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ABSTRACT. In order to investigate the possibility that calmodulin (CaM) may be a principal target of
reactive oxygen species (ROS) produced under conditions of oxidative stress, we have examined wheat
germ CaM for the presence of highly reactive sites that correlate with the loss of function. Using reversed-
phase HPLC and FAB mass spectrometry after proteolytic digestion, we have identified the sites of
modification by hydrogen peroxide. We find that one of the vicinal methionines (i.e .MetMeti47)

near the C-terminus of CaM is selectively oxidized. The ability of CaM to bind and to activate the
plasma membrane (PM)-Ca-ATPase from erythrocytes was measured. There is a 30-fold decrease in the
calcium affinity of oxidatively modified CaM. While there is little change in the binding constant between
the carboxyl-terminal domain of calcium-saturated CaM and a peptide homologous to the autoinhibitory
sequence of the PM-Ca-ATPase, we find that there is a 9-fold reduction in the affinity of the amino-
terminal domain of CaM with respect to the ability to bind target peptides. The extent of oxidative
modification to one of the vicinal methionines near the carboxyl-terminal domain correlates with the loss
of CaM-dependent activation of the PM-Ca-ATPase. The presence of oxidatively modified CaM prevents
native CaM from activating the PM-Ca-ATPase, indicating that the oxidatively modified CaM binds to
the autoinhibitory sequence on the Ca-ATPase in an altered nonproductive conformation. We suggest
that the functional sensitivity of CaM to the oxidation of one of the C-terminal vicinal methionines permits
CaM to serve a regulatory role in modulating cellular metabolism under conditions of oxidative stress.
The predominant oxidation of a methionine near the carboxyl terminal of CaM is rationalized in terms of
the enhanced solvent accessibility of these vicinal methionines.

A growing body of literature suggests that oxidative stress oxidative modification of specific amino acids and the
and the associated production of reactive oxygen speciesassociated functional consequences have been identified in
(ROSY are normal consequences of oxidative metabolism, functionally relevant calcium-regulatory proteins.
primary factors associated with aging and a range of In order to mechanistically understand the observed
degenerative and debilitating diseases, and are identified withrelationships between oxidative stress, the production of
the loss of calcium regulation that often precedes cellular ROS, and the rise in intracellular calcium levels we have
death (Harman, 1987; Nicotera et al., 1991; Kukreja & Hess, focused our attention on two of the major proteins involved
1992, 1994; Coyle & Puttfarcken, 1993; Rosen et al., 1993). in both calcium signaling and calcium homeostasis in all
It is now clear that cellular proteins are susceptible to ROS, cells, i.e., calmodulin (CaM) and the plasma membrane
and that the selective modification of amino acids in the (PM)-Ca-ATPase. The latter protein is activated by CaM
active site of proteins can have a significant impact on to maintain the low intracellular calcium concentrations
cellular function [reviewed by Stadtman (1992, 1993)].
However, there are currently limited examples in which the 1 Appreviations: amu, atomic mass unit; CaM, calmodulin; C25W,

a peptide homologous to the CaM binding sequence on the autoinhibi-
tory domain of the plasma membrane Ca-ATPase whose sequence is
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characteristic of healthy cells, and is functionally impaired specific sites of oxidative modification and function. The
during both normal cellular aging and ischemic damage single tyrosine in the carboxyl-terminal domain (i.e., 1By
(Carafoli, 1987, 1991; Falchetto et al., 1991; Michaelis, 1989; enables us to use the associated fluorescence signal to
Michaelis et al., 1992). While the loss of calcium transport monitor protein structural changes associated with calcium
function has been suggested to involve ROS (Kukreja & binding site IV. The unique cysteine (i.e., Gysin the
Hess, 1992; Chaudie, 1994), it is unclear if the target of amino-terminal domain (Figure 1) allows the covalent
oxidative modification is the PM-Ca-ATPase or may involve attachment of a fluorophore (i.e., pyrenylmaleimide), as
its activator CaM. However, the decline in the maximal previously described to selectively monitor conformational
ATPase activity of the PM-Ca-ATPase observed in intact changes associated with calcium binding to site I. Together,
human red cells associated with aging can be reversedthese unique fluorescent reporter groups permit the monitor-
subsequent to purification of the erythrocyte ghosts and ing of the conformational coupling between the opposing
addition of exogenous CaM (Clark & Shohet, 1985; Clark, globular domains, and measurement of the binding affinity
1988), suggesting that CaM may be the principal target of of CaM to target peptides (Yao et al., 1994). The functional
ROS during normal aging. The emphasis of the current study relevance of oxidative modification was measured with
with respect to the assessment of the sensitivity of CaM to respect to the ability of CaM to activate the PM-Ca-ATPase,
oxidative damage is based upon both the physiological permitting us to assess possible relationships between the
importance and amino acid composition of CaM (see below). oxidative modification of CaM and the loss of calcium
CaM is a ubiquitous and abundant (approximately80 regulation associated with conditions of oxidative stress
in brain) eukaryotic calcium binding protein found in all (including aging). Correlations between the oxidative modi-
eukaryotic tissues, which functions in the regulation of a fication of defined sequences within CaM, structural changes
range of cellular processes, including muscle contraction, associated with calcium activation, and the subsequent
neurotransmission, neuronal plasticity, cytoskeletal assembly,binding to peptides that are homologous to the autoinhibitory
and a host of reactions involved in the energy and biosyn- domain of the PM-Ca-ATPase are discussed in terms of the
thetic metabolism of the cell [reviewed by Carafoli (1987) possible regulation of cellular metabolism by ROS.
and Wylie and Vanaman (1988)]. CaM contains an excep-
tionally high content of methionine residues (eight in plants, EXPERIMENTAL PROCEDURES
nine in animals) that correspond to about 6% of the amino  Materials. Hydrogen peroxide (kD) was obtained from
acids (4 times the average occurrence of this amino acid inFisher (Pittsburgh, PA)N-(1-Pyrenyl)maleimide (PM) and
most proteins). The high methionine content in CaM is 1-[2]-(5-carboxyoxazol-2-yl)-6-aminobenzofuran-5-yl-2-(2-
related to the ability of CaM to activate a wide range of amino-5-methylphenoxy)ethadéN,N’,N'-tetraacetic acid)
target proteins with variable binding sites (O’Neil et al., 1989; (FURA-2) were obtained from Molecular Probes, Inc.
Gellman, 1991; Williams, 1992; Crivici & lkura, 1995). In  (Juntion City, OR). Trifluoroacetic acid (TFA) was obtained
fact, the high-resolution structure of the calcium-liganded from Aldrich (Milwaukee, WI). Type XlIl TPCK-treated
form of CaM in association with the autoregulatory sequence trypsin and type I-S soybean trypsin inhibitor were obtained
from both skeletal and smooth muscle myosin light chain from Sigma (St. Louis, MO). Endoproteinase Glu-C from
kinase and calmodulin-dependent protein kinase demonstrateStaphylococcus aureus \@as obtained from Boehringer
that essentially all methionines are involved in the interaction Mannheim (Indianapolis, IN).**CaC} was obtained from
with target peptides, and methionine residues comprise nearlylCN (Costa Mesa, CA). All other chemicals were the purest
half of the binding surface (O’'Neil & DeGrado, 1990; grade commercially available. CaM was purified from wheat
Meador et al., 1992, 1993; Ikura et al., 1992). Methionine germ using the procedure outlined by Strasburg et al. (1988),
is easily oxidized to the corresponding sulfoxide by a range and purity was assessed by both SEFAGE and HPLC.
of ROS with rate constants comparable, and sometimesPorcine erythrocyte ghosts were prepared essentially as
higher than the comparable oxidation of cysteine in its described by Niggli et al. (1979). Purified wheat germ CaM
protonated form. In addition, oxidation of the nonpolar and ghosts were stored af70 °C. CaM binding peptide
thioether to the corresponding sulfoxide results in a dramatic C25W (QILWFRGLNRIQTQIRVVNAFRSSC) was synthe-
increase in polarity (Gellman, 1991). Thus, the high content sized and purified by HPLC by the Biotechnology and
of methionine residues in CaM is likely to predispose this Microchemical Core Facility at Kansas State University.
protein to oxidative modification in the cytosol. In support CaM binding peptide F52 (KKKKKFSFKKPFKLSGLS-
of this hypothesis, Fliss and Docherty (1987) identified FKRNRK) was kindly provided by J. David Johnson (Ohio
significant levels of methionine oxidation in rat heart tissue State).
and myocytes exposed to ROS generating systems, and have Specific Deriatization of Cys; in CaM with PM. The
identified the calcium-regulating excitatiocontraction sys-  chemical modification of Cys was carried out essentially
tem in ischemic heart tissue as a primary target for ROS. as described in Yao et al. (1994), where the specificity of
In the present study, we have assessed the oxidativelabeling the single cysteine in wheat germ CaM was
damage to wheat germ CaM by hydrogen peroxide, cor- described in detail. The extent of label incorporation was
relating oxidative modifications of specific amino acids with determined using the molar extinction coefficient for PM
alterations in the structure and functional properties of CaM. (ez43 = 36 000 Mt cm™). In all cases, derivatization of
Wheat germ CaM has 90% sequence identity to animal CaM native or oxidatively modified CaM with PM resulted in the
and fully activates target proteins from animal sources quantitative labeling of Cys such that greater than 90% of
(Strasburg et al., 1988; Yao et al., 1994). Wheat germ CaM the site was modified, irrespective of whether labeling was
was used in the present study due to its unique amino acidcarried out using native or oxidatively modified CaM. Prior
composition. The single pair of vicinal methionines simpli- to chemical derivatization, CaM was first dissolved in 6 M
fies the analysis of the functional relationships between GnHCI, 25 mM HEPES (pH 7.5), 50 mM DTT, and 1 mM
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EDTA buffer and incubated at 2%C for 2 h in order to per minute, essentially as described previously (Ota & Clark,
eliminate intermolecular cross-linking. DTT was removed 1989). The respective peaks were monitored at 214 nm. The
by dialysis against deionized water prior to lyophilization. detected peaks were pooled, lyophilized, and subjected to
CaM concentration was determined using the micro BCA fast atom bombardment (FAB) mass spectrometry. Mass
assay (Pierce, Rockford, IL), using a stock solution of spectra were obtained on an AUTOSPEC-Q tandem hybrid
desalted bovine CaM as a standard, whose concentration wasnass spectrometer (VG Analytical Ltd., Manchester, U.K.)
determined using the published extinction coefficient for equipped with an OPUS data system. FAB mass spectrom-
bovine CaM §,77 = 3029 Mt cm™®in the presence of 0.1  etry experiments were performed using a cesium gun
mM CaCl; Klee & Vanaman, 1982; Strasburg et al., 1988). operated at 20 keV energy andgA emission. Sample
The apparent extinction coefficient for desalted wheat germ solutions in CHCN/H,O (1:1) were added to thioglycerol/
CaM in the presence of 0.1 mM CaClas therefore  glycerol (1:1) as the matrix. Peptide esterifications were
determined to be,7z = 1565 Mt cm%, and is consistent  carried out by dissolving dried peptide fractions in 0.2 N
with the presence of a single tyrosine (bovine CaM has two acetyl chloride in hexanol and warming at 36 for 1 h.
tyrosines), the observed modification of 0-28.05 cysteine  The hexanol peptide solutions were analyzed directly. Mass
per CaM with DTNB, and the calcium binding stoichiometry identification was assisted through the use of software
of 4.07 £ 0.05 calciums bound per CaM (see below). (GPMAW from Lighthouse data, Aalokken 14, DK-5250,
Oxidative Modification of Methionine within CaM60uM Odense SV, Denmark) that permits the identification of all
CaM (1.0 mg/mL) was dissolved in 50 mM HOMOPIPES, possible combinations resulting from proteolytic digestion
0.1 M KCI, 1 mM MgClh, and 0.1 mM CaGlat pH 5.0. that are consistent with an experimental mass, and facilitates
H.O, was added to make the final concentration 5 mM, peak identification through the prediction of the elution
where the concentration of B, was determined using the profile of individual peptides based on an average hydro-
extinction coefficient at 240 nmefqo = 39.4 4+ 0.2 M? phobicity index (Kyte & Doolittle, 1982).
cm%; Nelson & Kiesow, 1972). Under these conditions, Calculation of Free CaM ConcentrationsThe concentra-
methionines are predicted to be selectively oxidized to their tion of free CaM was obtained from the relationship:
corresponding sulfoxide (Vogt, 1995). The oxidation was
carried out at 258C. At different time intervals, the reaction [CaM;ee = [CaM]igia = (Vimax — VICaM] o (1)
was terminated by applying the sample onto a Sephadex G-25
column (1.6x 23 cm), and CaM was separated from the where Vs is the maximal calmodulin-dependent ATPase
unreacted KO, and was subsequently lyophilized. activity, V is the observed ATPase activity at a defined
Enzymatic AssayThe Ca-ATPase activity of erythrocyte  concentration of CaM, [CaMl. is the concentration of CaM
ghosts was determined using the methods described byfree in solution, [CaM}y, is the total concentration of CaM
Lanzetta et al. (1979) for measuring phosphate release. Theadded to the solution, and [CapMk is the total binding
ghost membrane protein concentration was determined bycapacity of the erythrocyte ghosts for CaM, which was
the method of Biuret (Gornal et al., 1949). When applicable, estimated to correspond to 18 pmol of CaM bound per
the free calcium concentration was calculated using a milligram of erythrocyte ghost. The latter number is in good
modified version of the computer program previously agreement with earlier evidence that indicates that (i) the
described (Fabiato & Fabiato, 1979; Fabiato, 1988), which PM-Ca-ATPase represents virtually the only CaM binding
calculates the multiple equilibria between all ligands in protein in the purified inside-out erythrocyte ghosts used in
solution. The free calcium concentration was confirmed this study, (ii) one CaM binds to every two PM-Ca-ATPase
using 1-[2-(5-carboxyazol-2-yl)-6-aminobenzofuran-5-oxy]- molecules, and (iii) the PM-Ca-ATPase represents about
2-(2-amino-5-methylphenoxy)ethahEN,N'N'-tetraacetic acid ~ 0.5% (w/w) of the total membrane protein in porcine
(FURA-2; dex = 340 nm; Aem = 510 nm), as described erythrocyte ghosts [Hinds & Andreasen, 1981; Cavieres,
previously (Yao et al.,, 1994). In all cases, we find an 1984; Kosk-Kosicka et al., 1990; Vorherr et al.,, 1991;
apparent dissociation constant of 8 5 nM, in close reviewed by Carafoli (1987)].
agreement with the literature valuedke 0.1 4M (Haugland, Fluorescence Spectroscopy Measuremei@teady-state
1992)]. fluorescence intensities and time-resolved fluorescence life-
Equilibrium Dialysis. The stoichiometry of calcium times were measured using an ISS K2 fluorometer, as
binding to CaM was determined using 0.2 mMCaCh described in detail (Yao et al., 1994). Excitation was at 351
(20 000 cpm/nmol) that was equilibrated with 3™ CaM nm for pyrenylmaleimide-labeled CaM and at 275 nm for
(0.5 mg/mL) in a buffer containing 0.1 M KCI, 1 mM Mg§&| tyrosine, using a Coherent Innova 400 laser with extended
and 100 mM HEPES (pH 7.5) essentially as previously ultraviolet capabilities. Spectra were acquired with a Jovin

described (Burgess et al., 1980). Yvon monochromator with a single grating using 4 nm slits.
Identification of Proteolytic Fragmentsin order to assess  Unless otherwise specified, the fluorescence emission of
sites associated with oxidative modification, CaM (8a) pyrene was collected using a Schott GG400 long-pass filter,
was subjected to exhaustive tryptic digestion (EMbtrypsin and in the case of tyrosine, the fluorescence emission was
in 50 mM potassium phosphate at pH 8.0 for 9 h af@j. collected using an Oriel band-pass filter centered at 320 nm
Digestion was stopped upon addition of L& trypsin (full-width half-maximum is 10 nm). All necessary correc-

inhibitor. Alternatively, CaM (12Q:M) was digested with  tions were made for the contribution of the observed steady-
endoproteinase Glu-C (0.2 mg/mL) in 50 mM sodium state signal intensity originating from Raman scattering (Yao

phosphate at pH 7.8 for 12 h at 3Z. Proteolytic fragments et al.,, 1994). In all cases, the sample temperature was
were separated on HPLC using a Vydac C4 reverse-phasemaintained at 25C.

column employing a linear gradient varying from 0.1% TFA  Decays of Fluorescence Intensitis described in detalil

to 0.1% TFA in 80% acetonitrile/20% water at a rate of 1% (Yao et al., 1994), the fluorescence decays of pyrenylmale-
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imide and tyrosine were fit using the method of nonlinear whereY in general represents the fraction of sites occupied
least squares to a sum of exponential decays (Bevington,with respect to a binding isotheriq; represents the intrinsic
1969): association constant, and %} is the concentration of the
unbound ligand, which corresponds to either the free calcium
or the CaM concentration. In the case of enzyme activation,
Y represents the fraction of sites occupied that result in
enzyme activation.

wherea; are the preexponential factors,are the excited In the case of multiple ligand binding sites, one can
state decay times, anM is the number of exponential ~€xplicitly analyze for the relative affinities and cooperative
components required to describe the decay. Subsequent tdnteractions between the individual ligand binding sites:
the measurement of the intensity decay, one can calculate

N
1) =y oue ™™ )

2
the average lifetimeg, which is weighted by the amplitudes v = KulX] free + 2Ko[X] free ©6)
associated with each of the preexponential terms, where 2(1+ Ki[X] free + K[X] freez)

T= Zaﬂi 3) where the macroscopic equilibrium const&atcorresponds

: to the sum of the intrinsic equilibrium constanks &ndk,)
associated with ligand binding to the two classes of binding

andT is directly related to the average time the fluorophore < e e
sites andK;, represents the intrinsic equilibrium constant for

is in the excited state. The amplitude weighting implies a > ™= <"~ ! " ;
direct relationship betweehand the quantum yield of the ~ Pinding ligand to both classes of ligand binding sitasoz).
fluorophore (Luedtke et al., 1981). Errors in the average This provides a quantitative estimate of the lower limit with

lifetime are propagated, as described in Bevington (1969): respect to the cooperative interactions between the sites (i.e.,
kiz; Pedigo & Shea, 1995). An analogous expression useful

0.2 0.2 o2 with respect to the analysis of peptide binding to CaM is
t_ % + i 4) the equivalent Scatchard form of the binding equation
72 Z 0?2 72 (Matthews, 1993):

i .

where g, and o, represent the standard errors associated [Peptidehoung=

with the amplitudes and lifetimes resolved from the fluo- K [peptide}.+ 1
rescence intensity decay, and were determined from a . . 2| %
consideration of they? surface of each parameter, as 1+ Ky[peptide}, + K;K[peptide}.

previously described (Johnson & Faunt, 1992; Yao et al., maximal binding (7)
1994).

Cal)culation of Salent Accessibility. The structure of In this equatior!Kl andK; represent the aseociation constants
wheat germ CaM was modeled using the published coordi- for each do_maln on C'aM vylth_ respect to its association Wlth
nates for the crystal structures of human CaM (PDB File target peptides. Peptide binding curves were measured using
1cLL; Chattopadhyaya et al., 1992) and paramecium CaM the fluorescence c_hanges associated vv_|th elth_er PM Iocated
(PDB File losa; Rao et al., 1993) available from the at Cysy or the intrinsic probes located in calcmm binding
Brookhaven Protein Data Bank, using the Protein Design Site IV on CaM (i.e., Tyfsg) or on the target peptide C25W
module of the QUANTA modeling package (Molecular (|.e.., Tr). Assuming that one peptide binds to one CaM
Simulations, Inc.). Subsequent to energy minimization with [reviewed by Crivici and Ikura (1995)] and that the observed
isotropic harmonic constraints using the CHARMM program ﬂuorescence changes were linearly related to the concentra-
(Bruccoleri & Karplus, 1986), the relative solvent acces- tion of bound peptide, then:
sibilities of the individual methionines in these structures I(F = F)l
were calculated relative to the exposed surface area to water, eptide =9

[p p ]Jound —
|(Fmax Fo)|

which was modeled as a sphere with a radius of 1.6 A. The

solvent accessibility of Met in CaM was compared with a

small dipeptide (Gly-Met) and free sulfur, where the exposed whereF is the initial fluorescence;max is the fluorescence

surface area of sulfur is 44.1 and 50.2, Respectively. observed in the presence of saturating concentrations of
Calculation of Model-Dependent Fitting Parameterts peptide, and- is the observed fluorescence at a particular

order to quantitate the effect of oxidative modification at CaM concentration. [CaM]a is the total concentration of

selective sites on CaM with respect to calcium activation, €aM in solution, and [peptidgjuna is the concentration of

the binding of target proteins, and the activation of the PM- Peptide that is associated with CaM. Knowing [peptisia}

Ca-ATPase, we have fit our data to standard models it is possible to calculate the concentration of peptide free

involving the binding and activation of proteins involving in solution (i.e., [peptidele), where

one, two, or three binding sites, as discussed in detalil . . . .

elsewhere (Matthews, 1993; Pedigo & Shea, 1995). There- [Peptide}. = [peptide]y, — [peptideon  (9)

fore, if one assumes that there is a homogeneous population

of independent ligand binding sites, then a titration of binding th

(or enzyme activation) can be fit to the equation:

[CaM]ygta (8)

In order to fit our data to relevant equations relating to
e calcium and peptide binding affinity of native and
oxidatively modified CaM, we used the Levenbeigar-
K,[X] quardt algorithm contained in the programs ORIGIN (Mi-
—_ urfree (5) crocal Software, Inc., Northampton, MA) and Mathcad
1+ KyX] free (MathSoft Inc., Cambridge, MA) to extract free energy
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parameters relating to the properties of the native and [CaM], 4ive = A[CaM] i (12)
oxidatively modified CaM (Press et al., 1988). In the latter

case, we were able to enhance the certainty of the calculatecand

constants by simultaneously fitting a complete data set

(containing five samples) obtained from CaM that contained [CaM]y, = (1 — o)[CaM]qy (13)

variable degrees of oxidative modification to a two-state

model. where wherea represents the fractional population of CaM with

native-like structure, and < 1.0.
F(X) = Z[aiYCaM

+ (1 — o)) Yeay, . JSPaN+ RESULTS

Oxidation of CaM by HO,. It has been suggested that
some proteins contain specific amino acids that are prone to
The associated amplitudes for nativg)(and oxidatively oxidation, and selectively inhibit activity (Stadtman, 1993).
modified (1 — a; ) CaM are taken to be representative of We wish to establish whether CaM might be selectively
the populations of native-like and structurally modified CaM. oxidized by ROS. Therefore, it is necessary to first define
Span represents the dynamic range of the dependent variablegxidatively sensitive sites, and then (see below) assess
and minimum represents the value of the dependent variablewhether these sites are functionally significant. In view of
at low ligand concentration. The association constants the oxidative sensitivity of methionine and their important
obtained for native CaM alone are used to Y§CaM ) asive functional role in defining target protein binding sites in CaM
permitting a quantitative assessment relating to the propertiedGellman, 1991; Williams, 1992; Meador et al., 1992, 1993;
of the oxidatively modified CaM species. The associated |kura et al., 1992; Vogt, 1995; reviewed by Crivici and lkura
errors of the recovered parameters were obtained from a(1995)], our strategy was to use oxidizing conditions that
consideration of the error surfaces usingfhstatistic, where ~ are as specific as possible for methionine (i.eOkat pH
the parameter of interest was systematically varied and all5.0), in order to determine the relationship between specific
other parameters were floated to quantitatively consider sites of oxidative modification in the primary sequence and
possible cross-correlations between the calculated parameterfinctional alterations in the protein. Therefore, CaM was
(Johnson & Faunt, 1992). In the case of nonsymmetric error €xposed to 5.0 mM kD, for variable periods of time (i.e.,
surfaces, the indicated uncertainty corresponds to the maxi-0, 1, 2, 4, and 10 h at 2%), and the structural and functional
mal deviation and is tabulated as the variance of the consequences of oxidative modification were determined. It
measurement. The significance of observed differences inshould be noted that 4, selectively oxidizes methionine
the association constants between native and oxidativelyresidues at acidic pH, whereas other amino acids such as
modified CaM (see below) was calculated using the Studentstyrosine and cysteine may also be affected at physiological
t-test usingP < 0.05 to define a 95% confidence level. pH and higher (Vogt, 1995). The relative positions of the

. L : . 0
In the presence of oxidatively modified CaM, one observes eight methionines found in plant CaM (which has 90%

a decreased maximal velocity of the PM-Ca-ATPase that \s/:ggﬁ?;:t?ggt% ‘m]i?\rlﬁeadﬁmg?alszmﬁ;cg \:ﬁlzg\t/e (tacr)m
suggests that oxidatively modified CaM acts as a nhoncom- P y seq 9

petitive inhibitor of the PM-Ca-ATPase (see Results). In CaM are illustrated (Figure 1A), and their relative placement

order to quantify this effect, we made use of the equation within the tertiary structure of calcium-saturated CaM is
(Matthews, 1993): highlighted (Figure 1B). The positions of the individual

methionines are designated relative to the peptide fragments
generated subsequent to exhaustive tryptic digestion (Figure

native

minimum (10)

ATPase _ .
—_— = 1A; see below).
ATPasGy Resolution of Tryptic Peptides by HPLAn order to
[CaM], .ive define the positions of the modified amino acids in the
(LK )(L + K [CaM],) + [CaM], .., d1 + K,[CaM],) primary sequence, we subjected CaM that had been exposed

to H,O; for various periods of time (see above) to exhaustive
tryptic digestion and isolated the tryptic fragments of both
the native and oxidized CaM using reversed-phase HPLC
where ATPase is the observed CaM-dependent ATPasein order to identify their correspondence to the primary
activity at a particular concentration of CaM, ATPasés sequence of CaM (Figure 2). We were able to separate 11
the maximal observed calmodulin-dependent ATPase activity major tryptic fragments from native (unoxidized) CaM,
at saturating concentrations of CaM, [CaM]eand [CaM]x whose retention times on a C4 reversed-phase column vary
are the relative concentrations of native and oxidatively between 15 and 50 min. Since the exhaustive digestion of
modified CaM,K, is the association constant for native CaM CaM with trypsin is predicted to generate 12 major fragments

(11)

binding to the PM-Ca-ATPase, arfl is the association
constant for oxidatively modified CaM binding to the PM-
Ca-ATPase. In this analysik, is obtained from a consid-

containing 3 or more amino acids (Toda et al., 1985), it is
clear that the majority of the tryptic fragments were resolved.
The positions of the 8 methionines are depicted (Figure 1),

eration of native CaM in the absence of oxidatively modified and the associated tryptic fragments are numbered sequen-
CaM, and in order to account for the variable degree of tially from the amino terminal of CaM relative to the 12
oxidative modification, we consider the relative concentration predicted tryptic fragments. Subsequent to the exposure of
of native and oxidatively modified CaM whose tertiary CaM to HO,, we observe that the relative peak heights and
structure has been modified so as to alter the parameter ofareas of the vast majority of the tryptic fragments are
interest to represent a variable for each experiment, such thatunaffected, indicating that under these experimental condi-
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Ficure 2: HPLC resolution of tryptic peptides following oxidation

of calmodulin with HO,. Two representative chromatograms are
shown corresponding to the resolved peptides subsequent to
exhaustive tryptic digestion (9 h, 3T) of control and oxidatively
modified calmodulin. The oxidatively modified sample illustrated
was obtained subsequent to incubation of CaM in the presence of
5 mM H,O, for 10 h at pH 5.0. The assignments of the parent
fragments and the corresponding sulfoxides are shown with respect
to the 12 expected tryptic peptides, as described in Table 1. The
amino-terminal fragment T1 (Ala-Lys;4) and the small tryptic
fragments (i.e., T5 and T6) corresponding to tgyd ys;g are not
observed in this digestion. Likewise, tryptic fragments T2 and T10
overlap and are not resolved from one another under these
conditions. T#T8 is a single peptide that was not cleaved atgkys
Peptides were separated on a Vydac C4 reversed-phase column
employing a linear gradient varying from 0.1% TFA to 0.1% TFA

in 80% acetonitrile/20% water at a rate of 1% per minute. The
respective peaks were monitored at 214 nm. The detected peaks
were pooled, lyophilized, and subjected to FAB-mass spectroscopy.
FiGURe 1: Positions of methionines within calmodulin. (A) The background absorbance from the solvent was digitally sub-
Positions of the eight methionines within the primary structure of tracted from both chromatograms.

wheat germ CaM are illustrated to facilitate the direct comparison

of the oxidative sensitivities of the various tryptic fragments This provides a quantitative identification of the relationship
presented in Figures 2 and 3. The positions of tryptic cleavage sitespenyeen parent peaks and their associated oxidative product

within the primary sequence of CaM are designated with vertical . . -
arrows, and the 12 fragments generated subsequent to tryptic(FIgure 2). Under these experimental conditions, we are not

cleavage are indicated by the letter T followed by a number. The @ble to resolve the two overlapping tryptic fragments with
tryptic fragments are numbered relative to the amino-terminal retention times of 34.6 min (T2 and T10). Therefore, it was
domain as previously described (Toda et al., 1985)f2yd Tykizo necessary to define other experimental conditions to quan-

represent sites associated with fluorescence signals, as describeg; .+ [ ; it
in the text. (B) The relative positions of all eight methionines within ﬂtatl\_/e_zly measure the sensitivity of these pepides to oxidative
modification (see below).

the tertiary structure of CaM are highlighted in the ribbon drawing
of the backbone fold of the calcium-saturated form of CaM. The  Identification of Amino Acid Modifications in CaM by
coordinates are taken from Brookhaven Protein Data Bank file Positve FAB Mass SpectrometryThe tryptic fragments
O e oo e oeenvamSaces soparated by reversed-phase HPLC were identfied using
calcium Iigar?ds. Thepmodel does not attempt to depict FI)<nown FAB mass spectrometr_y. . I_n addItIO.I’I to recording the
alterations in the tertiary structure that occur in solutionrfkeet molecular masses of the individual peptide fragments, several
al., 1992; Yao et al., 1994; reviewed by Crivici and Ikura (1995)]. fragments (e.g., T#T8; Table 1) have been derivatized by
esterification with hexan-1-ol in hydrochloric acid (Falick
tions HO, modifies a limited number of amino acids. & Maltby, 1989). This method greatly enhances the mass
However, a reduction is observed in the relative areas of spectrometric response factor for polar peptides and yields
several peaks in the chromatogram obtained from the protonated molecular ions of masses{M™) which are 84
oxidized CaM relative to that observed in native CaM, with mass units higher than the nonderivatized peptide for each
retention times of 17.4 min (T12), 23.7 min (T3), and the derivatization site, and provides increased confidence with
doublet of peaks at 49 min (T4), that is associated with the respect to the identification of the purified peptides obtained
appearance of the corresponding oxidation products with from the trypsin digestion of CaM. The masses of isolated
retention times of 11.8 min [T12(S0)], 18.9 min [T3(SO)], peptides are compared to the expected theoretical masses of
a doublet of peaks at 43 min [T4(SA)and a doublet of  the tryptic fragments (Table 1). One observes that in all
peaks at 46 min [T4(SO)]. The relationship between the cases the experimentally observed mass is within 0.1% of
parent peaks and their corresponding oxidation products wasthe theoretical mass from that expected for the corresponding
independently obtained by the selective oxidation of specific protonated peptide fragment. The identifications of T12, T3,
tryptic fragments with HO,, and these peptides were and T4 are further confirmed by the correspondence between
subsequently rechromatographed in order to determine thethe loss of parent peaks upon oxidative modification, and
alteration in retention times associated with the oxidized the generation of oxidative products with the expected masses
products of the parent tryptic fragments (data not shown). and retention times on HPLC chromatograms corresponding
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Table 1: FAB Mass Spectroscopic Identification of Tryptic Fragments Isolated from Native and Oxidatively Modified Calfodulin

peak tr (Min) sequence derivatization withyi€,30H/HCI [M~+H] theoreticdd [M +H] " experimental
T12(SOY 11.8 Vigs—(MO)—K 149 595.3 595.2
T8 14.8 Es—Ro1 522.3 522.4
T12 17.4 Mas—K1a9 579.3 579.4
T3(SO¥ 18.9 B2—(MO)—Rss 821.4
T3 23.7 E2—Rss 805.4 804.8
T7+T8 294 Do—Ro1 1568.8 1569.1
+1 CsH130H/—1 H,0 1652.8 1653.0
+2 GsH130H/—2 H,0 1736.9 1736.9
+3 CsH130H/—3 H,0 1821.0 1820.6
+4 CsH130H/—4 H,0 1905.1 1904.7
T9" 30.9 Dys—Rio7 1321.6 1321.7
T11° 31.8 B2s—Kias 1927.8 1928.1
T9 32.8 Voo—Ri07 1810.9 1811.3
T10 34.6 Hos—Ri27 2404.0 2403.5
T2 34.6 Bs—Ks1 1846.9 1847.0
T4(SO) 42.6/43.3 $—(MO)2—Rzs 4099.4
T4(SOY 45.9/46.1 $—(MO)—Rys 4083.4 4085
T4 48.7/49.6 S Rzs 4067.4 4070

a2 The mass scale accuracy for the FAB experiment was 0.02% when calibration samples were rerun during the course of the peptide work. The
mass accuracy of a given experiment will be affected by the ion statistics of the peptide of interest. There were no ambiguities relating to the mass
assignments of the peptide ions, and all peptide ions were detected with an accuracy within 0.1% of the theoretical mass of the peptide of interest.
b Calculated masses based on monoisotopic isotope distribution, except for T4 and T10 tryptic fragments, where isotopic masses are not resolved.
¢ Average mass of MHisotopic envelope? These oxidative products were independently identified subsequent to the selective oxidative modification
of the methionines in the parent peaks, which were then rechromatographed for identification p@rpbsepeak contains an impurity with
[M+H]* = 1550 and 1536. These masses are not native peptide tryptic fragments. The N-terminal tryptic fragment (T1) was not located; however
T1-K would be 1536 and T2Ac—Ala would be 1550.

to the generation of the methionine sulfoxide derivatives (i.e., 8-10 h at pH 8), we expect considerable deamidation
(Figure 2). of Asns; and, in part, also of the other Asn residues, that are
The mass spectrometric identification of the peptides Probably responsible for the observed heterogeneity in the
associated with tryptic fragment T4 (which appears as a HPLC chromatogram associated with tryptic fragment T4.
doublet; Figure 2) reveals the existence of a single resolved Separation of @erlapping Peptides.Two peptide frag-

species with an average molecular masswi = 4070, ments generated subsequent to tryptic digestion are not
which is within the experimental error of the theoretically individually resolved in our chromatogram (i.e., a mixture
expected average mass for the T4 fragment (e = of T2 and T10; Figure 2). Although the peak areas

4067.4 for [VH-H*]) (Table 1). Because the T4 fragment associated with these fragments do not appear to appreciably
appears as an HPLC doublet and only one peptide mass washange upon exposure of CaM te®4, T10 contains two
resolved, it is possible that the heterogeneity observed inmethionines and should be sensitive to modification b@4

the chromatogram is due to the deamidation of at least oneTherefore, in order to resolve T2 from T10 we have taken
Asn (see below), which would result in the conversion of advantage of the single cysteine located in T2, which upon
the amide to the corresponding carboxylate with a corre- modification with pyrenylmaleimide has a reduced retention
sponding change inVz of +1 amu. Since a heterogeneous time. In this manner, it has been possible to selectively
mixture of peptides differing in mass by 1 amu would not resolve T10 (data not shown), which under these conditions
be resolved under these experimental conditions, we cannowas found to undergo significant levels of oxidative modi-
clearly identify the source of the heterogeneity in the fication (Figure 3).

chromatogram (Figure 2). However, the relatively narrow  Resolution of Central Methionine Subsequent to Pro-
peak width observed in the mass spectrometer associated withieolytic Digestion Using Endo GluC Proteas&Vhile the

the T4 chromatographic peak (i.e+8 amu at full-width majority of the peptides generated subsequent to tryptic
half-maximum) indicates that the major peptides correspond- cleavage were identified, it was not possible to separate and
ing to the doublet observed in the chromatogram do not differ detect the tryptic fragments T1 (AkLys:4) or T5—T6 (i.e.,

in molecular weight by more then 1 amu. The existence of Lys;eMet;~Lyszg) by reversed-phase chromatography. While
two distinct species that differ by 1 amu from the theoretical the former peptide contains no methionines, and is not likely
mass of the protonated T4 ion (i.e., fMH]*) can be to be oxidatively modified under these conditions (Vogt,
rationalized by the possibility of deamidation at one of four 1995), the central methionine (i.e., Mgtis part of a flexible
potential deamidation sites in CaM, i.e., AgmASrs,, Asrg, hinge that comprises amino acids—7&3 in wheat germ

or Asny;. Model hexapeptides have shown that the deami- CaM, and the analogous residues in animal CaM have been
dation of the sequence Gly-Asn-Gly, present within the previously suggested to play a critical role with respect to
sequence of the wheat germ CaM T4 tryptic fragment as modulation of the dynamics of the central helix by facilitating
Glyso-Asrsi-Glyey, is particularly favored with a first-order  the association of CaM with target sequences of CaM-
rate constant at pH 8 of the order 20h™! (Patel & regulated proteins [reviewed by Crivici and lkura (1995)].
Borchardt, 1990; Takemoto & Emmons, 1991; Oliyai et al., We have therefore used Endo GIuC protease to generate a
1992). Furthermore, isoaspartate formation has been showrcomplementary proteolytic map in order to assess the
to occur at this site in CaM during in vitro storage (Potter et sensitivity of Met; to oxidative modification. Subsequent
al., 1993). Thus, under our conditions of tryptic digestion to the digestion of CaM with Endo GluC protease (see
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(Figure 3A) as well as the appearance of peaks associated
with the oxidation products (Figure 3B) permits us to localize
the oxidative damage associated witb3 It is apparent
that the tryptic fragment T12 (Vak—LySi4g iS most
extensively oxidized, followed by tryptic fragments T4, T10,
and T3. None of the peak heights or areas associated with
the other tryptic peptide fragments are significantly affected.
The respective oxidation products, T12 monosulfoxide
(T120x), T4 mono- and disulfoxide (T4ox and T4pxand
T3 sulfoxide, are apparent in the chromatogram (Figure 2),
and their FAB mass spectrometric assignments are listed in
Table 1. The oxidation products associated with T10 were
not resolved in the chromatograms. Using the time course
relating to the oxidative modification of T12, T4, T10, and
T3 as well as the associated appearance of T120x, T4o0x,
04, : : : : : and T3ox, we were able to determine the second-order rate
L — L constants associated with the oxidative modification of these
08l D loa individual tryptic fragments. Ten hours of exposure t@k
results in the net oxidation of all 4 peptides, corresponding
to an average of 1.3 0.1 methionines per CaM. Of the
. . , : , oo oxidatively sensitive peptides, T12 (which contains Met

0 2 4 6 8 10 and Met,7 near the carboxyl terminus of CaM) is especially

Time ( hours) prone to oxidation, and accounts for greater than 45% of

FicURe 3: Differential sensitivity of tryptic fragments within  (h€ oxidized peptides. The sensitivity of the vicinal me-
calmodulin to oxidative modification by 4#®,. Time course of thionines to ROS is particularly noteworthy, and is consistent
oxidative modification of oxidatively sensitive parent tryptic with an enhanced chemical sensitivity of neighboring thio-
fragments by HO, (O) and the associated appearance of the ether functional groups to oxidation (Glass, 1990; Sanaullah

analogous peptides containing either o@& ¢r two (®) sulfoxide . -
products. Peptide concentrations were measured relative to the peal?t al., 1994), as well as with the enhanced reactivity of CaM

height of the unoxidized control sample. Experimental points &t these sites with a number O_f nonphysiological oxidants
represent means of two separate experiments, and correspond t¢Walsh & Stevens, 1977; O’'Neil et al., 1989).

tryptic fragments associated with T12 (A), T4 (B), T10 (C), and  Sobent Accessibility of Methionine Residues and Relation-
T3 (D) or their corresponding monosulfoxide oxidation products. ship to Oxidatie Modification. The oxidative modification

We have also identified an oxidation product of T4 that contains L . . . .
two methionine sulfoxides®). In the cgse of T10, no oxidation  ©f individual methionine residues within CaM is expected

products were resolved in these chromatograms. Error bars represeri0 be related to both the oxidative potential of the individual
the standard deviation for two separate experiments. In all casesamino acids and their relative exposure tg0x In order
except for the T10 data, the parent tryptic fragment and associatedto access the relationship between the rate of oxidative
oxidation product were simultaneously fit to a second-order rate \,,ification at defined positions within CaM and the
equation (Levine, 1978), and the lines represent the best fit to the -
data. The associated rate constants are summarized in Table 2. €Xposure of the methionines to,®, we have calculated
the surface accessibility of the reactive sulfur atoms within
Experimental Procedures), we resolve 30 peptide fragmentsthe individual methionines in CaM, as described in Table 3.
with retention times ranging between 3.7 and 54.5 min. There While the differences in the homologous crystal structures
are 32 potential cleavage sites in CaM for Endo GIuC of the two recombinant forms of CaM from paramecium
protease that generate peptides with 2 or more amino acids(Rao et al., 1993) and human (Chattopadhaya et al., 1992)
suggesting that our chromatographic conditions adequatelyused to model the structure of wheat germ CaM result in
separate the majority of the proteolytic fragments generatedsome uncertainty with respect to the exposure of individual
by the exhaustive digestion of CaM with Endo GluC. methionines to solvent (see, for example, Metit is
Reversed-phase HPLC and FAB mass spectrometric analysisapparent that the C-terminal vicinal methionines (Mgnd
of the peptide mixture obtained after Endo GIuC proteolysis Meti47) represent the two most exposed methionines within
of native CaM revealed a peak with a retention time of 43 CaM. A guantitative comparison of the relationship between
min which contained a peptide fragment with ]+t = the oxidative modification of the methionines contained in
1367, corresponding to a single proteolytic fragment extend- tryptic fragments T12, T4, T10, and T3 with the calculated
ing from Pheg to Aspye with a calculated monoistopic mass surface accessibility of the methionines contained within
of [M+H]" = 1365.7 amu. This proteolytic fragment these tryptic fragments reveals a close correspondence
contains Mef; and Met;. The corresponding peak area in subsequent to the normalization of both the rate of oxidative
the chromatogram was virtually insensitive to oxidation of modification and the solvent accessibility of sulfur relative
CaM with 5.0 mM HO; for 10 h. Moreover, FAB mass to the dipeptide Gly-Met (Table 2, Figure 4). The dipeptide
spectrometric analysis of the peak obtained from both native Gly-Met was chosen for comparison purposes since it is not
and oxidized CaM did not show any significant loss of the expected to exhibit either neighboring group effects that
1367 mass, indicating that this peptide fragment is not might modify the oxidation potential of methionine or
significantly modified by HO.. significant steric effects that would modify the exposure of
Relative Sensitiities of Tryptic Fragments to Oxidag methionine to solvent (the sulfur in Gly-Met has a calculated
Modification. Quantitation of the time course of the relative surface accessibility that corresponds to 88% of what is
abundance of tryptic fragments corresponding to native CaM calculated for a free sulfur atom; see Experimental Proce-
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Table 2: Rate Constants Associated with Oxidative Modification of CaM Tryptic Fragments by Hydrogen Peroxide and Relationship to
Surface Accessibility

SpeCieS koxidation X 103 (Mil 571)a kCaM/kGIy—Met SAb (AZ) SA/SAGIy—Me't (kCaM/kGIy—Met)/(SA/SAGIy—Met)
Gly-Met 8.1+1.0 1.0 44.1 1.00 1.00
V145~ K149 (T12) 5.3+ 0.4 0.65+ 0.09 49.3+ 0.1 1.12+0.01 0.58+ 0.08
Sz9—R75 (T4) 19+01 0.24+ 0.03 234+ 4.2 0.53+ 0.09 0.45£ 0.10
Hi0s—R127(T10) 1.54+0.3 0.18+ 0.04 11.1+£2.2 0.25+ 0.05 0.72+0.21
Es>—Rss (T3) 0.50+ 0.05 0.06+ 0.01 79+1.1 0.18+ 0.03 0.33+ 0.08

aData were fit to a second-order rate equation (Levine, 1978), where the errors represent 67% confidence intervals as judgfeslibiatiee
using theF-statistic to estimate the limits of the errors. Fits were obtained from simultaneous fits of both the loss of parent tryptic fragments and
the resulting generation of products, except for T10 where no oxidation products were identifieB-stdtistic was obtained from standard
statistical tables (Rohlf & Sokal, 1995). Errors were propagated assuming no cross-correlation (Bevingtort, Tt@68)rface accessibility (SA)
of the methionines contained within each tryptic fragment was calculated as described under Experimental Procedures.

12 Table 3: Calculated Surface Accessibilities of Methionines
Z 10l Obtained from Homology Mapping to Crystal Structure
3 CaM source
2 0.8 ,
9 parameciurh humars
< 06 position SA (®) percentage SA (A percentage average (%)
)
S 04- Mets7 8.6 8.9 7.1 6.2 82
E Mets, 16.0 16.5 12.2 10.7 144
9D ol Metrs 10.3 10.6 8.2 7.2 @2
: , , Metr7 0.14 0.1 27.9 24.4 1217
0.0 0.2 0.4 0.6 0.8 Meti1o 5.8 6.0 0.6 0.5 34
Rate of Oxidation Met; 25 6.8 7.0 9.0 7.9 &1
. . - Metiss 15.5 16.0 279 24.4 26 6
FIGURE 4: Relationship between calculated surface accessibility pet,,  33.9 34.9 213 18.7 27 11
of methionines and rate of oxidative modification by®J. The total 97.0 100.0 114.2 100 100

surface accessibility to water of the sulfur atom for all eight — —
methionines in wheat germ CaM was calculated as described under *© The surface accessibility (SA) of sulfur atoms within individual
Experimental Procedures, and the total surface area of the sulfurmethionines in CaM was calculated based upon the ability of water
atoms in each tryptic fragment was normalized relative to the (radius is 1.6 A) to come into contact with _sulfur for two different
exposed surface area of the sulfur in the peptide Gly-Met. Likewise, structures of CaM as descrlbed u'nder Experimental Erocedures. There
the rate of oxidative modification of the four sensitive tryptic IS @85% and 90% sequence identity between paramecium and vertebrate
fragments was normalized relative to the rate of oxidative modifica- CaM with wheat germ CaM. The coordinates for the structures of CaM
tion of the exposed methionine in the dipeptide Gly-Met (Table Were obtained from the Brookhaven data base for both paramecium
2). Error bars represent the standard deviation relating to the (Rao et al., 1993; 10SA) and human (Chattopadhyaya et al., 1992;
measurement of the rate of oxidative modification for the abscissa, 1CLL) recombinant forms of CaM expresseddncoli. Posttranslational

and represent the calculated variability between the homologous Modifications involving the trimethylation of Lys and the acetylation
structures for wheat germ CaM based on the two Computed of the amino-terminal residue (A&Bas well as hOmOIOgOUS amino acid
structures as described in Table 3. The line represents thesubstitutions were carried out prior to the energy minimization of the
relationship between surface accessibility and the rate of oxidative Structure.

modification obtained from a linear regressié{f) = mx+ B] in

which the sum of the squared deviations between the experi ; . .
fit and the data is minir?lized suchthat=1.6+0.2,b= O.gglmentalsomtl'onl [TreWhe”a et a_l" 1989’ Wang, 1989’ Barbato et al.,
0.08, and the correlation coefficient is 0.9840.009. 1992; ch’k etal, 19_92’ reviewed by'Kretsmger (199_2a'b_)]'
Alternatively, the uniform decrease in the rate of oxidative
dures). This indicates that the relative rate of oxidative modification of the methionines in CaM by.8, relative to
modification of the methionines within CaM is directly methionine in the dipeptide Gly-Met may be related to
related to their relative exposure tg®} in the solvent. This  differences in the physical properties of CaM (e.g., high
suggests that the actual distribution of oxidized species cancharge density) that functions to modify the rate of reaction
be calculated as described in Table 3 for all eight methionineswith H,O..
contained within wheat germ CaM. Oxidative Modification of CaM by KD, at pH 7.5. In
While there is a correlation between the calculated surface general, we have emphasized experimental conditions relat-
accessibility of methionines within CaM and the rate of ing to the oxidative modification of CaM that selectively
oxidative modification by HO,, the actual rate of oxidative  oxidize methionine (i.e., pH 5.0; Vogt, 1995). However, it
modification is 62+ 6% of the expected rate of oxidative is clear that the solution structure of CaM at physiological
modification based upon a comparison of the methionines pH is substantially different relative to pH 5.0 (Wang, 1989;
contained within the four oxidatively sensitive tryptic frag- Yao et al., 1994), suggesting that the sensitivity of the
ments to the calculated solvent accessibility of the associatedC-terminal vicinal methionines to oxidative modification by
methionines obtained from the crystal structure of CaM, as H,O, might be altered. We have therefore assessed the
discussed above. Since the conditions associated withrelative sensitivities of the four major tryptic fragments to
oxidative modification were conducted at the same pH used H,O; at pH 7.5. Under these conditions (0.1 M KCI, 1 mM
in the crystallization of CaM, the reduced solvent acces- MgCl,, 0.1 mM CaCJ, and 50 mM HEPES at pH 7.5), we
sibility of the methionines in CaM is consistent with previous find that in addition to the oxidative modification of T12,
results that indicate that there are substantial structuralT4, T10, and T3, the tryptic fragments T2 (which contains
differences between the globular domains and the centralCys;) and T11 (which contains Tyg) are also modified,
helix in the crystal structure relative to that observed in consistent with the expected sensitivity of cysteine and
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tyrosine to oxidative modification at neutral pH. However,

the four methionine-rich tryptic fragments (T12, T4, T10,

and T3) remain the major sites of oxidative modification,
and their relative sensitivities to oxidative modification are
virtually identical to that observed at pH 5.0 (data not shown),
indicating that pH-dependent modifications within the tertiary
structure of CaM do not substantially alter the relative
susceptibility of the methionines in CaM to oxidative

modification.

Relationships between Oxidegi Modifications and the
Ability of CaM To Actiate the PM-Ca-ATPaseln order to
assess the functional significance of the oxidative modifica-
tion of CaM, we assayed the ability of CaM to activate the
PM-Ca-ATPase (which, like other target proteins that are
directly regulated by CaM, contains an autoregulatory
sequence that functions to modulate the rate of calcium

transport across the plasma membrane). One observes that

native (unoxidized) wheat germ CaM is able to activate the
PM-Ca-ATPase by more than 2-fold relative to the control
(no added CaM; Figure 5A), consistent with earlier observa-
tions regarding the ability of CaM isolated from plant and

Yao et al.
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Ficure 5: Calmodulin-dependence of activation of plasma mem-
brane Ca-ATPase. The ATPase activity of the PM-Ca-ATPase from

vertebrate animal sources to activate the PM-Ca-ATPase toPorcine erythrocyte ghosts was measured in the presence of native

a similar extent (Strasburg et al., 1988; Yao et al., 1994).
Upon limited oxidation of Met to MetSO (such that on
average 1.3t 0.1 Met is oxidized per CaM), CaM is no
longer able to fully activate the PM-Ca-ATPase (i.e., there
is a 60-70% decrease iVmax relative to the unactivated
control; Figure 5B). The extent of inhibition closely parallels
the amount of T12 peptide that becomes oxidatively modified
(60% of T12 becomes oxidatively modified; Figure 3),

CaM (@), and subsequent to the oxidation of CaM for 13),(2
h (m), 4 h @), and 10 h &) (A). Data for native CaM were fit
using eq 5 as described under Experimental Procedures, where in

this caseY represents the normalized CaM-dependent activation

of the PM-Ca-ATPaseK; represents the association constant for
CaM binding to and activating the PM-Ca-ATPase, andq{X]
represents the free molar concentration of CaM in solution as
determined from eq 1. In the case of oxidatively modified CaM,
the relationship between ATPase activity and [CaMlas fit using

eq 11, which assumes that some of the species of oxidatively

suggesting that the oxidative modification of these sites may modified CaM function as simple noncompetitive antagonists of

play a role in the loss of CaM’s ability to activate the

ATPase. There is a corresponding 5-fold increase in the
amount of CaM necessary to activate the PM-Ca-ATPase

the PM-Ca-ATPase. The recovered parameters indicatethat
1+1)x 1M 1and K = (2.5+ 0.7) x 10* M1, respectively.
This corresponds to a free energy of activation—f1.2 + 0.2
kcal mol* K- and—6.0+ 0.2 kcal mot! K~ for the native and

as a function of oxidative modification, as assessed by the oxidatively modified CaM, respectively. The maximal velocity

amount of CaM necessary for half-maximal activation
(Figure 5C). This is consistent with the established role of
methionine in forming the binding cleft for target protein

activation (Crivici & lkura, 1995).

No additional activation of the PM-Ca-ATPase is observed
upon increasing the concentration of wheat germ CaM from
0.2uM to 3 uM (Figure 5A). Since the oxidatively modified
CaM always contains a mixed population of species, includ-
ing native CaM, the decrease Mmax associated with
increasing degrees of oxidative modification (irrespective of
the amount of CaM added) indicates that the oxidatively
modified CaM can still bind to the autoinhibitory domain
of the erythrocyte PM-Ca-ATPase. This indicates that the
oxidative modification of CaM results in a functionally
incompetent protein that upon binding to the autoinhibitory
domain of the PM-Ca-ATPase is no longer able to activate

(Vmax panel B and the concentration of CaM necessary for half-
activation of the ATPasgCaM];;,; panel C) as a function of the
number of carboxyl-terminal methionines oxidized to their corre-
sponding sulfoxides are illustrated. The data were fit assuming a
two-state model (eq 10) in which boM.x and [CaM],, are a
linear combination of the associated parameters that describe
CaMhative and CaMyigizes as described above. The associated
amplitudes corresponding to the native and structurally modified
populations of CaM were found to correspond closely with the
extent of oxidative modification associated with the carboxyl-
terminal vicinal methionines. Therefore, the line drawn through the
data points in panels B and C assumes the amplitudes relating to
the oxidative modification of the C-terminal vicinal methionines
(Figure 3A; Table 2), and the associatégl.x and [CaM},, for
native and the modified CaM species were allowed to vary. Native
and oxidatively modified CaM were found to have associated
maximal velocities of 1.08 and 0.3@mol of B mg?t h1,
respectively. The [CaM} for native and oxidatively modified CaM
was found to be 11 and 74 nM, respectively. There was no close

the PM-Ca-ATPase. The close correlation between the correlation between alterations Mma and [CaM], and the

amount of oxidative modification to T12 and the decrease
in Vimax indicates that oxidatively modified CaM competes
with unmodified (native) CaM from productively associating
with the autoinhibitory domain of the PM-Ca-ATPase. A
quantitative description relating to the CaM-dependent
activation of the PM-Ca-ATPase is provided in the legend
to Figure 5, where we find that the inhibition of the PM-
Ca-ATPase subsequent to the oxidative modification of CaM

oxidative modification of methionines at other sites within CaM.
Ca-ATPase activity was measured at@5in a reaction mixture
containing 0.4 mg/mL protein (approximately 15 nM Ca-ATPase),
0.1 M KCI, 5 mM MgCh, 100 uM EGTA, 50 mM MOPS (pH
7.0), and 3uM A23187, and phosphate release was measured as
described previously (Lanzetta et al., 1979). In all cases, the free
calcium concentrations were 30M, which fully saturates the
calcium binding sites of the erythrocyte Ca-ATPase, permitting a
measurement of maximal velocities in the presence of increasing
ncentrations of CaM. A23187 functions as a calcium ionophore

NS . 0
can be described if one assumes that some of the species 0[% prevent back-inhibition of the ATPase by accumulated calcium

oxidatively modified CaM function as a simple noncompeti-
tive antagonist of the PM-Ca-ATPase.

inside the ghosts. Measured ATPase activities represent the mean
of two separate measurements, and had a standard deviation of 5%.
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Alterations in Calcium Concentrations Necessary To
Activate the PM-Ca-ATPaseThe physiological role of the
PM-Ca-ATPase is to maintain low resting calcium levels at
a level below 0.1uM in normal healthy cells [reviewed by

in
5

£

Ca-ATPase Activity
1

Carafoli (1987)]. Any decreases in the calcium sensitivity 502

of oxidatively modified CaM to activate the PM-Ca-ATPase s
will therefore have a detrimental effect upon cellular [ Calcium ] e, (Moar)
metabolism and signaling, and a more physiological estima- z',B

tion of the effects of oxidative modification of CaM upon % Ero \
cellular metabolism involves the consideration of the influ- § g o

ence of oxidative damage to CaM at physiological calcium 2o basal actvty (o acded Ca)
concentrations. While modulation of the available free CaM -

to activate the ATPase may represent an additional level of z *|C o added CaM
cellular regulation [Blackshear et al., 1992; reviewed by 2 20

Blackshear (1993)], for simplicity we have considered the S s

influence of oxidative modification to CaM in the presence g 10 M

of saturating CaM (Figure 6A). One observes an analogous
decrease in the maximal calcium-dependent ATPase activity
(Vmax Figure 6A,B) as observed upon titration of the ATPase C-Terminus Met Oxidized / CaM (mole/mole)

with CaM in the presence of saturating calcium concentra- FiGURe 6: Calcium-dependence of calmodulin activation of plasma
tions (Figure 5A,B). Subsequent to oxidative modification meft‘;kéragiﬂ C(?AAIES:\gé(A%JrEe Cg:giil#g-%?ptehf;ggnttemiiisawggy
of CaM. by HZOZ,'there is a relatively mpdest (less than measured in the presence of ngtive Cal),y(and gubsgquent to
2-fold) increase in the amount of calcium necessary to the oxidation of CaM for 1 h@), 2 h @), 4 h @), and 10 h 4).
activate the ATPase (Figure 6C). However, since CaM Free calcium concentrations were determined as described under
binding to the PM-Ca-ATPase does not modify the apparent Experimental Procedures. The normalized calcium-dependent AT-

T : PR ; Ca. Pase activity was obtained in the presence ofuld6CaM, which
affinities of the calcium binding sites on the PM-Ca-ATPase is sufficient to fully saturate the CaM binding sites of the erythrocyte

(see Ie_gend to Fi_gurfa 6), the ;imilar Ca'C“%m concentrations Ca-ATPase in all cases (see Figure 5). This permits an estimate of
for native and oxidatively modified CaM with respect to the  maximal velocities in the presence of increasing concentrations of
half-maximal level of calcium necessary for the CaM- calcium. The calcium-dependent ATPase activity of the PM-Ca-

dependent activation of the PM-Ca-ATPase indicate only that ATPase in the absence of the added CaM is shown for comparison

ot e ; : : (*). The calcium-dependent activation of the Ca-ATPase was fit
oxidatively modified CaM is able to compete with native using eq 6, assuming that the oxidatively modified CaM associated

CaM for the binding site on the ATPase at normal physi- yith “the PM-Ca-ATPase did not contribute to the observed
ological levels of calcium. calmodulin-dependent ATPase activity. The free energies associated

oL . . - Nnative CaM @) corresponded t&AG; = —8.2 + 1.5 kcal mot?
quantitative assessment relating to the influence of oxidative K-1 and AG, = —16.9+ 0.9 kcal mot™ K-1. The free energies

modifications to CaM requires that possible alterations with associated with calcium activation of the PM-Ca-ATPase in the
respect to the ability of CaM to bind calcium be considered. absence of CaM (*) corresponded/A; = —8.2+ 0.1 kcal mof*
We have therefore used radioactive calcium to directly K~ *andAG, = —15.1+ 0.1 kcal mot* K% The maximal velocity

measure the total number of calcium binding sites in native (B) and the concentration of calcium necessary for half-activation
of the ATPase as a function of the number of methionines oxidized

and oxidatively modified CaM. The latter sample was 4 their corresponding sulfoxides are illustrated. The data in panels
exposed to KD, for 10 h at pH 5.0, and was subsequently B and C were fit assuming a two-state model in which bBéth,
separated from unreacted®, lyophilized, and equilibrated  and [calcium], are a linear combination of the associated
with buffer as described under Experimental Procedures. Weparameters that decribe Caleand Caluaze as described for

: : : . e analogous panels in Figure 5. The associated amplitudes
find that natlvt_e CaM binds 4'9* 0.05 mol of calcium per corresponging t(g)the native a%\d oxidatively modified populgtions
mole of CaM, in agreement with the presence of four known of cam were found to correspond closely with the extent of
calcium binding sites in CaM (Babu et al., 1985). Subse- oxidative modification associated with the C-terminal vicinal
quent to the oxidative modification of 1.3 0.1 mol of methionines, and for reasons discussed in Figure 5 were held fixed

methionine per CaM, we find that the oxidatively modified " fitting the data shown in panels B and C. There was no apparent
! correlation with respect to the oxidative modification of methionines

CaM binds 3.9+ 0.2 mol of calcium per mole of CaM. This 4t giher sites within CaM. Native and oxidatively modified CaMs
indicates that under saturating calcium concentrations therewere found to have associated maximal velocities of 1.12 and 0.41

is no loss in the number of calcium binding sites for wumol of B mg™ h™2, respectively. The [calciung} for native and
oxidatively modified CaM. oxidatively modified CaM was found to be 0.7 and 1u8/,
Electrophoretic Mobility of Oxidatiely Modified CaM respectively. Experimental buffer contained 0.4 mg/mL protein
ectrophoretic Mobility or Oxiaauely viodined Call. (approximately 15 nM PM-Ca-ATPase), 0.1 M KCI, 5 mM MgCl
Subsequent to the denaturation of CaM in the presence of100 uM EGTA, 50 mM MOPS (pH 7.0), and &M A23187.
SDS, the sensitivity of the relative mobility of CaM on A23187 functions as a calcium ionophore to prevent back-inhibition
polyacrylamide gels has proven to be very sensitive to OL thf A;Pase bty accumu'fziféd ,\‘;la'c'um ('j”i‘_jr?: the er);?h.rtpcyte
: : ; : i+ JNOSIS.  Iemperature was . easure ase actuvities
2gﬁ:riﬁtrlrt1)rt])isnlgirt1he }itlrucwtrall p;%gegr'tllas o Cai\/l ?Sig;';t;iwnh represent the mean of two separate measurements, and had a
g (Klee etal., » Maune et al., ~ £Nang standard deviation of 5%.
et al.,, 1994). We observe that both native and oxidatively
modified CaM undergo analogous mobility shifts associated 24 500; Figure 7A), and that the shift in the apparent
with calcium binding on SDSpolyacrylamide electro-  molecular weight of CaM is in correspondence with previous
phoretic gels (MWjparen= 15 300) relative to that seen when  results observed for native CaM (Burgess et al., 1980). The

CaM is denatured in the presence of EGTA (M\Wren= oxidatively modified CaM behaves as a single population,

bl
@

0.0 0.2 0.4 0.6
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Ficure 8: Fluorescence spectral changes associated with calcium
activation and peptide binding. Fluorescence emission spectra
Native ~Oxidized Native ~ Oxidized associated with native (A, C) and oxidatively modified (B, D) CaM

FicUrRe 7: Electrophoretic mobility of native and oxidatively ~ USing €ither pyrenylmaleimide (at GysA, B; dex = 351 nm) or

modified CaM on SDSPAGE. (A) SDS-PAGE was performed ~ 1Y7139(C, D; Zex= 275 nm) to monitor structural changes associated
as described by Laemmli (1970), where 4§ of denatured CaM with either the amino- or the carboxyl-terminal domains of CaM,
was applied to each lane on &1'7% acrylamide gradient at pH respectively. Oxidative modification to CaM involves the oxidative

8.8. BioRad's kaleidoscope prestained molecular mass standarddnedification of 1.3+ 0.1 methionines per CaM using,8, as
are shown in the left lane with the associated molecular mass, anddescrlbed under Experimental Procedures. Spectra were taken in

. .- the presence of either EGTA (dashed line), calcium (solid line),
represent aprotinin (7.5 kDa), lysozyme (18 kDa), soybean trypsin the X ) / :
inhibitor (32.6 kDa), and carbonic anhydrase (45 kDa). (B) Native caIC|um+h|T_52_pept|dle (dotted "”el)' or calciurh C25Wkpept|de
gels were performed as described by Trybus and Lowey (1985), (dot-dash line; panels A and B only). Spectra were taken &(25

where 6ug of native CaM was applied to a 10% polyacrylamide ©°f 244M CaM in 0.1 M HEPES (pH 7.5), 0.1 M KCl, and either
gel at pﬁg&s Sample conditionspipncluded 1 mM pCﬁéJng) or 0.1 mM CaCj or 0.1 mM EGTA. When appropriate, either F52 or

1 mM EGTA (+EGTA) in both sample and running buffers. C29W peptides were added in 2-fold molar excess. Emission spectra
Oxidized CaM refers to CaM subsequent to the oxidative modifica- \t/)verc(ej t"."(lj‘?]” at 0.5 nm intervals, using emission slits with a 4 nm
tion of 1.3+ 0.1 methionines per CaM using,&, as described andwidth.

under Experimental Procedures. Protein bands were visualized usin

Coomassie brilliant blue. %ttached fluorophore (i.e., pyrenylmaleimide) on Sys

located in calcium binding site | in the amino-terminal

indicating that all species undergo analogous structural domain, or the intrinsic fluorophore (Tyg), located in
changes. There is no apparent heterogeneity or increase irgalcium binding site IV in the carboxyl-terminal domain
the width of the band of the oxidatively modified CaM on (Figure 1). There is a substantial decrease in the fluorescence
the gel relative to native CaM, indicating that oxidative intensity of pyrene associated with oxidative modification
modification of a limited number of methionines does not to CaM (Figure 8A,B), indicating that the oxidative modi-
dramatically alter the structure of CaM, or affect CaM’s fication of a limited number of methionines alters the
ability to undergo calcium-dependent structural changes. environment around pyrene. However, both native and

Analogous results are observed after electrophoresis ofoxidatively modified CaM undergo analogous calcium-
native and oxidatively modified CaM using native gel dependent alterations in their quantum yield, indicating that
conditions (Figure 7B), where the mobility of CaM is more oxidatively modified CaM undergoes analogous structural
sensitive to structural modifications involving CaM’s tertiary changes in calcium binding loop | upon calcium binding.
structure (Maune et al., 1992). Under these conditions, onelLikewise, analogous calcium-dependent increases in the
still observes calcium-dependent changes in the electro-fluorescence intensity of Ty, are observed in both native
phoretic mobility of both native and oxidized CaM (Figure and oxidatively modified CaM upon calcium binding,
7B), indicating that the tertiary structure of oxidatively suggesting that while oxidative modification may perturb the
modified CaM remains sensitive to calcium binding. How- tertiary structure of CaM, both the carboxyl- and amino-
ever, while the electrophoretic mobilities of native and terminal domains of CaM undergo analogous calcium-
oxidatively modified CaM are similar in the absence of dependent structural changes upon calcium binding.
calcium, upon calcium binding one observes a significantly In order to more quantitatively examine the calcium-
reduced electrophoretic mobility of oxidatively modified dependent changes in fluorescence associated with pyrenyl-
CaM. The altered hydrodynamic properties of oxidatively maleimide (on Cyg) and Tykss, we have measured the
modified CaM observed using native gels suggest that theaverage fluorescence lifetimes of these chromophores using
selective oxidation of one of the carboxyl-terminal vicinal frequency-domain fluorescence spectroscopy, as described
methionines perturbs the tertiary structure of CaM. previously for native CaM (Yao et al., 1994). The average

Calcium-Dependent Structural Changes Associated with fluorescence lifetimes of pyrene and tyrosine are directly
Calcium Actvation of CaM. Alterations in the ability of related to alterations in the structure of CaM (Royer, 1993).
CaM to undergo calcium-dependent structural changes wereWe have therefore used the average lifetime to monitor
directly assessed using fluorescence spectroscopy to monitostructural changes in CaM as a function of both calcium
alterations in the environment surrounding either a covalently binding and oxidative modification. Subsequent to the
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204 1.0 which is buried within CaM’s tertiary structure (Yao et al.,
—_ } A 091 B 1994),
2z 0sl The calcium-dependent changes in the average lifetime
o 15 and steady-state fluorescence intensity of PM-labeled@Cys
£ o3 07 CaM and native (Tyis) CaM were used to assess the
5 0.6+ influence of the oxidative modifications on the structural
> % 05/ changes associated with the calcium-dependent activation of
o . the amino and carboxyl domains of CaM, respectively. One
< © 5 sl observes an analogous calcium-dependent change in both the

' steady-state fluorescence intensity and the average fluores-

00 02 04 06 00 02 04 08 cence lifetime irrespective of the extent of oxidative modi-
C-Terminus Met Oxidized / CaM (mole/mole) fication (Figures 8 and 9). The fact that native and
Ficure 9: Oxidative modification decreases average fluorescence oxidatively modified CaM undergo similar steady-state and
lifetimes. Average lifetime of (A) pyrenylmaleimide CaM and (B)  jifetime-resolved fluorescence changes upon calcium binding

Tyrisgin the presence of either 0.1 mM Ca@D) or 0.2 mM EGTA .o o9 L g
(®). Fluorescence lifetimes were measured Using frequency-domainindicates that the globular domains in oxidatively modified

fluorescence spectroscopy, as previously described (Yao et al.,CaM undergo similar structural changes upon calcium
1994) assuming phase errors of O&hd a modulation error of  binding to that observed in native CaM. This is consistent

0.005. Average lifetimes were calculated as described underwith the observed calcium-dependent shifts in electrophoretic

Experimental Procedures. CaM was oxidatively modified using i :
H,O, for variable periods of time, as described under Experimental mobility on polyacrylamide gels that also suggest that

Procedures. The line represents a fit to a two-state model using eqPXidatively modified CaM undergoes calcium-dependent
10, and assumes that the observed lifetime is a linear combinationStructural changes in the presence of saturating calcium
of the relative amplitudes of native CaM and a structurally modified concentrations (Figure 7).

CaM SpeCieS that Corresponds to the extent of modification to the Changes in Calcium Aff|n|ty Associated with Ox|d,at|

C-terminal vicinal methionines in tryptic fragment 12. Using this " :
model, the recovered average lifetime that corresponds to aM0d|f|cat|on of CaM. In order to measure the calcium

population of CaM in which the carboxyl-terminal methionines are affinity of both native and oxidatively modified CaM, we
quantitatively modified corresponds to (A) 0.1 r®)(and 0.3 ns assessed the structural changes associated with calcium
(@) and (B) 0.1 ns®) and 0.05 ns@). Experimental conditions:  activation of the amino and carboxyl domains of CaM using
25°Cin 0.1 M HEPES (pH 7.5), 0.1 M KCI, and either 0.1 MM the respective fluorescence changes associated with PM-
gfgk/loé?_'l mM EGTA. CaM concentration was Q4 (A) or labeled (Cys;) CaM (Figure 10A) and native (Tygs) CaM
(Figure 10B). Free calcium concentrations were determined
oxidative modification of CaM, the fluorescence intensity using the fluorescent calcium indicator FURA-2, and were
and average lifetime associated with pyrenylmaleimide based on initial estimates of free calcium concentrations
(Figures 8A and 9A) and tyrosine (Figures 8B and 9B) calculated from a consideration of the multiple equilibrium
become smaller, irrespective of whether or not calcium is between calcium and all added ligands as described under
bound. The analogous decrease in the steady-state fluoresExperimental Procedures.
cence intensity and excited state lifetime associated with both  As described previously (Yao et al., 1994), we observe
pyrene and tyrosine chromophores upon oxidative modifica- upon systematic variation of the free calcium concentration
tion indicates that the observed fluorescence is representativén native wheat germ CaM that the changes in the fluores-
of the entire population of CaM, and that oxidation does not cence intensity of Tyggare biphasic (Figure 10B), consistent
result in any selective quenching of the fluorescence signalswith previous measurements that indicate gyror its
associated with the oxidatively modified population of equivalent) to be sensitive to calcium binding to the amino-
CaM. terminal domain of CaM fronDrosophila melanoganster
The large decrease in the fluorescence intensity and(Maune et al., 1992), scallop (Yazawa et al., 1990), and
average lifetime of pyrenylmaleimide and tyrosine subse- bovine (Wang et al., 1982) sources. In contrast, the
guent to oxidative modification indicates that the environ- fluorescence intensity of pyrene increases monophasically
ment surrounding these chromophores becomes more polabver the same broad range of calcium concentrations
(Lakowicz, 1983; Schueich et al., 1995), suggesting that associated with activation of the erythrocyte Ca-ATPase,
the oxidative modification of selected residues within CaM indicating that the structural changes sensed by these two
disrupts the tertiary structure of both the amino- and chromophores are differentially sensitive to the calcium
carboxyl-terminal domains of CaM to enhance the solvent occupancy of individual calcium binding sites within CaM.
accessibility of these fluorescent reporter groups. Oxidation The direct correspondence between the calcium-dependent
experiments were carried out both before and after labeling changes in the average lifetime and steady-state fluorescence
CaM with pyrenylmaleimide, and under our experimental of pyrene allows us to directly relate the fluorescence signal
conditions (i.e., pH 5.0), neither the single cysteine presentto the extent of calcium binding, as described in the legend
in the unlabeled CaM nor the pyrene covalently attached toto Figure 10. We find the pyrene is sensitive to the
Cysy7 is oxidatively modified as assessed by a titration of occupancy of the single class of calcium sites, and the
free cysteine using DTNB, through measurements of the structural changes assessed by pyrene undergo a free energy
steady-state and lifetime-resolved fluorescence associatechange of—11.6 + 0.1 kcal mof! K~ upon calcium
with pyrene, and as a result of the lack of any modification binding. Subsequent to the selective oxidation of CaM by
in the relative intensity or retention time associated with H,O,, we observe a 2.@& 0.1 kcal mot! K~! decrease in
tryptic fragment T2 (which contains Cy% The observed the affinity for calcium ions in the amino-terminal domain
lack of reactivity of either cysteine or pyrene may in part be of CaM as monitored by pyrenylmaleimide (Table 4),
related to the minimal solvent accessibility of this gys  corresponding to a 30-fold reduction in calcium affinity.
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Figure 10. The change in the fluorescence signal associated
with Tyrizgcan be adequately described by a model involving
structural coupling between tyrosine’s local environment and
the occupancy of two classes of calcium binding sites (Figure
10B), and is consistent with earlier measurements indicating
(i) that CaM must adopt intermediate conformations corre-
sponding to partial occupancy of the four calcium binding
sites and (ii) that there is a conformational coupling between

1.0
0.8
0.61
0.41
0.2

Normalized Flucrescence Change

0.0 ) o . .
. AT R i St S e e e ) the opposing globular domains in CaM upon calcium binding
107107 10 10™ 10™ 107 107 107 107 107 10™ 10 (Klee, 1977; Seamon, 1980; Johnson, 1983; Yoshida et al.,
Calcium M 1983; Thulin et al., 1984; Wang et al., 1984; Babu et al.,
[ ]free (M) 1988; Maune et al., 1992; MacKall & Klee, 1991’ bk et

Ficure 10: Calcium-dependent structural changes associated with al., 1992; Kilhoffer et al., 1992; Yao et al., 1994; Pedigo &
activation of CaM. Normalized fluorescence intensity chandes, [ ghea 1995). One observes that the free energies of
(F — Fo)/(Fmax — Fo)l], are illustrated as a function of free calcium S - . . . .
concentration, wherE is the observed fluorescence relative to the activation as.SOC|ated \.N'th the tyrosine signal are in 90‘?0'
initial fluorescenceRy) and maximum fluorescence.,) of either agreement with other direct structural measurements in which
(A) pyrenylmaleimide covalently linked to Cys where Fax the free energies associated with calcium activation were
corresponds to a 4% 3% decrease relative &, or (B) the single  measured (Pedigo & Shea, 1995), and that subsequent to

Tyrize whereFma, corresponds to a 1& 2% increase relative 1o gyjgative modification there is an average reduction in the
Fo. Samples include native CaM®), and subsequent to the . L . . . S
oxidative modification of 0.33 Met(), 0.59 Met @), 0.92 Met free energies of activation associated with calcium activation

(@), and 1.3 methioninesa) per CaM to the corresponding at Tyrseof about 2.3+ 0.2 kcal mot* K™ (Table 4). The
sulfoxide. The strategy used to fit these data involved the selection similar alteration in binding energies associated with calcium
of the simplest model that could adequately describe the datagctivation reported by pyrene (at Gysand Tyrsgindicates

{;‘VO'V{!“J t'ée ’c\:/lalgum-d_e%enc(ijegt %CgvattLO“ of tge PM'(.:;'A;'—PE‘SC? that the oxidative modification of CaM modifies the calcium-
y native CaM @), as judged both by the random residuals an : : . ;
by the lack of improvement in the variance upon the use of dependent structural changes associated with calcium activa-

additional fitting parameters. As a result, different models were tion at these spatially distant sites in a similar manner. This
used to describe the calcium-dependent changes in the fluorescencemplies that the oxidative modification of a limited number
associated with pyrenylmaleimide (A) and tyrosine (B). In the case of methionines alters the global structural properties of CaM.
of pyrenylmaleimide, eq 5 adequately described the data for native Peptide Binding to CaM The inability of the oxidatively

CaM (A), whereAGpaive= —10.0+ 0.1 kcal M1 K—1, Using this o ) .
value to describe the association constant for native CaM, the datamodified CaM to activate the PM-Ca-ATPase could arise

set in panel A was fit simultaneously using eq 10. The associated as a result of its inability to bind to the target sequence in
fit§lafei 1Sh0Wﬂ in panel A, wherAGoyigizes = —8.0 + 0.1 kcal the ATPase, or, alternatively, that binding of CaM occurs in
M™% K™ The associated amplitudes 1 o; in eq 10) for the 5 ponproductive manner as suggested by the ability of

(():;dafl'v(%% n;%'f'ig %plﬁ,lgﬂfsn gff %imbgﬁgﬁe@?tﬁntﬁggéﬁ oxidatively modified CaM to act as a noncompetitive

Experimental Procedures) were 0.13, 0.32, 0.54, and 0.76, in closeinhibitor of native CaM (Figure 5). In order to directly assess
agreement with the observed extent of oxidative modification to the binding affinity of CaM to target sequences, we have
the C-terminal vicinal methionines in T12 (Figure 3). The bimodal ysed the fluorescence changes associated with peptide
dependence of tyrosine fluorescence associated with Calc'umbinding of (i) pyrenylmaleimide (PM) at Cysand (ii) Tyrss

activation shown for native CaM in panel B was fit using the t the bindi finity bet th ) d
equation given in footnota of Table 4. For native CaM, the free 'O Measure tne binding arnity between the amino an

energies associated with calcium activation A@, = —8.4 kcal carboxyl domains of CaM and two target peptides that
mol~ degl, AG, = —16.1 kcal mot* deg %, AG, = —11.6 kcal represent (i) the autoregulatory domains associated with the
mol~! deg?, andb = 0.61. Using these values to describe the pM-Ca-ATPase (C25W) and (i) a homolog to the MARCKS

binding isotherm for native CaM, the data set in panel B was fit ; . ;
simultaneously using eq 10. The resultant fits are shown in panel protein (F52)(Crivici & lkura, 1995). The latter peptide has

B. The free energy changes associated with the calcium activationtn® advantage that it contains no tryptophans or tyrosines

of oxidatively modified CaM species arkG, = —6.9 kcal mot? that would interfere with the detection of CaM’s tyrosine
deg?’, AG, = —13.8 kcal mot* deg !, andAG; = —9.5 kcal mot* fluorescence (CaM also contains no tryptophans).
deg™. The associated amplitudes (i a; in eq 10) for the We observe that in native CaM there is a22% and a

oxidatively modified population of CaM subsequent toQ),(2 . . .
(W), 4 (), and 10 &) h of incubation with HO, (see Experimental 34 + 3% decrease in the fluorescence intensity of PM at

Procedures) were 0.18, 0.39, 0.41, and 0.69, in close agreemenfCYS7 Upon binding either F52 (Figures 8A and 11A) or
with the observed extent of oxidative modification to the C-terminal C25W peptides (Figure 8A). The decrease in fluorescence
\c/)iclin,\fj' Kngthlioni'\f}le'\sﬂ i%glg iF':/?lgE Fffl)_:-SS?T_iF)'?escondi(tjiontSh inC(l)Uge intensity suggests that the structural rearrangements associ-

. , 4 m , O. .9), and eitner 0. i i indi
M CaM (1) or 23.gﬂM CaM (B). Calcqur)n Was)added o yield ated with peptide b_lndlng to CaM enhance the solve_nt
the desired free concentration, as described under Experimenta®XPOSUre (an_d polarity) Qf PM (Y_ao etal., 1994). T_here IS
Procedures. a corresponding 6.6-fold increase in the fluorescence intensity

of Tyri39in native CaM upon association with F52 (Figures

A quantitative interpretation of the observed calcium- 8B and 11B). Subsequent to the limited oxidative modifica-
dependent change in the tyrosine signal is complicated bytion of CaM in which one of the carboxyl-terminal methion-
the presence of calcium-dependent changes in the statidnes (either Maus or Metsy) is preferentially oxidized to
quenching of tyrosine (Yao et al, 1994). If one assumes the corresponding sulfoxide (Figure 2; Table 1), there is a
that there is a linear dependence between the fluorescencdéarge decrease in the maximum fluorescence change upon
signal and calcium binding, one can recover the binding peptide binding associated with both pyrenylmaleimide
energies associated with calcium activation of native and (Figures 8A and 11A) and tyrosine (Figures 8B and 11B).
oxidatively modified CaM, as described in the legend to The decrease in pyrene fluorescence associated with peptide
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Table 4: Free Energy Changes Associated with Calcium Activation of Calm@édulin

difference, AAG = AGqxidized —

reporter native CaM (kcal moif* K1) oxidized CaM (kcal mol K) AGhatve (kcal molt K1)
group AG, AGy AGy AG, AGp AGy AAG, AAG, AAG,
PM-Cys7 NA NA —10.0£ 0.1 NA NA —8.0+£0.2 NA NA +2.0+ 0.
Tyrisg -8.44+0.1 -16.1+01 -11.64+0.1 -6.9+06 -13.8403 -95+04 +154+0.6 +2.3+0.3F¥ +2.14+0%
AGcooperative -15+01 NA -0.8+ 0.7 NA 0.7+ 0.7 NA
2 Data for native CaM were fit to the equation:
Ka[Ca2+]free + 2Kt)[ca2+]free2 Kl[ca2+]free

Yean = +A-b)—
Mhave [ 72(1 4+ K [Ca 0 + Ke[CA ol 1+ Ky[Ca Tree

as described in the legend to Figure 10. In the case of pyrenylmaleitnige). It is assumed in the case of tyrosine that the biphasic calcium
dependence of the fluorescence signal is related to the ability efsIgrsense the association of calcium with both domains in CaM. The parameters
associated with oxidatively modified CaM were recovered from a fit to the entire data set using eq 10 under Experimental Procedures. The cooperative
free energy between the high-affinity class of calcium binding sites detected by (Tgr, association constarig andKy) is estimated aAGeooperative

= AGy, — 2AG; — RTIn (4), as previously discussed (Pedigo & Shea, 1995). Observed differences in binding energies were judged significant
using the Student'stest @ < 0.05). Errors were propagated (Bevington, 1969).< 0.05 using a Student'stest.
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Ficure 12: Titration of CaM with target peptides. Peptide binding
. - of the MARCKS homolog (F52) or Ca-ATPase C25W peptide
C-Terminus Met Oxidized / CaM (mole/mole) (measured only in panel A; data not shown) was measured as
Ficure 11: Fluorescence changes associated with target peptidedescribed under Experimental Procedures (egs 8 and 9) using the
binding to CaM. The steady-state change in fluorescence intensity fluorescence changes associated with peptide binding for both
(F/Fg) of pyrenylmaleimide-CaM (A) or Tygge in CaM (B) pyrenylmaleimide-labeled CaM (A) and the intrinsic fluorescence
associated with binding the MARCKS homolog (F52) peptide was associated with Tyg in CaM (B). Peptide binding is illustrated
measured subsequent to the oxidative modification of a variable as a function of free peptide concentration for native Ca, (
number of methionines by 4@, to the corresponding sulfoxide.  and subsequent to the oxidative modification of 0.33 M®t 0.59
Fo andF are the respective steady-state fluorescence intensities ofMet (W), 0.92 Met (), and 1.27 Met 4) to the corresponding
CaM alone and in the presence of saturating concentrations of F52sulfoxide, per CaM. Maximal fluorescent changes for native CaM
peptide. In the case of pyrenylmaleimide-CaM, excitation was at correspond to a 2% 2% and 34+ 3% decrease in the steady-
351 nm, and the fluorescence emission was collected subsequenstate fluorescence intensity of pyrenylmaleimide associated with
to a Schott GG400 long-pass filter. In the case of;3yon CaM, binding F52 and C25W, respectively (A). There is a 66B0%
excitation was at 275 nm, and the fluorescence emission wasincrease in the steady-state fluorescence intensity asJgssoci-
measured subsequent to a Oriel band-pass filter centered at 32Qyted with binding F52 (B). The data for native CaM were fit using
nm (full-width half-maximum is 10 nm). In all cases, the concentra- eq 7. These values were held constant, and the individual data sets
tion of CaM was 0.26:M, and peptide binding was measured in a associated with PM and Ty were fit using eq 10. The associated
buffer containing 0.1 M HEPES (pH 7.5), 0.1 MKCI, and 0.1 MM hinding energies for native and the oxidatively modified species
CaCl at 25°C. Errors represent the standard deviation of the mean of caM are summarized in Table 5. In all cases, the concentration
for two separate measurements. The data were fit assuming a twouf caM was 0.26:M, and peptide binding was measured in a buffer

state model (eq 10) in which the observed fluorescence Changescontaining 0.1 M HEPES (pH 7.5), 0.1 M KCI, and 0.1 mM CaCl
are assumed to be a linear combination of the associated fluores—; o5ec. ' ’

cence changes that decribe Galvk and CaMyigize¢ The associated

amplitudes corresponding to the native and oxidatively modified . - . .
populations of CaM were found to correspond closely with the changes upon calcium binding to native CaM (Figure 8),
extent of oxidative modification associated with the C-terminal the oxidatively modified CaM binds to the target peptide in

vicinal methionines, and for reasons discussed in Figure 5 were gn altered conformation, such that Changes in the environ-

held fixed in fitting the data shown in panels A and B. There was P ;
no apparent correlation with respect to the oxidative modification ment of pyrenylmaleimide (at Cy§ and Ty#so associated

of methionines at other sites within CaM. with peptide binding are reduced.
Using the fluorescence intensities of pyrenylmaleimide and
binding changes from 22 3% in native CaM to 12+ 3% tyrosine, we are able to assess the binding affinity between

upon the conversion of 1.& 0.1 methionines per CaM to  the amino and carboxyl domains of CaM and the target
their corresponding sulfoxide. The change in tyrosine peptides (Figure 12; Table 5). It is apparent that the binding
fluorescence associated with peptide binding changes fromprofile associated with Tysg saturates at a lower concentra-
660+ 30% in native CaM to 51& 15% subsequent to the tion of free peptide than observed in the binding profile
oxidation of 1.3+ 0.1 methionines per CaM to their monitored with pyrenylmaleimide. This is consistent with
corresponding sulfoxide. This indicates that while the previous measurements indicating that the C-terminal domain
oxidatively modified CaM undergoes analogous structural of CaM binds preferentially to a peptide sequence homolo-
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Table 5: Free Energy Changes Associated with Peptide Binding to Calmddulin

native calmodulin oxidized calmodulin difference (oxidized Calvhative CaM)
AG, AG; AG, AG, AAG, AAG,
reporter group  (kcal moir* K%  (kcal mole* K™%  (kcal mort K1) (kcal mofr*K=%)  (kcal molt K1) (kcalFt mol~t K1)
(A) calmodulin
PM-Cys, —8.6+0.5 —-9.7+£0.5 —7.1+£0.2 —10.3+ 0.1 +15+072 —0.6+£05
Tyrize —-9.2+0.1 —-95+0.3 —8.0+0.2 —10.5+0.2 +1.2+0.2 -1.0+ 0.2
average —-89+04 —-9.6+0.1 7.6+ 0.6 —10.4+0.1 +1.44+ 0.2 —-0.8+0.3
(B) target peptide
Trps —59+28 —12.9+ 2.8 —6.0+3.5 —13.3+ 3.5 —0.1+45 —0.4+45

a Data were obtained from fits in Figures 12 and 13 to a Scatchard equation assuming two independent binding sites for target peptides per CaM
and using eq 10 under Experimental Procedures, and the associated free energies are taken to be related to the association constants for each
separate binding domain in CaM. Errors associated with each sample were propagated (Bevington, 1969), while average errors are the standard
deviation of the measuremelitP < 0.05 using a Student'stest.

gous to the autoinhibitory domain of the Ca-ATPase (Vorherr
et al., 1990), since the placement of pyrenylmaleimide in
the amino-terminal domain of CaM and Ty in the
carboxyl-terminal domain would suggest that these fluores-
cent reporter groups preferentially monitor binding interac-
tions associated with their respective globular domains within
CaM.

In the case of the pyrene-labeled CaM, analogous binding
curves are observed using both C25W and F52 (data not
shown), suggesting that the association with these two target e
peptides occurs in an analogous manner. This is consistent
with_ previous measurements _that ind_icate a similar_confor- 00 05 10 15 20
mation of native CaM associated with these peptides, as .

. [CaM ] /[ peptide ]
assessed both by time-resolved fluorescence resonance

energy transfer and by anisotropy measurements (vao & (eiRt i TERCEE ONPEd B o N Wih & peptide
.SqUIer’.1994)' A quantitative description of the blndlng homologous to the autoiﬁhibitory domain of the PM-Ca-ATPase
interaction between CaM and these target peptides requiregcasw) was monitored through changes in the initial fluorescence
that we take into account both of the binding sites within of Trp, located on the C25W peptide (i.€/Fo) upon association
CaM for target peptide (Table 5), as judged by our inability with native ©) and oxidatively modified @) CaM. The latter

to adequately describe the data using equations that assumﬁmg\'lzriggg"’gfd tlh?eiexg‘f%eet%fio%?r']\gs@g?efog )%igige%”‘ig t?r?éir
a single binding site (data not shown). We resolve two very corresponding sulfoxide per CaM (see Experimental Procedures).

similar binding constants associated with the interaction of F is the observed fluorescence signal, aRg is the initial
CaM with the F52 target peptide irrespective of whether the fluorescence observed in the absence of added CaM. Maximal
binding is monitored using the signals from Tyr or fluorescence changes correspond to and88% increase upon
pyrenylmaleimide at Cys (Table 5), suggesting that the binding native CaM, and a 4% 5% decrease upon binding

. oxidatively modified CaM. Inset: Scatchard plot relating to peptide
environments around both Tysand pyrene located at Gys binding was analyzed as described in Figure 12. In all cases, the

are sensitive to peptide binding at the opposing globular peptide concentration was Qu, and the buffer consisted of 0.1
domain. The latter result is consistent with the close M HEPES (pH 7.5), 0.1 M KCI, and 0.1 mM CaCat 25°C.

proximity of the two globular domains subsequent to

association with target peptides [reviewed by Crivici and  Peptide Conformation in Association with CaNh order
Ikura (1995)]. The higher affinity of the carboxyl domain to further investigate possible differences between the affinity
of CaM with target peptides suggests that the apparentand structure of native and oxidatively modified CaM in
binding energies between the amino and carboxyl domainsassociation with target peptides, we have further investigated
of native CaM and F52 are8.9+ 0.4 kcal moft! K~! and the interaction of CaM with the C25W peptide. Binding
—9.6 &+ 0.1 kcal mot! K™%, respectively. Using this was monitored through changes in the fluorescence of the
assignment relating to the relative binding energies of the single tryptophan located on the C25W peptide (i.e..)rp
amino- and carboxyl-terminal domains of CaM and target using both native and oxidatively modified CaM (Figure 13).
peptides, we find that there is a loss of 4.2 kcal mot? Trps on the autoinhibitory domain of the PM-Ca-ATPase
K1 of binding energy between the amino-terminal domain has previously been identified as a major hydrophobic anchor
of CaM and target peptide subsequent to the oxidative in the association of the homologous autoinhibitory domains
modification of the carboxyl-terminal vicinal methionines, from smooth and skeletal myosin light chain kinase [re-
while there is a 0.8t 0.3 kcal mot! K~* enhancement in  viewed by Crivici and Ikura (1995)] and interacts with the
the affinity of the carboxyl-terminal domain of CaM with  carboxyl-terminal domain of peptides that are homologous
the associated binding site on the target peptide subsequento the autoinhibitory domain of the PM-Ca-ATPase (Chap-
to the oxidative modification of the carboxyl-terminal vicinal man et al., 1992). This indicates that Trghould serve
methionines. This result is consistent with the interpretation as a sensitive probe to detect modifications in the inter-
that oxidatively modified CaM can associate with the PM- action between target peptides and the carboxyl domain of
Ca-ATPase and function as a noncompetitive inhibitor. CaM.
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oxidation (and degradation) is observed in brain, heart,

>

§ 101 erythrocyte membranes, and various other tissues obtained
g 081 ° from aged animals (Smith et al., 1991; Gaczynski, 1992),
& o6l ONQ and it has been suggested that these processes are correlated
E ' o (Harman, 1987). While age-dependent modifications in the
§ 041 calcium handling properties of the plasma membrane occur
S 02l o (Michaelis, 1989; Michaelis et al., 1992), there is no
§ mechanistic information relating to the primary defect

I 00t———————— i i ina i i ieawi

= "0 o2 04 06 08 10 associated with the decline in transporter function. Likewise,
O specific decreases in the amount of CaM in aged brain have

CaM Fraction Modified b q . d by P 1992 hich
FiGure 14: Correlation between CaM-dependent activation of PM- e_en reporte I[refv.lewe Bé eter_sodn ( d ).]' W ||_|C may
Ca-ATPase and fraction of CaM that is oxidatively modified. The 2alS€ as aresult of increased protein degradation. However,
ATPase activity is normalized to that obtained using native the identification of specific proteins that contain functionally
(unoxidized) CaM to activate the erythrocyte PM-Ca-ATPase, and relevant sites that are selectively damaged by ROS remains
the plotted values on the ordinate represent the average aCtiVa“Ofbroblematic.

obtained from Figures 5 and 6 in which the CaM and calcium . e . .
dependence of ATPase activity is assessed. The associated standard Our approach to the identification of possible mechanisms

deviations for these measurements corresporicth with respect  relating to the decline in the calcium handling capabilities
to the ATPase activity. The associated values on the abscissaln cells that occurs in association with oxidative stress and

represent either direct measurements relating to the amount of T12aging has been to investigate the possibility that critical
peptide that is oxidatively modified®; obtained from Figure 3 aming acids within CaM both are primary sites of oxidative

with a standard error a£6%) or the respective amplitudes obtained e s L
using the two-state model described under Experimental ProcedureénOd'f'Cat'on and that upon oxidative modification alter the

(eq 10) to obtain a consistent set of parameters that describe thdunction of CaM. CaM was chosen as a possible target for
oxidatively modified species of CaM. The latter data sets correspond oxidative modification (i) due to its key role in responding
to the associated amplitudes obtained from the four lifetime data to and regulating intracellular calcium levels and (ii) because

sets in Figure 9; with an associated standard error of 18%), the 15 abnormally high methionine content, which comprises
calcium-dependent titration of the steady-state fluorescence associ- bout 6% of the total ami ids in CaM ! Sj thioni
ated with both PM and Tyssin Figure 10 @; with an associated ~ 200Ul 670 Or'ihe total amino acids in Lavl. since methionine

standard error of 12%), and the observed fluorescence change ofS especially prone to oxidative modification (Vogt, 1995)
both PM and Tyrse associated with peptide binding in Figure 11 and is critically involved in the association between CaM
(O; with an associated standard error of 7%). The line illustrates and target proteins (Meador et al., 1992, 1993; Ikura et al.,

the expected relationship if there was a 1:1 correspondence betwee P ; : :
CaM-dependent ATPase activity and the fraction of CaM species ’1992), it is expected that the conversion of this relatively

that had been structurally modified subsequent to oxidative
modification.

One observes that upon titration of the C25W peptide with
native CaM that there is a 88 6% fluorescence enhance-
ment associated with the binding of CaM to C25W. In
contrast to native CaM, one observes a4%% decrease
in the fluorescence associated with Fign C25W upon
peptide association with oxidatively modified CaM (Figure
13), indicating an increased polarity surrounding 4Irp
(Schimeich et al.,, 1995). Given the critical role of the
oxidatively sensitive C-terminal vicinal methionines (i.e.,
Meti46 and Mety7 in wheat germ CaM) in binding Tggn a
range of target peptides [reviewed by Crivici and lkura
(1995)], the altered polarity of Tipupon association of the
C25W peptide with oxidatively modified CaM indicates that
Trps in the C25W peptide associates with oxidatively
modified CaM in an altered binding pocket. However,
oxidative modification does not significantly alter the binding
affinity between C25W and the carboxyl-terminal domain
of the oxidatively modified CaM relative to native CaM
(Table 5; Figure 13), consistent with our observation that
oxidatively modified CaM can compete with native CaM
for occupancy of the autoinhibitory domain on the PM-Ca-
ATPase (Figures 5 and 6).

DISCUSSION

It is widely recognized that the calcium handling capacity

hydrophobic amino acid to a polar residue would affect the
function of CaM. We have emphasized conditions that
maximize the specificity of oxidative modification to me-
thionine by HO, (i.e., pH 5.0), in order to facilitate the
identification of fundamental relationships between sites of
oxidative modification and the underlying structural alter-
ations that affect function. However, in order to generalize
our results, we have considered both more physiological
conditions using KO, (i.e., pH 7.5) and other more reactive
species (i.e., peroxynitrite) which modify methionines within
CaM on a subsecond time scale, and find nearly identical
patterns of oxidative modification (Yin et al., 1995} kluer

et al.,, 1995). In all cases, the same carboxyl-terminal
methionines represent the primary sites of oxidative modi-
fication. We find that there is a close correlation with respect
to the solvent accessibility of individual methionines and the
extent to which methionine is oxidatively modified by®}
(Table 2, Figure 4). These results indicate that the pattern
of modification is primarily determined by the solvent
accessibilities of methionine to ROS, and suggest that results
obtained from our more selective conditions (in which the
modification of minor amounts of tyrosine, histidine, or
lysine is prevented from complicating the interpretation of
the functional and structural effects of oxidation; Toennies
& Callan, 1939; Vogt, 1995) are generalizable to the
consideration of the functional and structural effects relating
to oxidative modification of CaM under physiological
conditions.

of a range of tissues including brain, heart, and erythrocytes Summary of ResultsReversed-phase HPLC and FAB

isolated from aged animals declines, resulting in both longer mass spectrometry have allowed us to identify the existence
calcium transients and elevated basal levels of intracellular of a highly reactive methionine near the carboxyl-terminal
calcium (Aiken et al., 1992; Michaelis, 1989; Michaelis et of CaM (i.e., Metss Or Met147 in wheat germ CaM), which
al.,, 1992; Peterson, 1992). Likewise, increased protein represents the major site of oxidative modification Ok
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(Figures 2 and 3). The selective oxidation of one of the decrease in the association constant between one of the two
carboxyl-terminal vicinal methionines to the corresponding domains of CaM and the target peptides (Figure 12, Table
sulfoxide results in a modified CaM that is unable to fully 5). Previous results indicate that the carboxyl-terminal
activate the PM-Ca-ATPase from erythrocyte membranes domain of CaM both binds a peptide with sequence homol-
irrespective of the calcium concentration, or the CaM ogy to the autoinhibitory domain of the PM-Ca-ATPase with
concentration used to assess function (Figures 5 and 6). Therdigher affinity (Vorherr et al., 1990) and selectively associ-
is a greater than 10-fold decrease in the calcium affinity for ates with Trp on the target peptide (Chapman et al., 1992).
both amino- and carboxyl-terminal domains in CaM upon Therefore the greater than 7-fold reduction in the affinity of
oxidative modification of a limited number of methionines the peptide binding site on CaM that initially has lower
(Table 4). The requirement for increased calcium concentra- affinity (Table 5) coupled with the fact that the binding
tions to fully activate CaM is consistent with the observed energy between Tipand the carboxyl terminus of CaM is
increase in free calcium levels in cells that have undergone Not altered subsequent to the oxidative modification of CaM
oxidative damage, since calcium extrusion requires activationindicates that the loss of binding energy upon oxidative
of the PM-Ca-ATPase by calcium-saturated CaM [reviewed Modification of methionines at the carboxyl terminus selec-
by Carafoli (1987) and Peterson (1992)]. However, while tively alters the ability of the amino-terminal domain of CaM
oxidative modification disrupts the tertiary structure of CaM, 0 bind to target peptides. These results indicate that
one observes analogous structural changes associated witRXidatively modified CaM is not able to activate the PM-
the calcium activation of the individual globular domains, Ca-ATPase as a result of the altered conformation associated
as indicated by the similar calcium-dependent changes inWith binding the autoinhibitory domain of the PM-Ca-
the fluorescence signals associated with ,Jytcarboxyl TPase. _
terminal) and pyrenylmaleimide (covalently linked to Gys Correlation between the CaM-Dependent ATPaseuigti

in the amino-terminal domain) (Figures 8 and 9). Subsequent®f the PM-Ca-ATPase and the OxidaiModification of the

to calcium activation, oxidatively modified CaM has an CarboxyI-TermlnaI Vicinal Meth|on|ne_s in CaMPossible
analogous affinity to the autoinhibitory domain of either a CO'relations between the decrease in the CaM-dependent
homolog of the MARCKS protein (i.e., F52) or the PM-Ca- ATPase activity (F'gl_”es 4 a_md 5. the_ oxldatlve_modlflcatlon
ATPase (Figures 12 and 13), but upon binding is not able to of the carboxyl-terminal vicinal methlonlnes’(Flgures 2 and
activate the PM-Ca-ATPase (Figures 5 and 6). Since the3; Tables 2 and 3), and perturbaﬂons to CaM s structure were
oxidized CaM represents a mixed population of species, asses_sed thr_ough a comparison of the fe'a“"ei amphtu_des
which includes significant levels of native CaM (even the associated with the recovered parameters relating to oxida-

most extensively oxidized sample contains an average of onlyt've'y modn_‘|ed CaM that were generate_-d using a two-state
1.3 + 0.1 methionines oxidized per CaM), the inability to model_. This fT‘Ode' assumes that Fhe distribution of species
regain maximal activation of the PM-Ca-ATPase upon af(f)?i(r::]a}oltti% \tl)wﬂlwzx'dc?t':g%ilorrg?dg;egxig:m elcarr]‘n : (;ﬁ:g i
addition of increasing concentrations of CaM indicates that b y hop ' 4

the oxidatively modified CaM binds to the same site as native CaM with native-like structure and (ii) oxidatively modified
ly : o . CaM with an altered tertiary structure. We find that there
CaM, but with an altered conformation. This interpretation

is consistent with our ability to describe the kinetic data in is a good correlation between the loss of the CaM-dependent
. . . - . ATPase activity associated with the oxidative modification
Figure 5.us!n.g_ a 3|.mple noncompetitive mOP'.e' relatlng 0 of the carboxyl-terminal vicinal methionines and the ampli-
enzyme |nh|b|t|on., in which OX|dat|ver.mo_d|f|(.eq CaM IS tudes associated with (i) the modification of the lifetimes of
assumed to function as a noncompetitive inhibitor, and is pyrene (covalently linked to Cy8 and Tyras (Figure 9)
further supported by the inability to recover maximal ATPase (jiy the decreased calcium affinity of CaM assessed by
activity upon activation of the PM-Ca-ATPase in the ccjym.dependent changes in the fluorescence of pyrene and
presence of a mixture of oxidized and native CaM (1:10 Tyr.se (Figure 10), and (iii) the observed fluorescence change

stoichiometry; data not shown). .However, the interaction of poth pyrene and Tys, associated with peptide binding
between the autoinhibitory domain of the PM-Ca-ATPase (rigure 11). This correlation is illustrated in Figure 14, and

and CaM is substantially different upon oxidative modifica- provides strong support that the carboxyl-terminal vicinal
tion of CaM (Figure 13), as indicated by the opposing change methionines represent a regulatory site on CaM that modu-
in the fluorescence signal associated with,lirpthe target  |ates CaM'’s ability to productively associate with and activate
peptide upon binding to oxidatively modified CaM. How- the PM-Ca-ATPase.
ever, there is no corresponding loss in binding energy  Relationship to Other WorkRelatively little information
between CaM and Tipon the target peptide of C25W s available with respect to the relationship between oxidative
(Figure 13). Therefore, since the carboxyl-terminal me- gamage to CaM and its ability to regulate target proteins. It
thionines in CaM bind to Trpin the target peptide (Chapman  has been previously observed that the oxidation of three to
et al., 1992), and represent a major binding site that servesfour methionines in animal CaM (localized primarily in the
as a hydrophobic anchor with respect to the association ofcentral helix and calcium binding domains IIl and V) with
CaM and target peptides [reviewed by Crivici and Ikura N-chlorosuccinimide and chloramine T results igradual
(1995)], it is apparent that the altered fluorescence associatedjecrease in the ability of CaM to activate (i) cyclic nucleotide
with Trp, in the target peptide upon association with phosphodiesterase, (i) adenylate cyclase, and (iii) the
oxidatively modified CaM is consistent with the association erythrocyte Ca-ATPase [Walsh & Stevens, 1977; Wolff et
of Trps on the target peptide with the corresponding al., 1980; Guerini et al., 1987; reviewed by Carafoli et al.
methionine sulfoxides at the carboxyl terminus of CaM.  (1988)]. Whereas Walsh and Stevens (1977) found that
Quantitation of the binding interaction between CaM and residues Met, Mety,, Mets, and possibly Mabe were
target peptides indicates that oxidative modification of the predominantly affected, Guerini et al. (1987) arrived at the
carboxyl-terminal vicinal methionines results in the selective conclusion that the oxidized methionine residues are located
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within the carboxyl-terminal half of the protein and might demonstrates a selectivity for the oxidative modification of
also include Met,, Metias, and Metlss. The oxidized protein  the carboxyl-terminal vicinal methionines in CaM (Walsh
was ineffective in binding to cyclic nucleotide phosphodi- & Stevens, 1977; O’Neil et al., 1989; Yin et al., 1995;
esterase. These results provided the first suggestion thaHUhmer et al., 1995), suggesting that the structural and
methionine residues in CaM play a critical role in modulating functional modifications to CaM resulting from the selective
CaM’s ability to activate target proteins, and suggest that conditions used in this study to estimate the sensitivity of
oxidative modification to CaM results in a population of individual amino acids within CaM to oxidative modification
modified CaMs that is unable to bind to target proteins. by H,O, have more general significance. Additional mea-
However, these results do not address the influence of moresurements involving the addition of iron to facilitate Fenton
selective oxidative modifications with respect to the ability chemistry (i.e., the production of hydroxyl radicals at metal
of CaM to bind and activate target proteins. binding sites in the presence of,®; Stadtman, 1993)
Role of Methionine Residues in Binding Target Proteins. indicate a very similar oxidation pattern (data not shown),
Calcium activation of CaM results in structural rearrange- suggesting either that there are no metal binding sites for
ments that expose two hydrophobic patches that are enrichedron on CaM or that the lower oxidation potential or enhanced
in methionine residues, which forms as much as 46% of the solvent accessibility of the C-terminal vicinal methionines
binding surface for target proteins (O’Neil & DeGrado, functions to facilitate their selective oxidative modification
1990). The unique role of methionine in forming a hydro- by the highly reactive hydroxyl radical.
phobic binding site that displays minimal steric requirements  The ability to couple the oxidative modification of a single
and can therefore more rapidly bind target proteins has beensite (i.e., the carboxyl-terminal vicinal methionines which
highlighted as critical to CaM'’s ability to act as a signal are conserved between all CaM’'s from higher plants to
transduction molecule (Gellman, 1991; Williams, 1992; Clore humans) on a regulatory protein such as CaM to the reduction
et al., 1993). Furthermore, it has been demonstrated thatof ATP utilization and energy metabolism within the cell
the vicinal methionines near the carboxyl-terminal domain has the potential to enhance cell viability during conditions
of CaM are critical in defining one of two major hydrophobic  of oxidative stress, and is relevant to a range of acute trama
anchors that selectively associate with the target peptide (at(e.g., head injury) in which ATP utilization and energy
a site analogous to Tfpn both smooth and skeletal myosin  metabolism are rapidly shut down (Pazdernik et al., 1994).
light chain kinase; Crivici & lkura, 1995). While it is  The evolutionary conservation of a site (i.e., the carboxyl-
generally thought that conservative substitutions at this site terminal vicinal methionines) that (i) has a lower oxidation
have a relatively modest effect on CaM'’s function (Zhang potential with respect to oxidative modification and (ii) when
et al.,, 1994), Kung and co-workers have identified a oxidized modifies the association between CaM and target
conservative substitution within CaM of \iad for Metyss proteins so as to block activation by CaM suggests that this
that is associated with a behavioral mutant in paramecium site may represent a regulatory site. We propose that the
(Kink et al., 1990). The subsequent characterization of this inactivation of CaM by ROS can explain both the decline in
mutant CaM indicated that it does not fully support the energy metabolism (and the associated decline in ATP levels)
activation of selected target proteins (i.e., the calcium- and the rise in intracellular calcium levels identified with
dependent potassium current), emphasizing the importanceoxidative stress, and has the potential to enhance cell viability
of Mety4s in correctly binding and activating some target under conditions of oxidative stress. The decline in ATP

proteins [reviewed by Kung et al. (1992)]. content could arise from inactivation of a number of the over
Physiological Significance of Oxidag Modification of 30 critical (CaM-regulated) proteins involved in energy
Methionine by HO,. The oxidation of methionine by 1D, metabolism (e.g., glycogen phosphorylase), which would

is of particular interest, since J, represents the most have the effect of reducing the flux of metabolites through
abundant ROS normally produced during cellular metabo- the mitochondrial electron transport chain and the associated
lism, and contributes to a range of chronic conditions production of ROS. The associated increase in intracellular
associated with oxidative stress (Smith et al., 1991; Kukreja calcium levels is proposed to be the result of (i) a decline in
& Hess, 1992, 1994; Warner, 1994). While the oxidative ATP levels, resulting in decreased activity of the ATP-driven
modification of methionine is relatively slow (Figure 2), calcium pumps, and (ii) the inactivation of the CaM-
average cellular concentrations of® can exceed 100M dependent PM-Ca-ATPase by the association of oxidatively
for extended periods of time (i.exy1 h) during ischemia  modified CaM with the autoregulatory domain (see above).
and reperfusion in rat striatum (Hyslop et al., 1995), and This model proposes that the loss of calcium homeostasis
localized concentrations of &, may reach the millimolar  and the decrease in intracellular ATP levels associated with
concentration ranges used in this study. Furthermore, oxidative stress represent an adaptive strategy of the cell to
peroxides have been suggested to specifically target the(i) decrease the production of ROS by shutting down
calcium regulatory proteins and to interfere with signal oxidative metabolism and (ii) decrease ATP hydrolysis by
transduction in a range of cell types under conditions of the CaM-dependent ATPases in order to prevent the irrevers-
oxidative stress (Chaudie, 1994). For example, following ible deamidation of adenosine to inosine, which can result
ischemic conditions large concentrations of MetSO have beenin long-term energy depletion of the cell (Katz, 1992). Since
detected in cardiac tissue (Fliss & Docherty, 1987), indicating oxidative stress involves the competition between oxidative
that oxidative modification of methionines is physiologically damage and cellular repair mechanisms, a reduction in the
significant. concentration of ROS permits CaM to be repaired (by, for
Regulatory Role for Oxidately Sensitie Vicinal Me- example, the methionine reductases; Brot & Weissbach,
thionines on CaM.H,0; (and other more reactive species 1982, 1983, 1991; Rahman et al.,, 1992; Vogt, 1995),
such as peroxynitrite) as well as other oxidants (i.e., resulting in normal energy metabolism and normal intrac-
N-chlorosuccinimide, chloramine-T, and benzophenone) ellular calcium levels. This type of regulation by ROS would
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correspond to a previously unrecognized level of control that
could serve as a protective role against the cytotoxicity
associated with oxidative stress.

Conclusions. The oxidative modification of one of the
carboxyl-terminal vicinal methionines within CaM functions
as a molecular switch to modify the binding mechanism of
CaM with the PM-Ca-ATPase. Oxidatively modified CaM
associates with the autoinhibitory peptide on the PM-Ca-

Yao et al.

Crivici, A., & Ikura, M. (1995)Annu. Re. Biophys. Biomol. Struct.
24, 85—-116.

Fabiato, A. (1988Methods Enzymol. 15878-417.

Fabiato, A., & Fabiato, F. (1979). Physiol. Paris 75463-505.

Falchetto, R., Vorherr, T., Brunner, T., & Carafoli, E. (1991)
Biol. Chem. 2662930-2936.

Falick, A. M., & Maltby, D. A. (1989)Anal. Biochem. 182165~
169.

Fliss, H., & Docherty, G. (1987pev. Cardiovasc. Med. 6785—

ATPase, but does not activate the PM-Ca-ATPase. TheGaciynski, M. (1992Cytobios 72 290-291.

decreased calcium affinity of oxidized CaM likewise has the
potential to result in elevation of intracellular calcium levels,
which is associated with oxidative stress in a range of cell
types including brain and heart (Orrenius, 1990; Peterson,
1992; Smith et al., 1992). Therefore, the selective oxidation
of CaM has the potential to modify calcium homeostasis
within the cell.
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