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Abstract

Sarcoplasmic reticulum (SR) vesicles were adsorbed on an octadecanethiol/phosphatidylcholine mixed bilayer anchored to a gold electrode,
and the Ca-ATPase contained in the vesicles was activated by ATP concentration jumps in the presence of calcium ions. The resulting capacitive
current transients are compared with those calculated on the basis of the enzymatic cycle of the calcium pump. This comparison provides
information on the kinetics of the E,—E; conformational change and on its pH dependence. The alteration in the current transients following ATP
concentration jumps in the presence of curcumin is examined. In particular, curcumin decreases the rate of slippage of the Ca-ATPase, and at

concentrations above 10 uM reduces calcium transport by this pump.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Ca-ATPase of the sarcoplasmic reticulum (SR) is a
membrane protein that couples the hydrolysis of a molecule of
ATP to the active transport of two Ca>" ions from the cytoplasm
to the lumen of the SR, thereby promoting muscle relaxation [1—
3]. The enzymatic cycle of this calcium pump has been exten-
sively investigated, mainly by biochemical methods. Thus, the
phosphoenzyme intermediate has been determined by incor-
poration of [y->*P]JATP terminal phosphate onto Ca-ATPase, or
by its backdoor phosphorylation with [**P]P; in the absence of
calcium [4—7]. Calcium binding to the pump and its transloca-
tion have been determined using Ca®" isotopes [8—11] or fluo-
rescent probes [11—13]. The E/E, equilibrium and kinetics have
been measured using Ca-ATPase labeled with fluorescent probes
or exploiting tryptophan fluorescence [14,15]. All these bio-
chemical methods have allowed a detailed picture of the dif-
ferent steps of the enzymatic cycle to be obtained [16—21]. The
equilibrium and rate constants of many of these steps have been
adjusted so as to match the experimental data obtained by the
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above methods. A limitation of biochemical methods is re-
presented by their being insensitive to electrogenic steps.

Ca-ATPase electrogenicity was investigated by Apell and
coworkers by carrying out equilibrium and kinetic measure-
ments on vesicles incorporating Ca-ATPase in the presence of
styryl dyes [22—-26]; the fluorescence of these dyes varies with a
change in the local electric field within the protein/membrane
dielectric, and hence with a change in the charge of the protein.
A more direct, electrophysiological procedure to measure the
electrogenicity of ion pumps and transporters was devised by
Pintschovius and Fendler [27,28] and has been extensively
adopted by Fendler and coworkers [29-32] and by the present
authors [33—36]. It consists in carrying out concentration jumps
of activating substances on proteoliposomes adsorbed on a
mixed alkanethiol/phospholipid bilayer supported by a gold
electrode (the solid supported membrane, SSM). The concen-
tration jump induces the flow of a capacitive current that is
recorded against time. The resulting current transient exhibits a
relatively steep rising section, followed by a current peak and by
a descending branch. Integration of the current transient mea-
sures the charge moved by the activating substance.

A concentration jump consists in the rapid flow of a solution
of an activating substance, which reaches the electrode surface
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through a narrow tube upon expelling a “non-activating” so-
lution differing from the activating one only by the absence of
the activating substance. The temporary contact of the boundary
region between the two solutions with the electrode surface
causes the concentration of the activating substance to increase
rapidly from a practically zero value to its limiting, bulk value.
This non-instantaneous concentration jump is unavoidable, and
so far it has been regarded as the only cause of the rising section
of the current transients. Consequently, the concentration of the
activating substance at the current peak has been corrected on
the basis of this assumption. As a matter of fact, the activation of
the pump may well start from an electrosilent step: in this case,
the current will not increase instantaneously even in the pre-
sence of a hypothetical instantaneous concentration jump.

Biochemical methods allow different steps of the enzymatic
cycle of the calcium pump to be singled out, but cannot estab-
lish their electrogenicity. Conversely, the electrophysiological
method based on the SSM allows the time dependence of the
electrogenic events of the pump to be measured, but cannot
ascribe them to well defined steps. Moreover, the time constants
of the fastest processes cannot be resolved, since they are
hidden by the rising phase of the current transient, which covers
about 25 ms after the ATP concentration jump. In the present
work it will be shown that, upon combining the available kinetic
data provided by biochemical methods with reasonable assump-
tions as to the nature of the electrogenic steps, it is possible to fit
the current transients calculated by numerical solution of the
pertinent set of differential equations to the experimental current
transients obtained by the SSM technique (including their rising
section). This will permit us to gain further insight into the
kinetics of the enzymatic cycle of Ca-ATPase and to verify that
the rising section of the experimental current transients is due
not only to the concentration jump being non-instantaneous, but
also to some initial electrosilent steps.

After considering the kinetic scheme required to fit the
current transients due to ATP concentration jumps, the change
in the current transients following ATP concentration jumps in
the presence of curcumin, an important inhibitor of carcinogen-
esis, will be examined [38]. Our results clearly show that cur-
cumin reduces calcium transport by the calcium pump, while
decreasing at the same time its rate of slippage [13,39].

2. Materials and methods

2.1. Chemicals

Calcium and magnesium chlorides and 3-morpholinopropane sulfonic acid
(MOPS) were obtained from Merck at analytical grade. Adenosine-5’-tripho-
sphate disodium salt (ATP, ~97%) and dithiothreitol (DTT, >99%) were pur-
chased from Fluka. n-octadecanethiol (98%) from Aldrich was used without
further purification. Ethylene glycol-bis[3-aminoethyl ether]-N, N, N°, N’-
tetraacetic acid (EGTA), calcimycin (calcium ionophore A23187) and curcumin
were obtained from Sigma. The lipid solution contained diphytanoylpho-
sphatidylcholine (Avanti Polar Lipids) and octadecylamine (puriss., Fluka)
[60:1] and was prepared at a concentration of 1.5% (w/v) in n-decane (Merck) as
described by Bamberg et al. [40].

Sarcoplasmic reticulum vesicles were obtained by extraction from the fast
twitch hind leg muscle of a New Zealand white rabbit, followed by homo-
genization and differential centrifugation, as described by Eletr and Inesi [41].

The vesicles so obtained (light vesicles), derived from longitudinal SR mem-
brane, contained only negligible amounts of the ryanodine receptor Ca>* chan-
nel associated with junctional SR. The protein/lipid ratio was 1:1 and the total
protein content was 22.4 mg/ml, of which about 50% consisting of Ca-ATPase.

2.2. The activation experiment

The vesicles were first adsorbed on an octadecanethiol/diphytanoylpho-
sphatidylcholine mixed bilayer tethered to a gold electrode (namely the solid
supported membrane, SSM) and were then chemically activated by a fast ATP
concentration jump. A detailed description of the SSM, the experimental set-up
and the solution exchange technique can be found in Ref. [34]. In all expe-
riments two buffered solutions were employed, the non-activating and the
activating solution. The non-activating solution contained 150 mM choline
chloride, 25 mM MOPS (pH 7.0), | mM EGTA, 1 mM MgCl,, 1.1 mM CaCl,
([Ca* e =100 nM) and 0.2 mM DTT. The activating solution had the same
composition as the non-activating solution, plus 100 pM ATP. In the expe-
riments with curcumin, this drug was added at the same concentration to both
solutions from a 10 mM stock solution in ethanol. Free Ca>* concentrations were
calculated by the computer program WinMAXC 2.40 (Stanford University,
Pacific Grove, CA — USA) [42].

Unless otherwise stated, 1 pM calcium ionophore A23187 was used to
prevent formation of a Ca>* concentration gradient across the SR vesicles [43]. In
order to verify the reproducibility of the current transients generated within the
same set of measurements on the same SSM, each single measurement of the set
was repeated four to five times and then averaged to improve the signal-to-noise
ratio. Average standard deviations were usually found to be no greater than +5%.

For signal elaboration, charges were calculated by integrating the acquired
current transients, while relaxation time constants were obtained by a multi-
exponential fit to the current decreasing branch of the transient. In both cases the
elaboration software Origin 7.0 (OriginLab Corporation, Nothampton, MA —
USA) was used.

3. Results

A current transient induced at pH 7 by a 100 pM ATP con-
centration jump in the presence of 100 uM free Ca®" and of the
calcium ionophore A23187 is shown in Fig. 1. The normalized
charge reported in Ref. [34] by numerical integration of the
current transients recorded in the presence of both A23187 and the
protonophore 1799 (1.25 uM) at different pH values, under
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Fig. 1. A typical current transient following a 100 uM ATP concentration jump
in the presence of 100 uM free Ca>* at pH 7. The dashed curve was calculated as
described in the text. The electrical parameters Cp,, C,, and R,, employed for the
fitting are 0.30 pF cm 2, 3.9 pF cm 2 and 60 kQ cm?, respectively. The time
Lapp used to account for the ATP concentration jump being non-instantaneous
(see Ref. [34]) is 140 ms.
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Fig. 2. Translocated charge following 100 uM ATP concentration jumps in the
presence of 100 uM free Ca®" as a function of pH. The charge is normalized to
unity at pH 6.55 on the left-hand vertical axis. The right-hand vertical axis is used
for the fitting to Eq. (4). Asterisks are experimental data (from Ref. [34]), while
open circles are obtained from the simulation for a K value of 1.4 x 10'> M~ 2. The
solid curve is the best fit of the Hill function to the normalized charge, yielding
Kos=18x10"%M (pKo.s=7.7) and a Hill coefficient n of 2.0+0.3. The K 5
value corresponds to a binding constant, Ky, of 3.1 x 10° M2

otherwise identical conditions, is plotted against pH in Fig. 2
(asterisks).

The presence of curcumin markedly affects the shape and the
magnitude of the current transients recorded under the same
experimental conditions as in Fig. 1. Fig. 3 reports a number of
current transients in the presence of different curcumin con-
centrations. A progressive increase in the curcumin concentra-
tion causes a modest increase both in the peak current and in the
charge under the current transient up to 5 pM, followed by their
decrease at higher concentrations, as shown in Fig. 4. An
analogous dependence upon curcumin concentration was re-
ported by Sumbilla et al. [39] for Ca®" transport in the presence
of ATP. Fitting a bi-exponential function to the current de-
creasing branch of the transients, with the origin of the time axis
placed at the current peak, yields two relaxation time constants.
The dependence of the shortest time constant, 7, upon the
curcumin concentration parallels those of the charge and of the
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Fig. 3. Experimental current transients following 100 uM ATP concentration

jumps at pH 7 in the presence of 100 uM free Ca>* and of 0 (solid line), 15 uM
(dashed line) and 20 uM (dotted line) curcumin.
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Fig. 4. Dependence of peak current (@ and solid curve), translocated charge (O and
dashed curve) and decay time constant 7; (A and dotted curve) upon curcumin
concentration, as obtained from 100 uM ATP concentration jumps in the presence
of 100 uM fiee Ca>" at pH 7. Peak current and charge are normalized to the
corresponding values in the absence of curcumin.

peak current, as shown in Fig. 4. The longer time constant is
greater than 200 ms and is practically equal to the product of the
capacity by the resistance of the vesicular membrane (see Ref.
[34]); it does not depend on the pump activity and its high value
does not affect the estimate of ;.

It should be noted that in the above concentration jump
experiments potassium ion was absent. On the other hand, Sum-
billa et al. [39] and Logan-Smith et al. [13] used a high con-
centration of K" in their biochemical measurements. To verify the
effect of curcumin on Ca-ATPase in the presence of K, 100 uM
ATP concentration jumps were performed with the SSM
technique in the presence of 80 mM KCl and different curcumin
concentrations. The dependence of the current transients on
curcumin concentration observed in the presence of potassium
ions is in agreement with that reported in Fig. 4 (data not shown).

4. Discussion
4.1. Electrogenic steps of the SR Ca-ATPase enzymatic cycle

A detailed sequence of the steps of the enzymatic cycle of
Ca-ATPase, with the corresponding forward and backward rate
constants at physiological pH, was provided by Inesi and co-
workers on the basis of a number of biochemical measurements
[18,39]. In this sequence the protonation and deprotonation
steps are not reported. However, they can be readily included on
the basis of the consideration that these steps are normally
regarded as sufficiently fast as to be considered in quasi-equi-
librium, to a good approximation. In other words, if the steps of
the sequence reported in Ref. [39] are immediately followed by
a protonation or deprotonation step in quasi-equilibrium, their
rate constants incorporate the equilibrium constant of the latter
step. Moreover, the sequence in Ref. [39] does not include
explicitly a step involving the passage from the E, to the E,
conformation.

The pH dependence of the charge moved by Ca-ATPase
following Ca®" concentration jumps in the absence of ATP, as
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measured by the SSM technique over the pH range from 6 to
8.3, indicates unequivocally that the calcium pump in the E,;
conformation is deprotonated at pH 7 [36]. On the other hand,
the pH dependence of the charge translocated by Ca-ATPase
following ATP concentration jumps in the presence of Ca®"
indicates that the E, conformation at pH 7 is present sub-
stantially in the H,E, form [34]. In particular, in view of the
results of electrostatic calculations [44,45], the most probable
candidates for deprotonation at pH 7 in the E; state are Glu-771
and Asp-800, thus favoring Ca>* binding. It is then likely that
these two residues acquire protons upon Ca*" release following
the conformational change from E; to E,. Conversely, Glu-309
and Glu-908 are likely to retain their protons through the whole
cycle, because of their involvement in hydrogen binding and
stabilization of the Ca®*-bound conformation. With this in
mind, the sequence in Ref. [39] is complemented as shown in
Scheme 1.

To fit this scheme to the experimental current transient in
Fig. 1, the charge associated to each step must first be es-
tablished. For this purpose, the following reasonable assump-
tions, supported by several pieces of experimental evidence, are
made:

(1) The charge movements confined to the extramembrane
domains of the pump are entirely screened by the aqueous
medium, and the steps involving these movements must,
therefore, be regarded as electrosilent. This applies, say,
to ATP and ADP binding and to phosphorylation and
dephosphorylation steps [22].

(2) Conformational changes, which may involve movements
of cytoplasmic domains of the pump or rotations of the
transmembrane a-helices, are also regarded as substantially
electrosilent. Fluorescence measurements with styryl dyes

support this assumption [22,24-26]. This confines the
electrogenicity only to the steps involving H" or Ca®"
movements within the transmembrane portion of the pump.

(3) The transmembrane domain of the pump is assumed to be

homogeneous from a dielectric point of view. In other
words, no wide water-filled openings (vestibules) with the
dielectric constant, £=80, of bulk water are considered to
be present in the transmembrane domain of the calcium
pump. This assumption is supported by the recently pub-
lished crystal structures of Ca-ATPase in four different
states, Ca,E;, ATP-E;, P-E, and E,-thapsigargin [46—
52], which do not show large vestibules in the trans-
membrane domain. Thus, recent continuum electrostatic
calculations [45], which are based on a 2.4-A-resolution
crystal structure of Ca-ATPase and account for the
presence of water and phospholipid molecules within
narrow clefts in the transmembrane domain, ascribe a
dielectric constant of 4 to this domain.

(4) The dielectric coefficient of a step is defined as the frac-

tion of the thickness of the membrane, assumed to be a
homogeneous dielectric film, across which the charge is
moved during the given step, times the moved charge
expressed in electronic units. At pH 7.0, the dielectric
coefficient of a step involving the passage of a proton
from the luminal side of the pump to its binding site will
be assumed to be equal to —0.67. Accordingly, the di-
electric coefficient of a Ca>* ion moving in the opposite
direction will be equated to +1.34 [34]. Analogously, the
dielectric coefficient of a step involving the passage of a
proton from its binding site to the cytoplasmic side will be
set equal to —0.33, while that of a Ca®*" moving in the
opposite direction will be equated to +0.67. This as-
sumption is based on the known CayE; structure [43],
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Scheme 1. Enzymatic cycle of SR Ca-ATPase, at pH 7, after Sumbilla et al. [39], complemented as explained in the text. Numbering starts from the ATP concentration
jump. Forward and backward rate constants for each step are reported. Gray circles denote electrosilent steps, black circles electrogenic steps. Dotted lines indicate
three different routes for slippage reported in Ref. [55] (route 1), Ref. [39] (route 2) and Refs. [13,56] (route 3).
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where the Ca”" binding moiety is located inside the
membrane domain, at about 30—40% of the membrane
thickness from the cytoplasmic side. Moreover, in the P—
E, conformation the transmembrane segments that form
the ion binding site are not dramatically shifted relative to
their position in the E; conformation [44]. Finally, the
protons involved in Ca®" translocation are expected to be
taken up by, or released from, the residues that coordinate
the Ca®" ions, thereby occupying the same location as
calcium within the transmembrane domain.

The current transient based on Scheme 1 was calculated by
solving the system of fourteen differential equations obtained
by equating the time derivative of the mole fraction of each state
of the pump to the sum of the rates that yield the given state
minus those that consume it, according to the usual procedure
[37,53]. To obtain the capacitive current / that flows along the
external circuit and yields the current transient, a further dif-
ferential equation was added to the above equations. This was
derived from the analysis of an equivalent circuit reported in
Fig. 13 of Ref. [34], which is used to simulate the SSM. It
consists of an R,C,, mesh, simulating the vesicular membrane,
with in parallel a current source simulating the ion pump, and
with in series a further R,,C,,, mesh simulating the mixed thiol/
lipid bilayer. The analysis of this equivalent circuit yields the
two differential equations [34]:

dv, v
I1=1, e S ; 1
S0+ GG () (1)
Vi dvy
[=—+Cp b
Ry T g )

Here, 1, is the pump current, v, and v, are the potential
differences across the vesicular membrane and across the mixed
bilayer, respectively, while S(#) is a step function. In practice,
Ry, is so high that the first term in Eq. (1b) can be neglected to a
good approximation. Noting that at constant applied potential £
we have: dv,,/dt=—dv,/df, combining this equation with
Eq. (1a and b) yields the fifteenth differential equation:
dvy I Vp

dt ~ Cn+tGCy Ry(Cy+Cn)

(2)

The resulting system of fifteen differential equations was
solved by the fourth-order Runge—Kutta method. After obtain-
ing the mole fractions of the fourteen states of the pump and v, as
a function of time, the pump current f, was obtained by sum-
ming the rates of all fifteen steps, each rate being multiplied by
the corresponding dielectric coefficient. The current 7/ was then
obtained from the equation:

[ = —Cpdv,/dt. (3)

The best fit, represented by the dashed curve in Fig. 1, was
obtained by using all the rate constants reported by Sumbilla et al.
[39], except for the forward rate constant of the E,P < H,E,P;
step, which was set equal to 300 s~ " at pH 7.0, instead of 60 s '

Incidentally, this rate constant embodies the equilibrium constant

for the overall protonation reaction E,P+2H" < H,E,P (or E,P;+
2H" < H,E,P;) at pH 7. The H,E, < E;+2H" step (step 10 in
Scheme 1), which embodies the equilibrium constant for the
overall deprotonation reaction H,E, < E;+2H", was not expli-
citly included in the reaction sequence by Sumbilla et al. [39]. The
best fit was obtained by ascribing a forward and a backward
constant of 4 and 40 s ', respectively, to this step. For each
simulation, the electrical parameters Cy,, C,, and R, were adjusted
so as to obtain the best fit of the scheme to the experimental
current transient for an ATP concentration jump in the absence of
curcumin; Cy,, C, and R, were selected in the range 0.2—0.3 pF/
cm?, 2.5-3.9 pF/em?, and 45-85 kQ cm?, respectively. In
particular, the value of R}, is in good agreement with that reported
in Ref. [34]. Even relatively small changes in the rate constants
involving the time range covered by the current transients have an
appreciable effect on the shape and height of the corresponding
calculated transients (data not shown).

The charge moved in the presence of 100 pM free Ca*"
following a 100 uM ATP concentration jump yields a sigmoidal
curve when plotted against pH (see Fig. 2), practically doubling
in passing from pH 7 to pH 8.3. This increase in the net
translocated charge with an increase in pH is due to the prog-
ressive decrease in the countertransport of protons from the
lumen to the cytoplasm until, at pH 8.3, no proton countertran-
sport takes place. This behavior is to be ascribed to residues of
the Ca®" binding site which, when exposed to the luminal side
of the pump, release two Ca®" ions and take up a number of
protons that depends on their pK. In particular, at pH 7, two
protons are taken up by these residues and translocated to the
cytoplasm. The sigmoidal curve in Fig. 2, measured from its
foot and normalized to unity (see the right-hand vertical axis), is
due to the gradual passage of the E, conformation from the
H,E,P to the E,P form, and is directly related to the protonation
constants K =[HE,P]/([E,P][H"]) and K,=[H,E,P]/([HE,P]
[H']), according to the expression:

[E2P] _ 1
[EsP] + [HE2P] + [H2EoP] | 4 K\ [HY] + K Ko [HT]?

4)

In fact, this expression passes from the zero to the unit value
with an increase in pH, over the pH range investigated. A fit of
Eq. (4) to the sigmoidal curve of Fig. 2 shows that K, is much
greater than K, such that only the overall protonation equi-
librium K=K,K,=[H,E,PJ/([E,P][H']?) is measurable. In
other words, the intrinsic affinity of the proton for the second
protonation site is much greater than that for the first site,
denoting maximum cooperativity. This is clearly shown by
the best fit of the Hill function to the experimental plot (solid
curve in Fig. 2). This fit yields a Ky 5 value of 1.8x10 % M
(pKo5=7.7) and a Hill coefficient n of 2.0+£0.3, with K5
corresponding to a binding constant, Ky, of 3.1x10'> M~ 2. The
current transients at the pH values corresponding to the ex-
perimental points in Fig. 2 were calculated as described above
(see Fig. 5). In this connection, the progressive change in proton
countertransport was accounted for by multiplying the dielectric
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Fig. 5. Simulated current transients for 100 uM ATP concentration jumps in the
presence of 100 pM free Ca®" at different pH values: 6.55 (solid line), 7.35
(dashed line), 7.58 (dotted line), 8.30 (dashed—dotted line). The inset shows the
region of the overshoot.

coefficients of the E,P+2H" < H,E,P; and H,E, < E,+2H"
steps by the factor:

+12

[EsP] + [H2EoP] 1 4 K[H*]*

This amounts to considering that the E,P+2H" < H,E,P;
step runs in parallel with an E,P < E,P; step, and that the
H,E, < E,+2H" step runs in parallel with a H,E, <> H,E; step,
the relative weight of the parallel steps depending on pH. The
E,P < E,P; and H,E, < H,E; steps do not contribute to proton
movement, while the E,P+2H" < H,E,P; and H,E, < E, +
2H" steps do. The charge obtained by numerical integration of
the current transients so calculated was plotted against pH (open
circles in Fig. 2). The best fit to the experimental charge vs. pH
plot in Fig. 2 was obtained for K=K,K,=1.4x10"> M2 It
should be noted that this K value, which is obtained by correctly
calculating the effect of the pH dependence of the protonation state
of the E, conformation on the experimental charge, is slightly
different from the K|, 5 value obtained by directly applying the Hill
function to the charge vs. pH plot. The calculated curves show an
increasing overshoot with an increase in pH (see Fig. 5), in
qualitative agreement with the experimental behavior (compare
Fig. 7 of Ref. [34]).

It is interesting to compare the equilibrium and kinetic data
for the conformational transition from the E; to the E, states, as
obtained at pH 7 from the fit of the current transient in Fig. 1,
with those obtained by Henderson et al. [14,15] in the absence
of ATP and of Ca®" by using 4-nitrobenzo-2-oxa-1,3-diazole
(NBD) as a fluorescent probe sensitive to this conformational
change. In making this comparison, one must consider that these
authors extract their equilibrium and kinetic parameters from
their fluorescence measurements, upon assuming that both E,
and E, are present exclusively in the deprotonated or mono-
protonated forms over the whole pH range from 6 to 8.5. On the
other hand, our measurements of the pH dependence of charge
movements, following Ca>" concentration jumps in the absence
of ATP and ATP concentration jumps in the presence of Ca?",

show unequivocally that, at pH 7, E, is almost completely
present in the fully protonated form, H,E, [34,36]. Among other
things, this protonation state allows a straightforward interpreta-
tion of the countertransport of two protons per enzymatic cycle
of the calcium pump at physiological pH. Leaving this difference
in the protonation states of E, aside, the equilibrium constants
for the E; < EH and E, < E,H steps, K; ,=5x% 10° M ! and
K> ,=3x 10® M~ ! respectively, estimated by Henderson et al.
[14], indicate that, at pH 7, the E; conformation is fully depro-
tonated and the E, conformation is fully protonated, in agree-
ment with our results. Moreover, the ratio of the overall
concentration of E; to that of E, at equilibrium, ([E;]+[E;H])/
([E2]+[E>H]), as estimated at pH 7 from the above K, , and K, ,,
equilibrium constants and from the equilibrium constant, 4, for
the E; < E, step reported by Henderson et al. [14], amounts to
0.13, in good agreement with the [E;]/[H,E,] ratio of 0.1
estimated at pH 7 from the forward and backward rate constants
of the H,E, < E; step in Scheme 1. In addition, the pH at which
the E, and E; conformations assume equal concentrations, in-
dependent of their protonation states, amounts to about 7.5
according to Henderson’s measurements (see Fig. 1 of Ref.
[14]). This pH value compares very favorably with that of 7.6,
estimated from ATP concentration jumps in the presence of Ca*"
(see Fig. 2). Finally, the “overall” forward rate constant of the
E,—E, transition, as estimated from the K, , and K, ,, equi-
librium constants and from the forward rate constants of the
E,—E, and HE,—HE; steps, 80 and 2 s ' respectively, as
reported by Henderson et al. [15], amounts to 4.5 s~ ' at pH 7; this
value agrees satisfactorily with the value of 4 s~ ' in Scheme 1
(step 10).

The above results indicate that, under non-steady state con-
ditions, the slowest step of the enzymatic cycle of the pump is
an electrosilent relaxation from the E, to the E; conformation
(probably, a H,E, —H,E, step followed by a rapid release of
two protons, at pH 7). The agreement of our rate and equi-
librium constants with those by Henderson et al. [14,15] also
points out that the rate of this step is independent of the presence
of Ca®" or ATP. That the transition from the E, to the E;
configuration is the slowest step of the whole cycle was first
reported by Scofano et al. [54], at ATP concentrations below
50 uM. This conclusion is consistent with the large rearrange-
ments occurring between the Ca,E; state and the thapsigargin-
stabilized E, state, as results from these two crystal structures
[46,47]. Similar conclusions were recently drawn by Peinelt and
Apell [25], who estimate the rate of the H,E, —H,E; step at
0.8 s~ '. However, these authors propose that a change between
two different conformations of P—E, (P—E,* —P—E,) may be
even slightly slower. The relatively long time required for Ca-
ATPase to complete a single cycle (about 250 ms from our
measurements, about 1 s from Peinelt and Apell’s fluorescence
measurements) is in apparent contrast with the short time (50 ms
or less) during which a muscle relaxation process takes place.
However, the high density of calcium pumps in the SR allows
the Ca*" concentration in the cytoplasm to pass from 10 to
0.1 uM by Ca®" binding in the E, state in a single turnover of
the pumps [25]. Now, this binding takes place in less than
50 ms.
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4.2. Effect of curcumin

We will now examine the peculiar behavior of curcumin, an
important inhibitor of carcinogenesis [38]. This drug is reported
to inhibit the ATPase activity of Ca-ATPase, while reducing at
the same time its rate of slippage [13,39]. Thus, according to
Sumbilla’s biochemical measurements, a progressive increase
in curcumin concentration causes calcium transport first to
increase, attaining maximum at 5 uM curcumin, and then to
decrease continuously, remaining higher than in the absence of
curcumin only up to 10 uM. On the other hand, the ATPase
activity increases only slightly up to a 2 uM concentration and
then decreases continuously [39]. Our SSM measurements of
Ca*" translocation following ATP concentration jumps confirm
such an effect of curcumin on Ca®" transport (see Fig. 4). In the
absence of curcumin, the slippage, namely the ATP hydrolysis
without Ca®" translocation induced by the pump, increases with
an increase in the concentration of ADP or in that of luminal
Ca*". Three possible routes for slippage are represented by
dashed lines in Scheme 1. Route 1 was proposed by de Meis
[55], route 2 by Sumbilla et al. [39], and route 3 by Dalton et al.
[56] and by Logan Smith et al. [13].

To investigate whether the effect of curcumin on Ca*"
transport is influenced by adding ADP to the buffer solution,
100 uM ATP concentration jumps have been carried out in the
presence of ADP and different curcumin concentrations. Fig. 6
shows the translocated charge in the presence of 0, 4 and 15 uM
curcumin and in the presence of 10 (panel A) and 100 pM
(panel B) ADP. All charges were normalized to that recorded in
the absence of both ADP and curcumin, taken as reference and
denoted by an asterisk. It is apparent that curcumin has prac-
tically no effect in the presence of both ADP concentrations.
The notable decrease in charge upon addition of 100 puM ADP
(panel B) is to be ascribed to reversal of the enzymatic cycle and
to uncoupled Ca>" efflux [55]. These results indicate that cur-
cumin inhibits Ca-ATPase by competing with ADP. However,
it is unlikely that curcumin may compete for the nucleotide
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Fig. 6. Translocated charge following 100 uM ATP concentration jumps in the
presence of 0, 4 and 15 pM curcumin and in the presence of 10 (A) or 100 uM
(B) ADP. All charges were normalized to that recorded in the absence of both
ADP and curcumin, taken as reference and denoted by an asterisk in both panels.

binding site by mimicking ADP, in view of the hydrophobic
nature of this drug. It is more probable that it acts as a com-
petitive inhibitor by inducing a conformational change that
prevents ADP from binding.

A clue to the steps that may be affected by curcumin is
provided by the observation that the relaxation time, 7, in Fig. 4
varies in parallel with the translocated charge, as the curcumin
concentration is increased. In other words, an increase in the
corresponding rate, 1/7, is accompanied by a decrease in Ca®"
translocation, and vice versa. This is an unusual behavior, and
suggests an effect of curcumin on the rates of branched reac-
tions in the enzymatic cycle of the calcium pump. In fact, an
increase in the rate of an unbranched step of the enzymatic cycle
is expected to increase the rate of Ca*" translocation, and vice
versa. Thus, for instance, a progressive increase in the con-
centration of cyclopiazonic acid, which inhibits the Ca-ATPase
activity [57], causes both a decrease in the translocated charge
and an abrupt increase in the relaxation time 7 obtained from the
mono-exponential decay of the current transient (data not
shown).

In conclusion, the forward and backward rate constants of
the various steps of the enzymatic cycle of the calcium pump
provided by Sumbilla et al. [39], combined with suitable
dielectric coefficients of the electrogenic steps and with a more
detailed kinetic analysis of the E,/E; conformational change,
provide a satisfactory interpretation of the electrophysiological
response of the calcium pump to ATP concentration jumps in
the presence of Ca>*. The alteration of this response induced by
curcumin, which reduces calcium transport by Ca-ATPase while
decreasing its rate of slippage, has been examined. Starting from
Scheme 1, it would be interesting to verify if the modulating
effect of curcumin on the calcium pump may be reasonably
explained by an alteration of the kinetics of some of these steps.
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