
Single-Molecule Dynamics Reveal an Altered Conformation for the Autoinhibitory
Domain of Plasma Membrane Ca2+-ATPase Bound to Oxidatively Modified

Calmodulin†

Kenneth D. Osborn,‡ Ryan K. Bartlett,§,| Abhijit Mandal,‡ Asma Zaidi,⊥ Ramona J. Bieber Urbauer,§,#

Jeffrey L. Urbauer,§,# Nadya Galeva,4 Todd D. Williams,4 and Carey K. Johnson*,‡

Departments of Chemistry, Molecular Biosciences, and Pharmacology and Toxicology and Mass Spectrometry Laboratory,
UniVersity of Kansas, Lawrence, Kansas 66045

ReceiVed June 8, 2004; ReVised Manuscript ReceiVed August 5, 2004

ABSTRACT: We used single-molecule polarization modulation methods to investigate the activation of the
plasma membrane Ca2+-ATPase (PMCA) by oxidized calmodulin (CaM). Oxidative modification of
methionine residues of CaM to their corresponding sulfoxides is known to inhibit the ability of CaM to
activate PMCA. Single-molecule polarization methods were used to measure the orientational mobility
of fluorescently labeled oxidized CaM bound to PMCA. We previously identified two distinct populations
of PMCA-CaM complexes characterized by high and low orientational mobilities, with the low-mobility
population appearing at a subsaturating Ca2+ concentration [Osborn, K. D., et al. (2004)Biophys. J. 87,
1892-1899]. We proposed that the high-mobility population corresponds to PMCA-CaM complexes
with a dissociated (and mobile) autoinhibitory domain, whereas the low-mobility population corresponds
to PMCA-CaM complexes where the autoinhibitory domain is not dissociated and therefore the enzyme
is not active. In the present experiments, performed with PMCA complexed with oxidatively modified
CaM at a saturating Ca2+ concentration, we found a large population of molecules with an orientationally
immobile autoinhibitory domain. In contrast, native CaM bound to PMCA was characterized almost entirely
by the more orientationally mobile population at a similar Ca2+ concentration. The addition of 1 mM
ATP to complexes of oxidized CaM with PMCA reduced but did not abolish the low-mobility population.
These results indicate that the decline in the ability of oxidized CaM to activate PMCA results at least in
part from its reduced ability to induce conformational changes in PMCA that result in dissociation of the
autoinhibitory domain after CaM binding.

Calmodulin (CaM)1 is a small, water-soluble, Ca2+-
signaling protein found in all eukaryotic cells and involved
in a variety of signaling pathways (1-3). With a structure
that consists of two globular domains connected by a central
linker region, CaM is able to bind four Ca2+ ions through
two EF-hand binding motifs in each domain. Upon Ca2+

binding, each globular domain exposes a hydrophobic cleft,

allowing CaM to recognize and bind a wide variety of protein
targets (4, 5). Among these is the plasma membrane Ca2+-
ATPase (PMCA) (6), a transmembrane Ca2+ pump that plays
an important role in the maintenance of the intracellular Ca2+

concentration. The hydrolysis of ATP at the nucleotide-
binding site provides the driving force for Ca2+ transport
across the plasma membrane. The activity of PMCA is self-
regulated by an autoinhibitory domain, which is located near
the C-terminal end of the protein and serves also as a CaM
binding domain (7, 8). In the inactive enzyme, this domain
is believed to associate with the active site containing the
nucleotide and phosphorylation domains of the enzyme, thus
blocking its ability to bind or utilize ATP (8-10). CaM
binding to the autoinhibitory domain is believed to induce
structural changes in the CaM binding domain, triggering
dissociation of the autoinhibitory domain from sites near the
catalytic core of the enzyme, removing self-inhibition of the
enzyme and resulting in severalfold stimulation of PMCA
activity (7, 8, 10).

Oxidative modifications in proteins involved in Ca2+

regulatory pathways have been linked to biological aging
and a multitude of age-related diseases associated with a
decline of the ability of cells to restore baseline Ca2+ levels
following cell stimulation (reviewed in ref11). CaM isolated
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from senescent rat brains showed a progressive decline in
its ability to stimulate PMCA activity (12). In vitro studies
of CaM oxidized by H2O2 showed a 30-fold decrease in the
affinity of oxidized CaM for Ca2+ (13). More recent work
has shown that oxidized CaM (CaMox) binds to the PMCA
in a nonproductive manner that does not result in PMCA
activation (14). Oxidation of CaM in vivo has been suggested
to serve as a metabolic regulatory mechanism to help to
maintain cellular viability under conditions of oxidative stress
through the suppression of metabolic and other ATP-utilizing
transport processes within the cell (15).

Single-molecule spectroscopic methods provide research-
ers with new tools to study intrinsically heterogeneous
systems such as proteins (16-19). One of the advantages of
single-molecule fluorescence methods is the ability to
characterize the distribution of structural and functional
properties that are hidden by the ensemble averaging inherent
in conventional bulk studies. The resolution of these hetero-
geneities is necessary for the full understanding of structural
and dynamic features underlying complex biomolecular
processes.

Several optical methods can be implemented at the single-
molecule level (18-20). One of these is single-molecule
polarization modulation spectroscopy, which samples the
orientational dynamics of single molecules (21-27). We
recently applied single-molecule polarization modulation
spectroscopy to investigate the orientational mobility of CaM
bound to the autoinhibitory domain of PMCA (27, 28). By
continuously varying the orientation of the polarization
exciting the sample, the reorientational mobility of the
fluorescently labeled CaM bound to the autoinhibitory
domain of PMCA can be monitored. Previous results
suggested that the orientational mobility of CaM bound to
the autoinhibitory domain is correlated to the activity of
PMCA (28). At a saturating Ca2+ concentration (25µM),
an orientationally mobile population of PMCA-CaM was
observed. At a lower Ca2+ concentration (0.15µM), however,
a population of PMCA-CaM complexes with a low orien-
tational mobility appeared, revealing an intermediate state
in the binding and activation of the PMCA by CaM at low
Ca2+ levels. We attributed this state to CaM bound to the
autoinhibitory domain without releasing it from the nucleo-
tide-binding site, so that the pump remains inactive (28).

In the present paper, single-molecule polarization modula-
tion spectroscopy has been extended to investigate the
mechanistic origin of the nonproductive binding of oxidized
CaM to the PMCA. Whereas PMCA-CaM complexes
displayed a high orientational mobility at a saturating Ca2+

concentration, we find that CaMox bound to PMCA leads to
a large population of orientationally less mobile CaMox

molecules. We also find a large orientationally immobile
population of CaMox for PMCA-CaMox complexes in the
presence of 1 mM ATP. In contrast, our previous results
showed that, in normal PMCA-CaM complexes, the pres-
ence of ATP resulted in an exclusively orientationally mobile
population, consistent with a dissociated autoinhibitory
domain and an active enzyme (28). Thus, binding of CaMox

to the autoinhibitory domain is insufficient in itself to fully
activate the enzyme. This result is consistent with the
previous suggestion that CaMox binds to PMCA in a
nonproductive manner that does not lead to enzyme activa-
tion (14). Our findings suggest that the loss in activation of

PMCA results from a reduced ability of CaMox to induce
release of the autoinhibitory domain.

MATERIALS AND METHODS

Materials. The sample for single-molecule measurements
was prepared in a standard 10 mM HEPES buffer (pH 7.4)
with 0.1 M KCl, 1 mM MgCl2, and 0.214 mM CaCl2,
yielding a final concentration of 1 mM free Mg2+ and 0.1
mM free Ca2+ in solution as calculated with a computer
program (29) taking into account the composition of the
PMCA storage buffer added to the final sample. Low Ca2+

buffers were made by addition of 10 mM EGTA and
appropriate adjustments in the added MgCl2 and CaCl2 to
yield the desired free ion concentrations. The pH was
adjusted to 7.4 after addition of EGTA. All reagents used
were purchased from Sigma-Aldrich, St. Louis, MO.

Binding of CaM labeled with tetramethylrhodamine to
PMCA was carried out in the dark at 4°C for at least 30
min or at room temperature for 15 min. For samples
containing ATP, the nucleotide was added immediately after
the binding of CaM to PMCA and prior to mixing with the
agarose gel (Sigma, type VIIA). Samples were mixed with
agarose gel held slightly above the gelling temperature to
yield a final gel concentration of 2.2%. This mixture was
placed on a clean, dry coverslip held over a cold block to
facilitate rapid setting of the gel. Once the gel was set, a
clean coverslip was placed on top of the gel to minimize
drying of the sample during the experiments.

Calmodulin Mutagenesis, Expression, Purification, and
Fluorescence Labeling. The gene encoding wild-type chicken
CaM was amplified by PCR using pEX1-CaM as the
template. To facilitate cloning into pBluescript II SK (()
(Stratagene), aKpnI site, along with anNcoI site, was added
at the 5′ end of the gene. At the 3′ end of the gene, the native
stop codon, TGA, was changed to TAA, and aBamHI
restriction site was also added. The sequence of the cloned
gene was confirmed by DNA sequencing. Using this new
construct as the template, residue 34 of CaM was mutated
from threonine to cysteine by a PCR method previously
described (30). The mutation was confirmed by DNA
sequencing and then cloned into pET-15b (Novagen). CaM
overexpression and purification were performed as previously
described (31). T34C-CaM was fluorescently labeled with
TMR (Molecular Probes, Eugene, OR) following standard
protocols provided by the supplier, as previously described
(28). CaM labeled in this fashion is denoted CaM-TMR.
Labeled protein was stored at-80 °C immediately after
dialysis. Samples were removed from cold storage im-
mediately prior to experimental measurements.

Plasma Membrane Ca2+-ATPase Purification and ActiVity
Assays. PMCA for single-molecule measurements was puri-
fied from freshly drawn human blood with a CaM-
Sepharose column (Amersham Biosciences) and reconstituted
into micelles following previously described procedures (32).
The storage buffer for the PMCA contained 10 mM HEPES
adjusted to pH 7.4, 120 mM NaCl, 2 mM EDTA, 2 mM
MgCl2, 0.5 mM CaCl2, 0.4 mg/mL C12E8, and 5% (v/v)
glycerol.

Activity measurements of CaM, T34C-CaM, and CaM-
TMR were carried out with PMCA in porcine erythrocyte
ghost membranes (33). PMCA activity assays were per-
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formed as previously described (28) with 0.05 mg/mL
porcine erythrocyte ghosts in a buffer containing 100 mM
HEPES (pH 7.5), 0.1 M KCl, 5 mM MgCl2, 0.1 mM EGTA,
0.44 mM CaCl2, 5 mM ATP, and 4µM calcium ionophore
A23187 (Sigma-Aldrich, St. Louis, MO) and the desired
concentration of CaM. After a 5 min preincubation period,
the reaction was started by the addition of 1 mM ATP,
continued for 20 min at 37°C, and then stopped by the
addition of Malachite Green dye solution (34). The contents
were made acidic by addition of 19.5% H2SO4 and incubated
for 45 min, and the absorbance was measured at 660 nm in
a microwell plate reader. The PMCA activity was defined
as the Ca2+-activated ATP hydrolysis and expressed as
micromoles of inorganic phosphate (Pi) liberated per milli-
gram of ghost-membrane vesicle per hour, based on values
from a standard curve of the absorbance for various
concentrations of free inorganic phosphate. A control assay
was performed with free TMR at the same dye concentrations
as present with the labeled CaM samples to test for any
spectrophotometric interference from the dye. No changes
were seen between phosphate standards containing dye and
phosphate standards without dye when the absorbance at 660
nm was measured following addition of the Lanzetta reagents
(34). Calculations of free CaM concentrations for activity
assay purposes were carried out as previously described (31).
The concentration of free Ca2+ was calculated as described
in ref 29.

OxidatiVe Modification of Calmodulin. To oxidize all nine
methionines in CaM to methionine sulfoxides, samples were
exposed to 100 mM H2O2 for 24 h at 25°C as described
previously (31). CaM-TMR with TMR covalently attached
to cysteine 34 was oxidized after dye labeling. Free TMR
was also subjected to 100 mM H2O2 as a control, and only
a small reduction in overall fluorescence yield was observed,
showing that only a small fraction of TMR molecules were
oxidized.

Mass Spectrometry. ESI-MS was performed to verify
whole protein sample masses and to confirm complete oxi-
dative modification of methionine residues within CaM. The
ESI mass spectra in positive mode were acquired on a Q-TOF
2 quadrupole, time-of-flight hybrid instrument (Micromass
Ltd., Manchester, U.K.). Parameters for mass spectrometry
were the same as previously described (31).

Single-Molecule Instrumentation. The single-molecule
instrumentation used for these experiments has been de-
scribed in detail previously (28). Briefly, a 543 nm polarized
helium-neon laser beam was passed through an electrooptic
modulator (M-350, ConOptics) and a quarter waveplate,
resulting in a continuously rotating linear excitation-beam
polarization at 25 revolutions per second. An excitation filter
(D543/10x, Chroma) removed any unwanted excitation
wavelengths from thee1 µW beam, which was then
reflected by a dichroic mirror (Q555LP, Chroma) into a 1.3
numerical-aperture objective in an inverted fluorescence
microscope (TE300, Nikon). Fluorescence collected by the
objective lens was directed through the dichroic mirror and
an emission filter (HQ600/80m, Chroma) to an avalanche
photodiode (SPCM-AQR-14, Perkin-Elmer Optoelectronics).
Single-molecule fluorescence trajectories were analyzed to
determine the modulation depth period by period as described
in detail elsewhere (27).

RESULTS

ActiVity of Modified Calmodulin. Previous results showed
that oxidation of native CaM with hydrogen peroxide (H2O2)
decreases its ability to maximally stimulate PMCA (13, 31).
Figure 1 shows the activity of PMCA present in porcine
ghost membranes with increasing concentrations of CaM.
PMCA activity was stimulated by wild-type CaM and wild-
type CaMox (Figure 1A), T34C-CaM and T34C-CaMox

(Figure 1B), and CaM-TMR and CaMox-TMR (Figure 1C).
Values for the measured PMCA activity and apparent CaM
affinity are listed in Table 1 for native CaM, T34C-CaM,
and CaM-TMR and for the corresponding oxidized CaM
species. The results indicate comparable levels of PMCA
activation by the wild-type CaM, T34C-CaM, and CaM-
TMR, showing that neither the introduction of the T34C
mutation nor the TMR dye label alters the properties of CaM
as determined by its ability to activate PCMA (Figure 1).
By demonstrating that neither the mutation of threonine 34
to cysteine nor the covalent addition of TMR to the mutated
cysteine alters the activity of CaM, we can be assured that
a biologically representative model is being tested. When
PMCA activity was determined in the presence of CaM
oxidized with H2O2, it was obvious in all three cases that
CaMox does not activate the enzyme to the same extent as
the reduced protein. Wild-type CaMox, T34C-CaMox, and
CaMox-TMR each show roughly a 60% decrease inVmax

compared to the native reduced CaM (Table 1). The CaM
concentration required for half-maximal activation, [CaM]1/2 free,
was substantially increased upon oxidation, from a value of
6-10 nM for wild-type CaM, T34C-CaM, and CaM-TMR
to 64-69 nM for the corresponding oxidized species.

Since the protocol for oxidation of the CaM required
exposure of the sample to room temperature conditions for
24 h, it was also necessary to determine if such exposure at
room temperature leads to any decrease in CaM activity.
Parallel exposure of T34C-CaM to the same room temper-
ature conditions (but without exposure to H2O2) revealed no
discernible loss in activity. Oxidative conditions may also
alter the fluorescence properties of the TMR dye. To
determine if this is indeed the case, we took the emission
spectra of control and oxidized CaM-TMR. The results show

FIGURE 1: CaM-dependent activation of the PMCA by wild-type
CaM (A), T34C-CaM (B), and CaM-TMR (C) before (O) and after
(b) oxidation of CaM by hydrogen peroxide. ATPase activity was
measured at 37°C with 0.05 mg/mL porcine erythrocyte ghosts.
The CaM-stimulated activity was obtained as the difference between
activity in the presence of CaM and the average basal activity in
the absence of CaM. Average errors in ATPase activity measure-
ments were 6% of indicated values.
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a small drop in fluorescence intensity in CaMox-TMR in
comparison to the control. Figure 2 displays the fluorescence
spectra of the control and CaMox-TMR samples, showing a
14% drop in emission intensity but no perceptible shift in
fluorescence wavelength or in the shape of the fluorescence
spectrum. Since oxidation of dyes results in complete loss
of fluorescence (“bleaching”), the fluorescence loss observed
in Figure 2 is likely due to oxidation of a small fraction of
dye molecules. Because these molecules are not fluorescent,
they are invisible in single-molecule experiments and
therefore do not contribute to the reported measurements.

Mass Spectrometry of Oxidized Proteins. To verify that
there were no other modifications of CaM-TMR upon
oxidation by peroxide beyond the conversion of all nine
intrinsic methionine residues into methionine sulfoxides,
whole-protein ESI-MS was performed on the sample. In
addition to the nine methionine residues, it is also possible
that the non-native cysteine introduced at site 34 and labeled
with an extrinsic dye might offer another potential site of
modification by H2O2. Figure 3 shows the mass spectra of
T34C-CaM, CaM-TMR, and CaMox-TMR. The observed
masses correspond within the resolution of the instrument
((0.8 amu) with the predicted masses in each case (see
Figure 3 caption). The mass observed for CaMox-TMR shows
the presence of nine additional oxygen atoms, consistent with
the oxidation of all nine methionine residues as seen in
previous work on CaM (31). Thus, the mass spectrum
indicates that the labeled cysteine residue was not oxidized.
A mass difference of 18 amu for both CaM-TMR and CaMox-
TMR can be attributed to a ring opening hydrolysis reaction
of the succinimide linkage (35) after the reaction of male-
imide with the sulfhydryl group of the cysteine. As the level
of PMCA activation was nearly the same regardless of
labeling by an extrinsic fluorophore, it can be concluded that
the ring opening does not affect the function of the CaM.

Anisotropy Decay Measurements. To further check the
possible effect of maleimide ring opening on the spectro-

scopic measurements, we measured the bulk fluorescence
anisotropy decay of CaMox-TMR samples and found rota-
tional correlation times of 0.6( 0.1 ns (representing 48%
( 4% of the anisotropy decay amplitude) and 8( 2 ns
(representing 52%( 4% of the anisotropy decay amplitude).
These values are close to those for native CaM-TMR of 0.7
( 0.1 ns (34%( 6% of the anisotropy decay amplitude)
and 11 ( 2 ns (66% ( 6% of the anisotropy decay
amplitude) as reported previously (28). These measurements
permit assessment of the extent of independent mobility of
TMR with respect to the protein to which it is attached. For
this purpose, the important factor is the relative amplitudes
of the fast and slow rotational correlation times. The shorter
rotational correlation time for both CaM-TMR and CaMox-
TMR can be assigned to orientational motion of the dye itself,
and the longer rotational correlation time represents rotational
motion of CaM-TMR or CaMox-TMR as a whole, showing
that the orientational motion of TMR in both cases is partially
restricted relative to CaM or CaMox. Thus we find no
decrease in mobility of TMR relative to CaMox; on the
contrary, the mobility of TMR with respect to CaMox appears
if anything to be slightly greater than the mobility of TMR
relative to CaM, as shown by the slightly larger relative
amplitude of the fast rotational component for CaMox-TMR.
Hence, the increased population of the low-mobility state
that we observe for PMCA-CaMox-TMR cannot result from
a decrease in the mobility of TMR relative to CaMox, and
therefore reports the mobility of CaMox-TMR complexed
with PMCA.

Single-Molecule Studies. Single-molecule polarization
modulation experiments permit measurement of the orien-
tational mobility of the fluorophore (27). Modulation depths
for native CaM bound to PMCA were determined by single-
molecule polarization modulation as described previously

Table 1: CaM Apparent Binding Affinity and Activation of Plasma Membrane Ca-ATPasea

CaM sample
[CaM]1/2 free

b

(nM)
Vmax(CaM)b

(µmol of Pi mg-1 h-1)
[CaMox]1/2 free

c

(nM)
Vmax(CaMox)c

(µmol of Pi mg-1 h-1)

wild type 6( 1 0.42( 0.01 64( 18 0.16( 0.01
T34C-CaM 10( 1 0.44( 0.01 69( 5 0.16( 0.01
CaM-TMR 10( 3 0.47( 0.02 66( 16 0.12( 0.01

a Values obtained from data in Figure 1. [CaM]1/2 free is the concentration of CaM required for half-maximal activation of the PMCA, andVmax

is the CaM-dependent activation of the PMCA at saturating CaM concentrations.b CaM samples prior to oxidation.c CaM samples after exposure
to 100 mM H2O2 for 24 h.

FIGURE 2: Fluorescence spectra of CaM-TMR before (full line)
and after (dashed line) oxidation by hydrogen peroxide to generate
CaMox-TMR.

FIGURE 3: ESI mass spectra of T34C-CaM (left curve), CaM-TMR
(center), and CaMox-TMR (right). The uncertainty in the experi-
mentally determined masses is(0.8 amu. The predicted masses
are 16708.5 for T34C-CaM, 17208.0 for CaM-TMR (with an
opened maleimide ring), and 17352.0 for CaMox-TMR (with an
opened maleimide ring). See text for analysis of mass spectra.
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(28). In the present studies, a similar strategy was used with
CaMox-TMR added to samples of PMCA, which were then
immobilized in a 2.2% agarose gel. Single PMCA-CaMox-
TMR complexes were located by scanning a 10µm × 10
µm area of the gel with the microscope objective focused
several micrometers above the surface of the coverslip. We
found previously that CaM-TMR by itself cannot be im-
mobilized in an agarose gel but rather diffuses through the
gel (30). Thus, single-molecule images observed in a scan
of the gel result only from CaMox-TMR immobilized by
binding to PMCA. This was verified by the absence of single-
molecule images in the absence of PMCA (28). Fluorescence
trajectories from PMCA-CaMox-TMR complexes located in
this way were recorded, and the modulation depth was
determined by maximum-likelihood analysis as described
previously (27, 28). The average modulation depth for each
molecule was determined over its fluorescence trajectory.

Single-molecule polarization modulation spectroscopy
determines the orientational mobility of molecules on the
time scale of the period of modulation of the excitation beam
polarization, 40 ms in this case. Fluorophores that rapidly
reorient on this time scale explore a range of orientations
with respect to the incident polarization. The fluorescence
emission of orientationally mobile molecules therefore shows
little or no modulation. Immobile molecules, however, show
strong modulation in their emission, as the probability of
absorbing a photon is related to the relative orientations of
the transition dipole of the dye molecule and the orientation
of the excitation polarization. The modulation depth is a value
between 0 and 1 giving the fraction of the average fluores-
cence intensity that is modulated over each period of
modulation (27). Restricted orientational motion results in a
modulation depth>0. Orientationally immobile molecules
therefore have a high modulation depth. However, unmodu-
lated contributions to the signal (for example, background
counts and polarization components along thez axis in the
focal region) result in measured modulation depths of<1,
even for orientationally immobile molecules. These issues
have been addressed in greater detail elsewhere (27).

Histograms of single-molecule modulation depths for
PMCA-CaMox complexes at a Ca2+ concentration of 25µM
are shown in Figure 4. Earlier work has shown that there is
only a slight increase in the amount of Ca2+ necessary for
maximal activation of the PMCA by oxidized CaM (13),
and the saturating levels used in this experiment are more
than sufficient to provide maximal activity of the PMCA-
CaMox complex. For comparison, the previously reported
single-molecule modulation depth histograms for complexes
of PMCA with native CaM at Ca2+ concentrations of 25 and
0.15 µM are also shown (Figure 4A,B) (28). With native
CaM, single-molecule polarization modulation histograms
revealed the presence of a population with a low modulation
depth indicating a high orientational mobility at a saturating
Ca2+ concentration of 25µM (28). We attributed this
orientationally mobile population to PMCA-CaM complexes
with a dissociated autoinhibitory domain. At a subsaturating
Ca2+ concentration of 0.15µM, we observed, in addition to
the high-mobility populaton, a populaton of PMCA-CaM
complexes with a high modulation depth indicating a reduced
orientational mobility (shown in Figure 4B). We hypoth-
esized that this population corresponded to PMCA-CaM
complexes where the autoinhibitory domain is not dissociated

(and therefore the PMCA is inactive) even though CaM is
bound. The addition of ATP was found to abolish the low-
mobility population, even at a subsaturating Ca2+ concentra-
tion.

The modulation depth histogram for PMCA-CaMox

complexes (Figure 4C), also at a Ca2+ concentration of 25
µM, reveals a dramatic increase in the population exhibiting
a higher modulation depth (>0.5), indicative of a low
orientational mobility of PMCA-CaMox complexes, in
comparison to the same data taken for the native CaM (Figure
4A). The distributions in Figure 4C were fit well by a double
Gaussian function, suggesting that the distributions can be
described by the presence of two populations of PMCA-
CaMox complexes. In this fit, the width of the distribution
for the low mobility state is over twice that of the high
mobility state, suggesting a wide range of mobilities in the
low-mobility state (Figure 4C).

The modulation depths of single PMCA-CaMox com-
plexes were also determined in the presence of 1 mM ATP.
The presence of ATP allows turnover of PMCA, permitting
observation of the effect of conformational changes in PMCA
following nucleotide binding and evaluation of the biological
relevance of CaM oxidation for PMCA function. The
polarization modulation histogram for PMCA-CaMox in the
presence of ATP is shown in Figure 4D. Previous results
with native CaM complexed with PMCA in the presence of
ATP (28) showed that the low-mobility population (modula-
tion depth greater than roughly 0.5) vanished entirely in the

FIGURE 4: Modulation depth histograms for complexes of native
PMCA with (A) CaM-TMR at 25µM Ca2+, (B) CaM-TMR at 0.15
µM Ca2+, (C) CaMox-TMR at 25µM Ca2+, and (D) CaMox-TMR
at 25 µM Ca2+ in the presence of 1 mM ATP. The histograms
show the occurrences of modulation depths for single molecules
determined by polarization modulation at 25 Hz. The modulation
depth for each molecule was determined from the average modula-
tion depth in the single-molecule polarization modulation fluores-
cence trajectory. The solid lines show fits to a single Gaussian
distribution (A) or a double Gaussian distribution (B-D). The
Gaussian fits yield peak positions at modulation depths of 0.38
(panel A), 0.39 and 0.61 (panel B), 0.39 and 0.64 (panel C), and
0.42 and 0.62 (panel D). In panels B-D, the dashed lines show
the Gaussian components of the double Gaussian fit. The data in
panels A and B were reported previously (28) and are shown here
for comparison purposes.
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presence of ATP. In contrast, PMCA-CaMox complexes in
the presence of ATP still show a substantial population with
low orientational mobility (Figure 4D), suggesting that even
though CaMox binds to PMCA, it suffers a reduced ability
to elicit conformational changes in PMCA that couple
binding to activation.

To compare distributions, it is useful to compare the
fraction of molecules having average modulation depths
greater than or less than 0.5 (a value intermediate between
the peaks of the low-mobility and high-mobility populations).
For native PMCA, the fraction of the population with
modulation depth above 0.5 is 0.09 at a Ca2+ concentration
of 25 µM (Figure 4A). For PMCA-CaMox complexes, this
fraction is 0.60 (Figure 4C). In the presence of ATP, the
fraction of the population with modulation depth above 0.5
is 0.53 (Figure 4D), compared to 0.06 for native PMCA-
CaM in the presence of ATP (28). The decrease by∼50%
in the population of the highly mobile state can be compared
to a decrease in bulk activity by∼60-75% upon CaM
oxidation shown in Figure 1.

DISCUSSION

Oxidative modification of Ca2+ regulatory proteins has
been implicated in the reduced ability of cells to regulate
the intracellular concentration of Ca2+ following oxidative
stress as well as in biological aging and neurodegenerative
diseases such as Alzheimer’s disease (refs11, 13, and36-
39 and references cited therein). A number of studies have
demonstrated conclusively that oxidation of the methionine
residues of CaM causes a decrease in its ability to stimulate
PMCA (13, 14, 31). All nine methionine residues in CaM
can be oxidized to methionine sulfoxides when the protein
is exposed to oxidative conditions. It has been reported that
oxidized CaM can still bind to PMCA, but the binding results
in a diminished efficiency in activation of PMCA (14).
Selective mutations of specific methionine residues demon-
strated that Met 144 and Met 145 in the carboxy-terminal
domain of CaM are responsible for the loss in CaM-
stimulated activation of the PMCA by CaMox (13, 31). The
C-terminal domain of CaM exhibits higher Ca2+ affinity and
tighter binding than the N-terminal domain for most targets,
including PMCA (40-45). However, the structural and
dynamic origins by which oxidative modification of CaM
leads to loss of PMCA activity are not well understood.

To identify mechanisms involved in the decline in the
ability of CaMox to stimulate PMCA, we carried out single-
molecule studies of the orientational mobility of CaMox-TMR
bound to the autoinhibitory/CaM binding domain of PMCA.
CaM binding to the autoinhibitory domain is thought to lead
to its release from the catalytic regions of the enzyme,
allowing PMCA to function. This view is supported by
measurements of the rotational correlation time of CaM
bound to PMCA at a Ca2+ concentration sufficient to saturate
all four Ca2+ binding sites of CaM (46). The measured
rotational correlation time of 80 ns, while too long to
represent reorientational dynamics of CaM itself, is much
too fast to represent reorientation of the PMCA as a whole,
suggesting that CaM is bound to a domain that is highly
mobile relative to the rest of the PMCA. Recent single-
molecule polarization measurements in our laboratory are
consistent with this picture (28).

Single-molecule methods offer the ability to distinguish
inhomogeneity within the population of oxidized CaM bound
to the PMCA autoinhibitory domain. This approach is based
on the apparent correlation that we observed (28) between
the orientational mobility of CaM bound to the autoinhibitory
domain of PMCA and the activity of PMCA. The modulation
depth of PMCA-CaM complexes under saturating Ca2+ is
low (Figure 4A), consistent with a highly mobile dissociated
autoinhibitory domain. In contrast, single-molecule polariza-
tion measurements revealed the presence under certain
conditions of a fraction of PMCA-CaM complexes having
a low orientational mobility. This population was present at
a Ca2+ concentration of 0.15µM (Figure 4B) but was absent
or minimal at a saturating Ca2+ concentration of 25µM
(Figure 4A) or with the addition of ATP. We proposed that
the population with a high orientational mobility corresponds
to PMCA-CaM complexes with a dissociated autoinhibitory
domain, while the population with a low orientational
mobility corresponds to PMCA-CaM complexes where the
autoinhibitory domain is not dissociated and the pump is
therefore inactive (28). This interpretation is supported by
the results reported in the present studies, which show a large
population of orientationally immobile PMCA-CaMox com-
plexes at a saturating Ca2+ concentration, consistent with the
decreased activity observed in these complexes.

These results provide insight into the mechanism of the
decline in the ability of oxidized CaM to stimulate PMCA.
Based on our interpretation of the population with low
orientational mobility in terms of PMCA-CaM complexes
with a nondissociated autoinhibitory domain, the orienta-
tionally immobile population appears to correspond to
PMCA-CaMox complexes with a nondissociated autoinhibi-
tory domain. Thus, although CaMox can still bind to the
autoinhibitory domain of PMCA, binding no longer provides
the necessary structural or conformational changes within
the PMCA needed for dissociation of the autoinhibitory
domain. The addition of ATP reduces but does not abolish
the orientationally immobile population of PMCA-CaMox

complexes. In contrast, orientational distributions of native
PMCA-CaM complexes showed that in the presence of ATP
the low-mobility population is nearly absent, suggesting that
structural changes in the course of the enzymatic cycle of
PMCA alter the ability of the autoinhibitory domain to
associate with the catalytic site (28). Large-amplitude
structural changes between states with high (E1) and low (E2)
Ca2+ affinity were observed in X-ray (47, 48) and cryo-
electron microscopy (49) structures of the homologous
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase. Such
motions in PMCA may generate a conformation where
association of the autoinhibitory domain with the catalytic
site is inhibited. The presence of a low-mobility population
of PMCA-CaMox complexes, even in the presence of ATP,
further indicates that binding of CaMox may not induce the
structural changes necessary for PMCA to function.

Binding of CaM is known to induce anR-helical structure
within the binding region in many target proteins (50-54).
The nine methionine residues of CaM play an important role
both in stabilizing the open conformation of CaM upon Ca2+

binding and in the high affinity of interactions with targets
such as PMCA (55-59). Squier and co-workers demon-
strated that whereas Met 144 and Met 145 are not essential
for activation of PMCA (60), the oxidation of Met 144 and
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Met 145 results in at least 50% reduction in the level of
enzyme activation (31) as a result of incorrect association
of the C-terminal domain of CaM with PMCA (14).

The present results are consistent with these findings. The
modulation depth distributions for complexes of CaMox with
PMCA suggest that the decreased ability of CaMox to activate
PMCA upon binding results from a population of the
autoinhibitory domains still associated with the PMCA in
an inhibitory manner, even though CaM is bound. This
suggests that CaMox is unable to induceR-helix formation
in the autoinhibitory domain upon binding to PMCA. This
could result from the altered binding of the C-terminal
domain of CaMox due specifically to oxidation of Met 144
and Met 145 (31). The population with low orientational
mobility (modulation depth>0.5 in Figure 4) detected for
PMCA-CaMox complexes displays a wide distribution of
modulation depths. The large width of the distribution may
arise from a range of association states in the CaM-bound
autoinhibitory domain and is consistent with the pre-
vious suggestion that the nature of the binding by CaMox is
altered within the 30-residue CaM binding region of the
PMCA (14).

CONCLUSIONS

We demonstrated the use of single-molecule polarization
modulation experiments to investigate the mechanism of loss
of activation of a target enzyme, PMCA, by oxidatively
modified CaM. CaM is central to a range of cellular
processes, including energy metabolism and Ca2+ signaling.
Under conditions of oxidative stress, the formation of CaMox

can therefore have severe consequences for Ca2+ regulation
and energy utilization. It has been suggested that the
susceptibility of the C-terminal methionines (Met 144 and
Met 145) to oxidation allows CaM to function as a redox
sensor and to downregulate energy metabolism under condi-
tions of oxidative stress (31).

Single-molecule modulation depth distributions revealed
a large orientationally immobile population of PMCA-
CaMox complexes under saturating Ca2+. In contrast, the
modulation depth distributions of complexes of PMCA with
native CaM show a predominantly orientationally mobile
population, with only a small fraction of molecules belonging
to a population with lower orientational mobility. We argued
that orientationally mobile PMCA-CaM complexes cor-
respond to a dissociated autoinhibitory domain, whereas
orientationally immobile PMCA-CaM complexes indicate
a nondissociated autoinhibitory domain and therefore an
inactive enzyme (28). The contrast between CaM and CaMox

is accentuated in the presence of ATP. Addition of ATP to
complexes of PMCA with native CaM, allowing the enzyme
to proceed through its enzymatic cycle, results in a population
belonging exclusively to an orientationally mobile state (28).
In contrast, the present results show that when ATP is added
to CaMox complexes with PMCA, there is still a large fraction
of molecules with lower orientational mobility. The decrease
in the ability of oxidized CaM to induce dissociation of the
autoinhibitory domain from PMCA corresponds with an
overall decrease in activity seen in the bulk PMCA activation
studies (Figure 1). The results presented here suggest that
the inhibition of the PMCA by CaMox results from the
apparent inability of oxidized CaM to induce dissociation

of the autoinhibitory domain and thus to invoke sufficient
structural change in the autoinhibitory domain of the PMCA
to allow for activation.
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