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ABSTRACT. The affinity of sarcoplasmic reticulum €aATPase for cyclopiazonic acid is dependent on

the conformational state of the enzyme. It is high

in the absenceoflid low in its presence. When

C&* was added to the enzyme in the presence of equimolar toxin, the apparent rate constafit for Ca
binding was 0.6 min! when measured at 3T. The apparent equilibrium constant for’Calissociation
increased from 0.2 to 06M at neutral pH, and from 5.9 to 3™ at pH 6.0. The apparent equilibrium
constant for C& dissociation increased progressively as the amount of toxin increased above an equimolar
level. Cyclopiazonic acid decreased phosphorylation by ATP afdt @haen the enzyme in the absence

of Ca* was incubated in the presence of toxin, although no effect was observed after a preliminary
incubation with C&" at 37°C. Cyclopiazonic acid incubated with the enzyme in the presence 4f Ca
could be eliminated with a Sephadex column. However, the toxin could not be removed when it was
incubated with the enzyme in the absence of'Cdn the latter case, cyclopiazonic acid was eliminated
when the enzyme in the presence of toxin was incubated with &287°C. Under turnover conditions

and in the presence of M ATP, the toxin—enzyme interaction can be characterized by an app&ent

of 7 nM. With an ATP concentration of 1 mM, the enzyme was inhibited completely at a toxin/enzyme
molar ratio of~10. Furthermore, enzyme activity was observed to recover at a toxin/enzyme molar ratio
of 1 when the C& concentration was raised, which is consistent with the competitive character of
cyclopiazonic acid and Ga. It is concluded that ATP and €acan protect against cyclopiazonic acid

inhibition.

Cyclopiazonic acid (CPA}Y,a secondary metabolite pro-
duced by certain fungi of th€enicillium and Aspergillus

With regard to the inhibition mechanism involved, it has
been found that CPA at a toxin/enzyme molar ratio of 12.5

genera {), represents a toxicological problem for humans inhibits C&" binding and ATP-dependent phosphorylation
and animals since it may be found as a contaminant in of the enzyme9). Likewise, the use of FITC as fluorescence
processed food, grain, and poult8~4). The first clinical probe indicated that CPA stabilizes the é&nformation of
symptoms related to the ingestion of CPA were associatedthe enzyme, preventing the; E> E;Ca transition g, 10.
with several neurological and muscular disordess ). We have recently showrd {) that equimolar amounts of CPA
Subsequent biochemical characterization revealed that CPAjower the binding affinity of ATP, although CPA and ATP

inhibits the C&"-ATPase activity of isolated SR vesicles (
and that this inhibition occurs at equimolar levels of toxin,
there being no significant effect on other cation transport
ATPases §).
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do not compete for the same binding site, and that the
enzyme is not protected by &a when CPA is incubated
with E;Ca, if enzyme turnover is induced. There are also
some contradictory data in the literature regarding the
putative reversibility of CPA, since it has been reported as
being irreversible &) or partially reversible¥). A perusal

of the experimental data concerning the effect of CPA on
the C&" sites of the enzyme reveals that the information
available is sketchy. Many of the experiments were carried
out under different assay conditions, precluding comprehen-
sive data analysis and an assessment of their functional
relevance. We therefore thought it was advisable to perform
a more detailed study under well-controlled assay conditions
in order to improve our knowledge of the CPA action
mechanism.

In this study we have examined some critical aspects
related to the CPAenzyme interaction in connection with
the C&"-dependent conformational states of the enzyme (E
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Ca and E) and the enzyme turnover. We studied®Ca mg/mL SR protein was supplemented with different CPA
binding in the absence of ATP, both by radioactive tracer concentrations, and the incubation was maintained &22
45Ca* and by the fluorescence signal of FITC bound to the for 10 min. Then, 0.106 mM*$Ca]CaC} was added to give
protein, to obtain information on the enzyme affinity for’€a  a final pCa of 5, and incubation was prolonged at 0, 22, or
and the time course of the,E> E;Ca transition. Measure- 37 °C for an additional 10 min. Aliquots of the protein
ments of EP accumulation after the simultaneous addition suspension were filtered, and the radioactivity retained on
of [y-®2P]ATP and C&" were useful when evaluating the the filters was counted. In some experiments, the time course
enzyme capacity to be phosphorylated by nucleotide, while of C&" binding in the presence of equimolar CPA (0.2 mg/
the C&-ATPase activity data after gel filtration of the mL SR protein and 0.&M CPA) was also evaluated at 0,
samples provided information on the nature of the CPA 22, or 37°C by filtration of samples at different times after
binding. A kinetic titration was also applied to evaluate the the addition of C&'.
Ky for the CPA-enzyme complex. Ca-ATPase activity FITC Labeling and Measurement&nzyme derivatization
experiments performed in the presence of 1 mM ATP were py FITC was performed for 20 min in the dark at 26,
useful for understanding the role of saturating ATP an#Ca  ggsentially as described previouslgll, The reaction
concentrations during enzyme turnover in the presence of megium consisted of 50 mM Tris-HCI, pH 8.8, 80 mM KCl,
CPA. A comparison of the CPA inhibition data with those 5 )\ MgCl,, 0.2 M sucrose, 2 mg/mL SR vesicles, and 30
obtained in the presence of thapsigardi@{14) or 2,5-di- M FITC. Unreacted label was removed by centrifugation
tert-butyl-1,4-benzohydroquinond$) reveals clear similari-  for 1 min in a benchtop centrifuge throug 2 mLSephadex
ties in the action mechanism of these structurally unrelated G50 column 22) pre-equilibrated in a medium of 20 mM
compounds that act as highly specific inhibitors of SR/ER Mops, pH 7.0, 80 mM KCI, and 5 mM Mggl Before the
Ca*-ATPases. sample was added, the column was centrifuged for 1 min to
remove excess buffer. The labeling stoichiometry was
MATERIALS AND METHODS checked by absorbance measurements in the presence of 1%

SR Vesicles Fast-twitch skeletal muscle microsomes were Sodium dodecyl sulfate and 0.1 N NaOddgs being 80 000
obtained from the hind limbs of adult New Zealand rabbits M~*¢m™(23). FITC—ATPase fluorescence was measured
according to the Eletr and Inesi method6f. Isolated at 37°C under continuous stirring in a high-sensitivity optical
membranes were finally resuspended in 10 mM Mops, pH System from Bio-Logic Co. (Claix, France). Samples were
7.0, and 30% sucrose at a protein concentration of 18  irradiated at 490 nm with a 150-W mercuyenon arc lamp,

mg/mL, and stored at80°C until use. Typically, the yield ~ a@nd the emitted light was passed through a cutoff filter with
was approximate|y 1 mg of SR protein per gram of 50% tl’ansmiSSion at 515 nm (OG'515 from Eallng EleCtI’O—

homogenized muscle. optics, Holliston, MA). The quenching of fluorescence after
pCa Values Free C&" concentrations expressed as pCa the addition of C& was expressed in percentage/ss/F.

were established by including appropriate concentrations of (i) Kinetics of the & — E;Ca Transition. FITC-labeled
CaCh and EGTA according to a computer prografiv)( SR vesicles (0.1 mg/mL) were first equilibrated for at least
The absolute stability constant for the EGF&a* complex 10 min at 37°C in the presence of 20 mM Mops, pH 7.0,
was taken from Schwartzenbach et 4B)( and the K values 80 mM KCI, 3 mM MgCh, 0.1 mM EGTA, and 0.4«M
for the EGTA protonation were those reported by Blinks et CPA (CPA/enzyme molar ratie= 1). The fluorescence
al. (19). signal was monitored as a function of time after addition of
Radiometric Measurements of €aBinding The equi- & certain C& concentration (59.2M, 70.2uM, 105.7uM,
librium and kinetics of C# binding in the absence of ATP 0.2 mM, or 1.1 mM) to give final pCa values of 6.2, 6.0,
were measured by using a double radioactive labeling 5-0. 4.0, or 3.0, respectively.
procedure 20). SR vesicles were initially pre-equilibrated (i) Equilibrium Levels of ECa, vs pCa. The incubation
with the proper medium as described below. Aliquots of medium consisted of 20 mM buffer [Mops (pH 7.0) or Mes
the protein suspension containing 0.5 mL, equivalent to 0.1 (pH 6.0)], 80 mM KCI, 3 mM MgC}, 0.1 mM EGTA, 0.1
mg of SR protein, were used for each experimental point. mg/mL FITC-labeled SR, and the indicated concentration
Microsomal vesicles were separated from the incubation of CPA. The decrease in fluorescence was continuously
media by manual filtration through 0.48m nitrocellulose recorded after successive additions of a 100 mM gacCl
filters (Millipore, HAWP). The filters were not subjected solution.

to any additional washing step after sample filtration. Phosphorylation by Adding ATP and &a Levels of EP
Specific conditions for this assay were as follows. were measured at ZZ by manual mixing under vortexing
(i) Effect of CPA on ECa. The enzyme suspension (0.2  of a C&*-free enzyme suspension (0.5 mL) containing 20
mg/mL SR protein) containing 20 mM Mops, pH 7.0, 80 mM Mops, pH 7.0, 80 mM KCI, 3 mM MgG| 0.1 mM
mM KCI, 3 mM MgCl,, 1 mM [*H]glucose, 0.1 mM EGTA,  EGTA, 0.2 mg/mL SR protein, 16M A23187, and up to
and 0.106 mM {Ca]CaC} (pCa 5) was preincubated for 0.8 uM CPA when indicated, with 0.02 mL of phosphory-
10 min at 22 °C with different CPA concentrations. |ating medium containing 20 mM Mops, pH 7.0, 80 mM
Thereafter, protein aliquots were subjected to vacuum KCl, 3 mM MgCl, 0.1 mM EGTA, 3.12 mM CaG) and
filtration, and the filters were counted by the liquid scintil- 1.3 mM [y-32P]JATP. Concentrations after mixing were 0.12
lation technique. mM C&" (final pCa 4.66) and 5aM radioactive ATP. The
(i) Effect of C&" on BCPA. The initial incubation phosphorylation reaction was stopped aftes byadding 1
medium containing 20 mM Mops, pH 7.0, 80 mM KCI, 3 volume (0.5 mL) of ice-cold 0.25 M perchloric acid and 2
mM MgCl,, 1 mM [PH]glucose, 0.1 mM EGTA, and 0.2 mM sodium phosphate as a carrier. Quenched samples were
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filtered under vacuum using HAWP Millipore filters (0.45 10 uM ATP. The membrane protein concentration was
um pore size), and the denatured protein was rinsed five varied between 0.003 and 0.03 mg/mL to yield a certain
times with 5 mL each of ice-cold 0.125 M perchloric acid enzyme concentration in the range of4220 nM. For each
and 1 mM sodium phosphate. Filters were solubilized in enzyme concentration, th&,, value, i.e., the CPA concen-
scintillation cocktail before radioactive counting. Alterna- tration giving half-maximal inhibition, was determined. The
tively, the enzyme suspension,(férm) containing a certain  apparent dissociation constant was calculated using the
CPA concentration was subjected to incubation for 10 min following equation: Ky, = (Kg)'" + [Ca&*-ATPase](/2).

at 37°C in the presence of 0.12 mM CaClThereafter,the  Forn = 1, K4 would be the intercept in a plot dfy, vs
phosphorylation reaction was performed at’22by adding [Ca"-ATPase].

0.02 mL of radioactive medium containing 20 mM Mops,  Materials and Other Procedures’*CaC} and fH]glucose
pH 7.0, 80 mM KCI, 3 mM MgCj, 0.1 mM EGTA, 0.12  were purchased from DuPont NEN. They were used at a
mM CaCb, and 1.3 mM §-3?P]ATP. specific activity of ~10 000 cpm/nmol. }-32P]JATP was
Cef*-ATPase Actiity. Initial rates of ATP hydrolysis  gptained from Amersham Corp. and usech&@0 000 cpm/
were measured at 2% in the time scale of minutes by  nmol. CPA fromPenicillium cyclopiun{catalog no. S-1530),
following the liberation of inorganic phosphate4]. The  FITC Isomer | (F-7250), and the liquid scintillation cocktail
enzyme activity was constant over the period of measure- (S-4023) were products from Sigma Chemical Co. Th& Ca
ment. To evaluate enzyme activity after chromatographic jonophore A23187 was from Boehringer Mannheim. FITC
treatment, the reaction medium contained 20 mM Mops, pH was dissolved in dimethylformamide, and the?Cianophore
7.0, 80 mM KCI, 3 mM MgC}, 0.1 mM EGTA, 0.12mM  was prepared as ethanolic solution. CPA concentrations
CaCp, 0.02 mg/mL SR protein, 1.zM A23187, 2 mM given throughout the text correspond to amounts of CPA
phosphoenolpyruvate, 6 units/mL pyruvate kinase, and 50 added that are different from free CPA concentrations in
#M ATP. The effect of CPA and Ca on enzyme turnover  solution due to the high-affinity toxinenzyme interaction.
was studied in the presence of 0.02 mg/mL SR protein and The microsomal protein concentration was estimated by the
1 mMATP. A complete description of the reaction media Lowry et al. procedureZS) using bovine serum albumin as
is given in the legends of Figures 8 and 9. In all cases, the 3 standard. The protein concentration of different SR
Ca*-independent activity measured in the presence of excesspreparations was slightly adjusted to obtain a CPA/enzyme
EGTA (1 mM) was subtracted. molar ratio of 1:1 as defined in rdfl. Initial species ECa
CPA-Enzyme Interaction (i) Interaction of CPA with  or E,CPA was formed by pre-equilibrating SR vesicles with

EiCa. SR vesicles (0.2 mg/mL) in a medium containing Cz*+ or CPA in the absence of €3 respectively, for at
20 mM Mops, pH 7.0, 80 mM KCI, 3 mM MgGJ] 0.1 mM least 10 min at 22C.

EGTA, and 0.12 mM CaGlwere incubated for 10 min at
22 °C in the presence of up to 08V CPA. Microsomal
vesicles (0.8 mL) were centrifuged for 1 min through
Sephadex G-50 columng3), pre-equilibrated with 20 mM
Mops, pH 7.0, 80 mM KCI, 3 mM MgGJ 0.1 mM EGTA,
and 0.12 mM CaGl Samples collected from the columns
were diluted to 0.02 mg of protein/mL and used to evaluate
the C&t-ATPase activity.
(i) Interaction of CPA with & The same experimental REsSULTS
protocol was applied but in the absence ofCaEnzyme
incubation was performed for 10 min at 22 in a medium The sensitivity of SR Cd-ATPase to CPA was initially
containing 20 mM Mops, pH 7.0, 80 mM KCI, 3 mM Mg£l studied by measuring the &abinding capacity of the
0.1 mM EGTA, 0.2 mg/mL SR protein, and a certain CPA enzyme at equilibrium. Addition of CPA at a toxin/enzyme
concentration. The chromatography column was pre- molar ratio<1 to the enzyme in the presence ofda Ca**
equilibrated in a C&#-free medium containing 20 mM Mops, (E;Ca) did not modify maximal C# binding (~7.5 nmol/
pH 7.0, 80 mM KCI, 3 mM MgCJ, and 0.1 mM EGTA. mg of protein) when measured after 10 min incubation at
(iii) Interaction of CPA with B and Subsequent €a 22 °C (Figure 1A, open circles). A CPA concentration of
Addition. The initial incubation was performed for 10 min 0.8 uM added to 0.2 mg/mL SR protein corresponds to a
at 22°C in the presence of 20 mM Mops, pH 7.0, 80 mM toxin/enzyme molar ratio of 1, taking into consideration a
KCI, 3 mM MgCl,, 0.1 mM EGTA, 0.2 mg/mL SR protein,  CPA binding stoichiometry of 4 nmol/mg of SR proteiti}.
and a certain CPA concentration. After addition of 0.12 mM When CPA above an equimolar level was added {05,
CacCl, the incubation was prolonged for 10 min at 33. C&" binding to the enzyme was protected by increasing the
Microsomes (0.8 mL) were then centrifuged through the C&* concentration (data not shown). The effect of equimo-
Sephadex column in the presence ofCand processed as lar CPA on & was also evaluated by the same procedure.
for the ECa samples. SR vesicles in the absence of X avere first equilibrated
Dissociation Constant for CPAThe rate of ATP hy- for 10 min at 22°C with CPA at a toxin/enzyme molar ratio
drolysis as a function of CPA concentration was measured of <1 and then exposed to saturatifgJa]Ca&" for another
at five different enzyme concentrations. Experiments were 10 min at 22°C. Under these conditions, the high-affinity
performed at 25C in a medium containing 20 mM Mops, C&*" binding did not reach maximal levels, the partial
pH 7.0, 80 mM KCI, 3 mM MgC}4, 0.1 mM EGTA, 0.12 inhibition observed being dependent on the amount of CPA
mM CaCl, 4% A23187, 2 mM phosphoenolpyruvate, 5 present (Figure 1A, solid squares). Further experiments
units/mL pyruvate kinase, different CPA concentrations, and indicated that the final level of Cabinding was dependent

Data Presentation.The experimental values in this report
correspond to an average of at least three independent
measurements performed in duplicate and the use of more
than one membrane preparation. Standard deviations of
mean values (plus or minus) are given when indicated. The
fluorescence traces are representative of at least five different
measurements.
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Ficure 2: Effect of equimolar CPA on the kinetics of the &
E;Ca& interconversion measured by radioactive tracer (A) or
fluorescence quenching of FITC bound to the enzyme (B). The
time course of C& binding in panel A was measured by adding
0.106 mM [5Ca]C&* to the incubation medium containing 20 mM
Mops, pH 7.0, 80 mM KCI, 3 mM MgG| 1 mM [*H]glucose, 0.1
mM EGTA, 0.8uM CPA, and 0.2 mg/mL SR protein (08M
ATPase). Data points were collected &t®(a), 22°C (), or 37

°C (®@). The initial incubation medium in panel B consisted of 20
mM Mops, pH 7.0, 80 mM KCI, 3 mM MgGl 0.1 mM EGTA,
0.1 mg/mL FITC-labeled microsomes (@& ATPase), and 0.4
uM CPA. The fluorescence signal (490 nm/OG-515 cutoff filter)
was monitored at 37C after addition of the free Ga concentra-
tions stated on the experimental traces.

Ca”* bound (nmol/mg)

0.4 0.8

CPA (uM)

Ficure 1: Equilibrium C&" binding to the C&™-ATPase protein
as a function of the CPA concentration added. SR vesicles at 0.2

the presence of equimolar CPA (Figure 2A, solid squares).
However, the C# transition in the presence of equimolar

mg of protein/mL (0.8uM ATPase) were suspended in a final
incubation medium containing 20 mM Mops, pH 7.0, 80 mM KCl,
3 mM MgCl,, 1 mM [PH]glucose, 0.1 mM EGTA, 0.106 mM%-

Ca]Cac} (final pCa 5), and a certain CPA concentration. Aliquots

CPA and saturating Ca showed an apparent rate constant
of 0.6 mim! when measured at 37TC (solid circles), but

was only 0.01 mint when the experiments were carried out
at 0°C (solid triangles). The fluorescence intensity of FITC-

of 0.5 mL were filtered in each case to evaluate the radioactive . . .
tracers retained by the filters. The initial enzymatic form, the labeled ATPase is an alternative procedure for studyirig Ca

sequence of additions, and the incubation time and temperature ardinding. The fluorescence signal decreases whett @a
given in the corresponding diagrams (A and B). added to saturate the high-affinity sites, and increases when
the C&" concentration is lowered by the addition of EGTA
on the incubation time and temperature in the presence of(21, 2§. Accordingly, SR vesicles were first derivatized
Ca&*. Thus, the inhibition was almost complete when the with FITC and then incubated at neutral pH with an
10 min incubation in the presence ofCavas performed at  equimolar amount of CPA in the presence of EGTA, i.e.,
0 °C (Figure 1B, solid triangles). However, €abinding E;CPA. The subsequent addition of &ao give a certain
was maximal after 10 min incubation at 3Z in the presence  free concentration was accompanied by a specific time-
of Ce* (Figure 1B, solid circles). No effect on €abinding dependent decrease in fluorescence. The family of curves
was noticed after further incubation at a different temperature. presented in Figure 2B were obtained at°87 As can be
The observed effects of €awhen added to Ein the seen, the initial rate and amplitude increased as the Ca
presence of CPA prompted us to study the kinetics of the concentration was raised, although the overall apparent rate
E, — EiCa& interconversion. The time course of €a  constant decreased. The fluorescence change in the presence
binding measured by radioactive tracer was very slay,(  of equimolar CPA and saturating &awhen measured at
= 0.3 mint) when the experiments were performed at 22 37 °C, showed an apparent rate constant of 0.6 it
°C, and a saturating €aconcentration was added te B was completed in-6 min), confirming that such a fluores-
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Ficure 4. CPA effect on functional states of the enzyme as
ob determined by ATP phosphorylation. Treatment of samples as
é 5 4 3 outlined in flowcharts. SR vesicles at 0.2 mg of protein/mL (0.8

uM ATPase) were initially equilibrated for at least 10 min at 22
pCa °C in a medium containing 20 mM Mops, pH 7.0, 80 mM KCI, 3
FIGURE 3: CPA effect on the titration of CG& binding sites mM MgCl, 0.1 mM EGTA, 154M A23187, and a certain CPA

measured by FITC fluorescence quenching. FITC-labeled SR concentration up to 0.8M. Maximal levels of EP were measured

vesicles at 0.1 mg/mL (04M ATPase) were first equilibrated for ~ after mixing 0.5 mL of enzyme suspension with 0.02 mL;of{P]-
at least 10 min at 37C in the presence of 20 mM Mops (pH 7.0) ATP medium. Enzyme phosphorylation was maintained in the

or Mes (pH 6.0), 80 mM KCI, 3 mM MgGJ| 0.1 mM EGTA, and presence of 5@M radioactive ATP and 2@M free C&* for 1 s
a certain CPA concentration. The fluorescence signal was continu-2at 22°C (®). E;CPA was incubated with Cafor 10 min at 37°C

ously recorded before and after addition of Galyield different prior to phosphorylation when indicated®). See Materials and
pCa values. Fluorescence transitions required several minutes toMethods for further details.

be completed. Experiments were carried out at pH 7.0 and a CPA/

enzyme molar ratio ok1 (A) or at pH 6.0 and a CPA/enzyme  control curve and exhibited an apparéqtof 0.6 M when

mOlaI’ I’atiO of>=1 (B) CPA Concentl’ations Used Wel’e QM (A), the expenments were performed |n the presence OftM4
0.44M (@), 0.84M (v), or 1.64M (W). Data points in the absence  ~pa (Figure 3A, solid circles). Under these conditions, all
of CPA (O). o

the enzyme molecules would be initially saturated by CPA.

cence transition was related to the?Cainding process. It It is well-known that the enzyme affinity for Cais pH
should be noted that the &adependent transition measured dependent 31, 33, and so C# titration curves were
at 22-25 °C but in the absence of CPA takes place in less obtained at pH 6.0. The enzyme affinity for Lan the
than 1 s 27—29). absence of CPA was lower at pH 6.0 than at pH 7.0, with
The titration of high-affinity C&" sites can be studied by ~an apparentKy of 5.9 uM (Figure 3B, open circles).
sequential additions of ato FITC-derivatized SR vesicles Moreover, theKq of the enzyme for Cd, as measured in
in the presence of EGTA3(). Our measurements were the presence of 0.4M CPA, was 37uM (Figure 3B, solid
performed at 37C, and caution was taken to ensure that circles), which means that the toxin effect on’Chinding
any fluorescence change was completed each timie Was affinity is higher as pH decreases. It is interesting to note
added, since CPA decreases the rate of the~EE;Ca that increasing the CPA concentration to 0.8 (solid inverted
transition. The C& binding isotherm that can be measured triangles) or 1.6uM (solid squares), representing CPA/
in SR vesicles at pH 7.0 by the FITC fluorescence probe €nzyme molar ratios of 1, brought about a progressive
showed a saturable and positive cooperativity curve (Figure increase in the apparehy for Ca*.
3A, open circles), as previously report&f). The apparent The specificity of the Eform to be phosphorylated by
Kqin the presence of 3 mM Mg that can be deduced from  ATP is a useful tool for studying the selective effect of CPA
these data was 02M. Preincubation of FITC-treated SR  on the C&"-dependent enzyme conformations. In a first set
vesicles in the presence of EGTA(BBrm of the enzyme) of experiments, ECPA at a CPA/enzyme molar ratio afl
with 0.2 uM CPA before the sequential addition of a  was mixed with a medium containing-f?P]JATP and C&'.
was accompanied by an increase in the half-maximal The phosphorylation reaction was stoppedrafte at 22°C
concentration for saturating the €abinding sites and a by acid quenching. As can be seen in Figure 4, preincubation
decrease in the cooperativity parameter (Figure 3A, solid of E; with CPA precluded enzyme phosphorylation in a
triangles). It was expected that half of the enzyme molecules manner that was dependent on the amount of CPA present
would be saturated initially by 0/2M CPA since the protein  (solid circles). In another set of experimentsCPA was
concentration in this assay was 0.1 mg/mL. Furthermore, supplemented with saturating €aand maintained for 10
the C&" binding isotherm recovered the cooperativity of the min at 37°C before the phosphorylation process. Notably,
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FicURE 6: Effect of C&+ incubation and Sephadex column o E
CPA. SR vesicles at 0.2 mg/mL (081 ATPase) were incubated
for 10 min at 22°C in the presence of 20 mM Mops, pH 7.0, 80
mM KCI, 3 mM MgCl,, 0.1 mM EGTA, and a certain CPA
concentration. After addition of 0.12 mM CaGR2uM free C&"),
the incubation was prolonged for 10 min at 337. Aliquots of 0.8

mL were subjected to gel filtration/centrifugation through a
Sephadex G-50 column pre-equilibrated with 2Ceontaining
buffer. Samples collected from the columns were used to evaluate
enzyme activity. Open circles stand for samples treated as described
in the diagram. Solid circles stand for samples not subjected to the
F chromatographic treatment (control).

were passed through the column (Figure 5A, open circles).
It is expected that the Sephadex column removes loosely
bound and free CPA, and therefore the expression éf-Ca
ATPase activity would indicate absence of toxin. By
contrast, when Ewas incubated for 10 min at ZZ with
CPA at a toxin/enzyme molar ratio afl, enzyme inhibition
Ficure 5: Effect of CPA on ECa or B states after gel filtration  \yas observed whether samples were subjected to gel filtration
of samples. (A) The enzyme in the presence ofs2 free C2 or not (Figure 5B, open and solid triangles, respectively). In

(20 mM Mops, pH 7.0, 80 mM KCl, 3 mM MgG) 0.1 mM EGTA, :
0.12 mM CaC}, and 0.2 mg of SR protein/mL, equivalent to 0.8 another set of experiments,&PA was also formed at a

uM ATPase) was incubated for 10 min at 22 in the presence of ~ toxin/enzyme molar ratio of 1 and then supplemented with
up to 0.8uM CPA. (B) The enzyme in the absence of?C420 saturating C&. The C&" incubation was prolonged for 10
mM Mops, pH 7.0, 80 mM KCI, 3 mM MgG| 0.1 mM EGTA, min at 37°C, and samples were subsequently subjected to

and 0.2 mg of SR protein/mL) was incubated for 10 min af@2 . . -
in the presence of CPA. In all cases, aliquots of 0.8 mL were applied chromatography/centrifugation as before. After this treat-

to 2 mL Sephadex G-50 columns pre-equilibrated in the presenceMenNt, the enzymatic activity was completely recovered after
(A) or in the absence of @& (B) and centrifuged for 1 min atlow  gel filtration (Figure 6, open circles). Samples preincubated
speed. Samples from the eluate were used to determifie- Ca with Ca* at 37°C that were not passed through the column
ATPase activity. Open circles correspond to samples treated anOI(solid circles) were sensitive to CPA inhibition.
subjected to gel filtration as depicted in the diagrams. Solid circles The CPA- int i | ined b
correspond to samples that were not subjected to gel filtration e LrA-enzyme Interaction was also examined Dby
(control). kinetic titration in order to evaluate the enzyme affinity for
CPA. Enzyme activity data were generated in the presence
E.CPA samples subjected to €aincubation at 37°C of 10 uM ATP and an ATP-regenerating system. The
displayed full capacity to be phosphorylated by ATP (open dependence of enzyme inhibition on CPA concentration
circles). Incubation for 10 min at 37C in the absence of  displayed monophasic decay for each enzyme concentration
Ca* did not permit such phosphorylation when the reaction (Figure 7A), although different CPA concentrations were
was initiated from ECPA. needed to achieve half-maximal inhibitioKi;). As the
The Ca&" effect when incubated with ZEPA on the enzyme concentration approached ikador CPA, complete
enzyme capacity to be phosphorylated by ATP could be inhibition required toxin concentrations above an equimolar
associated with toxin displacement. This possibility was level. By plottingKy,, values vs C&-ATPase concentra-
explored by gel filtration experiments after incubating tions, we obtained an apparegg of 7 nM (Figure 7B).
samples under well-controlled conditions. WhelC& was It is important to establish whether the observed effects
incubated for 10 min at 22C with CPA at a toxin/enzyme  of CPA on the Ca"™-dependent conformations of the enzyme
molar ratio of<1, there was a progressive inhibitory effect are relevant to the catalytic cycle. To address this issue,
of the C&*-ATPase activity as the amount of toxin increased the steady-state €aATPase activity was measured in the
(Figure 5A, solid circles). However, the inhibition was no presence of 0.02 mg SR protein/mL and 1 mM ATP. In
longer observed once the& samples containing CPA  some experiments (Figure 8) the free“Ceoncentration was

Activity (umol P./min-mg)

0 ] 1
0.0 0.4 08

CPA (M)
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FIGURE 7: Effect of enzyme concentration on TaATPase
inhibition by CPA. (A) The hydrolytic activity was measured at
25°C in a medium containing 20 mM Mops, pH 7.0, 80 mM KClI,
3 mM MgCl,, 0.1 mM EGTA, 0.12 mM CaGl 4% A23187, 2
mM phosphoenolpyruvate, 5 units/mL pyruvate kinase, different
CPA concentrations, and M ATP. For each set of experiments
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05

Vinax / Mnax

0.0
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Ficure 9: Activating effect of C&" on the enzyme activity
measured in the presence of equimolar CPA and 1 mM ATP. The
effect of pCa on CH-ATPase activity was measured at 25.

The reaction medium for obtaining thé,.x values consisted of
20 mM Mops, pH 7.0, 80 mM KCI, 5 mM MgGJ 0.02 mg/mL

SR protein (0.08:M ATPase), 1.5«M A23187, 1 mM EGTA, a
CaCl concentration between 0.81 and 1.55 mM (to yield a free
concentration in the range-500uM), 0.08uM CPA, and 1 mM
ATP. TheVnax values were obtained under the same experimental
conditions but in the absence of CPA.

decrease even in the presence of low amounts of CPA,
although the ATP binding site would be saturated by 1 mM
ATP (11). Under these conditions, the CPA effect on
enzyme turnover is not restricted to the equimolar level. It
is clear that complete enzyme inhibition requires a CPA/
enzyme molar ratio 0f10.

We also examined the dependence of'Can C&'-
ATPase activity in the presence of 1 mM ATP and 008
added CPA, equivalent to a CPA/enzyme molar ratio of 1.

the membrane protein concentration was varied between 0.003 andThese experiments provided the maximal hydrolytic rate at

0.03 mg/mL to yield the following Ca-ATPase concentrations:
12 nM @), 20 nM (a), 40 nM (@), 80 nM @), and 120 nM Q).

(B) CPA concentrations giving half-maximal inhibitio(, values)
were plotted as a function of the enzyme concentration. The
dissociation constant for CPAC§ = 7 nM) can be obtained from
the intercept.

CPA/enzyme (molar ratio)
0 5

T T T

©
£
£ 2t
£
o \
©
el
= 1F ~
=
0 —I 1 -
0.0 0.4 0.8
CPA (1M)

Ficure 8: Inhibitory effect of CPA on the enzyme turnover
measured in the presence of 1 mM ATP. Steady-state-GaPase
activity was evaluated at 2%C in a medium containing 20 mM
Mops, pH 7.0, 80 mM KCI, 5 mM MgG| 1 mM EGTA, 0.967
mM CaCk (10 uM free C&"), 0.02 mg/mL SR protein (i.e., 0.08
uM ATPase), 1.5«M A23187, and a specified CPA concentration.
The reaction was started by adding 1 mM ATP. The hyperbolic
dependence was fit to the equatipr= 2.904/(1+ x/0.111).

fixed at 10uM, and the CPA concentration added was varied.

each C&" concentrationV\{'may). Parallel experiments per-
formed with the same Caconcentrations but in the absence
of CPA allowed us to obtain the correspondiig., values.
Figure 9 shows a plot 0¥ ma/Vmax VS pCa, demonstrating
that the enzyme inhibition promoted by equimolar CPA in
the presence of 1 mM ATP can be overcome by increasing
the C&" concentration in the reaction medium.

DISCUSSION

Our aim in the present study has been to uncover the effect
of CPA on the ECs and E conformations and the
implication of this effect for enzyme turnover. The fact that
CPA at a toxin/fenzyme molar ratio af1 has no effect on
C&" binding when added to jE& (Figure 1A) is an
indication that C& may prevent the interaction of CPA with
the enzyme. Therefore, the interaction QfClg, with CPA
can be defined as low affinity in contrast to that gf\ligth
CPA as high affinity. The final level of Ca binding was
dependent on the incubation conditions whefi®aas added
to E;CPA at a toxin/enzyme molar ratio af1. Our data
indicate that the extent of €abinding is dependent on the
E.CPA + C&" — E;Ca + CPA transition. Accordingly,
the partial inhibition observed when theZncubation was
carried out for 10 min at 22C (Figure 1A) suggests that
CPA did not completely dissociate from the enzyme. The
lack of effect on C&" binding when C&" was incubated for
10 min at 37°C (Figure 1B) is an indication that,EPA
was completely transformed inta@&,. We also found some

The data show a hyperbolic decrease of enzyme activity asCPA dissociation in the presence of after incubation

the amount of CPA increases. The activity tended to

for 10 min at 0°C (Figure 1B). The inhibition was
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practically equimolar when measured éi®@but 1 min after Scheme 1: CH-ATPase Reaction Cycle in the Presence of
addition of C&" to E;CPA (see solid circle at 1 min in Figure CPA?
2A). ATP ADP

Binding of C&" to the enzyme takes place in the minute E.Ca
time scale at 37C when added to F£PA (Figure 2). This :
suggests that CPA dissociation fromi&a rate-limiting step ca?* j
since the C#-dependent isomeric transition of the enzyme our ™
occurs in the millisecond time scal@?®—29). Therefore, E, EP
the rate of the E— E;Ca& interconversion developed in the \ )
presence of CPA is critically dependent on the incubation CPA\
time and temperature. This explains the previously reported
inhibition of the & — E;Ca& transition 8) and the absence E,CPA
of Clear‘QUI results when the CPA effect .O'nzca)lndlng @ Addition of CPA inhibits steady-state enzyme activity through the
was studied under poorly controlled conditio. ( inactive route &+ CPA— E,CPA. An increase in the Gaor ATP

Equimolar amounts of CPA decrease the enzyme apparentoncentration relieves the inhibition by favoring the catalytic transition
affinity for Ca2* binding by~0.45 pCa unit at pH 7.0 and Ez + C&" — EiCa.
by ~0.8 unit at pH 6.0 (Figure 3). This enhanced effect of
CPA at pH 6.0 can be explained by the prevalence of E Was recovered when;Ea + equimolar CPA was sedi-
conformations at acidic pH3@). A decrease in the rate of mented by centrifugation and the supernantant removed by
the & — E,Ca transition and in the enzyme affinity for ~aspiration suggests that CPA was not bound #0& (data
C&* have also been observed for other highly specific not shown). The chromatographic column containing"Ca
inhibitors such as thapsigargin and 2,5telit-butyl-1,4- was also able to eliminate CPA when theCIPA species
benzohydroquinonel§, 33, 33. was allowed to transform into,Ea + CPA (Figure 6). In

The C&" titration curves obtained as a function of pCa at contrast, the Sephadex column equilibrated in the absence
pH 6.0 clearly indicate that CPA above the equimolar level of C&* did not eliminate enzyme inhibition of the;€PA
produces a progressive shift in the apparkgtfor Ca2* samples (Figure 5B), suggesting that CPA was tightly bound
binding (Figure 3B). This competitive behavior, which was t0 Ez. The fact that no recovery of activity was observed in
more difficult to observe at pH 7.0 (data not shown), can be the minute time scale, even though passage through the
explained if CPA and C& bind to two different species,  column would permit CPA dissociation, is consistent with a
i.e., CPAto B and C&" to E,, as has been proposed for the Very low dissociation rate of toxin from EPA and the
thapsigargin actionl@, 14. Similar studies performed at apparentkq for the CPA-enzyme complex calculated in
pH 7.2 in the presence of thapsigargBv) or 2,5-ditert- Figure 7. Here again, our observations are difficult to explain
butyl-1,4-benzohydroquinon&%) reported a saturating shift  if we assume an equal binding affinity of CPA to both
of the C&* binding curve when these compounds were used €nzyme conformations as proposed for other specific inhibi-
above an equimolar level. The authors concluded that tors @4, 39. The inhibition by CPA was previously reported
inhibitors can bind to the enzyme in the presence or absencel© persist after repeated microsome washiglg élthough
of C&*. This conclusion is in disagreement with the NO experimental conditions with regards to CPA/enzyme

proposed model of thapsigargin inhibitioh3( 14, 36 and molar ratios and incubation conditions were indicated.

E,P-Ca,

the present observations on Cabinding (Figure 3B), Although complete enzyme inhibition at low ATP con-
although the experimental discrepancy may be attributed tocentrations requires a CPA/enzyme molar ratio ofl1),(
the pH used. the CPA/enzyme molar ratio was10 when measured in

The selective effect of CPA onyEcan also be demon-  the presence of 1 mM ATP (Figure 8). We know that CPA
strated by phosphorylation experiments. Our data indicate decreases the binding affinity of ATP by approximately 1
that ECa + CPA may be directly phosphorylated by ATP order of magnitude K4 ~ 28 uM) without affecting the
(11), whereas full phosphorylation of the enzyme requires maximal binding capacity of the enzym&lj. It is therefore
dissociation of the toxin, i.e., a €aincubation at 37°C to be expected that the catalytic site should be saturated by
when the reaction was initiated from@&PA (Figure 4). 1 mM ATP when CPA inhibition takes place. We also

The presence of equimolar CPA in the incubation medium found, under steady-state conditions, that the enzyme inhibi-
does not affect Ca binding (Figure 1A) or phosphorylation  tion by equimolar CPA in the presence of saturating ATP
by ATP (11) when added to & although, C&-ATPase  can be reversed by the addition of C4Figure 9).

activity may be inhibited by enzyme turnoverlj. There- The present observations can be explained by the reaction
fore, the enzyme activity measured after chromatographic cycle depicted in Scheme 1. When enzyme cycling occurs
treatment is a useful criterion for analyzing the CR&zyme in the presence of 1 mM ATP, the addition of CPA results

interaction. A Sephadex column containing?Cprotected in enzyme inhibition due to accumulation of the inactive
enzyme activity from inhibition when ATP was added to species, BECPA. Under these conditions, complete inhibition
E:Ca in the presence of CPA (Figure 5A). Since the of the enzyme requires a CPA/enzyme molar ratio-aD.
chromatographic column removes loosely bound and free This may be attributed to the activating effect of millimolar
CPA, it can be deduced that CPA was not tightly bound to ATP on the hydrolytic cleavage of EBB{—39) and the
E;Ca. On the other hand, the inhibition observed when subsequent stabilization ofEa, with respect to Especies.
samples were not passed through the column can beHigh ATP concentrations protect enzyme activity, and so
attributed to the CPA effect on,Egenerated during the complete inhibition requires the presence of several CPA
enzyme turnoverl(l). The fact that 8590% of the activity molecules. Furthermore, the partial enzyme inhibition
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induced by equimolar CPA in the presence of 1 mM ATP
can be overcome by adding €ai.e., pulling forward the
catalytic cycle by favoring the formation of€s as opposed
to the CPA-sensitive Eform.

In conclusion, the stabilization of ,E& species under
turnover conditions by adding €aor millimolar ATP may
protect against CPA inhibition. As a result, the degree of
inhibition would be critically dependent on &aand ATP
concentrations in addition to the CPA/enzyme molar ratio
due to the high affinity character of the toxin.

Inhibition by CPA affects both the catalytic and transport
domains and is specific for SR/ER €aATPase, as occurs
with thapsigargin. Therefore, it is expected that the interac-
tion site should be located in a region of the enzyme showing
little homology with other P-type ATPases. In this regard,
chimeric constructs have indicated that transmembrane
segment M3 is essential for thapsigargin sensitivitg)
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