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ABSTRACT: Stabilization of the plasma membrane Ca-ATPase (PMCA) in an inactive conformation upon
oxidation of multiple methionines in the calcium regulatory protein calmodulin (CaM) is part of an adaptive
cellular response to minimize ATP utilization and the generation of reactive oxygen species (ROS) under
conditions of oxidative stress. To differentiate oxidant-induced structural changes that selectively modify
the amino-terminal domain of CaM from those that modulate the conformational coupling between the
opposing domains, we have engineered a tetracysteine binding motif within helix A in the amino-terminal
domain of calmodulin (CaM) that permits the selective and rigid attachment of the conformationally
sensitive fluorescent probe 4′,5′-bis(1,3,2-dithioarsolan-2-yl)fluorescein-(1,2-ethanedithiol)2 (FlAsH-EDT2).
The position of the FlAsH label in the amino-terminal domain provides a signal for monitoring its binding
to the CaM-binding sequence of the PMCA. Following methionine oxidation, there is an enhanced binding
affinity between the amino-terminal domain and the CaM-binding sequence of the PMCA. To identify
oxidant-induced structural changes, we used frequency domain fluorescence anisotropy measurements to
assess the structural coupling between helix A and the amino- and carboxyl-terminal domains of CaM.
Helix A undergoes large amplitude motions in apo-CaM; following calcium activation, helix A is
immobilized as part of a conformational switch that couples the opposing domains of CaM to stabilize
the high-affinity binding cleft associated with target protein binding. Methionine oxidation disrupts the
structural coupling between opposing globular domains of CaM, without affecting the calcium-dependent
immobilization of helix A associated with activation of the amino-terminal domain to promote high-
affinity binding to target proteins. We suggest that this selective disruption of the structural linkage between
the opposing globular domains of CaM relieves steric constraints associated with high-affinity target binding,
permitting the formation of new contact interactions between the amino-terminal domain and the CaM-
binding sequence that stabilizes the PMCA in an inhibited conformation.

Calmodulin (CaM)1 functions to mediate calcium signaling
in all eukaryotes through the differential binding to more
than 50 different target proteins, including kinases, phos-
phatases, ion channels, and pumps (1-4). Calcium ions bind
to two EF-hand structures on each of the homologous
domains; the four calcium binding sites are allosterically
coupled through the central linker sequence (i.e., Met76 f
Ser81) connecting the opposing domains (Figure 1). Calcium

binding is associated with domain activation through the
dynamic stabilization of a defined conformation that exposes
methionine-rich hydrophobic binding clefts (5-9). Following
calcium activation, CaM is able to bind to a wide range of
target proteins through mechanisms that normally involve
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FIGURE 1: Structure of FlAsH-EDT2 (left) and positions of the
tetracysteine binding site (red) relative to nine methionines (yellow)
in calcium-saturated CaM (right) using PDB entry 1cll (73). Bound
calciums are shown as black circles.
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the initial association between the C-terminal domain of CaM
and the CaM-binding sequence of the target protein, followed
by the structural collapse and binding of the amino-terminal
domain (10-14).

The age-dependent selective oxidation of methionines in
CaM functions to control cellular energy metabolism through
the modulation of the binding mechanism to target proteins,
including the plasma membrane Ca-ATPase (15-19). Fol-
lowing methionine oxidation in CaM, there is a large
reduction in the ability of oxidized CaM (CaMox) to activate
the plasma membrane Ca-ATPase with minimal effects on
binding affinity (20). Irrespective of methionine oxidation,
CaM binds to the same linear CaM binding sequence within
the plasma membrane Ca-ATPase (21). However, bound
CaMox is not displaced from the plasma membrane Ca-
ATPase by unoxidized CaM, indicating differences in the
binding interactions between the two globular domains and
the binding sequence (21). These differences in binding are
functionally important, since CaMox does not induce the
structural transition within the binding sequence that is
normally associated with enzyme activation, resulting in the
downregulation of ATP utilization and cellular energy
metabolism (2, 22, 23). Since methionine oxidation and the
associated loss of CaM-dependent enzyme activation are
reversible through the action of methionine sulfoxide reduc-
tase (24, 25), these results suggest that methionine oxidation
in CaM plays a regulatory role in modulating calcium
signaling in response to oxidative stress.

Previous measurements have demonstrated global changes
in the structure of CaM associated with methionine oxidation,
which have been suggested to underlie the altered binding
interaction between CaM and the plasma membrane Ca-
ATPase as well as other target proteins (15, 21, 26).
Furthermore, oxidized CaM binds and stabilizes the inhibi-
tory domain of the plasma membrane Ca-ATPase in the
inactive conformation (22, 23). However, the underlying
mechanisms responsible for observed reductions in the ability
of CaMox to activate the plasma membrane Ca-ATPase and
other target proteins are currently unclear. To clarify the
relationships between (i) conformational changes associated
with domain activation and the exposure of target protein
binding sites and (ii) modulation of the structural coupling
between the opposing globular domains, we have used site-
directed mutagenesis to engineer a tetracysteine binding motif
within helix A near the amino terminus of calmodulin (CaM)
(Figure 1), permitting the selective and rigid attachment of
the conformationally sensitive fluorescent probe 4′,5′-bis-
(1,3,2-dithioarsolan-2-yl)fluorescein-(1,2-ethanedithiol)2

(FlAsH-EDT2). Measurements of the rate of FlAsH binding
permit an assessment of the conformational dynamics of helix
A, since FlAsH selectively associates with disordered peptide
conformers (27), while complementary measurements of
rotational motion of helix A using frequency domain
fluorescence anisotropy permit a determination of the
structural coupling between calcium activation and protein
dynamics.

EXPERIMENTAL PROCEDURES

Materials. 4′,5′-Bis(1,3,2-dithioarsolan-2-yl)fluorescein-
(1,2-ethanedithiol)2 (FlAsH-EDT2) was synthesized as previ-
ously described (27). The peptide C28W (LRRGQILWFR-

GLNRIQTQIRVVNAFRSS) was synthesized, purified, and
confirmed by mass spectrometry to be greater than 95%
pure by BioWORLD (Dublin, OH). Hydrogen peroxide
(H2O2), N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic
acid (HEPES), tris(carboxyethyl)phosphine (TCEP), and
potassium iodide (KI) were obtained from Sigma (St. Louis,
MO). â-mercaptoethanol (â-ME) was obtained from Aldrich
(Milwaukee, WI). Glycogen was obtained from ICN (Aurora,
OH). All other chemicals were the purest grade commercially
available.

Mutagenesis, Expression, and Purification of the CaM
Mutant. DNA encoding the tetracysteine mutant of cal-
modulin encoding four cysteines at positions 6, 7, 10, and
11 was cloned into a pET-15b plasmid expression vector,
and expressed in BL21(DE3)Escherichia coli cells, as
previously described (9). Following expression, mutant CaM
was purified by chromatography on phenyl-Sepharose CL-
4B (Pharmacia, Piscataway, NJ), essentially as previously
described (28, 29). The protein concentration of CaM was
measured using a micro-BCA assay reagent kit (Pierce,
Rockford, IL), using desalted CaM as a protein standard [ε277

) 3029 M-1 cm-1 (28, 30)].

Polyacrylamide Gel Electrophoresis. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed according to the method of Laemmli (33).
To detect calcium-dependent structure changes, either 10 mM
CaCl2 or 10 mM EDTA was added to the sample buffer,
essentially as previously described (34). Protein bands were
visualized with GelCode Blue Stain Reagent (Pierce).

Oxidation of CaM.All nine methionines within calmodulin
were selectively oxidized, essentially as previously described
(25, 31). Briefly, 60 µM apo-CaM in 50 mM HEPES (pH
7.5) and 140 mM KCl (buffer A) was incubated for 24 h at
25 °C with 50 mM H2O2. The concentration of H2O2 was
determined by using the published extinction coefficient [ε240

) 39.4( 0.2 M-1 cm-1 (32)]. The reaction was stopped by
dialyzing against multiple changes of buffer A at 4°C. Under
these conditions, whole protein mass spectrometry has
demonstrated that all nine methionines are quantitatively
oxidized (20).

Labeling with FlAsH-EDT2. Prior to addition of 1.0µM
FlAsH-EDT2, the CaM mutant (1.0µM) containing the
tetracysteine motif in helix A, where E6, E7, A10, and E11

were all mutated to cysteines (Figure 1), was incubated for
1 h at room temperature in 50 mM HEPES (pH 7.5), 140
mM NaCl, 1.0 mM â-mercaptoethanol, and 1.0 mM tris-
(carboxyethyl)phosphine (TCEP) to reduce any disulfide
bonds. Prior to fluorescence lifetime and anisotropy mea-
surements, the mixture was incubated at 4°C overnight.
Gross structural changes were assessed using SDS-PAGE,
which is commonly used to detect structural changes
resulting from site-directed mutagenesis (20). The mobilities
of the FlAsH-labeled CaM mutants were found to be similar
to that associated with wild-type CaM (Figure 2), where
oxidation of all nine methionines results in the same
broadening of the CaM band on SDS-PAGE gels and a
diminished calcium-dependent shift in mobility.

Steady-State Fluorescence Measurement. Fluorescence
emission spectra of FlAsH-CaM were measured with a
Fluoro Max-2 fluorometer (SPEX, Edison, NJ), using excita-
tion and emission slits of 5 nm. In all cases, the sample
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temperature was 25°C, and the buffer consisted of 50 mM
HEPES (pH 7.5), 140 mM NaCl, 1.0 mMâ-mercaptoethanol,
and 1.0 mM tris(carboxyethyl)phosphine (buffer A) in the
presence of either a calcium chelator (either 1.0 mM EDTA
or EGTA) or saturating calcium concentrations (i.e., 0.2 mM
CaCl2). Changes in the solvent accessibility of FlAsH were
assessed through collisional quenching, where variable
amounts of KI or acrylamide were added to 1.0µM FlAsH-
CaM. Data were analyzed as a function of the titrated
quencher concentration and according to the Stern-Volmer
equation:

whereF0 andF are the fluorescence intensity in the absence
and presence of added quencher, respectively, [Q] indicates
the concentration of the quencher, KI, or acrylamide, and
Ksv is the Stern-Volmer quenching constant, which is the
product of both the average fluorescence lifetime in the
absence of quencher (〈τ〉) and the bimolecular quenching
constant (kq) (35). The concentration of the C28W peptide
was determined using the published extinction coefficient
(ε280 ) 5600 M-1 cm-1) (36).

Determination of Binding Affinities. Peptide binding af-
finities for CaM were assessed using associated decreases
in the fluorescence intensity of FlAsH-CaM upon peptide
binding, essentially as previously described (37). This
analysis assumes that there is a linear relationship between
the decrease in the fluorescence signal and peptide binding,
and that 1 mol of peptide binds 1 mol of CaM, as previously
determined for C28W. Under these conditions, the amount
of unbound (free) peptide can be calculated from the relative
decrease in the fluorescence intensity, permitting a deter-
mination of the apparent binding constant (Ka) by assuming
a simple binding isotherm (38), where

Span is related to the extent of peptide binding offset by a
minimum value. Experimental data were fit using the
Levenberg-Marquardt algorithm contained in ORIGIN (Mi-
crosoft Software, Inc., Northampton, MA).

Frequency Domain Fluorescence. The fluorescence life-
time and anisotropy were measured using an ISS (Urbana,
IL) K2 fluorometer, whose design has previously been
described in detail elsewhere (39, 40). Excitation utilized
the 488 nm output from a Coherent (Santa Clara, CA) Innova
400 argon ion laser; emitted light was collected after it had
passed through a Schott OG-530 cutoff filter, using glycogen
as a reference. All measurements were taken at 25°C.

Analysis of Fluorescence Intensity and Anisotropy Decay.
The frequency domain data were analyzed by a nonlinear
least-squares method (41, 42). The time-dependent decayI(t)
of fluorescence is generally fit to a sum of exponentials:

where Ri values represent the pre-exponential factors,τi

values represent the decay times, andn is the number of
exponential components required to describe the decay. The
intensity decay law is obtained from the frequency response
of amplitude-modulated light and is characterized by the
frequency-dependent values of the phase and the extent of
demodulation. The values are compared with the calculated
values from an assumed decay law until a minimum of the
squared deviation (øR

2) is obtained. After the measurement
of the intensity decay, the average lifetime was calculated:

wherefi values represent the fractional intensities associated
with each of the pre-exponential terms and〈τ〉 is directly
related to the average time during which the fluorophore is
in the excited state.

The frequency domain anisotropy decaysr(t) were fit to
a multiexponential model:

wherer0 is the limiting anisotropy in the absence of rotational
diffusion, æi values are the rotational correlation times,gi

represents the amplitude of the total anisotropy loss associ-
ated with each rotational correlation time, andn is the total
number of components associated with the fluorescence
decay (43). In all cases, parameter values are determined by
minimizing the øR

2, which serves as a goodness-of-fit
parameter that provides a quantitative comparison of the
deviations between the measured and calculated values.
Errors in the differential phase and modulated anisotropy
were assumed to be 0.2° and 0.005, respectively.

RESULTS

Calcium-Dependent Mobility Shifts on SDS-PAGE.Cal-
cium-dependent alterations in the electrophoretic mobility
of CaM using SDS-PAGE have commonly been used to
assess structural changes associated with calcium activation
(44, 45). Therefore, we have assessed the mobility of apo-
and calcium-activated tetracysteine-CaM (Figure 2). We
observe that upon calcium binding there is an increase in
electrophoretic mobility analogous to that previously ob-
served for wild-type CaM, which is indicative of normal
conformational changes associated with calcium activation
(44, 45). These results indicate that the tetracysteine mutation
does not significantly perturb the global protein fold and is
consistent with prior measurements which demonstrated a

FIGURE 2: Diminished calcium-dependent shift in electrophoretic
mobility upon methionine oxidation. Visualization on SDS-PAGE
of tetracysteine mutants for unoxidized and oxidized CaM in the
presence of either 10 mM EDTA or 10 mM CaCl2. Arrows denote
molecular mass standards and represent myoglobin (30 kDa) and
lysozyme (16 kDa). In all cases, 5µg of total protein was loaded
onto the gel.
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retention of function following mutation with no change in
either apparent affinity or maximal levels of enzyme activa-
tion (9). Upon oxidation of all nine methionines, there is an
altered mobility that is relatively insensitive to calcium
binding, as previously documented following the methionine
oxidation of wild-type CaM (16, 20, 34). Under these condi-
tions, CaM retains the ability to bind all four calcium ligands
(15, 46), indicating that differences in the calcium-dependent
change in electrophoretic mobility are probably related to
the reduced conformational stability of oxidized CaM.

Fluorescence of FlAsH-Labeled CaM. To address the
underlying conformational changes associated with oxidation
of CaM, we have used FlAsH-EDT2 to label the tetracysteine
motif in helix A of CaM (Figure 1). FlAsH-labeled CaM
retains the ability to fully activate target proteins, with
essentially no change in either the apparent affinity or
maximal extent of enzyme activation of phosphodiesterase
(9). Furthermore, the mobility of the FlAsH-labeled CaM
on SDS-PAGE gels is equivalent to that of wild-type CaM
both prior to and following methionine oxidation (data not
shown), indicating that the backbone fold is unaffected by
the probe. The resulting adduct has an emission maximum
near 530 nm that is insensitive to the oxidation of all nine
methionines (Figure 3A). Further, irrespective of the oxida-
tion of methionines in CaM, there is a 12-13% decrease in
the fluorescence intensity upon calcium binding that is
indicative of global conformational changes associated with
the calcium activation of CaM. Similar results are apparent
using frequency domain fluorescence spectroscopy to mea-
sure the fluorescence excited-state lifetimes of FlAsH-labeled
CaM, which provide additional resolution of possible changes
in the polarity and solvent exposure of the FlAsH chro-
mophore (Figure 4). The extent of the phase shift and
modulation decrease are inversely related to the lifetime of
the fluorophore, where a shift in the frequency response to
higher frequencies is indicative of a shorter average excited-
state lifetime. In comparison to apo-CaM, the frequency
response of calcium-activated CaM is shifted to higher
frequencies that is indicative of a shorter excited-state
lifetime. Virtually identical frequency responses are observed

for native and oxidized CaM, indicating that methionine
oxidation does not affect the fluorescence lifetime decay of
FlAsH bound to helix A. In all cases, a nonlinear least-
squares fit to the data can be described by a sum of two
exponentials, as indicated by the random distribution of the
weighted residuals (Figure 4 and Table 1). Thus, irrespective
of methionine oxidation, there is a 17( 3% decrease in the
average fluorescence lifetime of FlAsH bound to CaM upon
calcium activation that is reflected in decreases in each of
the individual lifetime components (τi); similar differences
are observed in the contributing amplitudes (Ri) upon calcium
activation irrespective of methionine oxidation that are
indicative of similar local changes in the environments
around FlAsH in apo- and calcium-activated CaM irrespec-
tive of methionine oxidation.

Conformational Changes in Helix A. Large increases in
the quantum yield of FlAsH upon binding to tetracysteine
motifs in proteins permit the ready determination of the
kinetics of labeling, which has previously been demonstrated
to be dependent on secondary structure, where greater helical
propensity and conformational order result in a diminished
rate of labeling (27). One observes that there are large
differences in the kinetics of labeling for apo- and calcium-
activated CaM, where calcium activation results in a large
decrease in the rate of labeling (Figure 3B). Since the FlAsH
probe binds selectively to the disordered tetracysteine motif,
these results indicate that calcium binding stabilizes helix
A. The initial rates of labeling helix A with FlAsH-EDT2
following calcium activation are virtually identical, irrespec-

FIGURE 3: Differential FlAsH labeling of apo- and calcium-
saturated CaM. Fluorescence emission spectra (left) and kinetics
of FlAsH binding (right) to unoxidized (black) or oxidized (red
and blue) apo-CaM (dashed lines) or following calcium activation
(solid lines). Experimental conditions included 1.0µM CaM in 50
mM HEPES (pH 7.5), 140 mM NaCl, 1.0 mMâ-mercaptoethanol,
and 1.0 mM tris(carboxyethyl)phosphine in the presence of either
1.0 mM EGTA (dashed lines) or 0.2 mM CaCl2 (solid lines) at 25
°C. Excitation was at 500 nm, and fluorescence emission was
measured at 530 nm. FIGURE 4: Lifetimes of FlAsH are unaffected by methionine

oxidation. The frequency response and associated nonlinear least-
squares fits to a two-exponential decay for the phase shift (O and
b) and modulation (0 and9) for FlAsH covalently bound to helix
A for the apo- (b and9) and calcium-saturated (O and0) form of
native (top) or oxidized (bottom) CaM. Weighted residuals (shown
below the data) correspond to the difference between the experi-
mental data and the calculated fit divided by the standard error of
the individual measurement, assumed to be 0.2° and 0.005 for phase
and modulation data, respectively. Experimental conditions included
1.0µM CaM in 50 mM HEPES (pH 7.5), 140 mM NaCl, and either
1.0 mM EGTA or 0.2 mM CaCl2 at 25°C. Excitation was at 488
nm, and fluorescence emission was collected after the light had
passed through a Schott OG-530 cutoff filter.

4740 Biochemistry, Vol. 44, No. 12, 2005 Chen et al.



tive of the oxidation of methionines (Figure 5). However,
there are significant differences in the rates of FlAsH binding
to apo-CaM in response to methionine oxidation; the rate of
binding is reduced by approximately 60% following oxida-
tion of all nine methionines. The reduced rate of FlAsH
binding to apo-CaM is indicative of a more stable helical
structure following methionine oxidation in comparison to
unoxidized apo-CaM.

Binding Affinity of the Amino-Terminal Domain. There is
a significant decrease in the fluorescence intensity upon
association of FlAsH-CaM with the CaM-binding sequence
(i.e., C28W) of the plasma membrane Ca-ATPase (Figure
6A), permitting an assessment of how oxidation alters the
affinity of the amino-terminal domain of CaM. In the case
of unoxidized CaM, there is a 31( 1% decrease in the
fluorescence intensity associated with binding C28W; the
half-point of the titration requires a molar ratio of 1.4( 0.1

mol of C28W per mole of CaM. Following oxidation of all
nine methionines, there is a 49( 2% decrease in fluores-
cence intensity upon binding C28W, with a half-point of
binding at 0.8( 0.1 mol of C28W per mole of CaMox. The
greater decrease in fluorescence intensity associated with
CaMox binding to C28W is indicative of an altered binding
conformation of the amino-terminal domain of CaMox in
complex with C28W that is consistent with the nonproductive
binding and diminished activity of CaMox in complex with
the plasma membrane Ca-ATPase (21). The reduction in the
concentration of C28W necessary for 50% binding indicates
a higher binding affinity following oxidation of all nine
methionines, suggesting that oxidation stabilizes the high-
affinity binding cleft in the amino-terminal domain of CaMox.
Assuming a linear relationship between the decrease in
fluorescence and binding, it is apparent that the association
constant is increased by approximately 2-fold upon oxidation
of all nine methionines in CaM, from 0.9( 0.2 µM-1 for
wild-type CaM to 2.3( 0.5µM-1 for oxidized CaM (Figure
6B).

SolVent Accessibility of FlAsH. To better understand the
conformational changes around helix A induced by methio-

Table 1: Lifetime Data and Solvent Accessibility for FlAsH-Labeled CaMa

kq
c (×10-8 M-1 s-1)

ligand sample R1 τ1 (ns) R2 τ2 (ns) 〈τ〉b (ns) KI acrylamide

EGTA CaM 0.34( 0.01 1.2( 0.2 0.66( 0.01 4.5( 0.1 4.1( 0.1 2.4( 0.2 NDd

CaMox 0.37( 0.02 1.0( 0.2 0.63( 0.02 4.4( 0.1 4.0( 0.1 2.4( 0.1 NDd

Ca2+ CaM 0.52( 0.02 0.8( 0.1 0.48( 0.02 4.0( 0.1 3.4( 0.1 2.2( 0.1 0.89( 0.04
CaMox 0.55( 0.04 0.6( 0.1 0.45( 0.04 3.8( 0.2 3.3( 0.2 3.0( 0.4 1.33( 0.09

C28W CaM 0.75( 0.06 0.5( 0.1 0.25( 0.06 3.6( 0.2 2.7( 0.3 NDd 1.5( 0.2
CaMox 0.83( 0.08 0.4( 0.1 0.17( 0.08 3.4( 0.3 2.2( 0.4 NDd 2.5( 0.5

a Average pre-exponential terms (Ri) and lifetimes (τi) obtained from two-exponential fits to frequency domain data for the time-dependent
intensity decay,I(t), for FlAsH covalently bound to Cys6, Cys7, Cys10, and Cys11 engineered into helix A of CaM, assumingI(t) ) ∑i Ri exp(-t/τi).
b 〈τ〉 ) ∑i Riτi

2/∑i Riτi. Errors represent the standard errors of the mean for three independent measurements.c Bimolecular quenching constants (kq)
determined from the slopes in Figures 7 and 8. Experimental conditions include 1.0µM FlAsH-CaM in 50 mM HEPES (pH 7.5), 140 mM NaCl,
1.0 mMâ-mercaptoethanol, 1.0 mM TCEP, and either 1.0 mM EGTA (EGTA), 0.2 mM CaCl2 (Ca2+), or 3.0µM C28W at 25°C. d Not determined.

FIGURE 5: Initial rates of FlAsH binding for oxidized (b and9)
or wild-type (O and0) CaM in the apo state (O andb) or following
calcium activation (0 and9). Rates of reaction were determined
to be 2830( 80 M-1 s-1 (O, apo-CaM), 310( 10 M-1 s-1 (0,
Ca4-CaM), 1160( 30 M-1 s-1 (b, apo-CaMox), and 313( 8 M-1

s-1 (9, Ca4-CaMox). Rate constants were calculated from the data
in Figure 3, taking into account the fact that the reaction between
FlAsH-EDT2 and CaM resulting in fluorescence is a second-order
reaction (9, 27). If the fact that the concentrations of reactants (i.e.,
FlAsH-EDT2 and CaM) are identical at zero time is taken into
account, the general rate law simplifies toFt/[[FlAsH-EDT2]t)0 ×
(Fmax - Ft)] ) kt, whereFmax is the fluorescence maximum,Ft is
the fluorescence at timet, [FlAsH-EDT2]t)0 is the concentration
of FlAsH-EDT2 at time zero,k is the second-order rate constant,
and t is the time of reaction (74-76).

FIGURE 6: Methionine oxidation enhances association with the
CaM-binding sequence of plasma membrane Ca-ATPase. Associa-
tion of FlAsH-CaM with C28W, the binding sequence of the
plasma membrane Ca-ATPase, results in a decrease in the fluo-
rescence quantum yield (left) that permits the calculation of the
binding isotherm (right) for the association of the amino-terminal
domain of wild-type (O) and oxidized (b) CaM with C28W. Lines
represent nonlinear least-squares fits to eq 2, whereKa equals 0.9
( 0.2 µM-1 for wild-type CaM and 2.3( 0.5 µM-1 for CaMox.
Experimental conditions included 1.0µM CaM in 50 mM HEPES
(pH 7.5), 140 mM KCl, and 0.2 mM CaCl2 at 25 °C. Excitation
was at 500 nm, and fluorescence emission was measured at 530
nm.
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nine oxidation, we have measured the solvent accessibility
of FlAsH. In these measurements, the bimolecular quenching
constant (kq) is obtained from the slope of the change in
fluorescence intensity upon varying the concentration of
collisional quencher iodide in a modified Stern-Volmer
quenching plot for either CaM alone or following association
with the CaM-binding sequence of the plasma membrane
Ca-ATPase (see eq 1 in Experimental Procedures). A
comparison of the solvent accessibility of unoxidized and
oxidized CaM indicates that upon oxidation of all nine
methionines there is no change in the solvent exposure of
FlAsH in helix A in apo-CaM; in comparison to that of native
CaM, there is a 40( 20% increase in solvent accessibility
of CaMox following calcium activation (Figure 7). A similar
50( 10% increase in solvent accessibility is observed using
the noncharged collisional quencher acrylamide (Table 1).

The effects of peptide binding on CaM structure were
measured by considering changes in the solvent accessibili-
ties of FlAsH for calcium-activated CaM upon binding to
the CaM-binding sequence of the plasma membrane Ca-
ATPase (i.e., C28W). Upon binding to C28W, there is a 70-
80% increase in the solvent accessibility of FlAsH bound to
helix A relative to calcium-activated CaM, irrespective of
methionine oxidation (Figure 8). These results indicate that
similar structural rearrangements are associated with the
formation of a high-affinity binding interface, but that
oxidation induces a distinct structure that is maintained upon
association with target peptides. These results indicate that
the amino-terminal domain of CaMox assumes an altered
conformation, which may underlie the nonproductive as-
sociation between oxidized CaM and the plasma membrane
Ca-ATPase.

Helix A Dynamics. Frequency domain fluorescence ani-
sotropy measurements of the rotational dynamics of helix A
permit an understanding of how oxidation modulates the
structural coupling between the high-affinity calcium binding
sites and the stabilization of binding clefts associated with
target protein activation. Previous measurements demon-
strated that upon calcium activation, helix A becomes
motionally restricted as a result of stabilizing interactions
with helix D, which mediates the structural coupling between
the opposing domains of CaM and functions to stabilize the

binding cleft associated with target protein association (9,
47). To assess how oxidation affects helix A dynamics, the
differential phase and modulated anisotropy of FlAsH bound
to apo- and calcium-activated CaM were collected over 20
frequencies between 20 and 200 MHz (Figure 9). One
observes similar frequency responses for the differential
phase and modulated anisotropy irrespective of methionine
oxidation. For apo-CaM, the differential phase increases from
3° at 10 MHz to a maximum of approximately 8° at 60 MHz.
In contrast, a much smaller change in the differential phase
is observed following calcium activation, which increases
from 2° at 10 MHz to a maximum of 4.6° at 50 MHz.

A qualitative interpretation of these results is apparent if
one remembers that the modulation frequency is inversely
related to the rate of motion such that high and low
frequencies correspond to fast and slow rates of motion,
respectively. Further, the modulated anisotropy observed at
long times (i.e., 10 MHz) is a reflection of the residual
anisotropy that is related to the amplitude of helix A motion,
while that observed at short times (i.e., 200 MHz) provides
an indication of the initial anisotropy that is related to the
extent of the resolved fluorescence anisotropy decay. Like-
wise, faster rates of motion result in larger changes of the
differential phase at lower modulation frequencies. Thus, the
reduction in the maximal change in the differential phase
following calcium activation is indicative of a calcium-
dependent immobilization of helix A. The very similar
frequency responses observed for native and oxidized CaM
indicate that the oxidation of all nine methionines in CaM
does not affect the calcium-dependent stabilization of helix
A associated with the formation of a high-affinity binding
cleft for target protein binding.

A nonlinear least-squares fit of the data to determine the
rates and amplitudes of helix A motion provides a quantita-
tive understanding of oxidation-induced changes in the
structure of CaM. Irrespective of methionine oxidation, the
fluorescence anisotropy decays for apo-CaM are described
by two rates of motion, corresponding to the motion of helix
A (æ1 ) 1.2 ns) and a longer rotational correlation time
associated with the hydrodynamic properties of the amino-

FIGURE 7: Minimal changes in solvent accessibilities of FlAsH-
CaM upon methionine oxidation. Modified Stern-Volmer plots of
the quenching of FlAsH bound to apo- (left) or calcium-activated
(right) CaM prior to (O) or following oxidation of all nine
methionines (b). Experimental conditions included 1.0µM FlAsH-
labeled CaM in 50 mM HEPES (pH 7.5), 140 mM NaCl, and either
1.0 mM EGTA or 0.2 mM CaCl2 at 25°C. Excitation was at 500
nm, and fluorescence emission was measured at 530 nm.

FIGURE 8: Increased solvent accessibility of FlAsH-CaM upon
peptide binding. Modified Stern-Volmer plots of the acrylamide
quenching of FlAsH bound to CaM for the wild-type (left) or
oxidized (right) form in the absence (0) and presence (9) of bound
C28W, a peptide corresponding to the CaM-binding sequence of
the plasma membrane Ca-ATPase. Experimental conditions in-
cluded 2.0µM FlasH-labeled CaM in 50 mM HEPES (pH 7.5),
140 mM KCl, 0.2 mM CaCl2, and, when indicated, 8.0µM C28W
at 25°C. Excitation was at 500 nm, and fluorescence emission was
measured at 530 nm.
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terminal domain (æ2 ) 10 ns) (Table 2). The preexponential
term (i.e.,g1) associated with the independent motion of helix
A is not significantly changed upon oxidation of all nine
methionines, indicating that there is a similar amplitude of
motion, which corresponds to a full cone angle of ap-
proximately 30° (48-50). Following calcium activation, a

single longer rotational correlation time fully describes the
anisotropy decay for calcium-activated CaM (Table 2), as
judged by the randomly weighted residuals (Figure 9). Thus,
following calcium activation, helix A is structurally coupled
to the entire CaM molecule. However, while the observed
rotational correlation time of unoxidized CaM (æ2 ) 15 (
2 ns) agrees with the hydrodynamic calculations for the
overall rotational dynamics of calcium-activated CaM using
the structure in Figure 1 (i.e.,ær ) 1/6Dr ) 15.7 ns) (51,
52); following oxidative modification of all nine methionines,
the rotational correlation time approximates that associated
with that of the amino-terminal domain (i.e.,æ2 ) 11 ( 1
ns) as judged by the lack of overlap in the error surfaces in
a rigorous analysis of correlated errors in the fit to the data
(53) (Figure 10).

Taken together, these results indicate that methionine oxi-
dation induces no change in the considerable dynamic
flexibility for helix A, and by implication the amino-terminal
domain, in apo-CaM. Following calcium activation, helix A
is immobilized as part of a structural transition associated

FIGURE 9: Calcium-dependent changes in the rotational dynamics of helix A are retained following methionine oxidation. Calcium-dependent
changes in the rotational dynamics of FlAsH-labeled CaM and CaMox were measured using frequency domain fluorescence spectroscopy.
Differential phase angles (b) and modulated anisotropy (O) were measured for 1.0µM wild-type (A-D) or oxidized CaM (E-H) in 50
mM HEPES (pH 7.5), 140 mM NaCl, and either 1.0 mM EGTA (left panels) or 0.2 mM CaCl2 (right panels) at 25°C. Nonlinear least-
squares fits are illustrated for models corresponding to a single rotational rate (dashed line) or two rotational rates (solid line). Weighted
residuals (Wt. Res.), corresponding to the experimental data minus the calculated value normalized by the standard error of the measurement,
are illustrated below each measurement of the differential phase and modulated anisotropy for models involving a single-exponential (top)
and two-exponential (bottom) decay. Errors in the measurement of the differential phase and modulated anisotropy were assumed to be
0.2° and 0.005, respectively. Excitation was at 488 nm, and fluorescence emission was collected after the light had passed through a Schott
OG-530 cutoff filter.

Table 2: Rotational Dynamics of FlAsH-CaMa

ligand sample g1 φ1 (ns) g2 φ2 (ns) øR
2

EGTA CaM 0.10( 0.04 1.1( 0.5 0.90( 0.03 10( 1 4.3
CaMox 0.12( 0.02 1.2( 0.3 0.88( 0.03 9( 1 3.1

Ca2+ CaM - - 1.0 15( 2 5.1
CaMox - - 1.0 11( 1 4.6

a Indicated values are for the pre-exponential amplitudes (i.e.,gi)
and rotational correlation times (i.e.,æi) with associated standard errors
of the mean obtained from three independent measurements of the
anisotropy decay,r(t), which equalsro∑i gi exp(-t/æi). The limiting
anisotropy (i.e.,r0) was 0.34( 0.04. The goodness of fit (i.e.,øR

2)
was calculated assuming frequency-independent errors in the differential
phase and modulated anisotropy, which were assumed to be 0.2° and
0.005, respectively. Experimental conditions are as described in the
legend of Figure 9.
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with the formation of a stable three-dimensional binding
pocket in the amino-terminal domain, irrespective of me-
thionine oxidation. This structural transition, in which helix
A becomes immobilized, functions to couple the amino- and
carboxyl-terminal domains in unoxidized CaM (Figure 11).
Upon methionine oxidation, the tertiary structure of the
amino-terminal domain is altered such that the conforma-
tional coupling between the opposing domains that is
normally associated with calcium activation is disrupted. The
latter result is consistent with prior measurements that
suggested a functional and structural role for the oxidation
of Met144 or Met145 in the structural uncoupling between the
opposing domains of CaM and the associated functional
inactivation of the plasma membrane Ca-ATPase (15, 20,
21, 31).

DISCUSSION

Summary of Results. To identify the mechanisms underly-
ing the stabilization of the plasma membrane Ca-ATPase in
an inactive conformation upon binding fully oxidized CaM,
we have used an engineered CaM that permits the selective
and rigid attachment of FlAsH to helix A (Figure 1).
Oxidation selectively disrupts the calcium-dependent struc-
tural coupling between opposing domains of CaM, without
affecting the calcium-dependent immobilization of helix A
associated with the formation of the high-affinity binding

cleft (Figures 9 and 10 and Table 2). The protein fold is
maintained upon oxidation, with minimal changes in the
structure of helix A following calcium activation (Figures 3
and 5). Rather, structural rearrangements of interhelical
contacts occur to modify the binding cleft for target protein
binding, which is apparent from increases in solvent acces-
sibility (Figures 7 and 8), resulting in an enhanced binding
affinity between the amino-terminal domain of oxidized CaM
and the CaM-binding sequence of the plasma membrane Ca-
ATPase (Figure 6).

Calcium ActiVation and Target Protein Binding. Helix A
functions as part of a conformational switch that senses
calcium binding to mediate interdomain structural changes
associated with the activation of CaM (9). Calcium binding
is cooperative; initial occupancy of C-terminal domain sites
induces structural changes within the amino-terminal domain
associated with calcium activation (47, 54-58). The struc-
tural coupling between the opposing domains of CaM is
mediated by the enhanced helical content between Met76 and
Ser81, which functions to structurally couple helices D and
E (59-62). Thus, the structural coupling between the
opposing domains is mediated through the central sequence,
and involves the stabilization of calcium-dependent structural
interactions between helices H and E in the carboxyl-terminal
domain and helices A and D in the amino-terminal domain
(9, 24, 29, 47, 61, 63) (Figure 11). Thus, prior to calcium
binding, there are large amplitude helical motions that
effectively prevent the formation of a binding cleft; the
calcium-dependent stabilization of interhelical contacts favors
a defined conformation that permits target protein binding
(7). These results corroborate models in which calcium
activation favors a subset of conformations that expose high-
affinity binding sites (64). In the case of many target proteins,
including the plasma membrane Ca-ATPase, binding of CaM
occurs in a sequential manner; upon association with the
binding cleft in the C-terminal domain, the N-terminal
domain collapses around the target peptide to induce enzyme
activation (11-13). Critical to this binding mechanism is
the calcium-dependent stabilization of high-affinity binding
clefts in both the carboxyl- and amino-terminal domains of
CaM. Association of the C-terminal domain promotes the
disruption of the helical content associated with the sequence
containing Met76-Ser81 to permit the structural collapse of
the opposing domains around the linear binding sequence
of many CaM-dependent enzymes (11, 65-67). Thus, the
calcium-dependent stabilization of individual helices within
each binding domain to form a binding cleft and the extended
structure of calcium-activated calmodulin are both necessary
to promote the efficient and ordered binding of the opposing
domains of calmodulin to activate target proteins, including
the plasma membrane Ca-ATPase (10, 68, 69).

Methionine Oxidation and CaM Structure. Oxidation of
methionines to their corresponding methionine sulfoxides
functions to destabilize the structure of CaM, and may
contribute to the formation of protein aggregates and
diminished levels of CaM present in aging brain (21, 46,
70, 71). The functional consequences of oxidizing Met144

and Met145 with respect to the ability to activate the plasma
membrane Ca-ATPase are the same as that observed upon
oxidation of all nine methionines (20, 21), suggesting that
the majority of methionines have a minimal effect on binding
affinity or the induction of structural changes associated with

FIGURE 10: Structural uncoupling between opposing domains of
calcium-activated CaM following methionine oxidation. Depiction
of error surfaces for the rotational dynamics of CaM (top) and
CaMox (bottom) for apo-CaM (dotted line) and following calcium
activation (solid line). NormalizedøN

2 values were determined from
nonlinear least-squares fits to the data following the incremental
adjustment of the rotational correlation times (æ2), which were
measured from nonlinear least-squares fits to the data depicted in
Figure 9. All other fitting parameters were allowed to vary,
providing a conservative estimate of possible errors in the calculated
rate of motion. The horizontal line atøN

2 ) 1.062 corresponds to
theF-statistic, which represents one standard deviation relative to
the best fit to the data. Experimental conditions are as described in
the legend of Figure 9.
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target protein activation. Consistent with these results, we
find that the tertiary structures of apo- and calcium-activated
CaM are very similar irrespective of methionine oxidation
(Tables 1 and 2). In all cases, the amplitude and rates
associated with the independent motion of helix A (i.e.,æ1)
and the rotational dynamics of the amino-terminal domain
(i.e.,æ2) are unchanged by methionine oxidation in apo-CaM.
These results are in contrast to those of Haiech and co-
workers, who found that following oxidation of all nine meth-
ionines the apo state is unfolded with essentially random
secondary structure (46). However, these latter measurements
were made following precipitation of CaM with trichloro-
acetic acid, consistent with a diminished refolding ability of
oxidized CaM, and the associated tendency to form ag-
gregates (17). Following calcium activation, one observes a
similar immobilization of helix A irrespective of methionine
oxidation; however, following oxidation, the overall rota-
tional dynamics (i.e.,æ2) are essentially the same irrespective
of calcium activation (Figure 10). These latter results are
consistent with earlier measurements that indicated oxidation
of Met144 and Met145 results in the structural uncoupling of
the opposing domains of calcium-activated CaM. Under these
conditions, the amino-terminal domain of CaM binds to the
CaM-binding sequence of the plasma membrane Ca-ATPase
in a nonproductive conformation that functions to lock the
enzyme in a less active conformation.

Methionine Oxidation as a Regulatory Mechanism. During
normal biological aging, multiple methionines in CaM are
oxidized, serving as a conformational switch to modulate
the activation of target proteins and cellular energy utilization
(19). Given that methionine sulfoxide reductases exist in all
cells that function to reduce oxidized methionines (72), it is
evident that the reversible oxidation of methionines in CaM
functions as part of a regulatory circuit to modulate intra-
cellular metabolism in response to conditions of oxidative
stress. Indeed, sequence differences near the carboxyl

terminus of CaM isoforms modulate the functional sensitivity
to oxidative stress (31). In this respect, the oxidation of Met144

or Met145 near the carboxyl terminus functions to destabilize
the central helical structure of calcium-activated CaM,
resulting in the independent rotational dynamics of the
opposing domains of CaM. Under these conditions, the
amino-terminal domain of CaMox is able to associate in an
altered conformation to stabilize a nonproductive conforma-
tion of the Ca-ATPase with reduced transport activity.
Critical to the ability of oxidized CaM to function as an
inhibitor of the Ca-ATPase and other target proteins is the
retention of the amino-terminal domain switching mecha-
nism, which involves the calcium-dependent immobilization
of helix A and exposure of the target protein binding cleft
(Figure 9 and Table 2). Thus, the sensitivity of CaM to
oxidation permits the downregulation of Ca-ATPase and
other target protein activities to slow metabolism and the
associated generation of reactive oxygen species associated
with the damage of a wide range of proteins.

Conclusions.In summary, oxidation selectively modifies
the calcium-bound state of CaM, resulting in the structural
uncoupling between the opposing globular domains in CaM
with minimal alterations in the calcium-dependent formation
of a stable peptide binding cleft that is associated with the
immobilization of helix A. These measurements provide
evidence for an important role for the structural coupling
between the opposing domains of CaM in defining produc-
tive binding interactions, and suggest a regulatory mechanism
that couples methionine oxidation at selected sites to global
conformational changes that modify the function of target
proteins. This redox-dependent regulation of CaM function
is suggested to underlie adaptive cellular responses to oxida-
tive stress, permitting the rapid reduction of ATP utilization
and metabolic flux through the inhibition of CaM-dependent
target enzymes.

FIGURE 11: Model depicting how methionine oxidation modulates calcium-dependent structural coupling between opposing domains of
CaM. FlAsH (red oval) bound to helix A (pink cylinder) in the amino-terminal domain undergoes large amplitude rigid body motions in
apo-CaM, which are unaffected upon oxidation of all nine methionines. Calcium activation (black circles) stabilizes the interaction between
helix A and helix D (gray shaded cylinders), resulting in the formation of a target peptide binding pocket in the amino-terminal domain.
It is suggested that calcium binding to high-affinity sites in the carboxyl-terminal domain induces similar stabilizing interactions between
helix H (pink cylinder) and helix E (gray shaded cylinders) that induce the formation of a stable interdomain helix connecting the opposing
domains of wild-type (unoxidized) CaM. Upon methionine oxidation, functionally sensitive methionines (i.e., Met144 and Met145) in helix
H destabilize the interhelical interaction between helix H and helix E, depicted as the appearance of an exposed binding site (light pink
circle) (20, 21), resulting in a less stable interdomain interaction through helices D and E connecting the opposing domains of CaM.
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