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ABSTRACT. Thioridazine inhibits the activity of the synaptic plasma membrang @ Pase from pig

brain and slightly decreases the rate ofCaccumulation by synaptic plasma membrane vesicles in the
absence of phosphate. However, in the presence of phosphate, thioridazine increases the fdte of Ca
accumulation into synaptic plasma membrane vesicles. Phosphate anions diffuse through the membrane
and form calcium phosphate crystals, reducing the fre& €ancentration inside the vesicles and the rate

of Ca* leak. The higher levels of Ga accumulation obtained in the presence of thioridazine could be
explained by a reduction of the rate of slippage on the plasma membrane ATPase.

The nervous system contains a number of ion transporters There have, as yet, been no reports on the potential
that contribute to the maintenance of a low intracellular free importance of slippage and leak fordransport by PMCA.
C&" concentration, including the plasma membrané*€a  de Meis (L6) has shown that useful information about uptake
ATPase (PMCA) that pumps CH out of the cell and an  and leak of C&" by SERCA can be obtained from studies
intracellular C&"-ATPase (SERCA) that removes Tdrom of the effects of drugs such as chlorpromazine. Here we re-
the cytosol to internal stores. The synaptosomal plasmaport on studies of the effects of thioridazine and other anti-
membrane CHA-ATPase has been purified and well char- psychotics on the functioning of the synaptosomal PMCA
acterized 1—3). The activity of the protein is highly reg-  and show that thioridazine, while being an inhibitor of PMCA
ulated, being stimulated by calmodulin, acidic phospholipids, ATPase activity, can, under some conditions, produce a large
controlled proteolysis, oligomerization, and protein kinases increase in the rate of accumulation of?Caconsistent with
(4, 5). A stoichiometric ratio of C& uptake to ATP hy- a decrease in the rate of slippage on PMCA.
drolyzed of 1:1 is obtained by measurements of initial rates
(2), whereas a 2:1 ratio has been determined for the sar-MATERIALS AND METHODS
coplasmic reticulum (SR) Ca&ATPase 6). Under noninitial
rate conditions, a level of Cauptake to ATP hydrolyzed
of less than 2:1 is observed for the sacroplasmic reticulum
C&*"-ATPase due to passive leak of transported"@ait of

Materials. Thioridazine hydrochloride, fluphenazine hy-
drochloride, chlorpromazine hydrochloride, calmodulin from
bovine brain, the phospholipids phosphatidylcholine (PC),

. ; . type XI-E from egg yolk, and phosphatidylserine (PS) from
the vesicle 7, 8) and due to a slippage pathway that involves e prain, thapsigargin, ammonium vanadate, and calm-

the release of bound €afrom the phosphorylated inter- odulin—agarose were obtained from Sigma, 4/@2" was
mediate to the cytoplasmic side of the membrane before itSfrom American Radiolabeled Chemicals ' Inc. All other
transport into the lumen, resulting in ATP hydrolysis reagents were of the highest purity availa,ble.

pncouplgd from C& tran;port 0-11). T he amount of Cz‘f?t. Preparation of Synaptic Plasma Membrane (SPM) Vesicles
ions retained by SR vesicles can be increased by addition Ofand Purified Plasma Membrane &aATPase The fractions
ph_ospha_te or _oxalate to the external _medMlﬁ).(These __were prepared as described by Salvador and Maja (
anions diffuse into the lumen O.f Fhe vesicles through specific Briefly, the SPM vesicles were obtained by osmotic lysis of
transporters ](3_45) and precipitate the Ca ions in the synaptosomes. The €aATPase was isolated from SPM
lumen of the vesicles. vesicles solubilized in 0.6% (w/v) Triton X-100, using a
. — . calmodulin affinity column. The purified fraction was eluted

T This work was supported by Grant BFI2002-02548 from Diratcio .
General de InvestigagipMCyT, Spain. M.R.S. is a recipient of a Ph.D.  IN 20 MM Hepes/KOH, pH 7.4,130 mM KCl, 1 mM Mggl
studentship from FPU, MECyD, Spain. 15% glycerol, 0.06% Triton X-100, and 2 mM EDTA. All

*To whom COF_VI?SIOOHdenCG should be addressed. TellFax: 34-fractions were stored at80 °C until use. The protein content
gzﬁﬁi?j;é‘idi}jmgé'Ei?rzm%ﬂﬂgx'es' was measured by the Bradford methdd)(

#University of Southampton. _ Ca?t-ATPase Actiity. The C&"-dependent ATPase activ-

! Abbreviations: BAPTA, 1,2-bis(2-aminophenoxy)ethaskN',N'- ity was measured spectrophotometrically at’87by using
tetraacetic acid; BHQ, 2,5-dét-butyl)-1,4-benzohydroquinone; Hepes, 5 coupled enzyme assay in the presence of 50 mM Hepes/
4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid; PC, phosphati-
dylcholine; PMCA, plasma membrane TaATPase; PS, phosphati- KOH, pH 7.4, 100 mM KCI, 5 mM NgN, 2 mM MgClL,
dylserine; SR, sarcoplasmic reticulum. 3.16 uM free C&*, 0.11 mM NADH, 0.42 mM phospho-
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enolpyruvate, 10 IU of pyruvate kinase, and 28 IU of lactate 100

dehydrogenase. The SPM vesicles (4pof protein) were r

incubated in this medium for 2 min, and the reaction was 807

started by addition of 1 mM ATP. The purified ATPase (2 2 60

1g), containing 0.06% Triton X-100, was mixed with lipid 3

according to the method of Palacios et dl8)(and then f\o 40

diluted directly into the assay medium to give a final volume 20

of 1 mL. The sample was then incubated for a further 2 min I

before starting the reaction by addition of 1 mM ATP. o, . =
Ca?" Uptake.**C&" transport was measured at 3Z by 0 50 100 150 200 250 300 350

the filtration techniqueX9). SPM vesicles (4@g/mL) were [Thioridazine] (M)

incubated in an uptake medium containing 50 mM Hepes/ Ficure 1: Effect of thioridazine on the Ca&ATPase activity.
KOH, pH 7.4, 100 mM KCI, 5 mM NgN, 2 mM MgCl, ATPase activity was measured as indicated in the method section,

. using 2ug of delipidated ATPase reconstituted with 1(.§ of
100uM CaCh, enough BAPTA to give 3.16M free C&",  pc @) or PC plus 0.32g of calmodulin ®) or PS ®) in 1 mL

0.12uCi of “CaCk (approximately 20 400 cpom/nmol), and  of the assay medium. Activities were measured at@7in the
0.1 uM thapsigargin (standard uptake medium). When presence of 1 mM ATP and thioridazine at the indicated concentra-

required, 20 mM KHPQ, and thioridazine were added to S%PS- Dtata are tmean$h5|k3) (Eafsl) of LOUV etﬁpetr)imf?tst from |
L ;T . ifferent preparations. The broken line shows the best fit to simple
g][esr;fg"{[?elz 1t rEL tOtaIt.VOIl‘Ime' A:{ftetr 3 Lmn I(;]g."tj.batlopl inhjbitpr binding (eq 1) giving a value fdf; Qf 56 £ 7 uM. The
, ptake reaction was started Dy addiion of 1 gqid line shows the best fit to a model with both saturable and

mM ATP and was stopped after 5 min or the time specified nonsaturable inhibition (eq 2) described by dissociation constants
by filtration through Millipore filters (HAWP-045) and two ~ Ki andK; of 124+ 17 uM and 330+ 31 uM, respectively.
washes with 5 mL of 20 mM Hepes and 1 mM LaHilters

were dried for 45 min at 80C, dissolved in scintillation _ _

fluid (Cytoscint, ICN), and counted. Three blanks without Ve = [KJ( KL = VK] 2)
protein were filtered to determine the level of nonspecific
calcium retained by the filters.

Data Fitting and SimulationData were fitted to the appro-
priate binding equations using the nonlinear least-squares Th bl £ ‘inhibiti Id
routine in the SigmaPlot package (SPSS Inc, Chicago, IL). e nonsaturable cgmponent ot nhi |t!on coula cor-
Simulations of uptake and release of?Cavere performed respond to a detergent-like effect of thioridazine, which could

ina th EACSIMILE (MCPA L _result in significant depletion of the free concentration of
gféZ%L erOrgggirtgr UCIE) (MCPA Software Ltd, Sprot thioridazine. Indeed, the inhibitory effect of thioridazine is

observed to increase with decreasing concentration of protein,
RESULTS the inhibition of PMCA reconstituted with PS caused by 77
uM thioridazine increasing from 50% atufy of PMCA to
Effects of Thioridazine on ATPase Adty. PMCA was 82% at 1ug of PMCA (data not shown).
reconstituted by mixing lipids with the delipidated protein, The presence of 7z&M thioridazine had no significant
eluted from the calmodulinagarose column in 0.06% effect on the C#&-dependence of ATPase activity nor on
Triton-X100, followed by dilution into the assay buffer. This the ATP-dependence of activity when measured at a constant
method produces unsealed vesicles in which all protein free concentration of Mg (data not shown). However,
molecules have access to the substrates. Addition of thior-inhibition of ATPase activity by thioridazine was highly
idazine to PMCA reconstituted into bilayers of PC or PS, dependent on the free Mg concentration (Figure 2) with
lead to inhibition of ATPase activity in either the presence inhibition by 77 uM thioridazine being about 50% at free
or the absence of calmodulin with IC50 values of /vl Mg?t concentrations between 0.42 and 1.5 mM but with
(Figure 1); levels of inhibition were the same for periods of |ower levels of inhibition at higher concentrations of #g
incubation with thioridazine between 2 and 60 min (datanot  Effects of Thioridazine on Ga Accumulation.Synaptic

shown). As shown by the broken line in Figure 1, the levels plasma membrane vesicles (SPM) containing thé*Ca

whereK; is the apparent dissociation constant for nonsat-
urable binding. The data fit well to eq 2 with values #r
andK; of 124+ 17 uM and 330+ 31 uM, respectively.

of inhibition do not fit well to a simple inhibition curve ATPase were used to quantify €accumulation. All assays
were performed in the presence of QY thapsigargin, a
Uvmax= Ko/(I + Ky) 1) highly specific inhibitor of SERCAZ0), to avoid any effects

attributable to SERCA. The action of other ATPases was
where vmax and v are the rates of ATP hydrolysis in the blocked by azide. Consequently, the?CATPase activity
absence and presence of thioridazine at a concentrgtion and C&" transport measured in SPM vesicles under these
respectively, and; is the apparent dissociation constant for conditions are those due to PMCA.
thioridazine. Greater inhibition of activity was observed at ~ As shown in Figure 3A, the ATPase activity of these
high concentrations of thioridazine than would have been vesicles was inhibited by thioridazine over the same con-
expected from simple saturable inhibition, suggesting an centration range observed in studies of purified PMCA
additional contribution to inhibition, particularly important (Figure 1). Figure 3B shows the effect of thioridazine on
at higher concentrations of thioridazine. This additional C&" accumulation by SPM vesicles in the absence or pres-
inhibition was modeled as a nonsaturable component in ence of 20 mM phosphate. The level ofZCaccumulated
which inhibition was linearly related to the concentration of by the vesicles is higher in the presence of phosphate than
thioridazine, so in its absence because of the formation of a calcium
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FiIGURE 2: Effect of thioridazine on the Mg dependence of

Ficure 4: Phosphate concentration dependence Gf Gptake.

ATPase activity. Two micrograms of ATPase was reconstituted as SPM vesicles (4Qg/mL) were incubated in the standard uptake

described in the Materials and Methods in 106 of PS and

medium in the absenc®] or presence®) of 77 uM thioridazine.

incubated in 1 mL of assay medium with the indicated concentra- KH,PO, was added into the medium at the indicated concentrations.
tions of free M@". The ATPase activity was measured after addition Accumulation of C&" was started by addition of 1 mM ATP and
of 1 mM ATP in the absence (empty symbols) or in the presence was stopped 5 min later as indicated in the Materials and Methods.

(filled symbols) of 77uM of thioridazine. Data are meanss SD
(bars) of four experiments from different preparations.
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E 25p Ficure 5: Time dependence of €auptake by SPM vesicles. €a
) r accumulation by SPM vesicles (4@8/mL) was assayed as described
E 20_" in the Materials and Methods section, in the abseric@) or
2 5L presence@,®) of 20 mM KH,PQO, and without (empty symbols)
g L or with (filled symbols) 77uM thioridazine. The reaction was
S 10t started by addition of 1 mM ATP. Data are mean$D (bars) of
g . four experiments.
2 5r
© ol % L5 The effect of phosphate concentration orf‘Caccumula-

150

100 200 tion was studied in the presence and in the absence of
[Thioridazine] (uM) thioridazine (Figure 4). The level of accumulation of’Ca
FiGURE 3: Effect of thioridazine on Ga-ATPase activity and Ca increases with increasing phosphate concentration up to about
uptake by SPM vesicles. The ATPase activity (A) ofidffmL of 20 mM when the effect of phosphate saturates in both the
SPM was assayed in a reaction medium containing /v absence and presence of thioridazine. The small inhibitory
thapsigargin without (empty symbols) or with (filled symbols) 20 - gftact of thioridazine seen in the absence of phosphate is

mM KH,PO,. The reaction was started by addition of 1 mM ATP d at trati f ph hat b 4 mM
and thioridazine at the indicated concentrationg&Gacumulation reversed at concentrations or phosphate above ca. 4 m

(B) was determined as described in the Materials and Methods (Figure 4). The time dependence of“Caccumulation is
section. SPM (4@g/mL) was incubated for 4 min at 3T in the shown in Figure 5, with or without phosphate, which shows

standard uptake medium (which also contained®lthapsigargin) that at all times thioridazine increases the level of accumula-

without (empty symbols) or with 20 mM KIPQ, (filled symbols) o of &2+ in the presence of phosphate but not in the
and in the presence of the given concentrations of thioridazine. The

reaction was started by addition of 1 mM ATP and was stopped 5 2°Sence of phosphate. , _
min later. Data are means SD (bars) of three experiments. Passbe Leak of C&" from SPM Vesicleshe observation

that levels of accumulation of €aby SPM increase in the
phosphate precipitate in the lumen of the vesicles, keepingpresence of phosphate suggests that the vesicles could be
a low free luminal C&" concentration that prevents inhibition leaky to C&". This possibility was tested by actively loading
of C&* transport and reduces the rate of leak of ‘Gaut of the vesicles with CA in the presence of ATP and then
the vesicles. In the absence of phosphate ion, accumulatiorstudying passive Ca leak as a function of time after
of Ca* is inhibited to some extent by thioridazine (Figure inhibiting PMCA with vanadate (Figure 6A) or by removing
3B) but, unexpectedly, in the presence of 20 mM phosphatethe external C& with EGTA (Figure 6B). As shown,
C&" accumulation is stimulated by thioridazine, a maximum inhibition of PMCA leads to rapid release of accumulated
activation of ca. 56-60% being observed over a thioridazine Cé&", faster in the absence of phosphate than in its presence
concentration range of 77162uM; at higher concentrations, and faster when the ATPase is inhibited by removal of
thioridazine inhibited accumulation of €ain the presence  external C&" than when it is inhibited by vanadate (Figure
of phosphate. 6). The passive leak of Cafits to a single-exponential
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100 - A <«— Vanadate Table 1: Effects of Inhibitors of Ca-ATPase Activity on C&"
Uptake
80 - -
Activity Ca”" uptake
60 - % (umol.mg".min")(u) (nmol / mg of protein / 15 min)(h)
Control 1.75£0.12 242437
40 L (] (100%) (100%)
o™
20 1 Thioridazine 0.91 43.04 £ 6.46
% C("D/‘“ (77 uM) (49.7%) (178.93 %)
a 0 [ OH
?E’ Q/\/ Fluphenazine 0.92 +0.09 4259 +5.11
3100 B «— EGTA IS0 (65 M) (56%) (173.95 %)
(&)
8 9801
< 80 - (\/L% Chlorpromazine ~ 0.95 +0.07 36.76 +5.42
NP 100 uM 51.6% 152.16 %
60 - % E:[ D/ (100 pM) ( o) ( o)
40 F L] Vanadate 0.07 401+ 1.44
(50 uM) (4.1%) (18.45 %)
20 |- 8
14.01 +2.11
ok BHQ 0.93 (57.27%)
| | | | | | | (1.5 mM) (51.7%)

o 20 40Tim:?min)80 100 120 aATPase activity was assayed usingu® of purified PMCA

. . . reconstituted in PS as described in Materials and Metho@ds*-
FiGURE 6: Passive leak of Ca from actively loaded vesicles. SPM uptake was assayed in 4@ of SPM vesicles in the presence of 20

vesicles (4Qug/mL) were incubated in the standard uptake medium ' phosphate.
in the absence (empty symbols) or presence (filled symbols) of 20

mM KH,PO, and without ©,®) or with (A,a) 77 uM thioridazine. o o . o
The reaction was started by addition of 1 mM ATP, and 60 min transmission. Thioridazine inhibited the ATPase activity of

later, 1004M vanadate (A) or 2 mM EGTA (B) was added. the synaptic plasma membrane?GaTPase from pig brain,
Accumulation of C&" was measured at the indicated times. Data the |evel of inhibition being unaffected by the presence of

are meanst SD (bars) of four experiments. The 100% of?2Ca : ., : :
Uptake corresponded to 8.480.75 and 52,55 2.57 nmol/mg in calmodulin or by the phospholipids, phosphatidylcholine or

the absence or presence of phosphate, respectively, and 1.B87 phosphatidylserine, used to I’?COHStitUIe 'PMCA (Figure 1).
and 104.6H- 2.32 nmol/mg with 7%M thioridazine in the absence ~ The concentration of free Mg in the medium had a large
or presence of phosphate, respectively. Data are me&i3 (bars) effect on the level of inhibition by thioridazine, only very
of six experiments. low levels of inhibition being detected at high free concen-

. ) trations of Mg* (Figure 2). Takara and Alons®38) also
process under all conditions. When the PMCA is blocked reported a protective effect of Mjon the inhibition of the

with vanadate, the rate of passive leak decreases from 0.15% 2+ _ATPase activity of the SERCA by haloperidol, a drug

+ 0.0;1% car upgake/n:ln in the absence of phosphate t0 4t is chemically different from phenothiazines but that
0.045% + 0.006% C&" uptake/min in the presence of ghares a neuroleptic effect. The results suggest a competition
phosphate, the rates not being affected significantly by the yanveen thioridazine and My for binding to a site on

presence of 7ZM thioridazine. Similarly, when PMCAis  pymcA at which binding of Mg" leads to stimulation of
blocked by addition of EGTA, the rate of leak decreases from activity.

0.21%- 0.08% C&" uptake/min in the absence of phosphate  Thjoridazine inhibited both ATPase activity and ac-
to 0.055%= 0.004% C&" uptake/min in the presence of ¢ myation of C&" by SPM vesicles in the absence of phos-
phosphate, the rates again being unaffected by the PresencBhate jon (Figures 3 and 5). However, in the presence of

of 77 uM thioridazine. , phosphate ion, addition of low concentrations of thioridazine

Effects of Other Inhibitors on Accumulation of €aTo leads to an increase in the rate of accumulation o¥Ca
test the structural specificity of the effects of thioridazine, (Figure 5) although inhibition was observed at concentrations
Cé* transport was assayed with other inhibitors of PMCA. ¢ thioridazine above ca. 156M (Figure 3). Engelender and
Table 1 shows that vanadate and tetrahydrobenzoquinongye Meis 4) also observed that accumulation ofCéy
(BHQ) reduced ATPase activity and also reduced'Ca cerehellar endoplasmic reticulum vesicles in the presence of
transport. However, the phenotiazines fluphenazine andpposphate was stimulated by trifluoperazine, even though
chlorpromazine at concentrations that reduced ATPase aCt'V‘triquoperazine inhibited ATPase activity. They also showed
ity increased C# accumulation in the presence of phosphate {hat the presence of trifluoperazine increased the rate of
ion, almost doubling the levels of accumulation. passive leak of C& from actively loaded vesicles.

The level of accumulation of Ca by SPM vesicles will

DISCUSSION be a balance between the rate of transport ¢ff Qato the

Thioridazine is a phenothiazine derivative with a selective lumen of the vesicles and the rates of any leak pathways
dopaminergic-blocking action on the limbic dopamine recep- out of the vesicles. As shown in Figure 6, accumulateti Ca
tors, which acts clinically at 166800 mg daily doses as an  leaks out of SPM vesicles when PMCA activity is blocked
antipsychotic 21, 22). The aim of this work has been to by addition of vanadate or EGTA. The rate of leak is faster
study its action on the synaptosomal PMCA because PMCA in the absence of phosphate than in its presence, consistent
plays an important role in lowering €alevels involved in with a passive leak process, the presence of phosphate
neurotransmitter release and thioridazine is used for treatmenteducing the lumenal free concentration of?Cand so
of processes involved in the alteration of the synaptic reducing the rate of passive leak. Leak o C& unlikely
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to be due to reversal of the &aATPase with movement of 120

Ca&" out of the lumen of the vesicles linked to the synthesis 2 00l A a

of ATP from ADP and phosphorylated ATPase, since ADP 3

concentrations were low in these experiments and since in E 80

Figure 6A the ATPase was inhibited by vanadate and the ] 60 b

external C&" concentration was micromolar, conditions 8

under which reversal of the €aATPase is inhibitedZ4). g 40 .

Passive leak of Ca from SR vesicles has been suggested 3 20 b ffemT T

to be a simple passive process involving binding to th& Ca S . d

ATPase 9, 24, 25). 0 e —
Importantly, as shown in Figure 6, the presence of 100 N

thioridazine does not affect the rate of passive leak df Ca 80 B paj:i;;«[ E1— > ica — b E1CaATP

out of SPM vesicles, so the explanation for the effect of 2 on, L2 4 2p, +— ep 2 e

thioridazine on the level of accumulation of Taseen in 2 60 - t - o '

the presence of phosphate (Figures 3 and 5) cannot be a £ e

slowing of the rate of passive leak. An alternative possibility L 40

is that thioridazine affects the rate of slippage on PMCA, 2 a

slippage being the process in which the phosphorylated Toor X

intermediate of the Ca-ATPase releases its bound®Can 0 \ \ \ \

the cytoplasmic side of the membrane rather than into the 0 10 20 30 40 50 60

lumen. An effect on the rate of slippage has been proposed Time (min)

to be the explanation for the effect of curcumin on*Ca  Fgure 7: Simulations of C& accumulation and passive efflux.
accumulation by SR, where curcumin increased the rate of Simulations were performed using the parameters in Table 2 with
accumulation of C&# despite being an inhibitor of ATPase a concentration of ATPase of 0.0}, initial Ca?* and ATP
activity (26). The observation of fast passive leak of?Ca concentrations of 120M and 0.8 mM, respectively, and a lumenal

. . : volume of 1.5uL/mg of protein. Panel A shows the effects of
from SPM vesicles (Figure 6) would explain why an effect passive leak and slippage on accumulation of'Gaith the rate

of thioridazine is only seen in the presence of phosphate; in constants for passive leak and slippage given in Table 2: (a)
the absence of phosphate, passive leak &f @@uld be presence of 20 mM phosphate anduM thioridazine; (b) 20 mM

fast enough to mask any effect of thioridazine on slippage. phosphate and no thioridazine; (c) 7M thioridazine and no

; ; ‘o phosphate; (d) no thioridazine and no phosphate. Panel B is a
To show that slippage on the EaATPase is sufficient simulation of passive leak from €aloaded vesicles: (a) in the

to explain the observed results, we have carried out simula-presence of 20 mM phosphate; (b) in the absence of phosphate.
tions of a simple uptake scheme for SPM, including slippage The insert shows the reaction scheme used in the simulations.
and leak, according to the highly simplified scheme shown
in Figure 7. The scheme is based on that used previously toTable 2: Rate Constants Used in the Simulations Shown in
describe accumulation of €a by the C&™ATPase of Figure 7

sarcoplasmic reticulumi(, 27). As with the SR C# - rate constant
ATPase, it is assumed that the ZCaATPase can exist in

- . N step forward reverse
one of two conformations, E1 or E2. Following binding of
a single C& ion, the ATPase can bind ATP and then 52 E! 13s" ars”

g " _ E1+ Cau— ElCa 1x 18M~1s? 100s?
phosphorylate to give E2PCa. E2PCa can releasé iato ElCat ATP—E1CaATP 1x 18M-'s?! 1x 1(Ps?!
the lumen of the vesicle, resulting in transport ofCar it E1CaATP— E2PCa 0.3 0
can release the bound €don on the outside of the vesicle E%iSaEZEZPJF Can 61501523 st é-s x 1M s
in the process of sllppag'e, resulting in the fptlle hydroly§|s E2PCa E2P+ Ca
of ATP. Dephosphorylation of E2P results in regeneration g thioridazine 100¢ 0
of E2, which can recycle to E1. Simple passive leak cf'Ca  + 77uM thioridazine 0 0
out of the vesicles can also occur. The rate constants usedggﬁoigeﬁ; e 2 1075 0
in the simulations were largely those used previously for + 20 mM phosphate 5 10891 0

simulations of the SR Ca-ATPase but with a slower rate
of phosphorylation to account for the slower rate of ac- rates of 0.2 and 0.05 mif, in agreement with the experi-
cumulation of C&" by SPM than by SR vesicles (Table 2). mentally determined values. Accumulation of 2Cavas
A parameter having an important effect on the simulations simulated assuming that the presence of thioridazine had no
is the internal volume of the vesicles, which is not known. effect on the rate of passive leak, in agreement with the
Volumes of SR vesicles have been estimated to be a fewexperimental data shown in Figure 6, and also making the
microliters per milligram of protein8); in the simulations,  simplifying assumption that the presence of phosphate had
we have assumed an internal volume of 2L%mg protein. no effect on the rate of slippage. Assuming a rate constant
Passive leak of Ca from C&'-loaded vesicles was for slippage of 100 S in the absence of thioridazine with
simulated in the absence and presence of phosphate (Figurao slippage in the presence of ¥ thioridazine gives a
7B) according to the simple scheme Ca> Cay and time dependence for accumulation of?Can the presence
compared to the experimental data (Figure 6). Rate constantof phosphate in good agreement with the experimental data
of 2 x 1077 and 5x 108 s* for passive leak in the absence (compare Figures 7A and 5). The simulations show that, in
and presence of phosphate, respectively, give profiles forthe absence of phosphate, levels of accumulation éf Ca
the loss of C&' that fit to single-exponential processes with are little affected by the presence of thioridazine, in contrast
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to the large effect of thioridazine seen in the presence of 10.Yu, X, and Inesi, G. (1995) Variable stoichiometric efficiency of
phosphate (Figure 7A), confirming that passive leak of'Ca

in the absence of phosphate is fast enough to mask the effects;;

of thioridazine on the rate of slippage on the?GATPase.
The simulations shown in Figure 7A predict a small increase
in the level of accumulation of C& on addition of
thioridazine, compared to the experimentally observed
decrease (Figure 5), but this is probably due to the neglect
of the inhibitory effect of thioridazine on ATPase activity
in the simulations; although an inhibitory effect could have
been included in the simulations, this was felt not to be
justified given the highly simplified nature of the simulations,
designed purely to show the relative effects of leak and
slippage in the absence and presence of phosphate.
Activation of C&" accumulation in the presence of

phosphate was also observed with other phenothiazines that

inhibited ATPase activity (Table 1) but not with other
inhibitors of C&'-ATPase such as vanadate or BHQ,
indicating that the mechanism of action must be structurally
specific for these drugs.

In summary, this study showed that thioridazine and other
phenothiazines inhibited PMCA activity and Taccumula-
tion by SPM vesicles in the absence of phosphate. However,
in the presence of phosphate, these drugs activatéd Ca
transport. These effects can be explained by a reduction in
the rate of slippage on PMCA. This slippage is masked by
fast passive leak of Ga out of the vesicles when €a
accumulation is measured in the absence of phosphate.
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