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Oxidatively Modified Calmodulin Binds to the Plasma Membrane Ca-
ATPase in a Nonproductive and Conformationally Disordered Complex

Jun Gao, Yihong Yao, and Thomas C. Squier

Biochemistry and Biophysics Section, Department of Molecular Biosciences, University of Kansas, Lawrence, Kansas 66045 USA

ABSTRACT Oxidation of either Met'*® or Met'#® in wheat germ calmodulin (CaM) to methionine sulfoxide prevents the
CaM-dependent activation of the plasma membrane (PM) Ca-ATPase (D. Yin, K. Kuczera, and T. C. Squier, 2000, Chem. Res.
Toxicol. 13:103-110). To investigate the structural basis for the inhibition of the PM-Ca-ATPase by oxidized CaM (CaM,,), we
have used circular dichroism (CD) and fluorescence spectroscopy to resolve conformational differences within the complex
between CaM and the PM-Ca-ATPase. The similar excited-state lifetime and solvent accessibility of the fluorophore
N-1-pyrenyl-maleimide covalently bound to Cys?® in unoxidized CaM and CaM,, indicates that the globular domains within
CaM,, assume a native-like structure following association with the PM-Ca-ATPase. However, in comparison with oxidized
CaM there are increases in the 1) molar ellipticity in the CD spectrum and 2) conformational heterogeneity between the
opposing globular domains for CaM,, bound to the CaM-binding sequence of the PM-Ca-ATPase. Furthermore, CaM,, binds
to the PM-Ca-ATPase with high affinity at a distinct, but overlapping, site to that normally occupied by unoxidized CaM. These
results suggest that alterations in binding interactions between CaM_, and the PM-Ca-ATPase block important structural
transitions within the CaM-binding sequence of the PM-Ca-ATPase that are normally associated with enzyme activation.

INTRODUCTION

Calcium has evolved as the major signaling molecule in all
eukaryotes, and functions to modulate intracellular metab-
olism to rapidly coordinate a range of diverse cellular pro-
cesses involved in neurotransmission, neuronal plasticity,
muscle contraction, and a host of reactions involved in the
energy and biosynthetic metabolism of the cell (Williams,
1999; Chin and Means, 2000). Critical to these calcium
signaling mechanisms is the maintenance of the large (i.e.,
10,000-fold) concentration gradient by the plasma mem-
brane (PM) Ca-ATPase, which permits rapid and localized
increases in cytosolic calcium upon modulation of calcium
channel function. The maintenance of these steep calcium
gradients represents a major energy expenditure within ex-
citable cells and through respiratory control mechanisms is
tightly coupled to rates of oxidative phosphorylation and the
generation of reactive oxygen species (ROS). Therefore,
observed decreases in rates of calcium release and re-se-
questration under a range of pathological conditions, includ-
ing biological aging, have the potential to reduce both
energy consumption and the concomitant production of
ROS. Thus, observed changes in calcium homeostasis fol-
lowing oxidative stress may represent adaptive responses
that enhance the probability of cellular survival (Katz, 1992;
Gao et al., 1998b). However, a quantitative understanding
of how environmental stresses regulate calcium homeostasis
requires an understanding of the structural consequences of
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post-translational modifications within key calcium regula-
tory proteins. In this respect, specific sites of oxidative
modification have been identified in calmodulin (CaM) and
the Ca-ATPase expressed in sarcoplasmic reticulum mem-
branes that occur in response to oxidative stress (Gao et al.,
1998b; Viner et al., 1999). During normal biological aging
methionines in CaM are oxidized to their corresponding
methionine sulfoxides, whereas the specific nitration of
tyrosines in the Ca-ATPase results in an age-related loss of
function. Of these two types of post-translational modifica-
tions, the oxidation of methionines is reversible and has
been suggested to play a regulatory role in coupling calcium
signaling to cellular redox conditions through the modula-
tion of CaM function (Vogt, 1995; Sun et al., 1999; Yer-
molaieva et al., 2000; Squier and Bigelow, 2000).

A determination of the possible regulatory role of methi-
onine oxidation in modulating CaM function requires that a
causative linkage be identified between the oxidation of
specific methionines and alterations in CaM function or
structure. In this regard, it has been demonstrated that the
oxidation of a methionine near the carboxy terminus to form
the corresponding methionine sulfoxide results in an inabil-
ity to activate the PM-Ca-ATPase (Yao et al., 1996b; Yin et
al., 2000). In contrast, oxidation of the other seven methi-
onines in CaM does not affect the ability to fully activate the
PM-Ca-ATPase in the presence of saturating concentrations
of CaM (Yin et al., 2000a). Furthermore, CaM can fully
activate the PM-Ca-ATPase following the replacement of
the majority of the methionines in either domain with polar
glutamine (Yin et al., 1999). Therefore, the binding energy
associated with methionine side-chain interactions and se-
quences within the CaM-binding sequence of the PM-Ca-
ATPase are not critical to enzyme activation. These results
suggest that oxidant-induced global conformational changes
may prevent enzyme activation because of alterations in the
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binding mechanism, which normally involves the ordered
and cooperative association of both domains with the CaM-
binding sequence of the PM-Ca-ATPase (Gao et al., 1998a;
Sun et al., 2000).

To address the underlying mechanisms associated with
the inability of CaM,, to activate the PM-Ca-ATPase, we
have used circular dichroism (CD) and fluorescence spec-
troscopy to measure the dynamic structure of CaM_, bound
to the CaM-binding sequence of the PM-Ca-ATPase. Wheat
germ CaM, which possesses 91% sequence identity to ver-
tebrate CaM, was chosen for these measurements due to
sequence differences near the carboxy terminus that result
in the preferential oxidation of Met'** or Met'*® (Yao et al.,
1996b; Yin et al., 2000). CaM,, was generated using H,O,
to selectively oxidize an average of 1.5 = 0.1 methionines
per CaM to methionine sulfoxide. Under these conditions
either Met'*® or Met'*® is oxidized in 60 + 10% of all CaM
molecules (Yao et al., 1996b). The oxidation of these me-
thionines has previously been shown to result in 1) global
structural changes involving the backbone fold of apo- and
calcium-activated CaM and 2) an inability to activate the
PM-Ca-ATPase (Yao et al., 1996b; Gao et al., 1998a; Yin et
al., 2000). Although methionines other than Met'*> and
Met'*¢ are also oxidized to a small extent in these samples,
their oxidation does not affect either the function or back-
bone fold of CaM (Gao et al., 1998a; Yin et al., 1999, 2000).
This latter result agrees with earlier observations that the
oxidative modification of most methionines does not affect
protein structure or function (Levine et al., 1996, 1999;
Berlett and Stadtman, 1997). Therefore, CaM containing
oxidatively modified methionines at positions other than
Met'* or Met'*® has a native-like structure, permitting an
analysis of the functional and structural effects resulting
from the oxidative modification of Met'** or Met'*® (Gao et
al., 1998a).

Measurements of the structure of CaM bound to the
PM-Ca-ATPase are facilitated by the presence of a single
cysteine (Cys*®) and a single tyrosine (Tyr'*®) in the op-
posing globular domains of wheat germ CaM, which pro-
vide the opportunity for selective chemical modification.
N-1(-pyrenyl) maleimide (PMal) was used to label Cys>®
and provided a fluorescence signal that allowed the mea-
surement of the binding and conformation of CaM,, to the
CaM-binding sequence within the PM-Ca-ATPase. Tyr'?®
was selectively nitrated with tetranitromethane (TNM),
which acts to red-shift the absorbance properties of the
resulting nitrotyrosine, permitting its use as a fluorescence
resonance energy transfer (FRET) acceptor to measure the
spatial separation and conformational heterogeneity be-
tween the opposing domains of CaM (Steiner et al., 1991;
Yao et al.,, 1994). We find that the globular domains in
CaM_, assume a native-like structure upon association with
the PM-Ca-ATPase. However, in comparison with unoxi-
dized CaM, there is 1) an increase in the molar ellipticity in
the CD spectrum and 2) increased conformational hetero-
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geneity between the opposing globular domains of CaM_,
bound to the CaM-binding sequence of the PM-Ca-ATPase.
These results suggest that CaM,, binding to the PM-Ca-
ATPase fails to induce the normal secondary structural
changes within the CaM-binding sequence that are essential
for enzyme activation.

MATERIALS AND METHODS
Materials

Hydrogen peroxide (H,O,) was obtained from Fisher (Pittsburgh, PA).
PMal was supplied from Molecular Probes (Junction City, OR). TNM was
purchased from Aldrich (Milwaukee, WI). C25W (QILWFRGLNRIQT-
QIRVVNAFRSSC) and C28W (LRRGQILWFRGLNRIQTQIRV-
VNAFRSS) peptides were, respectively, synthesized and HPLC purified
by the Kansas State University Biotechnology Microchemical Core Facil-
ity (Manhattan, KS) and Commonwealth Biotechnologies (Richmond,
VA). Wheat germ CaM was purified as previously described (Strasburg et
al., 1988). Porcine erythrocyte ghost membranes were prepared essentially
as described by Penniston and co-workers (Niggli et al., 1979; Yao et al.,
1996a). Purified wheat germ CaM and erythrocyte ghost membranes were
stored at —70°C.

Specific derivitization of CaM

The chemical modification of Cys®® with PMal and Tyr'*® with TNM was
carried out as previously described (Yao et al., 1994). The concentration of
CaM was determined using the micro BCA assay obtained from Pierce
(Rockford, IL), using a stock solution of desalted bovine CaM whose
concentration was determined using the published extinction coefficient for
bovine CaM, where €,,, = 3029 M~ ' cm ™! (Strasburg et al., 1988).

Oxidative modification of methionines in CaM

The selective oxidative modification of methionines in wheat germ CaM to
the corresponding methionine sulfoxides involved the exposure of 60 uM
wheat germ CaM (1.0 mg/ml) in 50 mM HOMOPIPES (pH 5.0), | mM
MgCl,, 0.1 mM CaCl,, and 0.1 M KCI to 5 mM H,0, for 10 h at 25°C.
Under these conditions, an average of 1.5 = 0.1 methionines are oxida-
tively modified in each CaM, ~60 = 10% of all CaM species contain an
oxidatively modified methionine near the carboxy terminus (either Met'4*
or Met'*®), and there is a 60% reduction in the maximal CaM-dependent
activation of the PM-Ca-ATPase (Yao et al., 1996b; Gao et al., 1998a; Yin
et al., 2000). The concentration of H,O, was determined using the molar
extinction coefficient €,,, = 39.4 = 0.2 M~ ' cm™' (Nelson and Kiesow,
1972).

CaM binding to the PM-Ca-ATPase in erythrocyte
ghost membranes

CaM binding to the PM-Ca-ATPase involved the incubation of variable
amounts of CaM with 6.0 mg of porcine erythrocyte ghost membranes in
a total volume of 1 ml in a buffer composed of 0.1M HEPES (pH 7.5), 0.1
M KCI, 1 mM MgCl,, and 0.1 mM CaCl, (buffer A), essentially as
previously described (Yao et al., 1996a). Following incubation on ice for
15 min in the dark, the sample was centrifuged at 31,000 X g,... for 20
min. The pellet was resuspended in the same buffer and centrifuged to
remove unbound CaM,_, from the erythrocyte ghost membranes before
being resuspended in buffer A at a final protein concentration of 6 mg/ml.
Measurements of the binding stoichiometry of CaM to the PM-Ca-ATPase
used PMal-labeled unoxidized CaM and CaM,,, whose fluorescence sig-
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nals provide a sensitive means to detect the amount of bound CaM. The
amount of bound CaM was measured following its dissociation from
erythrocyte ghost membranes (upon addition of 0.1 mM EGTA) in con-
junction with a standard curve obtained using known concentrations of
either PMal-CaM or PMal-CaM,,,. The Ca-ATPase activity of the eryth-
rocyte ghosts was determined from the initial rate of phosphate release
following the addition of 5 mM ATP in buffer A (Lanzetta et al., 1979).
The erythrocyte ghost membrane protein concentration was determined by
the Biuret method (Gornal et al., 1949).

Circular dichroism spectroscopy

CD spectra were measured using a Jasco J-710 spectropolarimeter (Jasco
Corp., Tokyo, Japan) and a temperature-jacketed spectral cell with a
pathlength of 0.1 cm. The concentration of the peptide (i.e., C25W or
C28W) corresponding to the CaM-binding sequence of the PM-Ca-ATPase
was determined using the published extinction coefficient, where €,5, =
5600 M~ ! cm ™! (Chapman et al., 1992). Desalted CaM (50 wg/ml) was
dissolved in 10 mM Tris-HCI (pH 7.5), 0.1 M KCIO,, 1 mM Mg(CIO,),,
and 0.1 mM Ca(ClO,),, and spectra were recorded at 1-nm intervals
between 190 and 265 nm.

Fluorescence measurements

Excitation of PMal-CaM involved the 351-nm line from an Innova 400
argon ion laser (Coherent, Santa Clara, CA), and fluorescence was detected
with an ISS K2 frequency domain fluorometer, as described previously
(Yao et al., 1994, 1996a). Emission slits were adjusted to a 4-nm band-
width, and the sample temperature was maintained at 25°C. In the case of
PMal-CaM,,, bound to the peptide C25W, the fluorescence emission was
detected subsequent to a Schott GG400 long-pass filter. In the case of
PMal-CaM,, bound to the PM-Ca-ATPase in erythrocyte ghosts (0.25
mg/ml), emitted light was detected following a combination of a Schott
GG400 long-pass filter and an Oriel band-pass filter centered at 420 nm
(full-width at half-maximum is 10 nm). Steady-state fluorescence quench-
ing involved the addition of the spin label TEMPAMINE in microliter
increments to a 2.0-ml sample in buffer A containing either 1) 1.2 uM
PMal-CaM,, and 3.6 uM C25W or 2) 10 uM PMal-CaM_, bound to the
PM-Ca-ATPase (i.e., 0.25 mg/ml erythrocyte ghost membranes whose
high-affinity CaM-binding sites are saturated with PMal-CaM, ).

Frequency-domain fluorescence data analysis

Explicit expressions, previously described in detail, permit the ready cal-
culation of the lifetime components (i.e., ¢; and ;) relating to a multiex-
ponential decay (Weber, 1981; Lakowicz et al., 1985) or the Gaussian
distribution of distances between donor and acceptor chromophores (Haas
et al., 1978; Beechem and Haas, 1989; Cheung, 1991), where

N,
®,_, = arctan D. and m,, = N> + D2 (1)

Alternatively, algorithms are available that permit the determination of the
initial anisotropy in the absence of rotational diffusion (r,), the rotational
correlation times (¢;), and the amplitudes of the total anisotropy loss
associated with each rotational correlation time (r,g;), as previously de-
scribed in detail (Yao et al., 1994; Lakowicz et al., 1985, 1991a; Johnson
and Faunt, 1992). In all cases, the transforms (i.e., N, and D) can be
readily modified to take into account a heterogeneous solution of CaM that
contains two major structural conformers (i.e., unoxidized CaM and
CaM,,), where

Nw; =fc‘)xidized. X Noxidized + (1 _f;)xidized.) X Nnative (2)
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and

Dw, :ﬂxidized, X Doxidized + (1 _,f;indized,) X Dnative' (3)

An independent measurement of the individual lifetime components or
correlation times and associated amplitudes relating to unoxidized CaM
(ie., o; and T, or g, and ¢;) permits the recovery of the lifetime or
rotational correlation times associated with CaM_, (Gao et al., 1998a). The
parameter values are determined using the method of nonlinear least-
squares analysis in which the reduced x* (i.e., x3) is minimized (Beving-
ton, 1969). A comparison of x% values provides a quantitative assessment
of the adequacy of different assumed models to describe the data (Lakow-
icz and Gryczynski, 1991a). Data were fit using the Globals software
package (University of Illinois, Urbana-Champaign, IL) or the program
Mathcad (MathSoft, Cambridge, MA).

RESULTS
CaM,, binding to the PM-Ca-ATPase

The PM-Ca-ATPase contains a single binding sequence for
CaM and is the only high-affinity CaM-binding protein in
erythrocyte ghost membranes (Jarrett and Kyte, 1979;
Hinds and Andreasen, 1981; Yao et al., 1996a). Therefore,
to investigate how CaM,, inhibits the PM-Ca-ATPase we
have compared the relative affinities and stoichiometries of
CaM,, binding to the PM-Ca-ATPase in erythrocyte ghost
membranes with unoxidized CaM. The use of erythrocyte
ghost membranes to assess CaM-binding to the PM-Ca-
ATPase, furthermore, avoids potential artifacts involving
concentration-dependent alterations in the CaM-binding
stoichiometry that occur following purification of the PM-
Ca-ATPase (Kosk-Kosicka and Bzdega, 1988; Vorherr et
al., 1991; Sackett and Kosk-Kosicka, 1996). The concen-
tration dependence of binding is similar for unoxidized
CaM and CaM,_,, with apparent saturation of all high-
affinity binding sites occurring above 40 nM CaM (Fig. 1).
Increasing the CaM concentration 50-fold results in no
additional binding (data not shown), indicating that under
these conditions all high-affinity CaM-binding sites are occu-
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FIGURE 1 Binding of unoxidized CaM and CaM,, to erythrocyte ghost
membranes. Stoichiometries of unoxidized PMal-CaM ([J) and PMal-
CaM,, (O) bound to porcine erythrocyte ghost membranes were measured
after incubation for 15 min at 25°C in buffer A.
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pied. Thus, the maximal binding stoichiometry of CaM to the
PM-Ca-ATPase is not affected by oxidative modification.

To assess the relationship between the binding sites for
unoxidized CaM and CaM_, on the PM-Ca-ATPase, we
have investigated the ability of CaM,, to displace unoxi-
dized CaM (labeled with the fluorophore PMal) bound to
the PM-Ca-ATPase. A 20 = 7% decrease in the amount of
PMal-CaM bound to the PM-Ca-ATPase was observed
upon incubation of PMal-CaM-saturated erythrocyte ghost
membranes with a 10-fold molar excess of CaM_, with no
significant change in ATPase activity (Fig. 2, 4 and C). In
contrast, a similar concentration of unoxidized CaM dis-
places 84 *= 6% of PMal-CaM bound to the PM-Ca-AT-
Pase. In a complementary experiment, unoxidized CaM was
found to displace 18 * 4% of PMal-CaM_, bound to the
PM-Ca-ATPase (Fig. 2 B), with no significant change in the
relative Ca-ATPase activity (Fig. 2 D). Addition of a 10-
fold molar excess of CaM,_, to these erythrocyte ghost
membranes resulted in an 80 £ 6% decrease in the amount
of PMal-CaM_, bound to the PM-Ca-ATPase (Fig. 2 B).
These results suggest that CaM_, can neither displace un-
oxidized CaM from its binding site on the PM-Ca-ATPase
nor bind to additional binding sequences, and imply that
there are overlapping binding sites on two conformationally
different states of the PM-Ca-ATPase for CaM and CaM,,.
The small decrease in the amount of PMal-CaM bound to
erythrocyte ghost membranes upon addition of CaM,, (Fig.
2 A) is related to heterogeneity within the sample of oxida-
tively modified CaM, because 40 = 10% of the total CaM
is not oxidized at either Met'*> or Met'*® (Gao et al.,
1998a). The decreased maximal ATPase activity associated
with activation of the PM-Ca-ATPase by CaM,, is in agree-
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FIGURE 2 Competition between unoxidized CaM and CaM_, for bind-
ing sites on the PM-Ca-ATPase. Amount of either unoxidized PMal-CaM
(4) or PMal-CaM_, (B) bound to the PM-Ca-ATPase and respective
CaM-dependent enzymatic activity (C and D) before (open bars) and after
the addition of 0.1 uM of either unoxidized CaM (diagonal bars) or CaM
(hatched bars) to erythrocyte ghost membranes. Experimental conditions
involved 0.25 mg ml~" erythrocyte ghost membranes in buffer A at 25°C.
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ment with previous results, which demonstrated that the
oxidation of Met'** or Met'*® in wheat germ CaM prevents
the CaM-dependent activation of the PM-Ca-ATPase (Yao
et al., 1996b; Yin et al., 2000).

Circular dichroism measurements of secondary
structural changes

We have used CD spectroscopy to compare the secondary
structures of unoxidized CaM and CaM_, following calcium
activation and binding to a peptide (C28W) corresponding
to the CaM-binding sequence of the PM-Ca-ATPase. CaM
has previously been shown to bind to this peptide with an
affinity and tertiary structure that is virtually identical to
that of the PM-Ca-ATPase (K; < 1 nM) (Vorherr et al.,
1990; Yao and Squier, 1996). Before peptide binding, the
CD spectra of unoxidized CaM and CaM,, are similar,
suggesting that oxidation does not result in large changes in
secondary structure (Fig. 3 A). In contrast, there are statis-
tically significant differences in the intensity of the CD
spectra as well as the ratio of the molar ellipticities centered
near 208 nm (m77* parallel transition) and 222 nm (n7*
parallel transition) (i.e., [6],0s/[0]555) for unoxidized CaM
and CaM,, bound to C28W (Fig. 3 B). This result is in
contrast to an array of different CaM mutants where peptide
binding has been shown to restore a native-like CD spec-
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FIGURE 3 Circular dichroism spectra of unoxidized CaM and oxida-
tively modified CaM. CD spectra were acquired for unoxidized CaM
(——) and CaM,, (- - -) under conditions of calcium saturation (4) or after
the binding to C28W (B). The spectrum of C28W is shown in B (- - *). In
all cases, the concentration of CaM was 3.6 uM, and when applicable, the
concentration of C28W was 6.0 uM. The contribution of unbound C28W
to the CD spectrum for the complex between CaM and C28W was
subtracted. The experimental buffer contained 10 mM Tris-HCI (pH 7.5),
0.1 MKCIO,, | mM Mg(ClO,),, and 0.1 mM Ca(ClO,),. Temperature was
25°C.
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trum (Haiech et al., 1991; Findlay et al., 1995; Browne et
al., 1997), and suggests that the inability of CaM,_, to
activate the PM-Ca-ATPase results from an aberrant con-
formation within the complex between CaM,, and the
CaM-binding sequence of the PM-Ca-ATPase.

Fluorescence measurements of the backbone
fold of CaM

To detect potential structural differences between unoxi-
dized CaM and CaM,,, we have used fluorescence spec-
troscopy to measure the excited-state fluorescence lifetime
and solvent accessibility of PMal covalently bound to Cys>®
in CaM bound to the CaM-binding sequence of the PM-Ca-
ATPase. These parameters have previously been shown to
provide a sensitive measure of alterations in the backbone
fold of CaM (Yao and Squier, 1996; Yao et al., 1996a,b;
Gao et al., 1998b). For example, oxidation of Met'** or
Met'*® results in an approximately twofold decrease in the
mean fluorescence lifetime (7) and a corresponding twofold
increase in the bimolecular quenching constant (k,) for
PMal-CaM (Gao et al., 1998a). Similar large changes in 7
and k, are observed for PMal-CaM bound to either the
PM-Ca-ATPase or peptides corresponding to different
CaM-binding sequences (Yao and Squier, 1996; Yao et al.,
1996a). In contrast to these earlier results, 7 is similar for
unoxidized CaM and CaM_, bound to the PM-Ca-ATPase
(or C25W) (Table 1). Likewise, the solvent accessibilities of
unoxidized PMal-CaM and PMal-CaM,, bound to either
C25W or the PM-Ca-ATPase to the water-soluble quencher
TEMPAMINE are virtually identical to one another (Fig. 4),
further suggesting that methionine oxidation does not result
in large changes in the global fold of CaM. It should be
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FIGURE 4 Solvent accesibilities of PMal covalently bound to Cys*® in
unoxidized CaM and CaM,_,. Stern-Volmer plots are shown for unoxidized
CaM (M and [J) and CaM,, (® and O) bound to the CaM-binding sequence
of the PM-Ca-ATPase using either the isolated peptide (i.e., C25W) (l and
@) or erythrocyte ghost membranes ([ and O) relative to the unbound
chromophore covalently modified with cysteine (i.e., PMal-Cys) (A). Ex-
perimental conditions involved 1.2 uM CaM in the presence of 3.6 uM
C25W or 10 nM CaM bound to the PM-Ca-ATPase in erythrocyte ghost
membranes (0.25 mg ml~") in buffer A at 25°C.

noted that substantial differences in the fluorescence life-
time and solvent accessibilities of PMal-CaM bound to the
PM-Ca-ATPase in erythrocyte ghosts or C25W arise be-
cause of additional steric and electrostatic interactions be-
tween CaM and structural elements outside the CaM-binding
sequence of the PM-Ca-ATPase (Yao and Squier, 1996).

Spatial separation between opposing globular
domains of CaM

CaM binding is known to stabilize the secondary structure
of CaM-binding sequences within a range of different en-

TABLE 1 Lifetime data associated with PMal-CaM,, binding to the PM-Ca-ATPase
Ligand Sample a, 7, (ns) a, 7, (ns) oy 75 (ns) 7* (ns) xaf
C25W peptide CaM,,
Donor 0.813 (0.002) 2.54(0.08) 0.176 (0.002) 7.7(0.2) 0.011(0.002) 112(14) 4.7(0.4) 1.5(54.8)
Donor-acceptor ~ 0.814 (0.002)  1.60 (0.09)  0.176 (0.003)  5.6(0.2)  0.009 (0.003) 81(2) 3.0(04) 1.2(12.7)
Unoxidized CaM*
Donor 0.78 (0.01) 2.14(0.08)  0.200 (0.008) 9.8 (0.4) 0.016 (0.001) 104 (4) 5.3(0.3) 0.7(7.9
Donor-acceptor  0.78 (0.02) 1.54 (0.06)  0.200 (0.007)  7.3(0.3) 0.016 (0.001) 76 (5) 39(0.2) 1.3(11.9)
Erythrocyte ghosts ~ CaM,,
Donor 0.871(0.004) 1.34(0.09) 0.128 (0.008) 7.7(0.4) 0.001 (0.001) 133(60) 2.3(0.3) 8.6(33.2)
Donor-acceptor ~ 0.830 (0.006)  0.78 (0.08)  0.167 (0.003) 4.8 (0.1) 0.002 (0.001)  47(14) 1.6(0.1) 3.0(17.4)
Unoxidized CaM*
Donor 0.86 (0.02) 0.85(0.06)  0.130 (0.005) 5.8(0.2) 0.005(0.001) 52 (4) 1.7(0.2) 2.2(18.9)
Donor-acceptor  0.87 (0.02) 0.74 (0.04)  0.125(0.003) 5.0(0.2) 0.005(0.001)  43(1) 1.5(0.1) 0.8(8.9)

Average amplitudes (¢;) and lifetimes (7;) were obtained from multi-exponential fits to frequency domain data collected for unoxidized CaM and CaM,
covalently labeled at Cys*® with PMal in the absence (donor) and presence (donor-acceptor) of the FRET acceptor nitrotyrosine'*®. Experimental
uncertainties are indicated within brackets and except for 7, where errors were propagated, represent the maximal variance associated with a rigorous
analysis of the correlated errors between the five fitting parameters relative to the parameter of interest, as previously described (Bevington, 1969; Beechem

et al., 1991).

*Mean fluorescence lifetime (7 = Zo;T).

"The x& for a two-exponential fit to the data is shown in parentheses for comparison purposes.
*From Yao et al., 1996a. Experimental conditions involve either 1.2 uM CaM bound to 3.6 uM C25W or 10 nM CaM bound to 0.25 mg/ml of porcine
erythrocyte ghost membranes in buffer A at 25°C.

Biophysical Journal 80(4) 1791-1801



1796

zymes, including the PM-Ca-ATPase (Meador et al., 1992,
1993; Tkura et al., 1992; Elshorst et al., 1999). This struc-
tural transition is reflected in the large reduction in the
conformational heterogeneity between the opposing globu-
lar domains of CaM following association with the PM-Ca-
ATPase (Yao et al., 1996a; Yao and Squier, 1996). Because
this structural transition may be important to the mechanism
of enzyme activation, it is of interest to investigate whether
methionine oxidation affects the dynamic structure of CaM
bound to the PM-Ca-ATPase. To accomplish this goal, we
have used FRET to measure the average separation and
distribution of distances between the opposing globular
domains of CaM_,. In these measurements, PMal covalently
bound to Cys?® serves as the energy transfer donor, whereas
nitrotyrosine'*® serves as an energy transfer acceptor (Yao
et al., 1994, 1996a). The frequency response and associated
excited-state lifetimes of unoxidized CaM and CaM_, are
essentially unchanged (Table 1). In the presence of nitroty-
rosine'*® the frequency responses of the phase shift and
modulation for both unoxidized CaM and CaM,, are shifted
to higher frequencies (Fig. 5), indicating the presence of
FRET. In comparison with unoxidized CaM, the larger shift
in the frequency response of CaM_, indicates more FRET
and a smaller spatial separation between the opposing glob-
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FIGURE 5 Fluorescence lifetime data of unoxidized CaM and CaM,
bound to C25W. The frequency response of the phase shift (], X, and V)
and modulation (O, ¢, and A) for unoxidized PMal-CaM ([, X, O, and
¢ ) and PMal-CaM_, (V and A) in the absence ([ ] and O) and presence (X,
O, V, and A) of the FRET acceptor nitrotyrosine'*®. Lines represent
least-squares fits to a sum of exponentials (C] and O) or to a Gaussian
distribution of distances (X, ¢, V, and A). Weighted residuals correspond
to the difference between the experimental data and the fit normalized by
the experimental error associated with the phase (i.e., 8.5 = 0.2°) and
modulation (i.e., 8,4 = 0.005). Measurements were made in buffer A at
25°C using 1.1 uM PMal-CaM and 3.3 uM C25W.
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ular domains in CaM,, bound to the CaM-binding sequence
of the PM-Ca-ATPase (Table 2). These results indicate that
the tertiary structure of the complex between CaM,, is
different from that of unoxidized CaM.

The spatial separation between the opposing globular
domains of CaM,, bound to the CaM-binding sequence of
the PM-Ca-ATPase decreases by 2-3 A in comparison with
unoxidized CaM, irrespective of whether one assumes a
unique conformation or a Gaussian distribution of distances
(Table 2). The distance distribution between the opposing
globular domains of CaM,_, bound to either C25W or the
PM-Ca-ATPase are very similar (Table 2). These results
suggest that the sequence within C25W contains the binding
sequence for both unoxidized CaM and CaM,,. However, in
comparison with unoxidized CaM, there is a 5-9-A increase
in the half-width of the distance distribution for CaM_,
bound to either C25W or the PM-CA-ATPase (Table 2).
The larger half-width of the Gaussian distance distribution
for CaM_, bound to the CaM-binding sequence of the
PM-Ca-ATPase indicates that, in comparison with unoxi-
dized CaM, there is greater conformational heterogeneity
between the opposing globular domains of CaM_, bound to
the PM-Ca-ATPase. Because CaM,, binds with a high
affinity and the globular domains retain a native-like back-
bone fold, it is likely that the larger half-width of the
distance distribution reflects increased conformational het-
erogeneity within the CaM-binding sequence. These results
suggest that the CaM-binding sequence of the PM-Ca-
ATPase is conformationally disordered following associa-
tion with oxidized CaM. Alternatively, CaM_, may bind to
a distribution of sites within the CaM-binding sequence of
the PM-Ca-ATPase. However, this latter possibility is un-
likely because 1) the CaM-binding sequence for both un-
oxidized CaM and CaM,, is contained within the 28-amino-
acid peptide C28W and 2) the excited-state lifetimes and
solvent accessibilities of PMal bound to Cys®° in unoxi-
dized CaM and CaM_, bound to the CaM-binding sequence
of the PM-Ca-ATPase are virtually identical (see above).

Rotational dynamics of CaM

The rotational correlation times obtained for CaM bound to
the CaM-binding sequences of the PM-Ca-ATPase are vir-
tually identical to that of CaM bound to either CaM-depen-
dent protein kinase Il or smooth muscle myosin light chain
kinase, whose crystal structures have been solved (Meador
et al., 1992, 1993). These results suggest that the dynamic
structure of CaM bound to the PM-Ca-ATPase is similar to
that observed in the high-resolution structures available for
CaM-dependent protein kinase I[la and smooth muscle my-
osin light chain kinase. The longest rotational correlation
time accurately measures the hydrodynamic volumes of
CaM bound to these target peptides (¢ =106 =04

measured

nS; Gearcutated ~ 10.6 ns) (Yao and Squier, 1996) and pro-
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TABLE 2 Donor-acceptor separation between chromophores between opposing globular domains of CaM,_,

Ligand Sample E%* Ry (A) Tapp (A) R (A) HWT (A) Xa

C25W peptide CaM,, 38 (6) 17.3(0.2) 18.8 (0.8) 16.5(11.1-17.6) 17.7 (14.1-27.0) 0.8

Unoxidized CaM* 27(2) 17.6 (0.2) 20.8 (0.6) 20.9 (20.6-21.2) 8.5(7.4-9.8) 1.6

Erythrocyte CaM,, 32(5) 15.4(0.3) 17.4 (0.6) 17.2 (15.7-19.2) 13.8 (3.9-16.7) 4.0
ghosts

Unoxidized CaM* 15(2) 14.7 (0.2) 19.6 (0.7) 20.2 (19.8-20.6) 8.6 (6.6-10.8) 2.1

Distance measurements were obtained from FRET measurements between PMal located at Cys

26 and nitrotyrosine'*®.

*Observed energy-transfer efficiencies obtained from changes in 7 of PMal-CaM upon nitration of Tyr'*® (Table 1), where

E=1-—

T —TaX(1=f) R;

Ta X fy

~ pb 6
R) + Tapp

E is the corrected FRET efficiency, which takes into account the incomplete nitration of tyrosine (i.e., f, = 0.95 £ 0.04), 7, is the average lifetime of
PMal-CaM, 7, is the average lifetime of PMal-CaM in the presence of nitrotyrosine'®, Tapp 18 the apparent spatial separation between PMal and
nitrotyrosine, and R, is the Forster critical distance where £ = 0.50 (Fairclough and Cantor, 1978; Lakowicz et al., 1991b).

"The average donor-acceptor separation (R,,) and associated half-width (HW) for a Gaussian distribution of distances between donor and acceptor
chromophores (Haas et al., 1978; Beechem and Haas, 1989; Yao and Squier, 1996). Indicated errors (in parentheses) were either propagated or, in the case
of R,, and HW, were obtained from the error surfaces associated with each experimental parameter (Bevington, 1969; Beechem et al., 1991).

Data taken from Yao et al., 1996a. Experimental conditions involve either 1.2 uM PMal-CaM bound to 3.6 uM C25W or 10 nM PMal-CaM bound to

0.25 mg/ml of porcine erythrocyte ghost membranes in buffer A at 25°C.

vides a sensitive measure of possible conformational
changes within the complex between CaM,, and the CaM-
binding sequence of the PM-Ca-ATPase that arise because
of methionine oxidation. It is, therefore, of interest to mea-
sure the rotational dynamics of the complex between CaM_,
and the CaM-binding sequence within the PM-Ca-ATPase
(C25W).

The frequency response of the differential phase and
modulated anisotropy of the complex between CaM,, and
C25W is shifted toward higher frequencies compared with
the complex between unoxidized CaM and C25W, indicat-
ing the presence of faster rotational motion on the nanosec-
ond time scale (Fig. 6). The data can be adequately de-
scribed by a model involving two rotational correlation
times, as indicated by the nearly randomly weighted resid-
uals. Inclusion of additional rotational correlation times
results in no significant improvement in y& (Table 3). The
measured rotational correlation times of CaM_, bound to
C25W (¢ = 0.2 = 0.1 ns; ¢, = 18 = 4 ns) are substan-
tially different from those of unoxidized CaM (¢, = 0.9 =
0.1 ns; ¢, = 10.3 = 0.5 ns), indicating large differences in
their respective structures. The shorter rotational correlation
time (¢,) has previously been demonstrated to reflect the
backbone fold of the bound peptide and the independent
rotational dynamics of pyrene fluorophore, whereas the
longer rotational correlation time (¢, ) is inversely related to
the overall dimensions of the complex (Yao and Squier,
1996). In this respect, it is important to emphasize that the
independent rotational dynamics of either domain of CaM is
~6-7 ns (Barbato et al., 1992), indicating that both do-
mains of CaM remain structurally coupled through their
association with the CaM-binding sequence of the PM-Ca-
ATPase. Thus, in comparison with unoxidized CaM, there
is a large increase in both the rotational dynamics of the
backbone fold and in the overall dimensions of the complex

between CaM_, and C25W. These latter results suggest that
the CaM-binding sequence remains conformationally disor-
dered following association with CaM,,.
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FIGURE 6 Rotational dynamics of unoxidized CaM and CaM,, bound
to C25W. Differential phase (4) and modulated anisotropy (B) data for
CaM ([J) and CaM,, (O) bound to the CaM-binding sequence of the
PM-Ca-ATPase and associated least-squares fits. Weighted residuals (Wt.
Res.) are shown above each plot and represent the difference between the
experimental and calculated values normalized by the errors for these
respective measurements, which were 0.2° and 0.005 for the differential
phase and modulated anisotropy. Experimental conditions involved 1.1
M CaM in the presence of 3.3 uM C25W in buffer A at 25°C.
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TABLE 3 Rotational dynamics of the complex between CaM and the CaM-binding sequence of the PM-Ca-ATPase

Sample p* 8170 ¢, (ns) &ato ¢, (ns) sz-r
CaM,, 0.157 (0.004) 0.18 (0.01) 0.2 (0.1) 0.09 (0.01) 18 (4) 1.5 (22.5)
CaM* 0.138 (0.002) 0.17 (0.01) 0.9 (0.1) 0.10 (0.01) 10.3 (0.5) 0.78 (10.4)

Average values for rotational correlation times (¢;) and associated amplitude values (g;,) were obtained from multi-exponential fits, where 7, and g; are,
respectively, the initial anisotropy in the absence of rotational diffusion and the pre-exponential term. The reported uncertainties are obtained from error
surfaces using the F-statistic and represent the maximal variance associated with one-standard deviation (Beechem et al., 1991).

*P is the steady-state polarization, where P icuiaed = Sox X Pox T (1 — fo) X P and £, = 0.6.

"The numbers in parentheses represents the yx obtained from a one-component fit to the data.

Data taken from Yao and Squier, 1996. Experimental conditions involve either 1.2 uM PMal-CaM bound to 3.6 uM C25W or 10 nM PMal-CaM bound

to 0.25 mg/ml of porcine erythrocyte ghost membranes in buffer A at 25°C.

native

DISCUSSION
Summary of results

Oxidatively modified CaM binds to the PM-Ca-ATPase but
does not induce the formation of a stabilized secondary
structure within the CaM-binding sequence that is normally
associated with enzyme activation. Thus, in comparison
with unoxidized CaM, the complex between CaM,, and the
CaM-binding sequence of the PM-Ca-ATPase displays 1)
an increase in the molar ellipticity apparent in the CD
spectrum (Fig. 3), 2) a smaller average spatial separation
and a larger amount of conformational heterogeneity be-
tween the opposing globular domains (Table 2; Fig. 5), and
3) alterations in rotational mobility that suggest a larger
degree of dynamic disorder associated with the structure of
the CaM-binding peptide (Table 3; Fig. 6). The inability of
oxidized CaM to induce the normal structural transitions
associated with enzyme activation is not the result of the
loss of specific binding interactions involving methionine
side chains, because the nonconservative substitution of
glutamine for methionine does not affect the ability of CaM
to fully activate the PM-Ca-ATPase (Yin et al., 1999).
Likewise, in agreement with earlier measurements in which
large differences in the secondary and tertiary structures of
mutant CaMs were largely abolished upon binding to target
peptides (Findlay et al., 1995; Browne et al., 1997), the
global fold of oxidized CaM assumes a native-like structure
upon association with the CaM-binding sequence of the
PM-Ca-ATPase (Figs. 4 and 5; Table 2). This latter result is
consistent with the similar affinities and maximal binding
stoichiometries of unoxidized CaM and CaM,, for the PM-
Ca-ATPase (Figs. 1 and 2). These results suggest that inhi-
bition of the PM-Ca-ATPase by CaM,, is the result of an
altered binding mechanism that results in the formation of
new and different contact interactions that fail to induce the
normal secondary structural changes within the CaM-bind-
ing sequence associated with enzyme activation.

Relationship to other studies

The CaM-binding site on the PM-Ca-ATPase consists of
~25 amino acids that are highly basic and have a strong
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propensity to form amphipathic a-helices (James et al.,
1988; Falchetto et al., 1991; Crivici and Ikura, 1995). Ac-
tivation of the PM-Ca-ATPase by CaM involves the site-
specific binding of the carboxyl-terminal domain of CaM
followed by the structural collapse and association of the
amino-terminal domain (Sun et al., 2000). CaM-binding
sequences within a range of CaM-regulated enzymes have
little discernable secondary structure before CaM binding,
but generally assume an a-helical conformation 16—17
amino acids in length upon binding CaM (O’Neil and De-
Grado, 1990; Meador et al., 1992, 1993; Trewhella, 1992;
Ikura et al., 1992; Afshar et al., 1994). A similar structural
transition occurs upon CaM binding to the PM-Ca-ATPase,
as the dynamic structure of the complex between CaM and
the CaM-binding sequence of the PM-Ca-ATPase is virtu-
ally identical to that of CaM bound to the CaM-binding
sequences of CaMKIla and MLCK (Meador et al., 1992,
1993; Trewhella, 1992; Ikura et al., 1992; Afshar et al.,
1994; Yao and Squier, 1996; Yao et al., 1996a). Further-
more, the first 12 amino acids within a 20-amino-acid
fragment derived from the CaM-binding sequence of the
PM-Ca-ATPase forms an a-helical structure following as-
sociation with the carboxyl-terminal domain of CaM
(Elshorst et al., 1999). These results indicate that the spe-
cific binding of the carboxyl-terminal domain of unoxidized
CaM to the CaM-binding sequence of the PM-Ca-ATPase
induces the formation of an a-helical structure. Therefore,
the inability of CaM,, to induce the formation of an ordered
secondary structure within the CaM-binding sequence prob-
ably results from an incorrect initial association involving
the carboxyl-terminal domain, which does not induce the
normal structural transition within the CaM-binding se-
quence associated with activation of the PM-Ca-ATPase.
The observation that the CaM-binding sequence of the
PM-Ca-ATPase before enzymatic activation by CaM is
conformationally disordered is consistent with the disor-
dered CaM-binding sequence in the crystal structure of
CaM-dependent protein kinase I (Goldberg et al., 1996).
Thus, the ability of CaM binding to induce an ordered
protein secondary structural element may be a general
feature involving the CaM-dependent activation of target
proteins.
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The inability of CaM_, to activate the PM-Ca-ATPase is
consistent with the observation that site-specific mutations
in CaM can greatly decrease the extent of enzyme activation
associated with CaM binding (Mukherjea et al., 1996;
George et al., 1996; Meyer et al., 1996; Chin and Means,
1996; Chin et al., 1997a,b). For example, a CaM mutant
involving the site-directed mutation of Met'**— Val'** fails
to active nitric oxide synthase and functions as a competi-
tive antagonist with respect to its activation by wild-type
CaM (Kondo et al., 1999). This latter result is of particular
significance, because valine and methionine sulfoxide both
disrupt a-helical structures and would, therefore, be ex-
pected to perturb the structure of CaM (Richardson and
Richardson, 1989; Dado and Gellman, 1993; Schenck et al.,
1996). In contrast, mutations expected to preserve a-helical
secondary structures (i.e., Met'**—Leu'** or Met'**— Phe'**)
retain the ability to fully activate nitric oxide synthase
(Kondo et al., 1999). These latter results suggest that the
disruption of the carboxyl-terminal «-helix results in the
nonproductive binding of CaM to some target proteins,
including the PM-Ca-ATPase.

The functional sensitivity of CaM to oxidation is unusual
and arises because of the large abundance of surface-ex-
posed and functionally important methionine residues (Yao
et al., 1996b; Yin et al., 2000). In contrast, 85-90% of
methionines in most proteins are buried and are not ex-
pected to be sensitive to oxidative stress or to play func-
tional roles (Rose et al., 1985; Richardson and Richardson,
1989). Thus, based on chemical principles and known as-
pects of protein structure, CaM was predicted, and then
demonstrated, to be sensitive to oxidant-induced loss of
function (Yao et al., 1996b; Gao et al., 1998b; Yin et al.,
2000). For these reasons, it is likely that CaM is preferen-
tially oxidized under cellular conditions of oxidative stress,
which result in the increased generation of ROS (Sohal and
Weindruch, 1996; Berlett and Stadtman, 1997; Driver et al.,
2000).

The ability of CaM_, to inhibit CaM-dependent target
enzymes, including calcium pumps, has the potential to
result in the blunted and prolonged calcium transients char-
acteristic of aging neurons (Verkhratsky et al., 1994; Yao et
al., 1996b; Hithmer et al., 1996; Yin et al., 2000). Because
the maintenance of intracellular calcium gradients is ener-
getically expensive, and represents a major fraction of the
total cellular ATP utilization, it is expected that the oxida-
tion of CaM would result in decreased ATP utilization. In
turn, decreases in cellular ATP consumption are expected to
decrease flux through the electron transport chain in the
mitochondria through respiratory control mechanisms. The
decreased flux through the electron transport chain has the
potential to reduce the associated generation of ROS, which
have been estimated to represent ~2% of cellular oxygen
consumption (Turrens, 1997). This may be important if
impairments in the function of key components of oxidative
metabolism, such as a-ketoglutarate dehydrogenase com-

1799

plex and aconitase, result in an increased production of ROS
(Blass, 1996, 2000; Yan et al., 1997; Yan and Sohal, 1998;
Gibson et al., 1999). Alternatively, down-regulation of flux
through the electron transport chain resulting from de-
creases in energy metabolism or the oxidation of key trans-
porters (e.g., the mitochondrial adenine nucleotide translo-
cater) may compensate for a decreased functionality of
electron transfer components (Yan and Sohal, 1998; Squier
and Bigelow, 2000). By reducing the rate of ROS genera-
tion, normal cellular antioxidant defenses (e.g., superoxide
dismutase and catalase), repair enzymes (e.g., MsrA), and
degradative pathways (e.g., the proteasome) have the po-
tential to selectively degrade or repair oxidized proteins
(including CaM,,) and restore cellular function (Sun et al.,
1999; Ferrington et al., 2000; Squier and Bigelow, 2000).

Conclusions and future directions

We have demonstrated that oxidatively modified CaM binds
at a conformationally distinct but overlapping site to that
normally occupied by CaM and fails to stabilize the sec-
ondary structure within the CaM-binding sequence, which
may be critical to enzyme activation. Additional measure-
ments involving high-resolution structural methods using
CaM mutants that permit site-specific oxidation are now
needed to identify the detailed structural reasons underlying
the inability of oxidatively modified CaM to activate the
PM-Ca-ATPase. In addition, to clarify the cellular signifi-
cance of CaM oxidation, it will be important to correlate the
extent of CaM oxidation using intact cells to changes in
calcium regulation, energy metabolism, and cellular sur-
vival following conditions of oxidative stress.
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