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ABSTRACT: The Ca2+-ATPase of skeletal muscle sarcoplasmic reticulum is inhibited by a variety of
hydrophobic, hydroxy-containing molecules. A kinetic method has been used to study competition between
binding of pairs of inhibitors to the ATPase. The presence of 2,5-di-tert-butyl-1,4-dihydroxybenzene (BHQ)
decreases the affinity of the ATPase for 2,5-dipropyl-1,4-dihydroxybenzene (PHQ), suggesting that PHQ
and BHQ bind to the same site on the ATPase. In contrast, the presence of BHQ increases the affinity of
the ATPase for curcumin and vice versa. This suggests that BHQ and curcumin bind to separate sites on
the ATPase and that binding of the first inhibitor to the ATPase results in a change to a conformation
with higher affinity for the second inhibitor. This is consistent with previous experiments with BHQ and
thapsigargin suggesting a conformation change on inhibitor binding, E2+ I h E2I h E2AI, with E2AI
having a higher affinity for the second inhibitor than E2. The affinity for BHQ is also increased by binding
of diethylstilbesterol, ellagic acid, or nonylphenol, and the affinity for curcumin is also increased by
ellagic acid. These results showing that binding of a variety of inhibitors of very different structures all
result in a general increase in inhibitor affinity point to a global conformational change on the Ca2+-
ATPase caused by inhibitor binding, as well as any local, inhibitor-specific changes in conformation.

The Ca2+-ATPase of skeletal muscle sarcoplasmic reticu-
lum is inhibited by a variety of hydrophobic, hydroxy-
containing compounds. The inhibitors of highest affinity are
the sesquiterpene lactones related in structure to thapsigargin,
including thapsigargin itself and thapsigargicin, both isolated
from Thapsia garganica, thapsivillosin A, isolated from
ThapsiaVillosa, and trilobolide, extracted fromLaser tri-
lobum(1-5). These inhibitors bind with a 1:1 stoichiometry
to the Ca2+-ATPase, with an affinity of the order of 0.2 nM
(6-8). The interaction is structurally specific; thapsigargin
does not inhibit the plasma membrane Ca2+-ATPase or other
P-type ATPases (1, 2). The Ca2+-ATPase is also inhibited
by other hydroxy-containing compounds including nonylphe-
nol (9-11), 2,5-di-tert-butyl-1,4-benzohydroquinone (BHQ),1

and related 1,4-dihydroxybenzenes (12-14), bisphenol (15),
ellagic acid (16), curcumin (17, 18), and diethylstilbesterol
(19). These molecules have relatively little in common except
that they are all hydrophobic and contain-OH groups
(Figure 1).

The kinetics of the Ca2+-ATPase are usually interpreted
in terms of the E1-E2 scheme for the ATPase (20, 21). This
scheme proposes that, in the absence of any ligand, the
ATPase exists as a mixture of two conformations, E1 and
E2. In the E1 conformation the ATPase can bind two Ca2+

ions from the cytoplasmic side of the membrane whereas in
the E2 conformation these binding sites are closed (21).

When in the Ca2+-bound E1Ca2 state, binding of ATP leads
to hydrolysis of ATP and transport of Ca2+ across the
membrane.

One possible explanation for the effect of thapsigargin (Tg)
is that thapsigargin binds only to the E2 conformation of
the ATPase forming a “dead-end complex” E2Tg with the
ATPase that is unable to bind to Ca2+. However, an
alternative proposal is that thapsigargin binds to both the
E1 and E2 conformations of the ATPase and that inhibition
of ATPase activity follows from a conformational change

† We thank the BBSRC for a studentship (to M.J.L-S.).
* To whom correspondence should be addressed. Phone 44 (0) 2380

594322. Fax: 44 (0) 2380 594459. E-mail: agl@soton.ac.uk.
1 Abbreviations: PHQ, 2,5-dipropyl-1,4-dihydroxybenzene; BHQ,

2,5-di-tert-butyl-1,4-dihydroxybenzene; Tg, thapsigargin.

FIGURE 1: Structures of some inhibitors of the Ca2+-ATPase. BHQ
is 2,5-di-tert-butyl-1,4-dihydroxybenzene.
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of the initially formed E2Tg complex to a modified E2 state,
E2ATg (5). A very similar mechanism with formation of a
modified inhibitor-bound E2 state was suggested for inhibi-
tion of the ATPase by BHQ, despite the fact that BHQ and
thapsigargin bind to different sites on the ATPase (12).

The observation that two inhibitors (I) binding at different
sites on the ATPase both cause formation of a modified E2
state suggests that the E2Ih E2AI conformation change on
the ATPase reflects a global change in ATPase conformation
rather than a change just in the immediate vicinity of the
inhibitor binding site. A recent study by Young et al. (22)
has located the binding site for thapsigargin between two
loops connecting the transmembraneR-helices of the Ca2+-
ATPase on the lumenal side of the membrane. This proposed
location contrasts with the results of site-directed mutagen-
esis, which showed that residues in the S3 stalk helix on the
cytoplasmic side of the membrane, close to the membrane
surface, were important in binding (23, 24). These results
also suggest that binding of thapsigargin results in global
changes in structure of the ATPase (23, 25) so that binding
to a site on the lumenal side of the membrane is linked to
changes on the cytoplasmic side of the membrane (22).

A global change in structure of the ATPase on binding an
inhibitor could cause a change in affinity for another inhibitor
binding to a second inhibitor binding site on the ATPase.
We show here that kinetic experiments do, indeed, provide
evidence for such linkage of inhibitor binding sites, with
multiple binding sites on the ATPase at which binding results
in increased affinity for other inhibitors.

MATERIALS AND METHODS

BHQ, nonylphenol, and ellagic acid were obtained from
Aldrich, curcumin was obtained from ICN, and 2,5-dipropyl-
1,4-dihydroxybenzene (PHQ) was obtained from ChemSer-
vice.

Sarcoplasmic reticulum was purified from rabbit skeletal
muscle as described (26). ATPase activities were determined
at 25 °C using a coupled enzyme assay in a medium
containing 40 mM Hepes/KOH, pH 7.2, 100 mM KCl, 5
mM MgSO4, 2.1 mM ATP, 1.1 mM EGTA, 0.52 mM
phosphoenolpyruvate, 0.15 mM NADH, pyruvate kinase (7.5
IU), lactate dehydrogenase (18 IU), and 5µg of A23187 in
a total volume of 2.5 mL. The protein concentration was
0.25 µg/mL. The reaction was initiated by the addition of
an aliquot of a 50 mM CaCl2 solution to a cuvette containing
the ATPase and the other reagents to give a maximally
stimulating concentration of Ca2+ (free Ca2+ concentration
was ca. 10µM). Free concentrations of Ca2+ were calculated
using the binding constants for Ca2+, Mg2+, and H+ to EGTA
given by Godt (27). Experimental data were fitted using the
nonlinear least-squares fitting routine in SigmaPlot.

RESULTS

PHQ and BHQ Compete for Binding to the ATPase.
Although the kinetics of the Ca2+-ATPase are complex (20),
it has been shown (12) that inhibition of ATPase activity by
PHQ and BHQ at fixed concentrations of ATP and Ca2+

fits to a single inhibitor binding site model (see Scheme 1).
In this schemeK1 is the apparent dissociation constant for
binding of inhibitor I. The measured rate of ATP hydrolysis
(keffective) depends on the fraction of ATPase bound and

unbound by inhibitor and is given by

For ease of comparison, ATPase activities are expressed as
a fraction of the activity measured in the absence of inhibitor
(typically 3.2 IU/mg of protein). Inhibition by PHQ fits to
eq 1 with a dissociation constant of 11.3( 0.5 µM and a
residual fractional activity (k2) of 0.14 ( 0.03 (Figure 2,
Table 1). Similarly, inhibition by BHQ fits to eq 1 with a
dissociation constant of 0.19( 0.03 µM and a residual
fractional activity (k2) of 0.14 ( 0.03 (Table 1). Figure 2

also shows the effect of PHQ in the presence of 0.4µM
BHQ. Addition of 0.4µM BHQ results in a 60% decrease
in ATPase activity; subsequent addition of PHQ results in
further reduction in activity, but with a lower apparent
affinity for PHQ than in the absence of BHQ. The change
in apparent affinity for PHQ is most clearly shown by
plotting the activity in the presence of 0.4µM BHQ as a
fraction of the activity in the absence of PHQ (Figure 2).
The effect of PHQ in the presence of 0.4µM BHQ fits to a
dissociation constant of 46.4( 5 µM for PHQ (Figure 2,
Table 1).

Given the very similar structures of PHQ and BHQ, the
two inhibitors would be expected to bind competitively to
the same site on the ATPase, as shown in Scheme 2. If the
concentrations of the two inhibitors I and J are [I] and [J],
respectively, then the fractionFI of the enzyme in the I-bound
form EI is

Scheme 1

keffective) [k1K1/(K1 + [I])] + [k2[I]/( K1 + [I])] (1)

FIGURE 2: Effect of PHQ on Ca2+-ATPase activity in the presence
or absence of BHQ. Activities were measured in the presence of
the given concentrations of PHQ in the absence (O) or presence
(4) of 0.4 µM BHQ. Activities are expressed as a fraction of the
activity measured in the absence of inhibitor, typically 3.2 IU/mg
of protein. Activities measured as a function of PHQ concentration
in the presence of 0.4µM BHQ are also plotted as a fraction of
the activity measured in the absence of PHQ (0). The lines show
fits to a single binding site model, giving theKd values and residual
rates given in Table 1.
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This can be written as

where

Thus the presence of the inhibitor J simply increases the
dissociation constant for the inhibitor I by a factor of (1+
[J]/K2). With dissociation constants of 0.19 and 11.3µM for
BHQ and PHQ, respectively (Table 1), the affinity for PHQ
in the presence of 0.4µM BHQ can be calculated from eq
4 to be 35.0µM, in good agreement with the experimental
value of 46.4( 5 µM.

Effects of Mixtures of Inhibitors of Unlike Structure.Some
inhibitors of the Ca2+-ATPase increase ATPase activity at
low concentrations, with inhibition only being observed at
higher concentrations. For example, curcumin causes a small
increase in activity (ca. 10%) at low concentrations (up to
ca. 0.8µM) followed by a decrease in activity at higher
concentrations (Figure 3). Since the inhibitors of highest
specificity and affinity, the sesquiterpene lactones, show only
inhibition with no stimulatory phase, it is likely that
stimulation and inhibition follow from binding to different
sites on the ATPase. A variety of small hydrophobic
molecules are known whose binding stimulates the activity
of the ATPase, including diethyl ether (28), short-chain
alcohols (29), jasmone (30), and the pyrethroid deltamethrin
(31). As described previously (17), the concentration depen-
dence of the effect of curcumin on ATPase activity fits to a
two-site model with separate stimulatory and inhibitory sites.
If the dissociation constant for inhibitor binding at the
stimulatory site isKstim (see Scheme 3), then the stimulated
rate is given as a function of the concentration of I by

The observed rate is then calculated as the product
kstimkeffective. As described previously (17), Kstim is not well

defined by the data; any value forKstim less than about 0.1
µM gives an equally good fit. The value forKstim was
therefore fixed at 0.01µM, giving a dissociation constant
for curcumin at the inhibitory site of 3.0( 0. 5 µM with k2

) 0 (Figure 3, Table 1).

Unexpectedly, inhibition by curcumin in the presence of
BHQ occurs over a lower curcumin concentration range than
in the absence of BHQ (Figure 3), showing that, rather than

Table 1: Analysis of Inhibitor Binding to the Ca2+-ATPase

inhibitor second inhibitor
dissociation constant for

stimulatory site (µM)
dissociation constant for

inhibitory site (µM)
stimulated

fractional rate (k4)a
residual

fractional rate (k2)b

PHQ 11.3( 0.5 0.14( 0.03
BHQ (0.4µM) 46.4( 5.0 0.14 (fixed)

BHQ 0.19( 0.03 0.14( 0.04
curcumin (6µM) 0.07( 0.01 0.15( 0.01

curcumin 0.01 (fixed) 3.0( 0. 5 1.17( 0.03 0
BHQ (0.4µM) 0.81( 0.06 0.10( 0.02

ellagic acid 0.01 (fixed) 25.5( 7.5 1.17( 0.02 0
BHQ (0.4µM) 0.01 (fixed) 9.78( 2.6 1.17( 0.05 0
curcumin (3µM) 0.01 (fixed) 6.6( 2.7 1.22( 0.07 0

diethylstilbesterol 0.01 (fixed) 5.24( 1.19 1.16( 0.07 0.09
BHQ (0.4µM) 1.28( 0.20 0.31( 0.03
curcumin (3µM) 5.08( 1.26 0.18( 0.06

nonylphenolc 1 (fixed) 11.1( 1.9 2.51( 1.8 0
BHQ (0.4µM) 1 (fixed) 6.76( 1.55 2.18( 3.0 0

a See Scheme 3.b See Scheme 1.c n fixed at 3.

FI )
K2[I]

K1K2 + K2[I] + K1[J]
(2)

FI )
[I]

(Keff + [I])
(3)

Keff ) (K1K2 + K1[J])/K2 (4)

kstim )
k1Kstim

Kstim + [I]
+

k4[I]

Kstim + [I]
(5)

FIGURE 3: Effect of curcumin on Ca2+-ATPase activity. Activities
were measured in the presence of the given concentrations of
curcumin at an ATP concentration of 2.1 mM in the absence (O)
or presence (0) of 0.4 µM BHQ. Activities are expressed as a
fraction of the activity measured in the absence of curcumin. The
solid lines show fits to the two-site model for stimulation/inhibition
(O) or the one-site model for inhibition (0), giving the values listed
in Table 1.

Scheme 2

Scheme 3

Inhibitor Binding to Ca2+-ATPase Biochemistry, Vol. 41, No. 8, 20022871



BHQ and curcumin competing for binding to the ATPase,
the presence of BHQincreasesthe affinity of the ATPase
for curcumin. Inhibition by curcumin in the presence of 0.4
µM BHQ fits to a simple single site model for inhibition
with no evidence for an initial stimulatory phase (Figure 3).
The data fit to a dissociation constant for curcumin of 0.81
( 0.06µM compared to an inhibitory dissociation constant
of 3.0 ( 0.5 µM in the absence of BHQ (Table 1). A
corresponding effect is seen in studies of the effect of
curcumin on inhibition of the ATPase by BHQ where the
presence of curcumin leads to an increase in affinity for BHQ
(Figure 4, Table 1).

These results show that curcumin and BHQ must bind to
different sites on the ATPase and, further, that binding of
one inhibitor to the Ca2+-ATPase results in a conformational
change to a state with a higher affinity for the other (see
Scheme 4). In Scheme 4 ifK4 < K1 (and K3 < K2), then
binding of I will increase the affinity for J, and binding of
J will increase the affinity for I.

The fractionF of enzyme that is unbound by inhibitor is
given by

In the presence of J alone the fraction of enzyme free of
inhibitor is

If the activity of the inhibitor-bound ATPase is zero, then
the fractional activity in the presence of J, relative to that in
the absence of J, is given by the ratioF/FJ alone:

Rearranging

This is the normal equation for inhibition by I except that
K1 is replaced byK1(1 + [J]K2)/(1 + [J]K3). Thus knowing
the dissociation constants for I and J alone (K1 and K2,
respectively), the dissociation constantK3 for binding of J
to I-bound ATPase can be calculated from the affinity of I
in the presence of a fixed concentration of J. Substituting
the measured dissociation constant for curcumin in the
presence of 0.4µM BHQ (Table 1) into eq 9 gives a
dissociation constant for binding BHQ to curcumin-bound
ATPase of 0.04µM, representing a 5-fold increase in affinity
for BHQ. Similarly, the measured dissociation constant for
BHQ in the presence of 6µM curcumin (Table 1) gives a
dissociation constant for binding curcumin to BHQ-bound
ATPase of 0.85µM, a 3.5-fold increase in affinity for
curcumin. The close agreement between these two estimates
for the change in affinity (which theoretically should be equal
sinceK4/K1 ) K3/K2) gives confidence in the analysis.

Inhibition of the ATPase by diethylstilbesterol is similar
to that by curcumin with an initial stimulation of activity
followed by inhibition; the data again fit to the two-site
stimulation/inhibition model with a dissociation constant for
the inhibitory site of 5.24( 1.19µM (Figure 5, Table 1). In
the presence of 0.4µM BHQ the dissociation constant for
diethylstilbesterol decreases to 1.28( 1.3 µM (Figure 5,
Table 1), corresponding, from eq 9, to a 5-fold higher affinity
for BHQ for diethylstilbesterol-bound ATPase than for
unbound ATPase (Table 2). In contrast to the effect of BHQ,
the presence of 3µM curcumin did not lead to any increase
in affinity for diethylstilbesterol, and the data fitted to an

FIGURE 4: Effect of BHQ on the activity of the ATPase in the
presence or absence of curcumin. Activities were measured in the
presence of the given concentrations of BHQ in the absence (O)
or presence (0) of 6 µM curcumin. Activities are expressed as a
fraction of the activity measured in the absence of BHQ. The lines
show fits to single binding site models, with the parameters given
in Table 1.

Scheme 4

F )
K1K2K3

K1K2K3 + K2K3[I] + K1K3[J] + K2[I][J]
(6)

FJ alone)
K2

K2 + [J]
(7)

FIGURE 5: Effect of diethylstilbesterol on the activity of the ATPase
in the presence or absence of other inhibitors. Activities were
measured in the presence of the given concentrations of diethyl-
stilbesterol in the absence (O) or presence of 0.4µM BHQ (0) or
3 µM curcumin (4). Activities are expressed as a fraction of the
activity measured in the absence of diethylstilbesterol. The data
for diethylstilbesterol alone were fitted to the two-site model for
stimulation/inhibition, giving the parameters listed in Table 1. The
data in the presence of BHQ or curcumin were fitted to a single
site model, giving the parameters again listed in Table 1.

fractional activity)
K1K2K3 + K1K3[J]

K1K2K3 + K2[I]( K3 + [J]) + K1K3[J]
(8)

fractional activity)
K1

K1 + [I] (1 + [J]/K3

1 + [J]/K2
)

(9)
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inhibitory dissociation constant for diethylstilbesterol of 5.1
( 1.3 µM, equal to the value observed in the absence of
curcumin (5.2( 1.2 µM) (Figure 5).

Ellagic acid also inhibits ATPase activity following an
initial small stimulation (Figure 6, Table 1). The affinity of
the ATPase for ellagic acid is increased by the presence of
either BHQ or curcumin (Figure 6, Table 1). From eq 9, the
affinities of BHQ and curcumin for ellagic acid-bound
ATPase are 3.4- and 6.8-fold higher, respectively, than for
unbound-ATPase (Table 2). The effect of nonylphenol on
ATPase activity also consists of an initial stimulation
followed by inhibition (Figure 7). However, inhibition shows
a steeper dependence on nonylphenol concentration than
would be expected from binding at a single inhibitory site,
and the fit to a model with a single inhibitory binding site is
poor (Figure 7). The data were therefore fitted to a stimu-
latory/multiple inhibitory site model in which the inhibitor
binds ton identical sites on the protein, binding not affecting
the affinity for the inhibitor. The fraction of enzyme without
bound inhibitor was described by the equation

Equally good fits to the data could be obtained for a range
of values forn greater than 3. Since the important parameter
for our experiments was not the value ofn but the value for
the inhibitor dissociation constant, the value ofn was fixed
at 3, giving values for the dissociation constants for non-

ylphenol of 11.1( 1.9 µM and 6.76( 1.55 µM in the
absence and presence of 0.4µM BHQ, respectively (Figure
7, Table 1), corresponding to a 1.9-fold higher affinity for
BHQ for nonylphenol-bound ATPase than for unbound
ATPase (Table 2).

DISCUSSION

The transmembrane region of the Ca2+-ATPase consists
of a bundle of 10R-helices (32). The two Ca2+ ions to be
moved across the membrane bind between transmembrane
R-helices M4, M5, M6, and M8. An unexpected feature of
the crystal structure of the Ca2+-ATPase is that no clear
pathway is visible leading from the pair of Ca2+ binding sites
to the lumenal side of the membrane (21, 32). The implica-
tion is that release of Ca2+ from the pair of binding sites
involves a significant change in the packing of the trans-
membraneR-helices, possibly corresponding to an opening
up of the interface between helical bundles M1-M4 and
M5-M10, allowing access from the binding sites to the
lumen (21). The transmembraneR-helices of the Ca2+-
ATPase on the lumenal side of the membrane are linked by
small loops, these loops making little contact with each other
(33). Thus the lumenal part of the Ca2+-ATPase provides
relatively few constraints to changes in helix packing.

Young et al. (22) suggested that the binding site for
thapsigargin is on the lumenal side of the membrane, between
loops M3-M4 and M7-M8. This is consistent with cross-
linking studies with an azido derivative of thapsigargin,
which found labeling of a fragment of the ATPase corre-
sponding to helices M3 and M4 and the connecting loop
(25). Young et al. (22) suggested that thapsigargin could
bridge between the M3-M4 and M7-M8 loops, preventing
the change in transmembraneR-helical bundle packing
necessary to bind Ca2+. Mutation of residues in the S3 stalk
helix on the cytoplasmic side of the membrane, close to the
membrane surface, reduces the affinity of the ATPase for
thapsigargin without preventing inhibition at high concentra-
tions of thapsigargin (23, 24). Together, these results are
consistent with the proposal that binding of thapsigargin
results in global changes in the structure of the Ca2+-ATPase

Table 2: Dissociation Constants for BHQ and Curcumin Binding to
Inhibitor-Bound Ca2+-ATPase

inhibitor
inhibitor bound to
the Ca2+-ATPase

dissociation
constant (µM)a

BHQ curcumin 0.04
diethylstilbesterol 0.034
ellagic acid 0.056
nonylphenol 0.10

curcumin BHQ 0.85
diethylstilbesterol 3.0
ellagic acid 0.44

a Calculated from the data in Table 1 using eq 9.

FIGURE 6: Effect of ellagic acid on the activity of the ATPase in
the presence or absence of other inhibitors. Activities were measured
in the presence of the given concentrations of ellagic acid in the
absence (O) or presence of 0.4µM BHQ (0) or 3 µM curcumin
(4). Activities are expressed as a fraction of the activity measured
in the absence of ellagic acid. The data were fitted to the two-site
model for stimulation/inhibition, giving the parameters listed in
Table 1.

F ) 1

(1 + [I]/ KI)
n

(10)

FIGURE 7: Effect of nonylphenol on the activity of the ATPase in
the presence or absence of BHQ. Activities were measured in the
presence of the given concentrations of nonylphenol in the absence
(O) or presence (0) of 0.4 µM BHQ. Activities are expressed as a
fraction of the activity measured in the absence of nonylphenol.
The solid lines show fits to the stimulatory/multiple inhibitory
binding site model, with the number of inhibitor binding sites (n)
fixed at 3, giving the parameters listed in Table 1. The broken line
shows the best fit to a two-site model for stimulation/inhibition
with the affinity of the stimulatory site fixed at 1µM.
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(23, 25), with binding on the lumenal side of the membrane
being linked to changes on the cytoplasmic side of the
membrane (22).

An analysis of the effects of thapsigargin and other
sesquiterpene lactones on Ca2+ binding to the Ca2+-ATPase
suggested that thapsigargin bound with equal affinity to the
E1, E1Ca2, and E2 conformations of the ATPase but that
the E2-thapsigargin complex E2Tg that was initially formed
could undergo a further conformational change to a modified
E2ATg state, as shown in Scheme 5 (5). The initial binding
event to give E1Tg, E1Ca2Tg, or E2Tg could correspond to
binding of Tg to just one of the two key lumenal loops, most
likely the M7-M8 loop (Met-857 to Glu-895) since this loop
is considerably longer than the other lumenal loops. The
conformational change to the E2ATg conformation would
then correspond to interaction of the bound thapsigargin with
the short M3-M4 loop, an interaction that, according to
Scheme 5, would only be possible in the E2 conformation
of the ATPase.

In previous spectroscopic studies it has been shown that
the mechanism of inhibition of the ATPase by 1,4-dihy-
droxybenzenes such as BHQ is similar to inhibition by
thapsigargin, again involving an E2Ih E2AI conformation
change on the ATPase, despite the fact that BHQ and
thapsigargin bind to different sites on the ATPase (12). The
similar mechanisms of inhibition by two inhibitors of very
different structure suggest that the conformational changes
on the ATPase on inhibitor binding cannot be just local
effects restricted to the immediate environment of an inhibitor
binding site but must reflect a more global change in
conformation for the ATPase. The range of these global
changes cannot, of course, be determined directly from
binding experiments. The two inhibitor binding sites could
be very widely separated on the ATPase, in which case the
conformational changes on the ATPase linking the sites
would have to be long range. Alternatively, the two inhibitor
binding sites could be close together on the ATPase, in which
case the conformational changes linking the sites would be
shorter range.

Here we show that kinetic methods can also be used to
determine whether pairs of inhibitors bind to a single site
on the ATPase and can be used to detect global conforma-
tional changes on the ATPase. When two inhibitors bind to
the same site on the ATPase, the presence of one of the
inhibitors will decrease the affinity of the ATPase for the
other (Scheme 2). This is what is observed for mixtures of
the 1,4-dihydroxybenzenes BHQ and PHQ (Figure 2) sug-
gesting that these two inhibitors compete for binding to the
same site on the ATPase, as expected from their similar
structures. In contrast, the presence of BHQ increases the
affinity of the ATPase for curcumin and vice versa (Figures

3 and 4, Table 1). Thus not only must BHQ and curcumin
bind to separate sites on the ATPase but the binding of one
inhibitor must increase the affinity of the ATPase for the
other. Similar effects are seen with mixtures of BHQ and
ellagic acid, diethylstilbesterol, or nonylphenol; the presence
of BHQ increases their affinities by a factor of between 2
and 6 (Table 2). Similarly, ellagic acid increases the affinity
of the ATPase for curcumin by a factor of about 7. However,
the presence of 3µM curcumin had no effect on the apparent
affinity for diethylstilbesterol (Table 2), showing that cur-
cumin and diethylstilbesterol must bind to separate sites on
the ATPase with the affinity for curcumin being the same
for diethylstilbesterol-bound and free ATPase.

An increase in affinity for one inhibitor on binding a
second inhibitor is consistent with the proposal (5) that
binding of inhibitor to E2 leads to a conformation change to
a new state E2AI:

In terms of this model E2AI would have a higher affinity for
the second inhibitor than E2. An increase in affinity for BHQ
of about 5-fold caused by a second inhibitor such as curcumin
corresponds to an increase in free energy∆G° of BHQ
binding of about 4 kJ mol-1, compared to free energy
changes for the initial binding event (E2+ BHQ h E2.BHQ)
and for the conformational change E2‚BHQ h E2A‚BHQ
of about 40 and 8 kJ mol-1, respectively (12). Thus the E2A‚
curcumin state formed by binding curcumin does not express
the full increase in affinity for BHQ observed when the E2A‚
BHQ state is formed. That is, superimposed on the global
conformation change observed on binding inhibitor are other,
more local, inhibitor-specific changes. In terms of the binding
model proposed above, binding of curcumin could bridge
the M3-M4 and M7-M8 loops leading to an increased
affinity for BHQ but with a conformation not as favorable
for interaction with BHQ as that formed when BHQ alone
bridges the two loops.

The only obvious similarity between inhibitors of the
ATPase such as curcumin, BHQ, and diethylstilbesterol is
the presence of two-OH groups and the absence of any
charged groups. These-OH groups and their position are
essential for activity. Reversing the positions of the-OH
and methoxy groups in curcumin leads to total loss of activity
(17). Similarly, an epoxide derivative of curcumin shows
very low inhibitory potency (17). This compares with the
1,4-dihydroxybenzenes where the two-OH groups at the 1
and 4 positions were found to be essential for activity (12).
The structure of nonylphenol is significantly different from
that of the other inhibitors in that nonylphenol possesses only
a single -OH group and inhibition of the ATPase by
nonylphenol is different in that the concentration dependence
of inhibition suggesting that inhibition results from binding
to more than one site on the ATPase (Figure 7). The
hydrophobicity of the inhibitors suggests that the inhibitors
bind near the membrane surface so that they can penetrate,
at least in part, into the hydrophobic transmembraneR-helical
bundle of the ATPase.

ACKNOWLEDGMENT

We thank Dr. F. Earley of Astra Zeneca for many helpful
discussions.

Scheme 5

E2 + I h E2I h E2AI

2874 Biochemistry, Vol. 41, No. 8, 2002 Logan-Smith et al.



REFERENCES

1. Thastrup, O., Cullen, P. J., Drbak, B. K., Hanley, M. R., and
Dawson, A. P. (1990)Proc. Natl. Acad. Sci. U.S.A. 87, 2466-
2470.

2. Sagara, Y., and Inesi, G. (1991)J. Biol. Chem. 266, 13503-
13506.

3. Kijima, Y., Ogunbunmi, E., and Fleischer, S. (1991)J. Biol.
Chem. 266, 22912-22918.

4. Wictome, M., Henderson, I., Lee, A. G., and East, J. M. (1992)
Biochem. J. 283, 525-529.

5. Wictome, M., Khan, Y. M., East, J. M., and Lee, A. G. (1995)
Biochem. J. 310, 859-868.

6. Christensen, S. B., Andersen, A., Poulsen, J. C. J., and
Treiman, M. (1993)FEBS Lett. 335, 345-348.

7. Lytton, J., Westlin, M., and Hanley, M. R. (1991)J. Biol.
Chem. 266, 17067-17071.

8. Papp, B., Enyedi, A., Kovacs, T., Sarkadi, B., Wuytack, F.,
Thastrup, O., Gardos, G., Bredoux, R., Levytoledano, S., and
Enouf, J. (1991)J. Biol. Chem. 266, 14593-14596.

9. Michelangeli, F., Orlowski, S., Champeil, P., East, J. M., and
Lee, A. G. (1990)Biochemistry 29, 3091-3101.

10. Wictome, M., Michelangeli, F., Lee, A. G., and East, J. M.
(1992)FEBS Lett. 304, 109-113.

11. Sokolove, P. M., Albuquerque, E. X., Kauffman, F. C., Spande,
T. F., and Daly, J. W. (1986)FEBS Lett. 203, 121-126.

12. Khan, Y. M., Wictome, M., East, J. M., and Lee, A. G. (1995)
Biochemistry 34, 14385-14393.

13. Llopis, J., Chow, S. B., Kass, G. E. N., Gahm, A., and
Orrenius, S. (1991)Biochem. J. 277, 553-556.

14. Lytton, J., Westlin, M., and Hanley, M. R. (1991)J. Biol.
Chem. 266, 17067-17071.

15. Brown, G. R., Benyon, S. L., Kirk, C. J., Wictome, M., East,
J. M., Lee, A. G., and Michelangeli, F. (1994)Biochim.
Biophys. Acta 1195, 252-258.

16. Coll, K. E., Johnson, R. G., and McKenna, E. (1999)
Biochemistry 38, 2444-2451.

17. Logan-Smith, M. J., Lockyer, P. J., East, J. M., and Lee, A.
G. (2001)J. Biol. Chem. 276, 40905-40911.

18. Logan-Smith, M. J., East, J. M., and Lee, A. G. (2000)FASEB
J. 14, 1503.

19. Martinez-Azorin, F., Teruel, J. A., Fernandez-Belda, F., and
Gomez-Fernandez, J. C. (1992)J. Biol. Chem. 267, 11923-
11929.

20. de Meis, L. (1981)The Sarcoplasmic Reticulum, Wiley, New
York.

21. Lee, A. G., and East, J. M. (2001)Biochem. J. 356, 665-
683.

22. Young, H. S., Xu, C., Zhang, P., and Stokes, D. L. (2001)J.
Mol. Biol. 308, 231-240.

23. Zhong, L., and Inesi, G. (1998)J. Biol. Chem 273, 12994-
12998.

24. Yu, M., Zhang, L., Rishi, A. K., Khadeer, M., Inesi, G., and
Hussain, A. (1998)J. Biol. Chem 273, 3542-3546.

25. Hua, S., and Inesi, G. (1997)Biochemistry 36, 11865-11872.
26. Dalton, K. A., East, J. M., Oliver, S., Starling, A. P., and Lee,

A. G. (1997)Biochem. J. 329, 637-646.
27. Godt, R. E. (1974)J. Gen. Physiol. 63, 722-739.
28. Bigelow, D. J., and Thomas, D. D. (1987)J. Biol. Chem. 262,

13449-13456.
29. Melgunov, V. I., Jindal, S., and Belikova, M. P. (1988)FEBS

Lett. 227, 157-160.
30. Starling, A. P., Hughes, G., East, J. M., and Lee, A. G. (1994)

Biochemistry 33, 3023-3031.
31. Jones, O. T., and Lee, A. G. (1986)Pestic. Biochem. Physiol.

25, 420-430.
32. Toyoshima, C., Nakasako, M., Nomura, H., and Ogawa, H.

(2000)Nature 405, 647-655.
33. Lee, A. G. (2001)Biochim. Biophys. Acta(in press).

BI011938N

Inhibitor Binding to Ca2+-ATPase Biochemistry, Vol. 41, No. 8, 20022875


