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Background: Plasma membrane calcium ATPases interact dynamically with the submembrane actin cytoskeleton.
Results: Biophysical and functional assays show that purified plasma membrane calcium ATPase binds to G-actin and is
activated by short actin oligomers.
Conclusion: Plasmamembrane calciumATPases are regulated by polymerizing actin independently of regulation by calmodulin.
Significance: Dynamic actin participates in cytosolic Ca2� homeostasis by regulating plasma membrane calcium ATPase
activity.

As recently described by our group, plasmamembrane calcium
ATPase (PMCA) activity can be regulated by the actin cytoskele-
ton. In this study, we characterize the interaction of purifiedG-ac-
tin with isolated PMCA and examine the effect of G-actin during
the first polymerization steps. As measured by surface plasmon
resonance,G-actin directly interactswithPMCAwith an apparent
1:1 stoichiometry in the presence ofCa2�with an apparent affinity
in themicromolarrange.Asassessedbythephotoactivatableprobe
1-O-hexadecanoyl-2-O-[9-[[[2-[125I]iodo-4-(trifluoromethyl-3H-
diazirin-3-yl)benzyl]oxy]carbonyl]nonanoyl]-sn-glycero-3-
phosphocholine, the association of PMCA to actin produced a
shift in the distribution of the conformers of the pump toward
a calmodulin-activated conformation. G-actin stimulates Ca2�-
ATPaseactivityof theenzymewhenincubatedunderpolymerizing
conditions, displaying a cooperative behavior. The increase in the
Ca2�-ATPase activity was related to an increase in the apparent
affinity for Ca2� and an increase in the phosphoenzyme levels at
steady state. Although surface plasmon resonance experiments
revealed only one binding site for G-actin, results clearly indicate
thatmorethanonemoleculeofG-actinwasneededforaregulatory
effect on the pump. Polymerization studies showed that the
experimental conditions are compatible with the presence of
actin in the first stages of assembly. Altogether, these observa-
tions suggest that the stimulatory effect is exerted by short olig-
omers of actin. The functional interaction between actin oligo-
mers and PMCA represents a novel regulatory pathway by
which the cortical actin cytoskeleton participates in the regula-
tion of cytosolic Ca2� homeostasis.

Plasmamembrane calcium pumps (PMCAs)3 expel Ca2� from
all eukaryotic cells by using the energy of ATP. They play an
important role in the maintenance of low intracellular Ca2� con-
centrations, being responsible not only for long term regulation of
restingCa2� levels but also determining the peak ofCa2� concen-
tration achieved after some cellular stimuli and counteracting
transient increases that occur during Ca2� signaling (1).

The activity of PMCAs is regulated by calmodulin (2, 3),
acidic phospholipids (4, 5), phosphorylation by kinases A andC
(6, 7), proteolysis by calpain (8), and oligomerization (9). Most
of the activation mechanisms implicate the C-terminal region
of the pump containing the high affinity calmodulin binding
domain, which is involved in the autoinhibition of the pump
(10). Stimulation of the pump is a key feature because this
enzyme generally shows low basal activity; in most cases, stim-
ulation is related to an increase in the apparent affinity for Ca2�

but can also be accompanied by an increase in the maximum
activity (Vmax). Our group has recently reported a novel regu-
latory mechanism on PMCA activity that involves the actin
cytoskeleton (11, 12).
Actin is an abundant component of the cortical cytoskeleton,

and it forms a large submembrane filamentous network.
Although stable, it is also a highly dynamic structure. Reorga-
nization of the actin cytoskeleton in response to various stimuli
is important in many cellular processes, including motility,
adhesion, phagocytosis, cytokinesis, secretion, and ion trans-
port across the plasmamembrane (13–19). Several transporters
are known to be directly associated with and modulated by the
actin cytoskeleton, such as epithelial sodium channels (20),
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channels of cystic fibrosis receptor (21), theNa�/H� exchanger
(22), and the Na�,K�-ATPase (23), among others.

We have previously shown that purified actin in its filamen-
tous form (F-actin) inhibits the activity of PMCAby�50%with
an apparent affinity in themicromolar range (12). Interestingly,
we observed that not only was actin depolymerization associ-
ated with a loss in the inhibitory effect (11) but incubation of
PMCAwithG-actin caused the stimulation of the activity of the
pump showing a continuous decrease in the magnitude of acti-
vation as polymerization progressed (12). Based on these data,
we proposed that G-actin and/or short actin oligomers may be
responsible for PMCA activation (12).
The monomer pool of actin in non-muscle animal cells is

around 50%of total cellular actin (24). This unpolymerized pool
is maintained by bindingG-actin to a number of differentmon-
omer-binding proteins (25, 26). Data on the distribution and
properties of the monomer pool is scarce, but some studies
have indicated that it is associated with dynamic regions of the
cell, and foci of unassembled actin were found to be concen-
trated in the cell periphery (27, 28).Moreover,G-actin is known
to be recruited to the plasmamembrane in response to a variety
of cell receptor activation signals (29–32). Short actin filaments
are formed by severing proteins and debranching from the actin
submembranous network (33), which can be followed by further
depolymerization. From these observations, we can hypothesize
that monomeric actin and short oligomers would be available in
the cell cortex to interact with and potentially regulate PMCA.
This is supported by the finding of nonfilamentous actin com-
plexes in resting platelets that contain PMCA and other cytoskel-
etal proteins (34). Thus, elucidating the role of nonfilamentous
actin in PMCAregulationwill be key to understanding the impact
ofdynamicchangesof themembrane-proximal actin cytoskeleton
in the regulation of Ca2� transport.

To this aim,we assessed the direct interaction betweenG-ac-
tin and PMCA by surface plasmon resonance analysis. Using
this technology, we were able to determine the stoichiometry
and affinity of the interaction.We also investigated the calmod-
ulin binding domain of the pump as a putative binding site for
the association with actin. We therefore measured the Ca2�-
ATPase activity and the levels of phosphorylated intermediates of
PMCAto functionallydescribe theeffectofG-actinandshortolig-
omers.We also investigatedwhether actin stimulationwas associ-
atedwithchanges in theaffinityof thepumpforCa2�and/or in the
Vmax. Finally, we assessed if the direct interaction with actin olig-
omers results in a conformational change in the PMCA similar to
that observed for other activators of the pump.

MATERIALS AND METHODS

Reagents—All chemicals used in this work were of analytical
grade and purchased from Sigma. Pyrene-actin was purchased
from Cytoskeleton Inc., and calmodulin was from Calbiochem.
Sensor Chips CM5 and kit reagents for the immobilization
process were purchased from Biacore-GE, Sweden. Recently
drawn human blood for the isolation of PMCA was obtained
fromtheHematologySectionof FundaciónFundosol (Argentina).
Blooddonation inArgentina is voluntary, and therefore the donor
provides informed consent for the donation of blood and for the
subsequent legitimate use of the blood by the transfusion service.

Purification of Human Erythrocyte PMCA—PMCA4 is the
predominant isoform of human erythrocytes, which contain
about 80% of this isoform and 20% of PMCA1 (35). PMCA was
isolated from calmodulin-depleted erythrocyte membranes by
the calmodulin-affinity chromatography procedure (36).
Briefly, membrane proteins were solubilized in a 0.5% C12E10-
containing buffer. After centrifugation, the supernatant was
loaded into a Sepharose-calmodulin column in the presence of
1 mM Ca2�. The column was thoroughly washed with 0.05%
C12E10-containing buffer. PMCA was eluted in 20% (w/v) glyc-
erol, 0.005%C12E10, 120mMKCl, 1mMMgCl2, 10mMMOPS-K
(pH 7.4 at 4 °C), 2 mM EGTA, 2 mM dithiothreitol. Purified
PMCAwas assayed for protein concentration and homogeneity
(concentrations 350–800 nM; single band at Mr 134,000) by
SDS-PAGE and stored in liquid nitrogen until use. It has been
demonstrated previously that the activity and the regulatory
properties of the protein are preserved in either solubilized or
reconstituted purified preparations comparedwith that located
in the erythrocyte (37).
Actin Purification—Acetone powder of rabbit skeletal mus-

cle was prepared according to the method of Straub (38) and
stored at �20 °C for 0–3 years. Actin was purified from the
acetone powder following themethod of Spudich andWatt (39)
with minor modifications. Protein concentration was deter-
mined bymeasuring the absorbance at 290 nm using an extinc-
tion coefficient of 0.63 (mg/ml)�1 cm�1. SDS-PAGE was per-
formed to assess the purity of the preparation (typically�98%).
Purified monomeric actin was stored frozen at �80 °C after
freezing in liquid nitrogen at high concentrations (�5 mg/ml)
in a small volume (�100 �l). Under this storage condition, the
sample was stable for 6 months (40). At the time of use, frozen
samples were thawed rapidly at 37 °C and clarified. The clarifi-
cation step consists of�20dilution of the sample in freshBuffer
G (2 mM Tris-HCl, 0.2 mM Na2ATP, 0.5 mM dithiothreitol, 0.2
mMCaCl2, 0.005% azide, pH8.0 at 25 °C); after leaving the prep-
aration at 4 °C for 1 h to depolymerize actin oligomers that
could have been formed during the freeze-thaw steps, the sam-
ple was centrifuged at 14,000 rpm at 4 °C for 30 min to remove
residual nucleating centers.
SPR Experiments—Biomolecular interaction analyses were

carried out using a BIAcore T100 instrument (Biacore). All the
experiments were carried out at 25 °C.
For coupling of G-actin, PMCA, and C28 peptide on CM-

dextran sensor chip (CM5), G-actin was coupled to the car-
boxymethyl-dextran matrix of CM5 sensor chips (Biacore)
using the amine coupling kit (Biacore) as described previously
(41). The activation and immobilization periods were set
between 3 and 7 min to couple the desired amount of protein
yielding between 600 and 1200 resonance units (RU). Prior to
immobilization, G-actin in Buffer G was diluted to 10 �g/ml in
10 mM sodium acetate buffer (pH 4.0 at 25 °C). After immobi-
lization, the sensor surface was extensively washed by several
injections of a buffer containing 2 mM Tris-HCl (pH 8.0 at
25 °C) and 0.2 mM CaCl2.
PMCA was coupled using the same amine coupling proce-

dure. Prior to immobilization, PMCA at a concentration of 50
nM was dialyzed at 4 °C against a buffer containing 10 mM

sodium acetate (pH 5.0 at 25 °C), 50 mM KCl, 1 mM MgCl2, 70
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�M CaCl2, 0.005% C12E10, and 20% glycerol. PMCA was
injected for �7 min to obtain an immobilization level between
400 and 800 RU. Immediately after the immobilization proce-
dure, the sensor surface was washed with a solution containing
15 mM MOPS-KOH (pH 7.2 at 25 °C), 1 mM MgCl2, 70 �M

CaCl2, 0.005%C12E10 to have the immobilized PMCA reconsti-
tuted into detergent micelles. C28 peptide, which corresponds
to the calmodulin binding domain of PMCA, was dissolved in 10
mM sodium acetate (pH 5.0 at 25 °C) at a concentration of 0.15
mg/ml and immobilized following the same procedure as
described for PMCA. In all cases, an identical procedure was car-
ried out on the surface of a second flow cell except for the protein
injection, constituting the control cell for nonspecific binding.
For binding analysis on PMCA and C28 peptide-immobi-

lized surfaces, calmodulin was diluted 2-fold in a buffer com-
posed of 20 mM MOPS-KOH (pH 7.2 at 25 °C), 120 mM KCl, 1
mMMgCl2, 0.005%C12E10, and 70�MCaCl2, in a range between
0.4 and 25 nM and injected at a flow rate of 30�l/min for 60 s. 10
�M G-actin was dialyzed at 4 °C against a buffer composed of 2
mMTris-HCl (pH7.7 at 25 °C), 70�MCaCl2, and 0.005%C12E10
and injected in a range of concentrations between 0.6 to 5 �M

(obtained by 2-fold dilution) at a flow rate of 30 �l/min for 60 s.
In both cases, dissociation and surface regeneration were car-
ried out with the running buffer.
For binding analysis on the G-actin immobilized surface,

PMCA was dialyzed at 4 °C against a buffer containing 20 mM

MOPS-KOH (pH 7.2 at 25 °C), 120 mM KCl, 1 mM MgCl2, 70
�MCaCl2, and 0.005%C12E10. Depending on the initial concen-
tration, which varies according to the purification yield, PMCA
was concentrated to 2.0 �M and diluted 2-fold in a range of
concentrations between 0.01 nM to 2.0 �M. PMCAwas injected
at a flow rate of 30 �l/min for 30 and 60 s. Pulses of a nonpo-
lymerizing buffer (2 mM Tris-HCl, pH 8.0 at 25 °C, 200 �M

CaCl2) were injected to regenerate the surface.
For calculation of the affinity constants, dissociation con-

stants (Kd) were determined under equilibrium conditions or
by kinetics analysis after correction for nonspecific binding, for
which proteinswere passed over a reference surface constituted
by a blocked empty flow cell, as described previously (42, 43).
Actin Polymerization Assay—Prior to use, pyrene-actin

(Cytoskeleton) was diluted from stock solution (20 mg/ml) and
clarified as described above. Pyrene-actin in the supernatant was
added to nonlabeled actin to obtain 6%of label. Actin polymeriza-
tion was monitored by registering the change in the fluorescence
signal in a thermostated spectrofluorimeter Jasco FP-6500 using a
quartz cuvette of 3 � 3 mm. The excitation and emission wave-
lengths were 365 and 407 nm, respectively, with a bandwidth of 3
and 10 nm, respectively (44). Measurements were done at 25 °C.
Toavoidbleaching the fluorophore, the samplewasexposed to the
lamp intermittently. Polymerization was initiated by addition of a
small aliquotof amixtureof concentratedKCl,MgCl2, andATPto
final concentrations of 120mM, 3.75mM, and 30�M, respectively,
or bufferG as a control for the stability test. To evaluate the extent
of actin polymerization in PMCA activity assays, polymerization
was initiated under identical conditions as those used for PMCA
activity measurements.
Ca2�-ATPase-specific Activity of PMCA—ATP hydrolysis

was assayed either by measuring the [32P]Pi released from

[�-32P]ATP as described by Richards et al. (45) or alternatively
performed according to the method ofWebb (46) using a com-
mercial kit (EnzChek Phosphate Assay kit from Molecular
Probes). In both cases, the reaction medium contained 120 mM

KCl, 30 mM MOPS-K (pH 7.4 at 25 °C), 3.75 mM MgCl2, 70
�g/ml C12E10, 10�g/ml phosphatidylcholine, 1mMEGTA, and
enough CaCl2 to give the desired final [Ca2�]free. The reaction
was started by the addition of ATP (final concentration of 30
�M for radioactive assays and 2 mM for the nonradioactive
measurements). Enzyme concentration was 0.8 �g/ml. Blanks
were carried out in the same medium without free Ca2�, in the
presence of 1 mM EGTA; and control experiments for actin
ATPase activity were done in the same medium in the absence
of PMCA. Measurements were carried out at 25 °C.
Determination of PMCA-phosphorylated Intermediates—The

phosphorylated intermediates (EP) were measured as the
amount of acid-stable 32P incorporated in the enzyme from
[�-32P]ATP after stopping the reaction with an ice-cold solu-
tion containing 10% trichloroacetic acid. Phosphorylated
PMCA was measured 1 min after initiation of the reaction in a
medium containing 120 mM KCl, 30 mM MOPS-K (pH 7.4 at
25 °C), 3.75 mM MgCl2, 70 �g/ml C12E10, 10 �g/ml phosphati-
dylcholine, 1 mM EGTA, and enough CaCl2 to give a final
[Ca2�]free of 70 �M. PMCA concentration was 0.8 �g/ml. The
reaction was initiated by the addition of 30 �M ATP concomi-
tantwith the addition of actin or buffer for control experiments.
Measurements were carried out at 25 °C. The isolation and
quantification of the EP intermediates were performed accord-
ing to themethoddescribed byEcharte et al. (47). Briefly, samples
were spun down at 7000 � g for 3.5 min at 4 °C, and pellets were
washed once with 7% TCA and 150 mM H3PO4 and once with
distilled water and processed for SDS-PAGE. Electrophoresis was
performedatpH6.3 (14 °C) in7.5%polyacrylamidegels.Gelswere
stained, dried, and exposed to a Storage Phosphor Screen of
MolecularDevices (AmershamBiosciences).Autoradiogramsand
stained gels were scanned (HP Scanjet G2410 scanner), and
images were analyzed using the software GelPro.
Measurement of [Ca2�]—The free calcium concentration in

the reaction medium was measured using a selective Ca2� elec-
trode (93-20, Orion Research, Inc.) as described by Kratje et al.
(48).
PMCA Labeling with [125I]TID-PC/16—[125I]TID-PC/16

was prepared as described in Mangialavori et al. (49). A dried
film of the photoactivatable reagent was suspended in DMPC/
C12E10 (10:70 �g/ml)-mixed micelles containing 1 �g/ml
PMCA, 120 mM KCl, 30 mM MOPS-K (pH 7.4 at 25 °C), 3.75
mM MgCl2, 1 mM EGTA, and enough CaCl2 to give 70 �M

[Ca2�]free. The PMCA preparation was incubated for 20min at
25 °C before the treatment. G-actin was added at different final
concentrations, and after 1 min, samples were irradiated for 15
min with light from a filtered UV source (� �360 nm). Quanti-
fication of total and labeled proteinwas carried out as described
previously (49). Briefly, after protein separation by SDS-PAGE,
polypeptides were stained with Coomassie Blue R, and bands
corresponding to the PMCA molecular weight were excised
from the gel. The incorporation of radioactivity was directly
measured on a �-counter, and the amount of protein was deter-
mined by measuring the eluted stain from each band. Specific
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incorporation was calculated as the ratio between measured
radioactivity and amount of protein present in each band.
Data Analysis—All measurements were performed in tripli-

cate to quintuplicate unless specified otherwise in the figures.
SPR data were analyzed using BIAEvaluation T 100 software.
Equations were fitted to the results by nonlinear regression
based on the Gauss-Newton algorithm using commercial pro-
grams (Excel and Sigma-Plot forWindows, the latter being able
to provide not only the best fitting values of the parameters but
also their standard errors).

RESULTS

Characterization of the Direct Binding of G-actin to PMCA

The interaction between PMCAandG-actin was studied using
SPR technology. This technique was based on the immobilization
of one of the binding partners on a sensor surface, although the
other constitutes the flowing analyte, enabling a label-free, real
time analysis of biomolecular interactions. The binding phenom-
enon is monitored as a change in SPR angle, which is the result of
a change in mass on the sensor chip surface. Scheme 1 describes
the experimental approach used in this study to characterize the
direct binding of PMCA to G-actin.
PMCA Binding to Immobilized G-actin—As a first experi-

mental approach, we immobilized G-actin on the sensor sur-
face at a level of 800–1200 RU, while PMCA constituted the
flowing analyte. A typical sensorgram obtained for this experi-
mental configuration in the presence of 70�MCa2� is shown in
Fig. 1A. The experimental data were well described by a kinetic
global fit considering a 1:1 interaction (A � B 7 AB). The
binding equilibrium condition could not be attained experi-
mentally, and therefore a steady state analysis could not be per-
formed. Results from the kinetic analysis show a kon � (2.8 �
0.3) 103 M�1 s�1 and a koff � (2.2 � 0.1) 10�3 s�1. The Kd value
was 786 � 91 nM, obtained according to Equation 1,

Kd �
�A��B�

�AB�
�

koff

kon
(Eq. 1)

whereA andB represent PMCAandG-actin; kon and koff are the
association and dissociation rate constants of the interaction
between PMCA and immobilized G-actin, and Kd is the equi-
librium dissociation constant.

PMCA is known to oligomerize (dimerize) into a fully active
calmodulin-independent form at an enzyme concentration of
75 nM (9, 50, 51). Because all PMCA concentrations tested here

SCHEME 1. Binding analysis between PMCA and G-actin using the SPR technique. A, binding of solubilized PMCA to immobilized G-actin. G-actin is covalently
attached to the CM5 sensor by reactive NH2 groups using the conventional protocol for activating the carboxyl groups of the surface. Solubilized PMCAs constitute the
flowing analyte. C12E10 monomers are in equilibrium with micelles. B, binding of G-actin to immobilized PMCA. Covalently attached PMCA is stabilized on the sensor
surface through continuous addition of C12E10. Immobilization is carried out using the same amine coupling procedure described above. G-actin constitutes the
flowing analyte and is maintained in the monomeric state by using a running buffer of low ionic strength without Mg2�.

FIGURE 1. Binding of solubilized human erythrocyte PMCA to immobilized
G-actin. A, representative sensorgram of PMCA binding to immobilized G-actin
obtained for different PMCA concentrations in the range of 0.125 to 2 �M. G-actin
immobilization level was � 800 RU. The running buffer consisted of a low ionic
strength Tris-HCl buffer with 70 �M Ca2� and 0.005% C12E10 to maintain PMCA
solubilized in micelles. The time for the association phase was set to 30 s. Steady
state for binding interaction was not attained, and therefore a kinetic analysis was
carried out. Curves were corrected for bulk effects by simple subtraction of the
corresponding control sensorgrams. The dark gray lines represent the experi-
mental curves, and the continuous black lines are the corresponding fits. B, repre-
sentative sensorgram of PMCA (0.75 �M) injected in a running buffer devoid of
Ca2� by the addition of 2 mM EGTA shows no binding interaction. All other run-
ning conditions were identical to those in A. Note that human erythrocyte PMCA
corresponds mostly to isoform PMCA4b (see under “Materials and Methods”).
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(125–2000 nM) were above this value, it is very likely that the
observed binding phenomena occurred between G-actin and
the dimeric species of PMCA.
Because the affinity of PMCA for G-actin is lower than the

affinity for PMCA itself, G-actin binding to monomeric PMCA
cannot be studied using this system, but as shown below, it is
possible when PMCA is immobilized on the sensor surface.
Requirement of Ca2� in the Medium—Because changes in

intracellular calcium concentrations regulate the activity of
PMCA, we decided to explore whether the presence of calcium
affects the binding of G-actin to PMCA. Ca2� depletion was
achieved by adding 2mMEGTA to the running buffer. All other
buffers contained 70 �M Ca2�. Because the running buffer also
contains 1 mM Mg2�, the immobilized G-actin can replace
Ca2� byMg2� (52). The presence ofMg2� prevents actin dena-
turation because it is known that in the absence of a divalent
cation G-actin is unstable and tends to denature. However, the
fact that G-actin is immobilized prevents it from polymerizing
due to the presence of Mg2�. Fig. 1B shows that in the absence
of Ca2� no binding of G-actin to the PMCA can be detected,
leading to the conclusion that Ca2� is necessary for the inter-
action to occur.
To explain this observation, we propose two alternative

hypotheses as follows: (i) G-actin does not bind to the mono-
meric species of PMCA given that pump oligomerization has
been demonstrated to require Ca2� (50), or (ii) G-actin does
not bind to PMCA in the absence of Ca2� regardless of the
PMCA oligomerization state.

G-actin Binding to Immobilized PMCA

To address the first possibility, i.e. whether G-actin can also
bind the monomeric species of the pump, PMCAwas immobi-
lized on the sensor surface (400–800 RU). To obtain mono-
meric PMCAcovalently attached to the surface, the proteinwas
injected at a low concentration (50 nM) with subsequent wash-
ing steps after the immobilization procedure to promote dimer
dissociation. Performing SPR experiments with PMCA immo-
bilized on a sensor chip surface represented amore challenging
task than the experiment reported in Fig. 1, mainly for the fol-
lowing two reasons. (i) PMCA is a largemembrane protein that
requires a hydrophobic environment to maintain proper fold-
ing. (ii) Actin tends to polymerize. Regarding PMCA instability,

the strategy consisted in immobilizing the protein stabilized in
micelles of detergent. This same stabilization approach was
successfully applied toG protein-coupled receptors (53) where,
as in our case, the reconstitution detergentwas the same as used
for the extraction and isolation of the protein. Thus, the deter-
gent was present in all the buffers used (immobilization, injec-
tion, dissociation, and regeneration buffers) and is thought to
be in equilibrium with the protein micelles attached to the sur-
face (as shown in Scheme 1). To overcome the G-actin aggre-
gation/polymerization tendency, we dialyzed a preparation of
pre-clarified G-actin against a buffer of low ionic strength and
no Mg2� to stabilize the monomeric state of actin; this buffer
also constituted the running buffer.
Calmodulin Binding to Immobilized PMCAas Evidence of the

Native State of Immobilized PMCA—To verify the accessibility
of the flowing analyte to the cytosolic face of immobilized
PMCA and to confirm the preservation of its native conforma-
tion, binding analyses of CaM to immobilized PMCAwere car-
ried out. Because the C-terminal domain of the PMCA is par-
ticularly sensitive to denaturation and proteolysis, CaM is a
highly suitable candidate to probe the integrity of the pump.
Fig. 2A shows a typical sensorgram obtained for these exper-

iments. In Fig. 2B it can be observed that curve of the analysis of
the binding response is a function of the CaM concentration,
which displays a hyperbolic behavior with a Kd of 1.6 � 0.3 nM.
This is in agreement with the reported apparent affinity of
monomeric PMCA for CaM (9) and reveals that the PMCA
intracellular face is accessible to the flowing analyte and pre-
serves its native conformation after immobilization and during
the SPR assays. After each measurement, PMCA was washed
with a 1 mM EGTA solution, and no binding of CaM was
detected in the absence of Ca2�.
G-actin Remains Monomeric during SPR Assays—To per-

form the binding experiment using G-actin as the flowing ana-
lyte, the sample was prepared as described above to ensure the
presence of monomeric actin. We further tested that G-actin
did not polymerize or aggregate during SPR experiments by
using a pyrene-labeled actin assay. This probe is used to moni-
tor the actin assembly process as the labeled monomer
increases its fluorescence signal when it is incorporated into a
filament (44). As shown in Fig. 3, G-actin remains in its mono-

FIGURE 2. Calmodulin binding to immobilized PMCA. A, human erythrocyte PMCA at an immobilization level of �1000 RU was stabilized on the sensor
surface in C12E10 micelles. Immediately after immobilization, a buffer containing 0.005% C12E10 was injected. Calmodulin was injected in the range 1.8 –15 nM

in a buffer composed of 20 mM MOPS-KOH (pH 7.2 at 25 °C), 120 mM KCl, 1 mM MgCl2, 0.005% C12E10, and 70 �M Ca2� at a flow rate of 30 �l/min for 60 s. B,
nonlinear analysis of the binding response obtained in the SPR assays was performed using a 1:1 interaction fit. The Kd values that best fit the experimental data
were 1.6 � 0.3 nM.
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meric form as no enhancement in the fluorescence signal could
be detected.When Polymerization Buffer (10�mixture of KCl,
MgCl2, and ATP to final concentrations of 120, 3.75, and 2mM,
respectively) was added to a different aliquot of the same actin
preparation, G-actin rapidly polymerized. This experiment
indicates that actin is preserved in its native state after sample
preparation, and it also constitutes a positive control for the
stability test.
G-actin Binds Immobilized Monomeric PMCA—We next

analyzed G-actin binding to the immobilized PMCA. A typical
sensorgram is shown in Fig. 4A. Following correction for bulk
effects by simple subtraction of the corresponding control sen-
sorgrams (response of G-actin on control flow cell), the sensor-
grams display saturating binding curves. The steady state for
binding interaction was attained under these conditions. From
the maximum response, the apparent Kd value was derived by
applying a simple hyperbolic fit (Fig. 4B). This result suggests
that G-actin can also bind to monomeric PMCA. The apparent
affinity of the interaction is 3.8 � 1.2 �M.

Taken together, these results suggest that G-actin can bind
both forms of the pump, monomeric and oligomeric PMCA.
Based on the results in Fig. 1B, Ca2� may thus be essential for
the interaction independently of the pump oligomerization
state. However, this assertion cannot be directly tested. In con-
trast to the reciprocal experiment, in this case the running
buffer had to be devoid of Mg2� to prevent actin polymeriza-
tion. Thus, it is not possible to assess the binding phenomena in
the absence of Ca2�, because actin needs the presence of a
divalent cation (Mg2� or Ca2�) to maintain its native confor-
mation. However, an additional observation from this experi-
mental configuration is that binding occurs despite the absence
of Mg2�; this could suggest that Mg2�, in contrast to Ca2�, is
not a requirement for the interaction to occur.

Binding of G-actin to Immobilized C28 Peptide

The PMCA C terminus is involved in the regulation by and
interaction with cellular signaling molecules (54, 55). Located
inside this domain is the calmodulin-binding region (2, 56, 57),
which is also known to interact with acidic phospholipids (58)
andmediate the oligomerization process of the pump (59–61).
To determine whether this domain was also involved in

G-actin binding, we performed SPR experiments using C28
peptide, which corresponds to the sequence of the calmodulin
binding domain of hPMCA4b (2, 3). C28 rather than G-actin
was immobilized on the sensor surface (at a level of 400–800
RU) due to the peptide’s strong tendency to aggregate in solu-
tion (62). Fig. 5 shows that no specific interaction was observed
between immobilized C28 andG-actin, suggesting that G-actin
binds PMCA in a region different from the CaM binding
domain.

Characterization of the Effect of Actin on PMCA Ca2�-ATPase
Activity and Phosphoenzyme Levels

Actin stimulation of PMCAhas been observed to decrease as
actin polymerization progresses (12). Thus, to characterize the
activation phenomenon, we first needed to establish the condi-
tions under which actin polymerization was minimized when
measuring PMCA Ca2�-ATPase activity. We studied the
polymerization kinetics under the experimental conditions
used for Ca2�-ATPase determination using pyrene-labeled

FIGURE 3. G-actin monomer stability during surface plasmon resonance
analysis. G-actin tendency to aggregate or polymerize was assessed by
measuring the fluorescence signal associated with pyrene-actin during incor-
poration into a filament (�ex � 365 � 3; �em � 407 � 10, in nm). The fluores-
cence signal of 10 �M G-actin, containing 6% pyrene-label (E), was measured
in a medium composed of 2 mM Tris-HCl (pH 7.7 at 25 °C), 70 �M CaCl2, and
0.005% C12E10. No changes in the intensity of fluorescence could be detected
during 1 h. The slightly negative slope represents pyrene bleaching. As a
positive control of actin polymerization, a 10� polymerization buffer was
added to another aliquot of the preparation (F). The data are displayed as I/I0
(fluorescence signal at time t divided by initial fluorescence).

FIGURE 4. Binding of G-actin to immobilized PMCA isolated from human erythrocytes. A, representative sensorgram of G-actin binding to immobilized
PMCA at an immobilization level of �1000 RU is shown. PMCA was stabilized on the sensor surface in a micellar environment provided by the extraction
detergent C12E10. Immediately after immobilization, a buffer containing 0.005% C12E10 was injected. G-actin was assayed in the range 0.6 –5 �M in a modified
Buffer G supplemented with 0.005% C12E10. The time for the association phase was set to 60 s. Curves were corrected for bulk effects by simple subtraction of
the corresponding control sensorgrams. B, binding interaction analyzed from the kinetic global fit assuming a 1:1 interaction fit. The Kd values that best fit the
experimental data were 3.8 � 1.2 �M. Dark gray lines represent the experimental curves, and continuous black lines are the corresponding fits.
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actin. Because the polymerization kinetics is highly dependent
on actin concentration, we assayed different concentrations
within the range used for the functional experiments. Based on
the results shown in Fig. 6, we decided to perform PMCA activ-
ity experiments during 1 min after initiating the reaction,
because we found that during this period of time all actin con-
centrations testedwere not yet beyond the first stages of polym-
erization, i.e. actin is found in its monomeric and/or short oli-
gomer form.
When purified PMCA was incubated with increasing con-

centrations of G-actin, an increase in the rate of ATP hydrolysis
was observed (Fig. 7A, inset) asmeasured by the [32P]Pi released
from [�-32P]ATP. As can be observed in the inset in Fig. 7A,
ATP hydrolysis is linear under these conditions ensuring that
initial velocity conditions are met. ATPase activity due to actin
was not detected at any of the concentrations used (data not
shown). This can be explained by the fact that theATPbound to
the assembling monomers is hydrolyzed not during the assem-
bly step but subsequent to incorporation within the filament
(63).Moreover, the release of the phosphate fromactin-ADP-Pi
has an even lower probability than hydrolysis with a measured
t1⁄2 of �2 min (64, 65). A stimulatory effect of actin on PMCA
due to Ca2� released from actin, as actin exchanges bound

Ca2� byMg2� in the nucleation step in vitro (66, 67), was ruled
out because the experiment was carried out in the presence of
EGTA, which buffers small fluctuations in [Ca2�].

From the slope of each curve corresponding to the differ-
ent G-actin concentrations (Fig. 7A, inset), the PMCA-spe-
cific activity was calculated. Equation 2 shows the best fit of
the dependence of Ca2�-ATPase activity on G-actin
concentration,

y � yo �
	 ymax � yo
�G-actin�nH

	K0.5
nH � �G-actin�nH


(Eq. 2)

where yo is the Ca2�-ATPase activity in the absence of actin;
ymax is the maximum Ca2�-ATPase activity; K0.5 corresponds
toG-actin concentration at which a value of (ymax � yo)/2 in the
activity is obtained, and nH represents the Hill coefficient.
The best fitting value of K0.5 for actin activation of the

enzyme was 1.73 � 0.06 �M with a maximum effect of more
than 300% the value in the absence of G-actin. The Hill coeffi-
cient was 3.64 � 0.39, which suggests that more than one mol-
ecule of G-actin is needed to increase PMCA activity. These
results, together with the finding of a single binding site for
G-actin and the evidence of the presence of short oligomers
under the conditions of ATPase determination, suggest that
short oligomers are responsible for the activating effect on
PMCA.
PMCA forms an acid-stable phosphorylated intermediate

(EP) during its reaction cycle (68, 69). Measurement of EP is of
great relevance for the characterization of partial reactions of
the enzyme cycle and has provided valuable information for the
elucidation of the mechanism of its modulators (70, 71). To
further characterize the stimulatory effect of actin on PMCA,
we studied the dependence of the levels of PMCA-phosphory-
lated intermediates on G-actin concentration (Fig. 7B). For this
purpose, we measured the total phosphoenzyme formation
from [�-32P]ATP as a function of G-actin concentration under
identical experimental conditions as those used for the Ca2�-
ATPase activity assay. We previously determined that steady
state conditions were attained (data not shown). The levels of
PMCA-phosphorylated intermediates increase with G-actin
concentration (Fig. 7B). Applying Equation 2 yields a K0.5 �
1.57 � 0.05 �M and nH � 4.59 � 0.65. These results show that
actin, in its short oligomeric form, is able to regulate the steps of
the reaction cycle of the enzyme involving the phosphorylated

FIGURE 5. Binding of G-actin to immobilized C28 peptide. A, representative sensorgram of G-actin binding to immobilized C28 peptide at an immobilization
level of �650 RU is shown. G-actin was assayed in the range 0.5–16 �M in a modified Buffer G (2 mM Tris-HCl, 70 �M Ca2�, pH 7.7 at 25 °C). The time for the
association phase was set to 60 s. Curves were corrected for bulk effects by simple subtraction of the corresponding control sensorgrams. B, nonspecific
binding of G-actin to the C28 peptide.

FIGURE 6. Time course of actin polymerization in Ca2�-ATPase and EP
experiments. Actin polymerization (6% pyrene-label) was measured as a
function of G-actin concentration as follows: F, 5.00; E, 2.50; �, 1.25; and �,
0.62 �M final concentrations. The first 120 s show the base-line signals that are
different for each actin concentration because the percentage of label is con-
stant and therefore not the total amount. Polymerization was initiated as
described under “Materials and Methods” at 120 s. Data were collected every
30 s. The range between the two vertical dashed lines shows the time window
used to perform Ca2�-ATPase activity experiments and phosphoenzyme
level determinations.
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species of the pump. The increase in the levels of EP can be due
to an increase in the rate of formation or alternatively due to a
decrease in the breakdown of EP. Because the rate of the full
cycle of the pump is increased by actin (increase in the specific
activity; Fig. 7A), it is likely that the actin effect on the EP is due
to an increase in the rate of formation of EP.
Fig. 7C shows the turnover ofEP (kpEP), whichwas calculated

as the ratio between the Ca2�-ATPase activity from Fig. 7A and
the EP values obtained in Fig. 7B at the different G-actin con-
centrations. The continuous line corresponds to the plot of
Equation 2 as the best fit to the experimental data with K0.5 �
1.61 � 0.05 �M and nH � 3.02 � 0.23.
Taken together, these results suggest that actin oligomers

enhance the Ca2�-ATPase activity of PMCA by favoring the
steps of the reaction cycle that lead to the formation of the
phosphorylated intermediates of the pump (increase in EP lev-
els) and decreasing the transit time for this step (increase in
kpEP).

Effect of Actin on the Ca2� Dependence of PMCA ATPase
Activity and Calmodulin Activation

The effect of G-actin on PMCA Ca2�-ATPase activity was
also determined as a function of Ca2� at saturating concentra-
tions of ATP (2 mM). We measured Ca2�-ATPase activity by
continuously monitoring the release of inorganic phosphate
from ATP using the method described by Webb (46). The
increase in ATP concentration did not dramatically affect actin
polymerization kinetics during the 1st min (data not shown).
Reactions were initiated by adding themixture of the activating
agent (5 �MG-actin, 100 nM CaM, or 5 �MG-actin plus 100 nM
CaM) and 2 mM ATP. PMCA Ca2�-ATPase-specific activity
was determined from the slope of the absorbance at 365 nm as
a function of time during the 1st min after the start of the reac-
tion. In all cases, the response as a function of time was linear

(data not shown) indicating the initial velocity condition. The
experimental results obtained for the specific activity as a func-
tion of [Ca2�] for all the treatments were fitted to a simple
hyperbola.
As can be seen in Fig. 8, actin, likely in its short oligomeric

form, increases the apparent affinity of PMCA for Ca2� by
more than 3-fold compared with the basal conditions where
actin was replaced by Buffer G. As before, to rule out that the
exchange of the cation (Ca2� by Mg2�) by actin during the
nucleation step leads to artifacts, an EGTA-Ca2� buffer was
used to maintain the [Ca2�] constant.
In contrast to what was observed in the radioactive Pi release

assay, at high Ca2� concentrations no significant increase in
PMCA activity was observed, thus leading to the conclusion
that in the presence of saturating concentrations of both sub-
strates (Ca2� and ATP), the effect of actin is barely noticeable
indicating that it does not affect the Vmax of the pump.
When simultaneously addedwithCaM,G-actin did not further

increase the apparent affinity for Ca2�. The ratioVmax/K0.5 is not
significantly different in these two conditions indicating that CaM
and actin exert their regulation on intermediates of the reaction
cycle that are separated by irreversible steps.

Effect of Actin on the Conformational State of PMCA

We have previously reported that treatments that lead to an
activation of PMCA are related to a decrease in the accessible
area of the membrane domain of the pump to the surrounding
lipids, strongly suggesting the involvement of a conformational
change in the transmembrane segments (49, 72, 73).
To assesswhether the direct binding of actin to PMCAwould

also induce a conformational change typical of the known acti-
vators of the pump, we measured the specific incorporation of
[125I]TID-PC/16 to PMCA as a function of G-actin concentra-
tion (Fig. 9A). [125I]TID-PC/16 is a photoactivatable phosphati-

FIGURE 7. Effect of actin on the Ca2�-ATPase activity and phosphorylated intermediates in isolated human erythrocyte PMCA during early stages of
actin polymerization. A, Ca2�-ATPase activity was measured in PMCA reconstituted in DMPC/C12E10-mixed micelles in the presence of increasing amounts of
purified G-actin. The reaction was started by the addition of [32P]ATP to a final concentration of 30 �M concomitant with the addition of G-actin. Each point
represents the slope � S.E. of the Pi released (inset) during 1 min after initiation of the reaction. The continuous line corresponds to the plot of Equation 2 as the
best fit to the experimental data. Inset, Ca2�-dependent Pi release as a function of time for increasing concentrations of G-actin; data are from three independ-
ent experiments. B, effect of actin on the phosphoenzyme levels. Intermediate levels of PMCA reconstituted in DMPC/C12E10-mixed micelles as a function of
G-actin concentration were measured 1 min after initiating the reaction in a medium of identical composition as for the experiment in A. The reaction was
started by the addition of [32P]ATP to a final concentration of 30 �M concomitant with the addition of G-actin. The continuous line corresponds to the plot of
Equation 2 as the best fit to the experimental data. C, turnover (kpEP) of the phosphoenzyme was calculated as the ratio between the Ca2�-ATPase activity taken
from A and the EP values obtained in B at the different G-actin concentrations. The continuous line corresponds to the plot of Equation 2 as the best fit to the
experimental data.
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dylcholine analog that partitions in the phospholipid milieu
and, upon photolysis, reacts with the surrounding molecules in
its immediate vicinity. This reagent can thus be used to study
the interaction between the PMCA (or any membrane protein)
with the lipids in its immediate environment. Changes in the
specific incorporation of [125I]TID-PC/16 into the PMCA
reflect conformational changes of themembrane domain of the
pump characteristic for its different reaction states (74).
The reaction medium was identical to that used in activity

experiments except for the absence of ATP. Actin polymerization

kinetics under these conditions were not significantly different
from those in Fig. 6. The probe was preincubated with the PMCA
and then for 1min with different G-actin concentrations at 25 °C.
As standardized previously, the level of [125I]TID-PC/16 incorpo-
ration in the absence of Ca2� (2 mM EGTA) was taken as 100%.
The presence of saturating Ca2� concentrations (70 �M) in the
absence of actin (replaced by Buffer G) gave a specific incorpora-
tion of �150%, as described previously (49). The experimental
data in the presence of G-actin were best fitted to Equation 3with
aKd � 1.10 � 0.08 �M and nH � 2.78 � 0.56.

�PCB� � �PCmin� �
�PCo� � �PCmin�

1 � ��G-actin�

Kd
�nH

(Eq. 3)

Fig. 9B shows the effect of saturating concentrations of other
“calmodulin-like” activators on the incorporation of the probe
to PMCA. As expected for an activator, actin, most likely short
oligomers, decreased the specific incorporation of [125I]TID-
PC/16 from 150.0 � 2.7 to a value of 95.1 � 2.4%.

DISCUSSION

Previous studies from our laboratory showed that the actin
cytoskeleton differentially regulates the activity of PMCA
depending on its polymerization state (11, 12). Although the
inhibitory role of actin filaments has been well described,
the characterization of the interaction betweenG-actin and the
pump as well as the stimulatory effect during the first stages of
polymerization have not been addressed.
In this study, we demonstrate a direct and specific binding

between PMCA and G-actin, and we characterize the stimula-
tory effect providing strong evidence in favor of short actin
oligomers as the actin entity responsible for the stimulatory
effect.
Binding experiments, based on surface plasmon resonance

technology, were carried out with the two full-length native
proteins. This represented a challenging task because one of
them is an integral membrane protein and the other nucleates
and polymerizes under physiological conditions. For this rea-
son, and as our first choice, the experimental configuration
consisted in immobilizing the soluble protein (G-actin) on the
sensor surface composed of a hydrogel matrix, whereas the
membrane protein (PMCA) solubilized in detergent micelles
was injected as the flowing analyte. This experimental configu-
ration has the advantage of preventing the aggregation/polym-
erization of G-actin, as it was covalently attached to the surface.
This allowedus towork under polymerizing conditionswithout
actin assembly. By this approach, we obtained an apparent
affinity constant of the PMCA for G-actin of �800 nM. How-
ever, to obtain measurable binding responses, PMCA had to be
injected in high concentrations, all of them above the Kd value
of the dimerization process of the pump. PMCA is known to
oligomerize, and it has been demonstrated that self-association
also occurs when the enzyme is isolated and reconstituted in
micelles (75); hence, we should assume that all PMCA injected
was in the dimeric/oligomeric forms. Because the SPR signal
depends on the mass of protein bound to the surface, it is crit-
ical to use homogenous and nonaggregated protein samples.

FIGURE 8. [Ca2�] dependence of G-actin effect on human erythrocyte
PMCA Ca2�-ATPase activity. Ca2�-ATPase activity was measured at differ-
ent [Ca2�] in the presence of the following: 100 nM calmodulin (Œ) as a posi-
tive control for PMCA activation; 5 �M G-actin (E); 100 nM calmodulin plus 5
�M G-actin (�), or buffer (F) as the basal condition. The reaction was started
by the addition of 2 mM ATP concomitant with the addition of the effector/
buffer. The reaction medium contained 120 mM KCl, 30 mM MOPS-K (pH 7.4 at
25 °C), 3.75 mM MgCl2, 70 �g/ml C12E10, 10 �g/ml phosphatidylcholine, 1 mM

EGTA, and enough CaCl2 to give the desired final [Ca2�]free. PMCA concentra-
tion was 0.8 �g/ml. Pi release was determined by the continuous method of
Webb (46). Values are the mean � S.E. from three different experiments.
When not apparent, error bars are within the symbols. The values of K0.5 and
Vmax for the different treatments are as follows: basal conditions 11.4 � 0.4 �M

and 6.9 � 0.1 �mol of Pi�mg�1�min�1, respectively; addition of 100 nM CaM
1.5 � 0.1 �M and 9.0 � 0.1 �mol of Pi�mg�1�min�1, respectively; addition of 5
�M G-actin 3.7 � 0.2 �M and 7.1 � 0.1 �mol of Pi�mg�1�min�1, respectively;
addition of 100 nM CaM plus 5 �M G-actin 2.1 � 0.3 �M and 12.1 � 0.3 �mol of
Pi�mg�1�min�1, respectively.

FIGURE 9. PMCA conformational change induced by G-actin measured as
the relative incorporation of [125I]TID-PC/16 to PMCA. A, purified human
erythrocyte PMCA was incubated with [125I]TID-PC/16 as described under
“Materials and Methods” after which purified G-actin was added at different
concentrations. The reaction medium contained 70 �M Ca2�. After 1 min of
actin addition, the reaction was stopped by exposing the samples to a UV
light source. Data are the mean � S.E. of two independent experiments. The
continuous line corresponds to the best fitted parameters of Equation 3 to the
experimental data. B, effect of saturating concentrations of 120 nM CaM, 10
�M phosphatidic acid, and 5 �M actin on the incorporation of [125I]TID-PC/16
to purified PMCA. As expected for a calmodulin-like activator, the specific
incorporation of [125I]TID-PC/16 decreased with actin from near 150% to a
value of 95.1 � 2.4%, although CaM and phosphatidic acid (PA) decreased the
specific incorporation to 76 � 1 and 89 � 2%, respectively.
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Thus, the obtained apparent affinity value is difficult to inter-
pret due to the possible heterogeneity in the composition of the
analyte. However, the data clearly indicate a specific interaction
between G-actin and oligomeric PMCA, which may be of rele-
vance at the cellular level. Oligomeric PMCAhas been reported
to be present in caveolaewhere the pumpmolecules are 18–25-
fold concentrated compared with the non-caveolae portion of
the plasma membrane (76) and where its biologically most rel-
evant activators, acidic phospholipids and calmodulin, are
enriched (77, 78). These regions of the membrane are tightly
connected with the underlying actin cytoskeleton (79). Thus,
PMCA interactionwith and regulation by actin in these regions
could be of physiological interest as these structures are
involved in calciumhomeostasis among other diverse functions
(80).
To quantitatively characterize the binding interaction of

G-actin and PMCA, themonomeric species of the pump had to
be assayed, which required inverting the experimental config-
uration to obtain monomeric PMCA immobilized on the sen-
sor surface. However, performing the experiment in the mirror
configuration of the one described above presented some limi-
tations as follows: (i) themediumhad to be of low ionic strength
and devoid ofMg2� because, in this case, G-actin was the flow-
ing analyte and was able to assemble under polymerizing con-
ditions; hence, the mirror experiment could not be performed
under identical conditions, and (ii) PMCAhad to bemaintained
on the surface in a stable micellar environment, for which
detergent had to be in a permanent equilibrium between the
surface and the bulk solution. Despite these difficulties, we suc-
cessfully achieved the immobilization of a stabilized pump and
were able to perform the assays with native PMCA with its
cytosolic face available for the flowing analyte, as evidenced by
the CaM binding experiments.
Data obtained from these experiments indicate that G-actin

can also interact withmonomeric PMCA. The binding interac-
tion is well described by a 1:1 interaction model with an appar-
ent affinity in the low micromolar range (Kd � 3.8 � 1.2 �M).
Similar affinity values have been reported for the direct inter-
action between actin and other transporters such as the mito-
chondrial channel voltage-dependent anion channel and aqua-
porin-2 (81, 82). Despite not being considered strong
interactions, it is important to note that ion transporters bind to
G-actin with similar affinity compared with actin monomer-
binding proteins such as profilin (Kd � 1.5 � 10�7 M), actin
depolymerization factor (ADF)/cofilin (Kd� 4� 10�6M), twin-
filin (Kd � 5 � 10�7 M), and Rac1 (Kd � 1.7 � 10�6 M). Low
affinity interactions between G-actin and many of its binding
partners may be indicative of the highly dynamic role it plays in
cell physiology, where such interactions may be preferred over
the high affinity stable ones.
Although G-actin was able to bind PMCA, as evidenced in

SPR experiments, themonomer had no functional effect on the
pump (Fig. 7A). Actin stimulation of PMCA Ca2�-ATPase
activity shows a sigmoidal behavior (nH � 3.64� 0.40) suggest-
ing that more than one molecule of G-actin is needed to exert
its effect, which means the following: (a) G-actin needs to
assemble into short oligomers, most likely trimers or tetramers
to exert its action on PMCA catalytic activity, or (b) there is

more than one site of interaction for G-actin. From the results
of the binding experiments, we ruled out the second possibility
as the interaction between G-actin and PMCA was well
described by a 1:1 binding model.
The effect of actin on PMCA function was tested under

polymerizing conditions, as the reaction medium for PMCA
Ca2�-ATPase activity determinations strongly favors actin
assembly (Fig. 6). Medium conditions during the experiments
were compatible with the initial polymerization steps. The
assembly process was observed to occur for higher actin con-
centrations, although little or no polymerization was detected
for the lower concentrations (determined 1 min after initiation
of the reaction). G-actin at concentrations showing polymeri-
zation exerted a stimulatory effect on PMCA activity, while
lower concentrations, which showed no detectable assembly,
had no effect on the activity of the pump.Thus, the actin assem-
bly event seems to correlate with the activation of the pump,
and the oligomer hypothesis is the most plausible explanation
for the stimulatory effect observed. Moreover, all nH values
obtained in the experiments of this work (Figs. 7, A and B, and
9A) are in the range of 3–4. These values are compatible with
the reported number of monomeric subunits that constitute
the nucleus (83, 84), i.e. the thermodynamically favored associ-
ation of actin monomers from which the elongation of fila-
ments takes place. This further supports the need of an assem-
bly structure to stimulate the pump as theminimumnumber of
actin monomers needed to exert the stimulatory effect corre-
sponds to the minimum actin monomers that are capable of
starting the polymerization process.
As polymerization kinetics are highly dependent on actin

concentration, faster assembly rates are achieved at higher
actin concentrations. However, as pyrene fluorescence inten-
sity is insensitive to the actin filament length distribution, it
cannot be determined if an increase in the fluorescence signal is
due to an increase in the number of filaments or in their length.
It thus still remains unknown if higher concentrations of actin
have larger effects because the actin oligomers reach an opti-
mum length or because there are more oligomer units being
assembled. Some indirect evidence would suggest that the
length is playing a role because incubation for 1minwith 10�M

G-actin led to an increase of only 75% of the basal activity (data
not shown). At this concentration, actin rapidly assembles
under the experimental conditions, further supporting the idea
that “short” actin oligomers formed in the very first stages of
polymerization are responsible for the maximum stimulatory
effect achieved. Regarding the affinity of the effect, it is impor-
tant to note that it has been expressed in terms of the molar
concentration of initial G-actin; however, if short oligomers are
the entities exerting the effect, this value would bemuch higher
(lower Kd).

To further characterize the regulation of the PMCA by actin,
we studied the dependence of the level of PMCA phosphory-
lated intermediates on G-actin concentration under identical
conditions. Yet, here again, it appears that short oligomers are
responsible for the observed effect. Oligomeric actin produces
an increase in the levels and in the turnover of the phosphoen-
zyme; this can explain, at least in part, the increase in the Ca2�-
ATPase activity of the pump. It is likely that the increase in the
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levels of EP is due to an increase in the rate of any of the steps
that lead to EP formation because a decrease in EP breakdown
would have resulted in a decrease in the rate of the whole cycle
of the pump.
Moreover, actin oligomers increase the Ca2�-ATPase activ-

ity of the pump by increasing its apparent affinity for Ca2�. In
eukaryotic cells, the rise in cytosolic calcium activates proteins
that sever or nucleate actin filaments, yielding actin oligomers
with their barbed ends blocked. Thus, these events promote
actin disassembly (85). As an example, gelsolin and villin
shorten actin filaments in the presence of calcium in themicro-
molar range and are inactive when the calcium concentration is
below this range (86, 87). In addition, recent studies showed
that in the presence of actin-binding proteins, filaments disas-
semble in large and rapid bursts (88). It is thus possible that
PMCA stimulation by short oligomers may be one of the phys-
iological feedback responses of the actin cytoskeleton to an
intracellular calcium increase. Importantly, actin oligomers not
only affect the Ca2� affinity of the pump but Ca2� itself may
regulate both the formation of this activating agent and its
interaction with the pump; and as we observed, in the absence
of Ca2� no binding interaction occurred (Fig. 1B). This is anal-
ogous to the regulation byCaM,which also increases the appar-
ent affinity of the pump for Ca2�, andwhere Ca2� is involved in
the formation and interaction of the “activating agent,” i.e. the
complex Ca2�-CaM. The lack of a specific interaction between
G-actin and (oligomeric) PMCA in the absence of Ca2� (Fig.
1B) together with the observation of a specific binding between
G-actin andmonomeric PMCA in the presence of Ca2� (Fig. 4)
would indicate that Ca2� is essential for the interaction to
occur, independently of the oligomerization state of the pump.
In contrast to the need for Ca2�, Mg2� is not a requirement for
the interaction to occur.
Because the evidence presented here indicates that short

oligomers are the stimulatory entity of actin, it would be of
interest to study their direct binding to PMCA. By measuring
the specific incorporation of [125I]TID-PC/16 to PMCA, it was
possible to study both the apparent affinity of short oligomers
for PMCA and the change in the pump conformation upon the
interaction with them. The incorporation of the probe to
PMCA as a function of G-actin concentration was performed
under identical conditions as were used for activity experi-
ments except for the absence of ATP. Under these conditions,

PMCAwas considered to be in equilibrium (noATP), and actin
was considered to polymerize as shown in Fig. 6.
Oligomeric actin induced a conformational change in the

PMCA characterized by a decrease in the surface accessible to
the lipids as a result of rearrangements in the transmembrane
segments of the pump (49). This effect is analogous to the
behavior observed for other activators of the pump such as
CaM and phosphatidic acid (72, 73).
When we measured the equilibrium constant for the disso-

ciation of short oligomers as the change of the transmembrane
conformation of the pump and expressed it in terms of initial
G-actin concentration, the parameters were comparable with
the ones obtained in the SPR binding studies, which were also
carried out under equilibrium conditions. Importantly, the
apparent affinity of the pump for G-actin (Kd � 3.8� 1.2�M) is
lower than that obtained in the [125I]TID-PC/16 incorporation
experiment (Kd � 1.10 � 0.08 �M), which likely reflects the
affinity for actin short oligomers, although it is expressed in
terms of the initial concentration for G-actin. As discussed
below, this value would be even lower in terms of actin
oligomers.
Altogether, these results suggest that PMCA can bind both

G-actin and short oligomers and that short oligomers but not
G-actin are the entity that exerts the stimulatory effect on the
pump (Scheme 2). A direct comparison between the apparent
affinities of actin for PMCAmeasured in equilibrium (SPR) and
in steady state (Ca2�-ATPase activity and phosphorylation) is
not valid, but it seems that both are within the micromolar
range (between 1 and 3 �M) expressed as initial G-actin. This
appears to be the most suitable form to express the results
because the exact molecular entity (or entities) of actin, which
exert the effect, and the amount of each of these entities present
under our experimental conditions are not known. Thus, the
values of the constants expressed in this form represent the
concentration of initial G-actin that under a defined polymer-
izing condition and during the 1st min after initiation of the
reaction produces a population of oligomers capable of display-
ing the half-maximal effect.
Whether preformed actin oligomers bind PMCA or one

monomer first binds and then successive subunits are added to
the complex remains unknown. In the latter case, PMCA could
act as a nucleator agent.When polymerization assays were per-
formed under activity conditions using 5 �M G-actin and 6 nM

SCHEME 2. Summary of G-actin-PMCA interactions determined by SPR and activity measurements. Top, interaction of immobilized G-actin (immob-G-
Act) with soluble PMCA dimers in micelles ((PMCA)2

mic(sol)), determined by SPR in the presence of Ca2� and Mg2�. The calculated Kd was �0.8 �M. Middle,
interaction of immobilized micellar PMCA with soluble G-actin in the presence of Ca2� but absence of Mg2�. The Kd determined by SPR was �3.8 �M. Bottom,
stimulation of the basal ATPase activity of the micellar PMCA (PMCAmicbasal) by G-actin in the presence of Ca2� and Mg2�. The K0.5 is �1.7 �M and n � 3– 4
G-actin monomers/PMCA are required for activation. For details, see the text.
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PMCA (identical to those in the experiments of Figs. 7 and 8),
no difference in the polymerization kineticswas observed in the
presence or absence of PMCA (data not shown). This suggests
that PMCA does not act as a nucleation center for actin
polymerization.
Unlike CaM, G-actin did not bind the CaM binding domain

as evidenced by the unspecific interaction with C28. Oligomers
also do not bind this domain because CaM and actin had addi-
tive effects on PMCA catalytic activity (Fig. 8). A possible can-
didate for the binding site may be the positively charged acidic
phospholipid site in the PMCA, because actin is negatively
charged at physiological pH. Lysine-rich clusters in actin-bind-
ing proteins have been identified to be involved in actin bind-
ing, e.g. the DAIKKK sequence in actin depolymerization fac-
tor, cofilin, and tropomyosin (89); the KKGGKKKG sequence
of myosin (90); the KSKLKKT sequence in thymosin 	4 (91),
and the sequence KKEK in villin (92). Although there is no
conserved sequence for actin binding between the different
actin-binding proteins, a consistent motif rich in basic residues
exists, which is also present in the PMCA sequence at the cyto-
solic loop between the transmembrane segments 2 and 3. This
region contains the acidic phospholipid binding domain in
which the KKEKmotif is found (Fig. 10). Moreover, it has been
observed that phosphatidylinositol 4,5-bisphosphate, an acidic
phospholipid, displaces bound actin from actin-binding pro-
teins (94–96). As can be observed in Fig. 10, the acidic phos-
pholipid-binding site is a highly conserved sequence present in
all human PMCAs. From this observation, we propose this
sequence as the putative binding site for actin and expect all
isoforms of the pump to potentially interact with actin. Exper-
imental work will be required to confirm the involvement of
this domain in PMCA interactions with actin.
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10. Sarkadi, B., Szász, I., and Gárdos, G. (1980) Characteristics and regulation
of active calcium transport in inside-out red cell membrane vesicles.
Biochim. Biophys. Acta 598, 326–338

11. Vanagas, L., Rossi, R. C., Caride, A. J., Filoteo, A. G., Strehler, E. E., and
Rossi, J. P. (2007) Plasma membrane calcium pump activity is affected by
themembrane protein concentration: evidence for the involvement of the
actin cytoskeleton. Biochim. Biophys. Acta 1768, 1641–1649

12. Vanagas, L., de La Fuente, M. C., Dalghi, M., Ferreira-Gomes, M., Rossi,
R. C., Strehler, E. E., Mangialavori, I. C., and Rossi, J. P. (2013) Differential
effects of G- and F-actin on the plasmamembrane calcium pump activity.
Cell Biochem. Biophys. 66, 187–198

13. Mitchison, T. J., andCramer, L. P. (1996) Actin-based cell motility and cell
locomotion. Cell 84, 371–379

14. Ridley, A. (2000) Rho GTPases. Integrating integrin signaling. J. Cell Biol.
150, F107–F109

15. Qualmann, B., Kessels, M. M., and Kelly, R. B. (2000) Molecular links
between endocytosis and the actin cytoskeleton. J. Cell Biol. 150,
F111–F116

16. Chimini, G., and Chavrier, P. (2000) Function of Rho family proteins in
actin dynamics during phagocytosis and engulfment. Nat. Cell Biol. 2,
E191–E196

17. Mandato, C. A., Benink, H. A., and Bement, W. M. (2000) Microtubule-
actomyosin interactions in cortical flow and cytokinesis. Cell Motil. Cyto-
skeleton 45, 87–92

18. Valentijn, J. A., Valentijn, K., Pastore, L. M., and Jamieson, J. D. (2000)
Actin coating of secretory granules during regulated exocytosis correlates
with the release of rab3D. Proc. Natl. Acad. Sci. U.S.A. 97, 1091–1095

19. Khurana, S. (2000) Role of actin cytoskeleton in regulation of ion trans-
port: examples from epithelial cells. J. Membr. Biol. 178, 73–87

20. Berdiev, B. K., Prat, A. G., Cantiello, H. F., Ausiello, D. A., Fuller, C. M.,
Jovov, B., Benos, D. J., and Ismailov, I. I. (1996) Regulation of epithelial
sodium channels by short actin filaments. J. Biol. Chem. 271, 17704–
17710

21. Ismailov, I. I., Berdiev, B. K., Shlyonsky, V. G., Fuller, C. M., Prat, A. G.,
Jovov, B., Cantiello, H. F., Ausiello, D. A., and Benos, D. J. (1997) Role of
actin in regulation of epithelial sodium channels by CFTR. Am. J. Physiol.
272, C1077–C1086

22. Kurashima, K., D’Souza, S., Szászi, K., Ramjeesingh, R., Orlowski, J., and
Grinstein, S. (1999) The apical Na�/H�exchanger isoform NHE3 is reg-
ulated by the actin cytoskeleton. J. Biol. Chem. 274, 29843–29849

23. Cantiello, H. F. (1995) Actin filaments stimulate the Na�-K�-ATPase.
Am. J. Physiol. 269, F637–F643

24. Sheterline, P., Clayton J., and Sparrow, J. C. (1998) Actin. 4th Ed., Oxford
University Press, New York

25. dos Remedios, C. G., Chhabra, D., Kekic, M., Dedova, I. V., Tsubakihara,
M., Berry, D. A., and Nosworthy, N. J. (2003) Actin binding proteins:
regulation of cytoskeletal microfilaments. Physiol. Rev. 83, 433–473

26. Fechheimer, M., and Zigmond, S. (1993) Focusing on unpolymerized ac-
tin. J. Cell Biol. 123, 1–5

27. Spudich, A., Wrenn, J. T., and Wessells, N. K. (1988) Unfertilized sea
urchin eggs contain a discrete cortical shell of actin that is subdivided into

FIGURE 10. PMCA sequences corresponding to the acidic phospholipid
binding domains. Amino acid number: a, 342 for hPMCA2xb, 373 for
hPMCA2wb, and 328 for hPMCA2zb; b, 347 for hPMCA3xb and 333 for
hPMCA3zb; c, 339 for hPMCA4xb and 327 for hPMCA4zb.

Regulation of PMCA by Actin Oligomers

AUGUST 9, 2013 • VOLUME 288 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 23391



two organizational states. Cell Motil. Cytoskeleton 9, 85–96
28. Bonder, E. M., Fishkind, D. J., Cotran, N. M., and Begg, D. A. (1989) The

cortical actin-membrane cytoskeleton of unfertilized sea urchin eggs:
analysis of the spatial organization and relationship of filamentous actin,
nonfilamentous actin, and egg spectrin. Dev. Biol. 134, 327–341

29. Brozinick, J. T., Jr., Berkemeier, B. A., and Elmendorf, J. S. (2007) “Actin” g
on GLUT4: membrane & cytoskeletal components of insulin secretion.
Curr. Diabetes Rev. 3, 111–122

30. Scita, G., Confalonieri, S., Lappalainen, P., and Suetsugu, S. (2008) IRSp53:
crossing the road of membrane and actin dynamics in the formation of
membrane protusions. Trends Cell Biol. 18, 52–60

31. Weed, S. A., and Parsons, J. T. (2001) Cortactin:coupling membrane dy-
namics to cortical actin assembly. Oncogene 20, 6418–6434

32. Huang, Y., and Burkhardt, J. K. (2007) T-cell receptor-dependent actin
regulatory mechanisms. J. Cell Sci. 120, 723–730

33. Billadeau, D. D., and Burkhardt, J. K. (2006) Regulation of cytoskeletal
dynamics at the immune synapse: new stars join the actin troupe. Traffic
11, 1451–1460

34. Bozulic, L. D., Malik, M. T., Powell, D. W., Nanez, A., Link, A. J., Ramos,
K. S., and Dean, W. L. (2007) Plasma membrane Ca2�-ATPase associates
with CLP36, 
-actinin, and actin in human platelets. Thromb. Haemost.
97, 587–597

35. Guerini, D., Pan, B., and Carafoli, E. (2003) Expression, purification, and
characterization of isoform 1 of the plasma membrane Ca2� pump: focus
on calpain sensitivity. J. Biol. Chem. 278, 38141–38148

36. Niggli, V., Penniston, J. T., and Carafoli, E. (1979) Purification of the
(Ca2�-Mg2�)-ATPase from human erythrocyte membranes using a cal-
modulin affinity column. J. Biol. Chem. 254, 9955–9958

37. Filomatori, C. V., andRega, A. F. (2003)On themechanismof activation of
the plasma membrane Ca2�-ATPase by ATP and acidic phospholipids.
J. Biol. Chem. 278, 22265–22271

38. Straub, F. B. (1943) Actin II. Studies from the Inst. Med. Chem. Univ.
Szeged 3, 23–37

39. Spudich, J. A., andWatt, S. (1971) The regulation of rabbit skeletal muscle
contraction. I. Biochemical studies of the interaction of the tropomyosin-
troponin complex with actin and the proteolytic fragments of myosin.
J. Biol. Chem. 246, 4866–4871

40. Xu, J., Schwarz, W. H., Käs, J. A., Stossel, T. P., Janmey, P. A., and Pollard,
T. D. (1998) Mechanical properties of actin filament networks depend on
preparation, polymerization conditions, and storage of actin monomers.
Biophys. J. 74, 2731–2740
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