and was stable
cither frozen or at 4°C. The elution of the
protein with the same buffer but without deter-
gent allowed a recovery of only 10%. The
substrate specificity and the effect of some in-
hibitors (see “Inhibitors effect”) were studied
with this highly purified enzyme preparation. In
addition to ATP and ADP, all the nucleoside
di-and triphosphates tested (GTP, CTP, TTP,
UTP, GDP, CDP, TDP and UDP) were hy-
drolysed at rates between 50 and 100% com-
pared to ATP or ADP. These specificity data
were similar to those obtained using the
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Table 5. Placental thermostable proteins and potato calmodulin on placental microsomal
and potato soluble apyrase. For experimental details see the Materials and Methods section.
All experiments were run at least in duplicate

Concentration

Activity (%)

Placental enzyme Potato enzyme

Sample tested {mg/ml protein) ATPase ADPase ATPase ADPase
BSA the same as sample 100 100 100 100
Soluble Fr-50 1.0 124 120 150 160
Microsomal Fr-50 0.17 84 83 78 77
Potato calmodulin 1.0 100 100 100 100

microsomal fraction. The enzyme eluted from
the gel did not have phosphomonoesterase ac-
tivity. The pI value seems to depend on the
enzyme origin because the rat placental apyrase
is a very basic protein of pl 9.36 (Pieber ef al.,
1991).

Apyrase interaction with lectins. Our group
has previously reported the interaction of rat
placental apyrase with Concanavalin A (Pieber
et al., 1991), which suggests that the enzyme is
glycosylated. There is evidence that other mam-
malian apyrases are glycoproteins, like the en-
zyme isolated from pig pancreas (LeBel er al.,
1980) and from human umbilical vessels (Yagi
et al., 1992). The placental apyrase high solubil-
ity and further stability in n-octyglucoside
pointed to the presence of carbohydrate moi-
eties in this protein too. In order to have an
insight into the type of carbohydrate linked to
this protein, we tested the possible interaction of
the enzyme with four lectins: Concanavalin A,
Erythrina cristagalli, Maclura pomifera and
Tetragonolobus purpureas. These glycoproteins
have different sugars. This study, followed
through the positive peroxidase reaction,
showed that only Concanavalin A with «-D-
man and a-D-glc groups interacted with the
isoelectrofocused apyrase. This result indicates
that the enzyme might have at least one of these
two different types of sugars and additionally
rules out the presence of gal, fuc and glcNAc
moieties. The presence of a glycoprotein of M,
close to 65kDa detected in the SDS-PAGE
developed with dansyl hydrazine (fluorescent
detection) also supports the possibility that
apyrase is glycosylated.

Kinetic regulation of ATP-diphosphohydrolase

Our research group has previously found in
the S. ruberosum tuber, the presence of an
apyrase-activating and an inhibitory protein

(Mancilla et al., 1987). Later we detected a
stimulatory protein in the cytosolic fraction of
rat mammary gland and uterus (Valenzuela
et al., 1989). In the present work both Fr-50
prepared from the cytosolic and microsomal
fractions of the placental tissue were analysed
(Table 5). The cytosolic Fr-50 had an apyrase
stimulatory effect in both the plant homo-
geneous and in placental microsomal enzymes.
On the other hand, the microsomal Fr-50 pre-
pared after NaCl protein solubilization, pro-
duced an inhibitory effect on both apyrases. The
microsomal proteins solubilized with n-octyl-
glucoside did not have any modulatory action
on apyrase. These results could mean that the
ligand forces of the inhibitory protein to the
membrane are through electrostatic interactions
or that it is a soluble protein too, unspecifically
or weakly bound to membranes. The activating
effect is not due to the possible presence of the
known heat stable calmodulin, because homo-
geneous potato calmodulin prepared in our
laboratory (Mancilla er al., 1987) did not change
the apyrase activity of either of the two enzymes
tested (Table 5).

The existence of apyrase kinetic modulatory
proteins in the diverse tissues studied, suggests
the fact that this enzyme may have a clue
metabolic function. We found that the enzyme
levels changed during S. tuberosum tuber matu-
ration (Anich et al., 1990) and recently detected
changes in apyrase activity in rat uterus and
mammary gland during the lactogenic cycle
(Valenzuela et al., 1992). Uterine activity de-
creased during pregnancy and increased in the
mammary gland in the lactation period. These
findings support our hypothesis that this en-
zyme is a highly regulated protein, making even
more interesting the study of its physiological
role in the different tissues described so far,
including plants and animals.
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Fig. 3. Effect of placental apyrase on ADP-induce platelet aggregation. (a) Aggregation control in response
to 4 uM ADP and (b) addition of 40 ul of the isoelectrofocused apyrase containing 0.0042 U of ADPase
activity in a final volume of 288 ul.

Apyrase functional studies

Inhibition of ADP-induced platelet aggrega-
tion. The first research group to relate the
function of this enzyme with an inhibitory effect
on platelet aggregation was Ribeiro et al. (1984)
working with blood-sucking mosquitoes. This
was later confirmed by Yagi et a/. (1991) show-
ing that bovine aorta ATP—diphosphohydrolase
is an ecto-enzyme both in endothelial and
smooth muscle cells. The in vitro experiments of
the placental microsomal fraction or the highly
purified apyrase on platelet aggregation agreed
with this function. The inhibitory effect of the
purified sample on ADP-dependent platelet ag-
gregation is shown in Fig. 3. The enzyme caused
not only a large decrease in aggregation but

also a reversal of the process, which implied

that both the external ADP added and the
internal ADP released by the aggregated
platelets were hydrolysed. The assessment of
the physiological function of removing the
blood circulating ADP proposed for this en-
zyme should be done through the demon-
stration that apyrase is an ecto-enzyme. The
presence of ecto-apyrase in erythrocytes (Liithje

et al., 1988), synaptosomes (Schadeck er al.,
1989; Rocha er al., 1990) and bovine aorta
endothelial and smooth muscle cells (Yagi er al.,
1991) has already been reported. Coté et al.
(1992) suggested a dual role for this enzyme
located in the intima and media layers of
bovine aorta in regulating platelet activation:
by converting ATP released from damaged
vessel cells into ADP, thus inducing platelet
aggregation at the sites of vascular injury and
then by converting ADP released from aggre-
gated platelets and/or from haemolysed erythro-
cytes to AMP. The same enzyme could inhibit
or reverse platelet activation, limiting the
growth of platelet thrombus at the site of the
injury.

CONCLUSIONS

The actual existence of apyrase or
ATP-diphosphohydrolase in human placenta is
confirmed by the biochemical characterization
of the ATPase—~ADPase activities of this tissue.
The demonstration that a single protein hy-
drolyses nucleoside di- and triphosphates but
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not phosphomonoesters is based on: (a) identi-
cal pI values, (b) similar M_s and (c) kinetic data
which point to the fact that a single active site
is involved in the hydrolysis of ATP and ADP.

This placental apyrase shares common
characteristics with other mammalian apyrases,
such as: being a membrane-bound protein;
being activated by several bivalent metal ions,
Ca’* being the most effective; being insensitive
to ouabain, oligomycin and Ap5A; having a
lack of essential -SH groups; and being a glyco-
sylated protein.

The absolute bivalent metal requirement, the
M, the pl and the reactive amino acid residues
seem to depend on the enzyme source.

The fact that two placental apyrase modula-
tory proteins are able to produce kinetic
changes in animal and plant enzymes, suggests
that either both apyrases and their modulatory
proteins, or protein interaction sites are highly
conserved.

The ADPase activity found in the placental
tissue, as was mentioned in the Introduction,
seems necessary to compensate for the dimin-
ished PGI, production (Barradas et al., 1983).
The decrease in placental ADPase described in
cases of intrauterine growth retardation sup-
ports the significative role of apyrase in main-
taining good foetal ntitrition (O’Brien et al.,
1987).
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