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ABSTRACT: The C-terminus of calmodulin (CaM) functions as a sensor of oxidative stress, with oxidation
of methionine 144 and 145 inducing a nonproductive association of the oxidized CaM with the plasma
membrane Ca2+-ATPase (PMCA) and other target proteins to downregulate cellular metabolism. To better
understand the structural underpinnings and mechanism of this switch, we have engineered a CaM mutant
(CaM-L7) that permits the site-specific oxidation of M144 and M145, and we have used NMR spectroscopy
to identify structural changes in CaM and CaM-L7 and changes in the interactions between CaM-L7 and
the CaM-binding sequence of the PMCA (C28W) due to methionine oxidation. In CaM and CaM-L7,
methionine oxidation results in nominal secondary structural changes, but chemical shift changes and
line broadening in NMR spectra indicate significant tertiary structural changes. For CaM-L7 bound to
C28W, main chain and side chain chemical shift perturbations indicate that oxidation of M144 and M145
leads to large tertiary structural changes in the C-terminal hydrophobic pocket involving residues that
comprise the interface with C28W. Smaller changes in the N-terminal domain also involving residues
that interact with C28W are observed, as are changes in the central linker region. At the C-terminal helix,
1HR, 13CR, and13CO chemical shift changes indicate decreased helical character, with a complete loss of
helicity for M144 and M145. Using13C-filtered, 13C-edited NMR experiments, dramatic changes in
intermolecular contacts between residues in the C-terminal domain of CaM-L7 and C28W accompany
oxidation of M144 and M145, with an essentially complete loss of contacts between C28W and M144
and M145. We propose that the inability of CaM to fully activate the PMCA after methionine oxidation
originates in a reduced helical propensity for M144 and M145, and results primarily from a global
rearrangement of the tertiary structure of the C-terminal globular domain that substantially alters the
interaction of this domain with the PMCA.

The versatile calcium signaling protein calmodulin (CaM)1

binds to an imposing array of cellular targets and modulates
their functions (1). Target recognition is realized by hydro-

phobic clefts in each of the two globular domains of CaM
that flank the central linker region. Of the solvent accessible
hydrophobic surface area in these sites, an impressive and
unusual 46% is contributed by methionine residues (2). This
exposure renders these methionine residues susceptible to
oxidation, and both in vivo and in vitro, all nine are known
to undergo oxidation readily to the corresponding sulfoxides
(3-5).

It has been known for some time that CaM is functionally
sensitive to oxidation of its methionine residues (6-8). More
recently, extensive functional characterization of the interac-
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tion of oxidized CaM (CaMox) with the plasma membrane
Ca2+-ATPase (PMCA) has been ongoing. The results have
shown that CaMox is able to bind to the PMCA but not fully
activate it (3-5, 9-12). Whereas binding of CaM shifts the
equilibrium between (auto)inhibited and active forms far
toward the active form, binding of CaMox shifts the equi-
librium only partially toward the active form, resulting in a
partial nonproductive interaction (3-5, 9-12). Not all of
the methionine residues, when oxidized, contribute to the
observed nonproductive interaction, and the earlier data
indicated that only oxidation of the vicinal pair at the
carboxyl-terminal end of CaM (M144 and M145) was
necessary (3, 5, 9). More recent studies confirmed the role
of M144 and M145 using CaM mutants that permitted site-
selective methionine oxidation (10).

Some of the consequences of methionine oxidation in CaM
for both CaM structure and target activation have been
elucidated. Methionine oxidation decreases substantially the
Ca2+ binding affinity of CaM (3, 13), suggesting important
structural changes modulating Ca2+ binding. Fluorescence
and circular dichroism measurements have suggested a higher
degree of dynamic disorder in the CaM binding domain of
the PMCA when it is bound to oxidized CaM, suggesting
that oxidized CaM does not induce the structural transitions
that are essential for activation (9). Structural changes in the
N-terminal globular domain of CaM have been suggested
following oxidation of methionine residues in the C-terminal
globular domain, as has a loss of conformational coupling
between the N- and C-terminal domains involving the central
linker region (4). The sensitivity to oxidation of particular
methionine residues in CaM has also been correlated with
the time-averaged surface accessibility of the sulfur atoms
(5).

Herein, we present an examination of the structural
implications of methionine oxidation for CaM and for a
mutant CaM (CaM-L7) bound to the CaM-binding region
of the PMCA (a 28-residue peptide, denoted C28W). The
CaM-L7 mutant, in which all of the methionine residues
except M144 and M145 have been replaced with leucine,
permits the effects of oxidation of M144 and M145 to be
selectively studied. We have demonstrated this approach to
be tenable, as even substitution of all nine methionine
residues in CaM with leucine does not alter its ability to
activate the PMCA and does not radically perturb its structure
(10). We have used NMR spectroscopy to monitor the
spectral changes and measure both the main chain and side
chain chemical shift changes that occur when M144 and
M145 are oxidized to define and localize the structural
changes that result. Accordingly, we have assigned the
chemical shifts for the main chain and nearly all of the side
chain nuclei for the CaM-L7 portions of both the CaM-L7-
C28W complex and this complex with M144 and M145
oxidized to the corresponding sulfoxides, allowing these
assessments. In addition, NMR experiments for selectively
observing intermolecular contacts between CaM-L7 and the
C28W peptide were performed to ascertain how oxidation
of M144 and M145 in this complex alters the CaM-PMCA
interface. Our results indicate that there is little secondary
structural perturbation associated with methionine oxidation
in CaM, with the exception of the C-terminal helix, and that
oxidation of M144 and M145 causes a substantial, global
perturbation of the C-terminal globular domain tertiary

structure. Most notably, many of the important contacts
between hydrophobic side chain groups in the C-terminal
globular domain of CaM-L7 and C28W are lost upon
oxidation of M144 and M145. We propose that the C-
terminal domain reorganization and resulting inability to form
the proper sequence-specific contacts with the PMCA CaM
binding sequence thwart the proper structural stabilization
or induction in this sequence which is obligatory for PMCA
activation.

EXPERIMENTAL PROCEDURES

Calmodulin Preparation. Recombinant vertebrate cal-
modulin [from the chicken gene, accession number MCCH
(PIR database) or P02593 (SWISS-PROT database)] and
CaM-L7 (CaM with all methionine residues except M144
and M145 replaced with leucine) were produced as described
previously (10). Isotopic labeling was accomplished by
growing the bacteria [Escherichia coliBL21(DE3), Novagen,
Madison, WI] harboring the CaM expression plasmid (pET-
15b, Novagen) on minimal medium (M9) using uniformly
13C-labeled glucose and uniformly15N-labeled ammonium
chloride (Isotec Inc., Miamisburg, OH) as the sole carbon
and nitrogen sources, respectively. The mutagenesis which
produces the CaM-L7 mutant has been described previously
(10). CaM and CaM-L7 were purified by hydrophobic
interaction chromatography using Phenyl-Sepharose CL-4B
(Pharmacia, Piscataway, NJ) essentially as described previ-
ously (14). The concentration of CaM was determined
spectrophotometrically using the published extinction coef-
ficient (14, 15).

Oxidation of Calmodulin. The methionine residues in CaM
and mutant CaM species were oxidized using H2O2 with
H2O2 removal by exhaustive dialysis upon completion of the
reaction (10). Reactions were performed at 25°C for 24 h
in the presence of excess (10 mM) CaCl2. Oxidation was
complete as judged by electrospray ionization mass spec-
trometry (10, 12).

CaM-C28W Complexes for NMR. A 28-residue peptide
(LRRGQILWFRGLNRIQTQIRVVNAFRSS) corresponding
to the calmodulin binding domain of the plasma membrane
Ca2+-ATPase (PMCA), denoted C28W, was synthesized and
purified commercially (BioSource International, Hopkinton,
MA). The purity was confirmed by analytical reversed-phase
HPLC, and the mass was confirmed (3385.8 Da vs a
theoretical value of 3385.9 Da) by electrospray ionization
(ESI) mass spectrometry using a Q-Tof quadrupole time-
of-flight hybrid instrument (Micromass Ltd., Manchester,
U.K.). The amino acid sequence of the peptide was also
confirmed by tandem mass spectrometry. The complexes of
C28W with CaM-L7 and oxidized CaM-L7 (CaM-L7ox) were
prepared by titration of the CaM species with the peptide
under dilute conditions on ice. The samples were concen-
trated using Centricon YM3 ultrafiltration units (Millipore,
Bedford, MA). The final concentrations of components in
samples for NMR (700µL) were approximately 1 mM
protein or peptide, 50 mM KCl, 10 mM CaCl2, 5 mM
imidazole-d4, 0.02% NaN3, and 10% D2O at pH 6.5.

Circular Dichroism Spectroscopy. The circular dichroism
(CD) spectra were acquired at 25°C using a Jasco 710/810
spectrapolarimeter. Samples contained 20µM CaM species,
5 mM CaCl2, 5 mM KCl, and 5 mM MES (pH 6.5). Data

Methionine Oxidation and Conformational Switching in CaM Biochemistry, Vol. 44, No. 27, 20059487



points were collected from 190 to 250 nm using a 0.1 cm
cuvette. Secondary structure calculations from the circular
dichroism data were performed using a variety of algorithms
available via the DichroWeb site (16-18). The best results
were normally obtained using the CDSSTR algorithm (19-
22), and are reported.

NMR Spectroscopy.All NMR spectra were recorded at
25 °C using Varian INOVA 600 MHz spectrometers
equipped with triple-resonance pulse field gradient probes.
The 1H chemical shifts were referenced with respect to
external Na+DSS- in D2O (0.0 ppm) at 25°C. The15N and
13C chemical shifts were referenced indirectly assuming the
following absolute frequency ratios:15N/1H ) 0.101 329 118
and13C/1H ) 0.251 449 530 (23). All data were processed
and analyzed with Felix (Accelrys, San Diego, CA).

For both the CaM-L7-C28W complex and the CaM-
L7ox-C28W complex, the main chain and most of the side
chain resonances have been assigned for the CaM compo-
nents of the complexes. The main chain assignment strategy
followed a normal triple-resonance approach employing
uniformly 15N- and13C-labeled CaM-L7 or CaM-L7ox bound
to the unlabeled C28W peptide. Two-dimensional1H-15N
and1H-13C HSQC and three-dimensional HNCA, HN(CO)-
CA, HNCACB, CBCA(CO)NH, HNCO, and HBHA(CB-
CACO)NH spectra were recorded for the sequential assign-
ment of the main chain (1HN, 15N, 1HR, 13CR, 13CO, and13Câ).
Side chain resonances were assigned using three-dimensional
amide-resolved TOCSY and HCCH-TOCSY spectra. As-
signment of aromatic side chains was assisted using two-
dimensional (Hâ)Câ(CδCγ)Hδ (24) and three-dimensional
TOCSY-HMQC (25) spectra. Stereospecific assignment of
the methyl groups of valine and leucine residues was
accomplished using a CaM-L7ox-C28W complex with the
CaM portion 10%13C-labeled (26). In complexes with the
C28W peptide, intermolecular NOEs between isotopically
labeled CaM-L7 or CaM-L7ox and the unlabeled C28W
peptide were selectively observed using a three-dimensional
13C F1-filtered, F3-edited NOESY-HSQC experiment (27).

RESULTS

Retention of Secondary Structure in CaM upon Methionine
Oxidation. The quantitative and selective oxidation of all nine
methionine residues in CaM (Ca2+

4-CaM) to the correspond-
ing sulfoxides (CaMox) can be accomplished in vitro using
H2O2 as the oxidant; no other amino acids are modified (3,
10, 28). Oxidation results in a mixture of (R)- and (S)-
methionine sulfoxide isomers at the individual sites (29, 30).
Oxidation of all methionine residues results in little overall
change in secondary structure of calcium-loaded vertebrate
CaM (Ca2+

4-CaM) as judged by the far-UV circular dichro-
ism spectra (Figure 1A). A decrease inR-helical content from
∼59 to ∼55% is estimated on the basis of the CDSSTR
algorithm (19-22). This small decrease in helical content
is consistent with that reported for wheat germ calmodulin
(4, 9) but is somewhat smaller than the 11% loss ofR-helical
content reported upon complete oxidation of a hybrid
calmodulin molecule [hybrid of mammalian and plant CaM
(13)]. Results of previous studies with vertebrate CaM have,
however, suggested large decreases in theR-helical content
accompanying oxidation at low Ca2+ concentrations or higher
temperatures (31, 32). With the hybrid CaM molecule,

conditions that include low Ca2+ concentration have also
been shown to result in dramatic changes in secondary
structure (13). When complete oxidation is performed in the
presence of high Ca2+ concentrations (10 mM in our
experiments) at 25°C, the secondary structure of the oxidized
CaM is not perturbed substantially.

Oxidation-Induced Change in CaM Tertiary Structure.
Changes in the tertiary structure of CaM upon methionine
oxidation are apparent from a consideration of the chemical
shift changes in the NMR spectra of CaM that accompany
oxidation. The1H-15N HSQC NMR spectrum of CaMox

(Ca2+
4-CaMox) reveals a pattern of peaks similar to that

observed in the corresponding CaM spectrum (Figure 2A).
Most of the signature cross-peaks that define the important
elements of the tertiary structure of CaM are still observed,
indicating that the protein is still folded and the two globular
domains remain intact and nativelike. However, oxidation
perturbs the chemical shifts of most of the cross-peaks in
the spectrum and also causes an increased conformational
heterogeneity, reflected in the somewhat larger line widths.
Thus, oxidation has clearly caused significant changes in the
tertiary structure of CaM. The mixture of CaMox species
resulting from both (R)- and (S)-methionine sulfoxides at
each site (29, 30) also contributes to the conformational
heterogeneity and increased line widths. Oxidation-induced
tertiary structural changes could also lead to an increased
level of aggregation, consistent with the increased line
widths. The structural changes are likely to underlie the

FIGURE 1: Secondary structure changes accompanying methionine
oxidation in CaM and CaM-L7. Circular dichroism spectra before
(red) and after (black) methionine oxidation for wild-type CaM (A)
and CaM-L7 (B). Symbols represent experimental data, and lines
represent the fits of the data as described in the text. In all cases,
oxidations were performed and the spectra acquired in the presence
of a saturating (10 mM) CaCl2 concentration at 25°C (see the text).
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observed changes in function, in particular, the weakened
ability of CaMox to promote dissociation of the PMCA
autoinhibitory domain relative to CaM (3-5, 9-12).

Structural Changes in CaM-L7 upon Methionine Oxida-
tion. The results of previous studies have suggested that
oxidation of one or more C-terminal methionine residues
(M144 or M145) in CaM is responsible for the inability of
CaMox to fully activate the plasma membrane calcium
ATPase (PMCA) (3, 5). Recently, we have confirmed these
suggestions using CaM mutants (leucine replacing methion-
ine) that permit site-selective oxidation of these methionine
residues (10). Functionally, methionine-to-leucine mutations
in CaM have little effect on the ability of the mutant CaM
to maximally activate the PMCA. In fact, the maximal
stimulation of the PMCA by CaM-L7 (CaM with seven
methionine residues mutated to leucine, leaving only M144
and M145) is larger than that by wild-type CaM (10).
Moreover, the same is true for CaM-L9 (CaM with all nine
methionine residues replaced with leucine). Thus, function-
ally, leucine substitution has served well as a method for
allowing site-specific methionine oxidation.

Structurally, as judged by1H-15N HSQC NMR spectra,
we have previously shown that CaM-L9 (Ca2+

4-CaM-L9)
retains the tertiary structural features that define the cal-
modulin molecule, consistent with the functional results (10).
The dispersion and chemical shifts of the cross-peaks indicate
that the protein is still folded and the two globular domains
remain intact and nativelike. Not surprisingly, therefore, the

overall fold of CaM-L7 is also very similar to that of wild-
type CaM (Figures 1B and 2B). As with wild-type CaM,
oxidation of M144 and M145 in CaM-L7 results in little
change in secondary structure. The circular dichroism spectra
of CaM-L7 and CaM-L7ox (Figure 1B) indicate clearly, as
expected from the results with CaM, that oxidation of M144
and M145 in CaM-L7 does not alter the secondary structure
of CaM-L7 appreciably. There is no apparent change in the
R-helical content upon oxidation (∼61 vs∼62%). However,
as with CaM, oxidation of CaM-L7 (CaM-L7ox) does induce
moderate changes in tertiary structure as indicated by the
chemical shift changes observed throughout the1H-15N
HSQC spectrum of CaM-L7ox compared to that of CaM-L7
(Figure 2B). Increased line widths are also observed,
suggesting a limited, increased conformational heterogeneity.
Thus, these results indicate that the structural changes that
accompany oxidation of methionine residues in CaM and
promote the nonproductive interaction of CaM with the
PMCA result primarily from tertiary structural changes that
occur when M144 and M145 are oxidized. The results also
illustrate the utility of the CaM-L7 mutant in the selective
identification of the structural changes accompanying M144
and M145 oxidation, which is crucial for characterizing the
structural basis for the nonproductive association of oxidized
CaM with the PMCA.

Binding of C28W to CaM-L7 and CaM-L7ox. The associa-
tion of CaM with the CaM-binding sequence of the PMCA
activates the PMCA by inducing dissociation of the auto-
inhibitory domain. Oxidation of M144 and M145 in CaM
interferes with the activation process. Presumably, CaM
induces critical structural changes in the CaM binding
sequence essential for activation that are not induced when
M144 and M145 are oxidized. To understand the process of
PMCA activation by CaM and why oxidation of M144 and
M145 thwarts the activation process, we have used NMR to
measure structural differences in complexes of CaM-L7 and
CaM-L7ox with a peptide corresponding to the CaM-binding
sequence of the PMCA (C28W).

CaM binds with high affinity to C28W, and oxidation only
marginally reduces its affinity (12). The dissociation con-
stants for the CaM-C28W complex (no oxidation) have been
measured to be 0.6( 0.2 and 4( 1 µM for the C- and
N-terminal globular domains of CaM, respectively, whereas
for the complex with oxidized CaM (from senescent rat
brains, heterogeneously oxidized), these values are 0.4(
0.2 and 16( 8 µM, respectively (12). Functional studies
with fully oxidized CaM and CaM-L7 also suggest only a
modest apparent affinity decrease for the PMCA compared
to those of the reduced counterparts (10). Consistent with
these prior measurements, both CaM-L7 and CaM-L7ox form
apparent high-affinity complexes with the C28W peptide
(Figure 3). The complexes are in slow exchange on the NMR
time scale, indicating tight binding, and the stoichiometry
of each is 1:1. Dramatic improvements in the NMR spectra
of CaM-L7 and CaM-L7ox are observed upon binding to
C28W (Figure 3). Most of the conformational heterogeneity
noted in the1H-15N HSQC spectra of CaM-L7 and CaM-
L7ox is alleviated by binding to C28W, as indicated by the
reduced line widths and improved resolution in the1H-15N
HSQC spectra of these complexes. These results indicate that
conformational heterogeneity introduced into CaM both by
substitution of leucine for methionine and by oxidation of

FIGURE 2: Effect of methionine oxidation on CaM and CaM-L7
structure. Two-dimensional1H-15N HSQC spectra of CaM (A) and
CaM-L7 (B) before (red contours) and after (black contours)
oxidation of all methionine residues to the sulfoxides are shown.
The spectra before and after oxidation were acquired on samples
with equal concentrations under identical conditions (see the text)
and are drawn at similar contour levels. Only positive contours are
drawn.
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methionine is relieved to a large extent by binding to the
C28W peptide.

Main Chain Chemical Shift Perturbations Indicate Large
Structural Changes in the C-Terminal Domain when M144
and M145 Are Oxidized. Chemical shift changes are very
sensitive indicators of local structural changes. The chemical
shift changes for CaM-L7 in the complex with C28W
resulting from oxidation of M144 and M145 provide the first
comprehensive, site-resolved assessment of the structural
changes underlying the nonproductive association between
oxidized CaM and the PMCA. The main chain chemical
shifts of the CaM portions of the complexes of15N- and13C-
labeled CaM-L7 and15N- and 13C-labeled CaM-L7ox with
the C28W peptide were assigned using triple-resonance
methods. The magnitudes of these shifts permit a compre-
hensive appraisal of the effect of oxidation of M144 and
M145 (Figures 3 and 4). These data show that the main chain
(and 13Câ) chemical shifts of residues in the N-terminal
globular domain of CaM-L7 in the complex with C28W are
affected little by oxidation of M144 and M145. The
magnitudes of the changes for residues from the N-terminus
through residue R74 (C-terminal end of helix D) are less
than or equal to the noise associated with making the
measurements (with the exception of V55; see the dashed
line in the bottom panel of Figure 4). In contrast, significant
changes are observed in the chemical shifts for most of the
residues in the C-terminal globular domain and for some of
the residues in the central linker region. The magnitudes of
these changes are largest for the residues (F141, V142, Q143,
M144, M145, T146, A147, and K148) nearest in sequence
to the sites of oxidation, as might be expected. Thus, a
significant perturbation of the C-terminal helix (helix H) is
suggested. In addition, large main chain chemical shift
changes (weighted average change of>0.1) are also observed
for many other residues (I85, F89, F92, I100, L124, I125,
A128, and Y138). Most of these latter residues contribute
hydrophobic side chains to the hydrophobic pocket of the
C-terminal globular domain or are in the proximity of the
side chains of M144 and M145, and most contribute side

chains to the binding interface with target domains [for
instance, the skeletal muscle myosin light chain kinase (33)],
including the PMCA (34). The large changes in the main
chain at residues 85, 89, and 92 (helix E) potentially
communicate the effects of oxidation to the central linker

FIGURE 3: Effect of methionine oxidation on CaM-L7 structure in
the CaM-L7-C28W complex. Two-dimensional1H-15N HSQC
spectra of CaM-L7 (red contours) and oxidized CaM-L7 (CaM-
L7ox, black contours), each bound to C28W, are shown. All of the
main chain resonances of CaM-L7 and CaM-L7ox bound to C28W
have been assigned. Some of the well-resolved resonances are
indicated. Most of peaks corresponding to residues in the N-terminal
domain experience little chemical shift perturbation when M144
and M145 are oxidized, whereas most of those in the C-terminal
globular domain experience small to very large perturbations.

FIGURE 4: Main chain chemical shift changes in CaM-L7 in the
CaM-L7-C28W complex upon methionine oxidation. The changes
in the chemical shifts of the main chain and13Câ atoms for CaM-
L7 in the CaM-L7-C28W complex that result from oxidation of
M144 and M145 (oxidized minus reduced) are shown as a function
of residue. The plot at the bottom shows an absolute value weighted
average (39), calculated by normalizing the absolute value of each
shift change by the absolute value of the largest change for that
nucleus and then averaging for each position. The dashed line is
drawn to indicate the approximate minimum significant change.
The secondary structure is also shown (dark bars represent helices
and light barsâ-strands), determined using chemical shift index
(CSI) analysis (36). The changes in the chemical shifts for the13Câ

atoms of M144 and M145 are large (approximately-6 ppm) due
to the proximity of this nucleus to the site of oxidation as discussed
in the text, and are marked with an asterisk to indicate that these
are truncated in the plot.
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and to the N-terminal domain. The spatial organization of
these side chains is summarized in Figure 5. Thus, the
observed changes in the main chain chemical shifts upon
oxidation of M144 and M145 indicate significant structural
changes throughout the C-terminal globular domain that
modify the binding pocket that recognizes target proteins.
In addition, significant chemical shift changes are observed
for residues considered to be the hinge residues of the central
linker region, consistent with prior measurements indicating
that the spatial arrangement of the opposing domains of CaM
bound to C28W is altered upon methionine oxidation (9).

Unwinding of Helix H in CaM-L7 in the CaM-L7-C28W
Complex upon Oxidation of M144 and M145. The assigned
chemical shifts permit a detailed assessment of the secondary

structure of the CaM-L7 portion of the CaM-L7-C28W
complex (Figure 4) and the effects on the secondary structure
of oxidation of M144 and M145 (35-38). Chemical shift
index (CSI) analysis (36) using the1HR, 13CR, 13CO, and13Câ

chemical shifts indicates that CaM-L7 bound to C28W
contains eight helices (E6-F19, T29-S38, E45-E54, F65-
R74, S81-N93, A102-N111, D118-A128, and Y138-
M145) and four shortâ-strands (T26-T28, T62-D64, Y99-
S101, and Q135-N137). This secondary structure is very
typical of both wild-type CaM and CaM bound to target
domains (39-41). Helix D (F65-R74) is somewhat shorter
at its C-terminus than is normally assumed for wild-type
CaM and is more consistent with that observed for CaM
bound to targets (39), consistent with the CaM molecule
bending via the central hinge region to accommodate
interactions of C28W with both domains.

Upon oxidation of M144 and M145, the chemical shifts
in the N-terminal domain of CaM-L7 in the CaM-L7-C28W
complex change very little, whereas those in the central linker
region and the C-terminal domain change substantially
(Figure 4), as detailed above. The most dramatic changes
occur for residues at the C-terminus (141-148), near in
sequence to the sites of oxidation, and affect all of the main
chain nuclei. Changes in the1HR, 13CR, and13CO nuclei are
good indicators of secondary structure change, and for the
residues near the C-terminus and in the C-terminal helix
(helix H), the increases in the1HR chemical shifts, the
decreases in the13CR shifts, and the decreases in the13CO
chemical shifts are all indicative of a change fromR-helix
to random coil (36, 38). Whereas the CSI analysis indicates
no change in secondary structure in the remainder of the
molecule, a decrease in the length of the C-terminal helix is
indicated upon oxidation of M144 and M145. Before
oxidation, this helix includes residues Y138-M145. After
oxidation, it is shortened by two residues (Y138-Q143). It
is important to consider that oxidation of free methionine
produces very large downfield changes in the1H and 13C
chemical shifts of nuclei adjacent to the sulfur (ε and γ
positions) and large upfield changes in the chemical shifts
of the nuclei at theâ position, as evidenced by1H-13C
HSQC spectra of methionine and methionine sulfoxide
produced by oxidation of methionine with H2O2 (not shown),
but that positions more remote are relatively unaffected. The
changes in the chemical shifts for theR nuclei are nominal
when the sulfur is oxidized to the sulfoxide. The1HN, 15N,
13CO, 13CR, and1HR chemical shift changes noted for M144
and M145 (Figure 4) are, therefore, due to structural changes
in the protein and not to oxidation of the methionine per se,
and the13CO, 13CR, and1HR changes can be used in the CSI
analysis. Thus, these results indicate that the C-terminal helix
of CaM-L7 in the CaM-L7-C28W complex is shortened
by two residues when M144 and M145 are oxidized,
indicating a direct effect of oxidation on this particular
secondary structural element. It is clear (Figure 5) that helix
H and the M144 and M145 side chains play key structural
roles in the C-terminal globular domain of CaM. Loss of
helical structure for M144 and M145 most likely leads to
the global structural changes in the C-terminal domain of
CaM deduced from the main chain chemical shift changes.

Methyl Group Chemical Shift Perturbations Highlight
Global Structural Changes in the CaM-L7-C28W Complex
Accompanying M144 and M145 Oxidation. The methyl

FIGURE 5: Spatial organization of amino acid side chains in the
C-terminal domain of CaM. The main chain ribbon (A) of CaM
(41) with secondary structure elements is shown for reference (â-
strands colored cyan and Ca2+ represented by green spheres). The
side chains of some of the amino acids experiencing large main
chain and/or methyl group chemical shift perturbations in the CaM-
L7ox-C28W complex upon oxidation of M144 and M145 are
rendered as space-filling (CPK) images with van der Waals radii
on the CaM structure (B) (41) and on the solution structure of the
complex of CaM with a short (C20W) peptide corresponding to
the N-terminal portion of the CaM-binding domain of the PMCA
(C) (34). Hydrogens were added to the CaM side chains using
InsightII (Accelrys, Inc.). Side chains are colored by amino acid
type: yellow/beige for Met, light green for Ala, brown for Ile, pink
for Val, blue for Leu, and violet for Phe).
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groups of amino acid side chains in CaM provide important
intermolecular contacts with bound target domains and
intramolecular contacts for maintenance of the tertiary
structure of the individual globular CaM domains (42). In
the complex of CaM-L7 with the C28W peptide, the
perturbations of the chemical shifts of the methyl groups
upon oxidation of M144 and M145 in CaM provide insight
into changes in these contacts and the associated structural
changes (Figure 6). In the C-terminal globular domain,
oxidation of M144 and M145 produces substantial perturba-
tions of the chemical shifts of many of the methyl groups.
As with the perturbations of the main chain chemical shifts,
these perturbations are large for methyl groups of residues
near in sequence to the sites of oxidation (V142γ2, for
instance). Large changes (weighted average change of>0.1)
are also noted for many of the methyl groups of residues
that form the core of the hydrophobic pocket of the
C-terminal globular domain (I85, A88, V91, I100, L105,
V108, L109, L116, L124, I125, A128, V136, V142, and
A147) and are commonly involved in interactions with target
domains (34, 43). Interestingly, some large changes are also
observed for methyl groups of residues in the N-terminal
domain (L32, L39, V55, I63, and L71) that commonly
interact with target domains. The locations of the side chains
bearing these methyl groups in the globular domains of CaM
are shown in Figure 7. These data indicate clearly that a
substantial reorganization of the tertiary structure of the
C-terminal globular domain of CaM-L7 in the CaM-L7-
C28W complex occurs when M144 and M145 are oxidized.
These changes also lead to limited changes in the N-terminal
domain, probably via the bound peptide. As noted above,
the critical roles played by helix H and the side chains of
M144 and M145 (Figure 5) suggest that the conformational
switch leading to the global C-terminal domain changes is
initiated by unwinding of helix H at M144 and M145
accompanying oxidation.

Diminished Intermolecular Contacts between CaMox and
C28W. The methyl group chemical shift perturbations suggest
that the interactions between CaM-L7 and C28W in the
CaM-L7-C28W complex are altered as a result of oxidation
of M144 and M145 to the sulfoxides. Using isotope-filtered,
edited NMR techniques (27), intermolecular NOEs between
the uniformly isotopically labeled CaM-L7 portion of the
complex and the unlabeled C28W portion can be selectively
observed before and after oxidation of M144 and M145 to

gauge the effects of oxidation (Figure 8). The results are
quite dramatic. For M144 and M145 in CaM-L7, the
ε-methyl groups are involved in many contacts with the
peptide (many NOEs are observed between these methyl
groups and protons on C28W), but when these methionine
residues are oxidized, nearly all of these contacts are lost.
Similar results are observed for other methyl groups in the
C-terminal domain, particularly those experiencing very large
chemical shift changes upon oxidation (for instance, V142,
L124, and L105; see Figure 8). Other, somewhat less
dramatic results are also noted (for instance, I100). In the
N-terminal globular domain, the contacts observed between
some of the important methyl groups involved in interactions
with the C28W peptide are not dramatically altered upon
oxidation of M144 and M145. For V55, L39, and L32, for
instance (Figure 8), there are small changes observed in the
intermolecular NOEs to the methyl groups of the side chains
of these amino acids, but they are quite limited compared to
the changes noted in the C-terminal domain. These data show
that the tertiary structural changes in the C-terminal globular
domain of CaM-L7 originating from oxidation of M144 and
M145 lead to extensive changes in the intermolecular
interface with the target C28W peptide. The changes in the
contacts between C28W and the N-terminal domain are small
and, like the chemical shift changes, reflect less dramatic
changes in the N-terminal domain. These could simply be
mediated by the C28W peptide as a result of altered
interactions with the C-terminal globular domain, or they

FIGURE 6: Methyl group chemical shift changes in CaM-L7 in the
CaM-L7-C28W complex upon methionine oxidation. Weighted
averages for the1H and13C chemical shift changes for the methyl
groups in CaM-L7 in the CaM-L7-C28W complex resulting from
oxidation of M144 and M145 are shown. The values were calculated
as described in the legend of Figure 4. For Ile residues, the value
for the γ2 methyl group is located to the left, and that for theδ1
position to the right. For Val (Leu) residues, the change for theγ1
(δ1) methyl group is located to the left and that for theγ2 (δ2)
group to the right.

FIGURE 7: Localization of structural changes in CaM-L7 in the
CaM-L7-C28W complex resulting from M144 and M145 oxidation
as determined by methyl group chemical shift changes. Highlighted
on the X-ray crystal structure of CaM (41) are side chains (red) of
residues with methyl groups experiencing large chemical shift
perturbations [weighted average of>0.1 (Figure 6)]. Two views
are shown, one (top) exposing the hydrophobic pocket in the
C-terminal domain and the other (bottom) the N-terminal pocket.
Approximate van der Waals radii are rendered for the heavy atoms
(no hydrogens are included). The figure was drawn with MOLMOL
(55).
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could reflect an altered structural coupling between the N-
and C-terminal globular domain mediated by the central
linker region (4), or perhaps a combination of both.

DISCUSSION

CaM ActiVation of the PMCA. The autoinhibitory domain
of the plasma membrane Ca2+-ATPase (PMCA) is located
at the C-terminus and includes the 28-amino acid CaM-
binding sequence (44-48). Fluorescence lifetime measure-
ments of CaM (Ca2+

4-CaM) bound to the PMCA indicate a
rotational correlation time consistent with CaM bound to a
domain that is physically dissociated from the rest of the
protein (49). Dissociation of this domain activates the PMCA.
More recently, these suggestions have been supported by the
results of single-molecule polarization modulation experi-
ments (11). Under conditions where the Ca2+ binding sites
of CaM are all occupied (saturating Ca2+ concentration), the
observed modulation depth distribution reveals a single
population with a low average depth indicating high mobility,
suggesting that CaM binds to the autoinhibitory domain and
dissociates this domain from the rest of the PMCA. The
increased mobility of the dissociated domain results in a
shorter rotational correlation time and the observed decreased
modulation depth. This dissociation presumably restores
access of substrates (Ca2+ and ATP) to the active site, thus
activating the PMCA.

CaMox ActiVation of the PMCA. Oxidized CaM (CaMox)
binds to the PMCA but is not able to fully activate it (3-5,
9-12) specifically because of oxidation of M144 and M145
(3, 9, 10). The degree of activation (10) correlates with the
ratio of mobile and immobile populations observed in single-
molecule polarization experiments (11). In these experiments
using CaMox, two populations are observed: one similar to
that observed with Ca2+

4-CaM and a second with a higher
average modulation depth and broader distribution, evidently
arising from a species with CaMox bound to the autoinhibitory
domain without triggering dissociation (large modulation
depth, large rotational correlation time, and low mobility).
Given the premise that binding of CaM to the PMCA induces
the proper structural changes in the autoinhibitory domain
to promote dissociation of this domain and thus PMCA
activation, these results suggest that CaMox is only capable
of promoting these changes some of the time.

Oxidation-Induced Structural Changes in CaM. The in-
ability of CaMox to induce the requisite structural changes
in the autoinhibitory domain of the PMCA necessary for
PMCA activation originates in the changes in CaM structure
caused by M144 and M145 oxidation. Our results provide
the first site-resolved description of the structural changes
in CaM accompanying M144 and M145 oxidation that are
responsible for the nonproductive interaction with the PMCA.
First, the circular dichroism results indicate that secondary
structural changes associated with oxidation of M144 and
M145 are limited, and in the context of the CaM-L7-C28W
complex are localized to the C-terminal helix (helix H) of
CaM. The chemical shift changes indicate a general trend
in this helix toward random coil and away fromR-helical
character, whereas an analysis based on the chemical shift
index indicates a definitive shortening of this helix by two
residues. Helix H plays many important roles in CaM (Figure
5): assisting to maintain the proper spacing between second-
ary structural elements in the C-terminal globular domain
and their relative orientations, communicating information
to the central helix region and perhaps the N-terminal domain
via contacts with helix E, and participating in recognition
of target domains. The models in Figure 5 would suggest
that helical character at M144 and M145 in helix H is
important for proper positioning of M144 and M145 side
chains and that random coil character would significantly
perturb both structure and recognition.

Both the main chain and side chain chemical shift changes
of the amino acids in CaM-L7 in the CaM-L7-C28W
complex indicate clearly that large tertiary structural changes
in the C-terminal globular domain accompany oxidation of
M144 and M145. These include residues in the calcium
binding loops, resulting in the observed decreases in calcium
affinity associated with methionine oxidation (3, 13). Because
the secondary structure changes are nominal, the results
suggest a global tertiary structural reorganization of the
C-terminal domain. Significant changes are also indicated
for the central linker region, whereas smaller changes are
noted for the N-terminal domain. The changes in the
N-terminal domain and central linker region could be
mediated by the peptide as a result of the altered interactions
with the C-terminal domain, or their origins could stem from
an altered disposition of the two domains mediated by the

FIGURE 8: Oxidation of M144 and M145 alters intermolecular contacts between CaM-L7 and C28W. Two-dimensional strips from a
three-dimensional13C F1-filtered, F3-edited NOESY-HSQC experiment (27) are shown for several methyl groups in CaM-L7 involved in
intermolecular contacts with C28W. The NOEs between these methyl groups and protons on the C28W peptide are shown in the strips. The
changes in these contacts (NOEs) upon oxidation of M144 and M145 in the complex are also shown (red for reduced and ox for oxidized).
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central linker region also resulting from the C-terminal
domain reorganization (4). Dramatic changes in the inter-
molecular interface between CaM-L7 and C28W also arise
when M144 and M145 are oxidized. The contacts between
C28W and the methyl groups of M144 and M145 are lost,
as are many of those between C28W and other methyl groups
in the C-terminal globular domain that comprise the interface.

CaM-C28W Complex.The conformational heterogeneity
observed in NMR spectra of CaM-L7 resulting from the
substitution of leucine residues for methionine is dramatically
eliminated when CaM-L7 binds to the C28W peptide. The
secondary structure of CaM-L7 bound to C28W shows that
helix D is shortened at its C-terminus, consistent with the
CaM molecule bending at the central hinge region and
interacting via both of the opposing globular domains with
the target domain. The isotope-filtered, isotope-edited NMR
experiments clearly identify side chains in both the N- and
C-terminal domains of CaM-L7 that contact the C28W in
the complex. These data point to a structure for the CaM-
L7-C28W complex that, in many ways, is similar to some
of the classic complexes of CaM with target domains (42).
It should be noted that the methyl group-containing side
chains in the C-terminal globular domain that interact with
the C28W peptide include those shown to interact with the
C20W peptide (C28W lacking the eight C-terminal residues)
in the CaM-C20W complex (34), and thus, these complexes
are similar in this respect. The C20W peptide does not
contact the N-terminal domain of CaM in the CaM-C20W
complex, and the CaM-C20W complex is unusual in this
respect. Although either the isolated C-terminal (50, 51) or
N-terminal (50) domain of CaM can serve to activate the
PMCA, both the N-terminal and C-terminal sites on the CaM
binding sequence of the PMCA must be occupied for PMCA
activation (50). Thus, given our results and the functional
results (10), all indications are that the CaM-L7-C28W
complex, and the structural changes in the complex that occur
upon oxidation, accurately reproduce the situation with the
full-length wild-type proteins.

Mechanism of Methionine Oxidation-Induced Loss of
Function. Neither M144 nor M145 in CaM is essential for
activation of the PMCA. Substitution of both of these
methionine residues with glutamine results in a CaM
molecule that is able to fully activate the PMCA (52),
although the apparent dissociation constant for the complex
is increased somewhat. Although glutamine is not as strong
a helix former as methionine (53, 54), glutamine would be
expected to maintain the helical character of the C-terminal
helix. The precise structural consequences of these glutamine
substitutions are not known, but fluorescence measurements
indicate that they do not substantially affect the structure of
the carboxy-terminal globular domain of CaM (52). Clearly,
the overall increase in polarity due to these substitutions and
the lack of contacts to the methyl groups of the missing
methionine side chains do not result in loss of function with
respect to fully activating the PMCA. A CaM mutant lacking
residues M145-K148 is also able to fully activate the
PMCA, demonstrating again that M145 is not essential for
this activation.

These previous results suggest that the inability of CaM
with M144 and M145 oxidized to fully activate the PMCA
is not the result of the inability of the methionine sulfoxides
to form the appropriate contacts, per se. Nor is it simply an

issue of polarity (28). Rather, methionine sulfoxide at M144
and M145 prevents the C-terminal globular domain from
adopting the tertiary structure essential for PMCA activation.
Because the secondary structure of the C-terminal helix of
CaM is compromised by M144 and M145 oxidation, the
suggestion is that, relative to that of methionine, the helical
propensity of methionine sulfoxide is low, and the sulfoxides
at M144 and M145 destabilize the helix. Furthermore, the
presence of random coil character at positions 144 and 145
combined with the polarity change is a significant structural
perturbant that promotes a global reorganization of the
tertiary structure of the C-terminal domain as well as changes
in the central linker region. This altered conformation is not
able to activate the PMCA. In contrast, as noted above,
removing part of the C-terminal helix is not perturbing, and
replacing M144 and M145 with Gln still allows the C-
terminal helix to form, which permit maintenance of the
proper tertiary structure in the C-terminal domain as a whole.
Thus, the ability of CaMox to partially activate the PMCA
would then reflect the inherent equilibrium between CaMox

with residues 144 and 145 in the helical versus random coil
configuration when bound to the PMCA. Likewise, the
population ratio of the observed species in the single-
molecule experiments would correspond to CaMox-PMCA
complexes with the C-terminal helix of CaMox intact (active,
autoinhibitory domain dissociated) or compromised (inactive,
autoinhibitory domain not dissociated). It is also important
to consider that the different isomers of methionine sulfoxide
might have measurably different helix propensities, and the
extent of PMCA activation might reflect this isomeric
dependence and the isomeric ratio.

Conclusions. Oxidation of the carboxyl-terminal methion-
ine residues in CaM to the sulfoxides mediates PMCA
recognition and activation. Oxidation promotes the switch
to a conformation unable to activate the PMCA, characterized
by a destabilized, shortened C-terminal helix, and a restruc-
tured C-terminal globular domain and central linker region.
A loss of important contacts at the interface of CaM in this
conformation and the PMCA inevitably prevents stabilization
of the CaM-binding sequence of the enzyme and hence
enzyme activation. Avenues for further investigation include
high-resolution characterization of the structure of oxidized
CaM and the CaM binding domain of the PMCA bound to
oxidized CaM, studies of the physical basis for the methion-
ine sulfoxide-induced switch, including measurements of the
helix propensity of methionine sulfoxide, and determination
of the relative efficacies of the isomers of methionine
sulfoxide at the C-terminal positions in promoting the
conformational switch.
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