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The /Ca* + Mg**)-ATPasc of the plasma is

d by ively charged holipids. The

Plasma

activation was investigated by studying the cffect of

of this

charged

on the steady-state phosphoi

Ieved and on the p-nitrophenylphosphatase activity. Both parameters were differentially affected by different acidic phospho-

lipids. The level of phmphoprmcm lnlcrmcdld\c was not affected hy phosphaudylscnnc (20% of total phosphotlij
1 4 i

id), but it was

increased by 60% hy h d the p activity,
whereas itol 4 had no sij effect. It is d that phosphatidyiinositol 4-ph mainly
affects a reaction stcp which Icads to accelerated of the i di: whcrcat the action of phosphatidyl-
serine would affect two reaction steps, one and one of the hy mediate.

Introduction

The Ca**-transporting ATPase of the plasma mem-
brane is an enzyme that extrudes Ca®* out of the cell
against a stecp electrochemical gradient. It belongs to
the so called P-type ATPases, a category of transport

the Ca®* pump. Enyedl et al. [2] postulated the exis-

tence of two reg v one ible for
calmodulin activation and the other one medmtmg the
effect of negatively ch d ph Missiaen et

al. [3] have made a detailed analysis of the effect of
various negatively charged phospholipids on such ki-

enzymes which form a phosphorylated i

during the catalytic cycle. The transport reaction is
ied by a ition b two major con-

formational states,

A number of studies have shown that the plasma-
membrane Ca** -transpomng ATPase can be acuvated
by the Ca®*-cal by self of
ATPase molecules, by partial proteolysis and by nega-
tively charged phospholipids (sce Ref. 1 for review).
However, little is known on how these agents activate

* On leave from the Comenius University, Department of Biochem-
istry, CS-03601 Martin, Czechoslovakia,
Abbreviations: (Ca®* +Mg?* )-ATPase, (Ca®* + Mg") activated

ATPase; PI. inusitol; PIP, itol 4-phos-
phate; PIP,, idylinositol 4,5-bi PS,

serine; PC, i ine; PA, ic acid: pNPP, p-
itroph DMSO, di ide: EGTA. ethylene-

glycol bis(8-aminoethyt ether)-N,N,N',N "“tetraacetic acid; EP, phos-
phointermediate.

Correspondence: L. Racymaekers, Laboratory of Physiology, K.U.
Leuven, Campus Gasthuisberg, O/N. B-3000 Leuven, Belgium.

netic p as V,,,,, affinity for Ca>* and Hill
coefficient of the Ca?*-stimulated ATPase activity of
the purified Ca®* pump from erythrocytes and from
smooth-muscle cells. A correlation was found between
the numbe: of negative charges on the phospholipid
molecules PIP, > PIP > Pl = PA = PS) and their po-
tency in stiinulating the ATPase activity [3]. The impor-
tance of ihc number of negative charges was more
directly est.iblished by using fluorescence energy trans-
fer as a measure of molecular interaction between
phosphoincsitides and the ATPase protein [4]. Wrzo-
sek et al. i5] concluded from cirenlar dichroism and
fluorescence measurements that PS induces a change
in secundary structure of the ATPase, mainly in its
a-helical content. One possible mechanism of action
was suggested by Rossi and Rega [6), who observed
that PS, as well as calmodulin or partial proteolysis,
increases the affinity for ATP at a low-affinity, regula-
tory site.

In the present paper we have studied the effect of

gatively charged phospholipids on the steady-state
level of the phosphointermediate and on the p-




nitrophenylphosphatase (pNPPase) activity, an enzy-
matic i Iysed by the Ca®*- ting AT-
Pase but differing from the ATPase reaction in several
characteristics. These results indicate that at least two
reaction steps are involved in the activation of the
purified erythrocyte Ca®* pump by negatively charged
phosphohptds These reaction steps are differentially

d ding on the phospholipid specics result-
ing either in an jon of the phosphoprotein
formation or in a faster dephosphorylation.

Matexials

Phosphoenalpyruvale, pyruvate kinase, lactate de-
ATP were ob-
tained from Boehnnger (Mannheim, FRG). PC, PS,
PIP from bovine brain, PIP, from chicken cggs, NADH,
neomycin sulfate were all frem Sigma Chemical Co.
(St. Louis, MO, USA). [y-*PJATP was from Amer-
sham International (Amersham, UK).

Methods
Delipidated pi " Ca?*.t .
ATPase from plg red blood cells was punﬁed using
dulin affinity as described by

Missiaen et al. [3]), which is a modification of the
procedure described by Kosk Kosxcka et aI 7 The
purified ATPase was
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mined by measuring the total radioactivity after filtra-
tion on GF/B filters (Whatman, UK) and subsequent
washing with stop solution.

Phosphatase activity of Ca®*-transporting ATPase
was quantified at 37°C as a p-nitrophenylphosphatase
activity (pNPPase) by the release of p-nitrophenol
which was d d specct ically at 430 nm.
The i dium hzd the foll
Hepes-KOH (pH 7.4): 3) mM; KCl: 100 mM NaCl: 10
mM; MgCl,: 6 mM; EGTA: 0.4 mM; NaN;: 5 mM;
p-nitrophenyl phosphate: 10 mM. For measusing the
pNPPase activity in the presence of neomycin a cuvette
to which equimolar K,SO, was added instead of the
neomycin sulfate was used as a control.

Protein was determined by the bicinchoninic acid
(BCA) Protein Assay Reagent kit supplied by Pierce
(Rockford, IL, USA). Bovine serum albumin was used
as a standar

The V,,,, and K, values were calculated from the
AT?P activation curves using the Enzfitter (Version
1.02) computer program (Elsevier Biosoft). The equa-
tion 1 from Rossi and Rega [6] was used to fit the data.

Results

The activation curve of the plasmalemmal Ca®*-
transporting ATPase shows a rather complex depen-
dence on the concentration of ATP. Two components

dbya
mixturc at a ratio of 1 mg phospholipid/mg protein [3]
unless otherwise indicated.

The standard assay medium for measuring the
(Ca?*+ Mg2*)-ATPase activity had the following com-
position: imidazole-HCl (pH 6.9): 30 mM; MgCl,: 6
mM; KCi: 100 mM EGTA 0.4 mM; NaN;: 5 mM;
KCl: 20 mM; ph 1.5 mM; p b
kinasc: 40 U/ml; lactate dehydrogenase: 40 U/ml;
NADH: 0.26 mM. The ATP concentraticn is indicated
in the figure legends. Ca?* was added to give 10 uM
ionized Ca®*. The assay was started by transferring 20
pl of ATPase (about 4 ug protein) to 980 ul assay
medium at 37°C and measuring the decrease of the
absorbance at 340 nm.

Measurement of the steady-state level of the Ca®

i was performed at 0"C

The i di i imidazole-HC1 (pH

6.9): 30 mM; MgCl,: 1 mM; KCI: 100 mM; EGTA: 0.2

mM and 10 M ionized Ca*. In control experiments

CaCl, was omitted and 1 mM EGTA was added. The

reaction was started by addition of [7-”P]A'l'l’ (final

ion 12 xM) and d at different time

intervals by 10% TCA containing 0.3% phosphoric acid

and 0.5 mM ATP. Since the expenments were done on
the purified Ca®* g enzyme (sub

can be distinguished in the ATP-activation curve. The
high-affinity component would represent the ATP
binding to the catalytic site. A further increase of the
ATP concentration leads to an augmented ATPase
activity by activation at a low affinity ‘regulatory’ site
(see Ref. 8 for review). It is not yet established whether
these two components represent different states of the
same binding sitz whereby its affi mty for ATP is

ding on the ional state of the
protein, or whether they are due to the existence of
two different binding sites. Fig. 1 shows the ATP-
activation curve for the purified and lipid-reactivated
Ca?*-transporting ATPase from porcine erythrocytes.
This experiment shows that PS and PIP (at 20% of
total added phospholipid, the remainder being PC)
increased the ¥, of the high-affinity component by a
factor of 1.6 and 2.25, respectively, as compared to
pure PC without significantly affecting the K. The
K., of the low-affinity component was higher than 5
mM ATP in the presence of PC, and was decreased to
1.8 mM in PS and to 1 mM in PIP. The difference
between PS and PIP in the calculated V,,, of the
low-affinity was not i significant.
The effect of PS on the purified ATPase from porcine
erythrocytes shown in Fig. 1 is very similar to that

electrophoresis yielded a smgle 32P-labelled band at
140 kba), the level of phosphointermediate was deter-

described by Rossi and Rega [6] on the membrane
bouna ATPase of human erythrocytes. In addition our
results show that PIP exerts a stronger cffect than PS.
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Fig. 1. Effect of negatively charged phospholipids on the Ca®*-
stimulated ATPase activity of the erythrocyte plasma-membrane ol L . s
Ca?*-transporting ATPase at different ATP concentrations. The 1 3 B
ATPase was reactivated by adding 5 pl of a lipid mixture (5 mg/ml Ti tsect
stock) 16 100 pl of ATPase (approx. 200 pg/ml). The lipid was ime sec
either pure PC & or a mixture of 20% PS (#) or 20% PIP (0} .md Fig. 2. Effect of the mg;\l:vcly charged lipids on the steady-state
80% PC. The total amount of lipid was kept constant. The free Ca level of the h of the ery yte plasma-
and Mg?* concentrations were 10 uM and 1.4 mM, Ca®* ing ATPase, PIP (4 ); PS (o), PC (O). The

ATP was added in a cumulative way to obtain the indicated concen-

trations. The experimental points represent the means of 3-5 deter-

minations from two different ATPase preparations. The S.E. ranges
between 5 to 10% of the mean,

Following the binding of ATP to the E,; conformer
(as illustrated in Scheme 1) the y-phosphate of ATP is
transiently transferred to the enzyme. During steady-
state ATP hydrolysis, only a small fraction of the
ATPase molecules are in the phosphorylated state.
This can be ascribed to the fact that the E; to E;
conversion (reaction 6) is very slow and this slow rate
results in an accumulation of E, conformers [9,10].

fore, in the ph ylation experiments the en-
zyme was preincubated in conditions which favour the
conversion of E; to the phospiiorylatable state E,. In
this way it could be ensured that within the duration of
the experiment the steady state would be reached. The
formation of the E, conformer is favoured by incuba-
tion in the presence of Ca’* and Mg2*, as shown by
Adamo et al. [9] and in this conformation, the enzyme
is then rapidly phosphorylated by ATP. Fig. 2 shows
the steady-statz phosphointermediate (EP) level of
ATPase from pig erythrocytes reactivated by 100% PC,
70% PC + 30% PS or by 70% P( + 30% PIP. The EP
level in the presence of PC was not influenced by PS,

E, pNPP

£t Borp Beak, B p O,
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Scheme 1. Schematic representation of the catalytic cycle of the
Ca®*-transporting ATPase. The cycle mcludcs .u |r4nsmon between

enzyme was preincubated for 10 min at 37°C in 140 M Ca®* and 2

mM Mg?*. The phosphoprotein-intermediate level was measured at

O°C in the presence of 10 M Ca**, i mM Mg?* and 12 uM
[y-ZPIATP.

whereas PIP mCreased it by about 60% Similar results
were obtained on the pl. ! | Ca?*. ting
ATPase purified from pig gastric smooth muscle (data
not shown). We have also tested on the latter prepara-
tion the effect of two other negatively charged
phospholipids, PIP, and PA, which also activate the
ATPase [3). PA decreased the steady-state EP level
almost to the background value, whereas PIP, in-
creased this parameter to approximately the same level
as that induced by PIP (data not shown). These results
indicate that the interaction of phospholipids with the
ATPase may be more complex than previously thought.
The observation that some ATPase-activating phospho-
lipids i the dy-state EP level, wh uth-
ers do not affect EP or even decrease it, strongly
suggests that more ihan one reaction step of the
ATPase cycle is affected by these phospholipids (see
below).

In order to further examine the different effects of
various phospholipids we have d their effect
on the p-nitrophenylphosphatase (pixPfase) activity.
Like other P-type ATPases, the Ca?*-transporting A’]‘-
Pase of the plasma braie I the hydi
of p-nitrophenyl phosphate [11]. It has been shown for
the Ca*-transporting ATPase of human erythrocytes
that the pNPPase activity is strongly influenced by the
experimental conditions, such as the concentration of
Ca** and ATP [11,12). The pNPPase activity of the
purified porcme ATPase under different experimental

two conformational states E, and E,. Addil h stem
which might be involved ia the hydivlyois ui !
Ca®* are also given.

e wuseaee vl

ditions is summarized in Table 1. The highest activ-
ity was observed in EGTA and amounted to 321
nmolmg™ ‘min~!. At 100 pM Ca®* the activity de-



creased to 58.4 in the absence of ATP and to 1204
nmolmg ™" min~' in the preseaze of 0.5 mM ATY, The
inhibition of the pNPPase activity by Ca** and the
partial protection against this inhibition by ATP haz
been described earlier for the ATPase of human erv-
throcytes by Verma and Penniston [12]. These authors,
and also Rega et al. [11] observed that the pNPPase
activity of that enzyme requires the presence of
calmodulin, while the pNPPase activity of our purified
enzyme was not affected by calmodulin. This is in line
with the refatively small stimulation of the ATPase
activity of the porcine enzyme by calmodulin {3]. Two
possible mechanisms for the low calmodulin-sensitivity
of Ca®*-transporting ATPase have been described,
partial i and If- ion. Partial proteol-
ysis whereby the i Imodulin-binding domain
of the protein is removcd [13] could be excluded be-
cause the migration distance of the purified ATPase on
‘Western-blotted SDS-polyacrylamide gels was exactly
the same as that of freshly prepared membranes pre-
senting calmodulin-stimulated enzyme activity (data not
shown). The altematwe pDSSIblllly, sell-assocmucn of
the enzyme i g the lin-bi g domain
[14 15], is the most llkely explanatlon for lhe calmod-
Self- i is f
higher enzyme concentrations and it is particularly
apparent if the ATPase has been purified in the ab-
sence of added phospholipids, as was the case in this
study.

The effects of negatively charged phospholipids on
the pNPPase activity of the erythrocyte ATPase are
summarized in Fig. 3. These experiments were done in
the presence of EGTA and in the absence of added
Ca®* and ATP. However, the effects of the phosph
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Fig. 3. Effect of negatively charged lipids on the y—mm-phenyl-
phosphatase activity of the erythrocyte plasma-membrane Ca®*-

transporting ATPase. The pNPPase activity was measured in the
presence of EGTA as described in Methods. Phospholipids were
added as described for the ATPase measurements. The numbers
under the vertical columns represent the amount of negatively
charged lipids as a percentage (w/w) of the total amount of lipids.
The results are expressed as means+S.E. of 3-5 determinations

from three different ATPase preparations.

Similar results on the effect of PS and PIP were ob-
tained on the pl ing ATP-
ase from pig stomach smooth muscle (data not shown).
In this latter preparation, the effect of PA, PI and PIP,
on the pNPPase activity was studied as well. The effect
of PA and Pl was very similar to that of PS, while
neither PIP nor PIP, did exert an effect.

It has been reported by Mlssnaen et al. {18] that the

lipids on the pNPPase activity werc similar

positively charged inhibits the

when the activity was measured in the presence of 100
#M Ca?* and 0.5 mM ATP, with or without 10 g/ml
calmodulin (data not shown). The pMPPasc activity of
the eryth ATPase is lated in a dose-d

dent way by PS but it is not affected by PIP (Flg 3).

TABLE I

p-Nitropheny! phasphatase activity of the Ca* *-transporting ATPase in
the presence of different Ca** concentrations and in the presence and
absence of ATP or calmadulin

The ATPase was reactivated by a phospholipid mixture (100% PC) at
a ratio of 1 mg phosphalipid/mg protein. Results are means+S.E.
of three different determinations.

(ca?*] p-Nitrophenylphosphatase (nmol mg™~! min~")
(uM) 7o ATP 0.5 mM 0.5 mM ATP
present ATP +10 pg/mi
calmodulin
o 3210£25 - -
10 65715 803£17 884x11
100 58411 1204119 -

y effect of PIP and PIP, on the ATPase
activity of the plasmalemmal Ca?* pump, while it docs
not affect the stimulaw.y effect of PS or PA. A similar
behavior was found with respect to the pNPPase activ-
ity. Although neumycin decreased the pNPPase activity
by about 50%, it did not influcnce the relative stimula-
tion by PS, expressed as the percen.age of the activity
in PC (Fig. 4).

The backward reaction of the ATPase whereby inor-
ganic phosphate is transferred to the enzyme is strongly
facilitated by adding organic solvents to the reaction
medium [19]). This effect is explained by postulating
that the phosphate acceptor site resides in a hydropho-
bic pocket. Orgamc salvents would facilitate the trans-
fer of the t hilic to the
site by reducing the polarity of the medium. Fig. 4
shows that also the pNPPase activity is strongly stimu-
lated by addmg 20% (v/v) of the organic solvent DMSO
o the In the of DMSO
theze is still a differential effect of PS versus PIP. In
this condition the pNPPase activity is no longer stimu-
lated by PS as compared to PC. The activity in the
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Fig. 4. Effect of the polycationic antibiotic neomycin (5 mM) and of
DMSO (20%, v/v) on the pNPPase activity of the erythrocyte
plasma-membrane Ca®*-transporting ATPase. The values given with:
each lipid represent the amount of negatively charged lipids as a
percentage of total lipids. In the case of neomycin, controls con-
tained 5 mM K,SO, instead of neomycin sulfate. The values repre-
sent the means + S.E. of four different observations.

PC_ FSy PIPy

presence of PS however remains higher than in the
presence of PIP which becomes inhibitory if compared
to PC.

Discussion

Although the stimufation of the activity of the plas-
1.alemmal Ca®*-transporting ATPase by negatively
charged phospholipids has been described in detail,
little is known about their mechanism of action or
about the properties of the lipid binding site. It has
been shown that there are important quantitative dif-
ferences in the effects of different negatively charged

hospholipids {3]. Lipids ing a greater number
of negative charges are more effective in stimulating
the activity of the Ca®* pump. The sara: correlation
was found for binding of the phospholipids to the

found that PIP has a similar effect on the ATP-activa-
tion curve but that it is more effective than PS. This
result indicates that PS and PIP exert their action on
the ATP-dependence of the ATPase by a common
mechanism. However, our phosphorylation experi-
ments and pNPPase measurements indicate that addi-
tional reaction steps are involved in the action of
gatively charged phospholipids on the Ca”*-ivans-
port cycle and that these steps are differentially af-
rected by the different phospholl ids, Whereas PIP
d the steady-stat in level of the
purified erythrocyte ATPase, PS did not exert that
effect. The obscrvation that in the presence of PIP a
larger fraction of the enzyme is in the phosphoxylated
ctate indi fore that PIP d ly af-
fects a reaction step which leads to a faster phospho-
rylation, rather than a reaction favouring dephospho-
rylation. The phenomenon cannot be due to an inhibi-
tion of dephosphorylation because such action would
lead to an inhibition of the ATPase activity, whereas
the opposite is found. In the Scheme I the most likely
site of action of the acidic phospholipids is not on the
rate constant of phosphorylation of E,, but rather on
the rate of conversion to the substrate E, (reaction 6),
because this step implies a conformational change and
is much slower than step 1 or 2 [20). Moreover, a
conformauonal change of the E, - E2 type very likely
ds on the phosph of the
protein since its activation energy may largcly result
from changed amphipatic properties. This mechanism
of action could be responsible for the qualitatively
similar effict of PS and PIP on the ATP-activation
curve mentioned above (Fig. 1).
Although PS stimulates the tnrnover ra!e of !hr,
ATPase, it does not i the steady-stat
enzyme level, implying that both the rate of formation
and of decomposition of EP are accelerated to a simi-
lar extent. This means that PS would not only acceler-
ate reaction 6, but also one of the steps involved in EP

ATPase protein, as determined by fluorescence energy
transfer [4). Measurement of the effect of negatively
charged phospholipids as a function of the Ca®* con-
centration shows that these compounds increase both
the V,,,, and the affinity for Ca®*. Little is known,
however, about the site(s) of interaction with the en-
zyme or about the elementary reaction steps of the
ATPase cycle which are influenced by these lipids. It
was shown by Rossi and Rega [6) for the membrane-
bound ATPase that PS modlfles the ATP-ncllvatlon
curve. This curve p

bsition as df d below.
The reaction steps whereby the Ca“-transporlmg
ATPase the | of 4 b phos-

phate (pNPP) are not fully understood The hydrolysis
of pNPP by the plasmalemmal ATPase is not accompa-
nied by Ca?* transport, unlike the hydrolysis of pNPP
by the Ca®*-transporting ATPase of the sarco(endo)
plasmic reticulum. This hydrolysis involves only part of
the ATPase reaction-cycle and possibly occurs at the
low-affinity ATP-binding site, which is exposed when
the cnzyme |s m the Ez conformatlon [17). Moreover, it

high affinity and a low affmny for ATP, rcspeclwely
PS increased the V,,,, of the high-affinity

I reaction steps which are
ot shared by the ATPase cycle. Therefore, the action

and increased the affinity for ATP at the low-affinity
site. Similar results were obtained with our purified,
delipidated and reactivated ATPase (Fig. 1). We have

of ucgatively charged phospholipids on the pNPPase is
cifficult to interpret because effects on the pNPPase
activity do not necessarily imply an effect on the
+.TPase activity. However, it may be indicative that



the negatively charged phospholipids which do not
increase the steady-state EP level (PS, PA, PI), in-
crease the pNPPasc activity whereas PIP and PIP,
which increase EP, do not exert such an effect on the
pNPPase. These results suggest that part of the effect
of the negatively charged phospholipids on the
pNPPasc activity is mediated by activation of a step
which during ATPase cycling results in a faster dephos-
phorylation of the enzyme. This step may be one that is
shared between the ATPase and the pNPPase cycle
(reaction 5), or it may be one of the steps f. g a
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the pNPPase activiiy by these negatively charged phos-
pholipide Wc have o clear explanation for the differ-
ence between thoir resuits and ours. It could be due to
the fact that they used a membrane bound form of the
enzyme, while we used in the present study the puri-
fied enzyme. Another difference is that we used porcine
and not human plasma membranes. Since our prepara-
tion differed from that of Rossi and Caride [22] also by
its calmoduli d it can not be excluded that
the difference in the pNPPase activation by acidic

holipids in both ions cou 1 how be

conformation that catalysis piNPPase activity (reactions
3 or 4). PS and PA would mainly use this pathway to
stimulate the pNPPase. For PIP and PIP,, acceleration
of the E, to E; would be relatively more
important. The relative importance of the effect on the
conversion leading to a faster phosphorylation or on
the conversion leading to a faster dephosphorylation
would then depend on the kind of phospholipid.
It has been observed by Mlssmen et al. [18] that the
i charged in inhibits the
stimulatory effect of PIP, and PIP on the ATPase
activity, but that this substance does not inhibit the
action of PS. We now report that neomycin did neither
affect the stimulation of the pNPPase activity by PS.
The selectivity of neomycin to inhibit the action of PIP,
and PIP but not that of the less negative lipid PS can
be explamed in at Ieas! two ways. It could mean that
of in with neg
charges on the phospholipids is too weak if the phos-
only one ive charge. Alterna-
tively, it could mean that the effect of PS as opposed to
that PIP and PIP, is not only due to its different head
group, but also to differences in the hydrophobic chains.
It should be mentioned in this respect tha: orgamc
solvents mimic the stimulatory effect of

related to this functional difference. However, the na-
ture of the link, if any, between both properties is not
clear at present.

In summary, :he present results indicate that the
stimulation of the Caz‘-([anspomng ATPase by nega-
tively charged ph ipids is mediated by the modifi-
cation of more than one elementary reaction step. One
could speculate that one such step is the E, to E,
conversion, leading toafaster phosphorylation, whereas
another one would i in the dephosphoryla-
tion. Moreover, the dlfference in effeci between nega-
tively charged thm some hplds
affect mainly the phosphorylation
others mainly i the rate of d ylation.
Zvaritch et al. [23] have proposed that a lysine-rich
rcgmn could be a bmdmg snte for negaiively charged

ipids. It is an ion whether the
binding to this region only, possibly involving both
hydrophobic and charge interactions, could medme
both the rate of ph ylation and d
tion and (or) whether a second independent phosph(r
lipid binding domain would be involved. An argument
in favour for a second binding site besides the lysine-
rich region is the observation that also arginine

charged phospholipids on the ATPase activity [21]. An
additional argument in favour of this hypothesis could
be that the effect of PS on the pNPPase activity disap-
pears in the presence of DMSO (Fig. 4). In this inter-
pretation, specificity of the PS effect versus PIP or
PIP, would imply a considerable difference in the
hydrophobic moiety of these phosphohplds Hovwever,
since it can be d that the mol

idue(s) play a role in the stimulatory effect of nega-
tively charged phospholipids [24].
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