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ABSTRACT We have used electrospray ionization mass spectrometry (ESI-MS), circular dichroism (CD), and fluorescence
spectroscopy to investigate the secondary and tertiary structural consequences that result from oxidative modification of
methionine residues in wheat germ calmodulin (CaM), and prevent activation of the plasma membrane Ca-ATPase. Using
ESI-MS, we have measured rates of modification and molecular mass distributions of oxidatively modified CaM species
(CaM,,) resulting from exposure to H,O,. From these rates, we find that oxidative modification of methionine to the
corresponding methionine sulfoxide does not predispose CaM to further oxidative modification. These results indicate that
methionine oxidation results in no large-scale alterations in the tertiary structure of CaM,,, because the rates of oxidative
modification of individual methionines are directly related to their solvent exposure. Likewise, CD measurements indicate that
methionine oxidation results in little change in the apparent a-helical content at 28°C, and only a small (0.3 + 0.1 kcal mol™")
decrease in thermal stability, suggesting the disruption of a limited number of specific noncovalent interactions. Fluorescence
lifetime, anisotropy, and quenching measurements of N-(1-pyrenyl)-maleimide (PMal) covalently bound to Cys?® indicate local
structural changes around PMal in the amino-terminal domain in response to oxidative modification of methionine residues
in the carboxyl-terminal domain. Because the opposing globular domains remain spatially distant in both native and
oxidatively modified CaM, the oxidative modification of methionines in the carboxyl-terminal domain are suggested to modify
the conformation of the amino-terminal domain through alterations in the structural features involving the interdomain central
helix. The structural basis for the linkage between oxidative modification and these global conformational changes is
discussed in terms of possible alterations in specific noncovalent interactions that have previously been suggested to stabilize
the central helix in CaM.

INTRODUCTION

Oxidative damage to a range of proteins correlates with theults in the selective oxidative modification of multiple
loss of calcium homeostasis in a wide variety of diseasegnethionines to methionine sulfoxide (Yin et al., 1995; Yao
including cancer, ischemia, Alzheimer’'s and Parkinson’set al., 1996; Hamer et al., 1996; Michaelis et al., 1996).
disease, amyotrophic lateral sclerosis, and normal biologicaRegardless of whether CaM is isolated from aged brain or
aging (Fliss and Docherty, 1987; Harman, 1987; Coyle andubjected to in vitro oxidative modification, oxidatively
Puttfarcken, 1993; Rosen et al., 1993; Alexianu et al., 1994inodified calmodulin (Cal) acts as an inhibitor with
Smith et al., 1996; Sohal and Weindruch, 1996). A possiblgespect to the activation of the plasma membrane (PM)
mechanistic link between oxidative damage of specific cal-Ca-ATPase by native CaM (Yin et al., 1995; Yao et al.,
cium regulatory proteins and the loss of calcium regulation; 996). Therefore, the formation of methionine sulfoxide
associated with these diseases has been suggested (Khac§igrupts some, but not all, specific interactions between
turian, 1994; Selkoe, 1997). In support of this hypothesisCaMOX and the PM-Ca-ATPase that are normally involved
we have previously identified the in vivo oxidative modifi- enzyme activation. Because the PM-Ca-ATPase is the
cation of multiple methionines to their corresponding SU"major high-affinity, high-capacity transport system present

foxides in calmodulin (CaM) isolated from the brains of j, )| cells (Carafoli, 1987; James et al., 1995), the oxidative
aged Fischer 344 rats (M|chf?u_el|s et al., 1996). There Wehodification of methionines in CaM has the potential to
no detectable oxidative modifications to any amino ac'dsalter intracellular calcium levels

except methionipe. Similarly, in vitro .o>_<idation with either An understanding of the structural effects associated with
hydrogen peroxide (50,) or peroxynitrite (ONOO) re- the oxidative modification of specific methionines to their
corresponding methionine sulfoxides is complicated by the
difficulty of obtaining a homogeneous sample in which
Received for publication 28 February 1997 and in final form 20 Novemberindividual methionines are selectively oxidized. Separation
1997. methods for isolating individual monooxidized species have
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through the use of standard methods of site-directed mu-
tagenesis by substituting individual methionines with natu-
rally occurring amino acids that have a polarity and size
similar to those of methionine sulfoxide (e.g., glutamine;
Chin and Means, 1996). Therefore, to determine the rela-
tionship between methionine oxidation and global structural
changes, our strategy has been to use electrospray ionization
mass spectrometry to directly measure the average extent of
methionine oxidation in CaM and to investigate the rela-
tionships between methionine oxidation and alterations in
the average structural properties of oxidatively modified
CaM, by using circular dichroism (CD) and fluorescence
spectroscopy. Whereas CD measurements permit the detec-
tion of possible changes in secondary structure associated
with the formation of methionine sulfoxide in Cayl com-
plementary measurements associated with fluorescence sig-
nals from PMal covalently bound to the single cysteine (i.e.,
Cys*®, see Fig. 1) in calcium binding loop | permit the
measurement of 1) the average structural features and 2) the
fraction of CaM that is structurally perturbed j around
Cys*®in the amino-terminal domain of Cal\l We find that
although oxidative modification of a limited number of
methionines results in minimal a!terations in the secpndar)éaturate d CaM. The relative positions of €ysTyr'® and the eight
structural features of Cal, there is a small decrease in the methionines in wheat germ CaM are indicated. Ribbons represent the
thermal stability of CaN, relative to native CaM. Large protein backbone of CaM, and shaded circles represent calcium ligands.
alterations in the lifetime properties of PMal covalently The rate _of oxidative modification associat‘ed with individual methionines
bound to Cy§6 upon methionine oxidation suggest that h_a;_prewously _bec_an_ shown to correlatfs with t_h_e calcglated surface acces-
L . . . . . sibilities of the individual sulfur atoms in specific tryptic fragments (Yao

methionine oxidation in the carboxyl—termlnal domain re- et al., 1996), which correspond to the following normalized distribution:
sults in global structural changes involving the amino-ter-met®® (8 + 2%), Mef? (14 + 4%), Mef? (9 + 2%), Mef® (12 + 17%),
minal domain around Cy& Because there are no large Met'* (3 + 4%), Met** (8 = 1%), and Met*® (20 + 6%), and Met*®
changes in the average spatial separation between the :{_7 * 11%)_. The numbering of the_amino acids in the wheat germ

. . . equence differs by one from a previous report (Yao et al., 1996), and
posing glObUIar domains of CaM, these results indicate th flects the correction of the original sequence associated with the amino-
concerted structural changes within the amino-terminal doterminal tryptic fragment as discussed in the text. Coordinates are taken
main that result from the oxidative modification of methi- from Brookhaven Protein Data Bank file 1cll.pdb, which corresponds to
onines in the carboxyl-terminal domain probably involve the human isoform of CaM (Chattopadhyaya et al., 1992). The illustration

the interdomain central helix. These results suaaest th v¥as created using MolScript (Kraulis, 1991), and assumes that the relative
) 99 apositions of the individual amino acids in wheat germ assume the same

oxidative modification of selected methionines in G&M  packbone structure. The model does not attempt to depict known alter-

disrupt specific noncovalent interactions that normally sta-ations in the tertiary structure that occur in solution (Heidorn and Tre-

bi”ze the structure Of native CaM. whella, 1988; Bayley and Martin, 1992; fiak et al., 1992; Yao et al.,
1994; Finn et al., 1995; reviewed by Crivici and Ikura, 1995).

FIGURE 1 Ribbon drawing depicting the backbone fold of calcium-

MATERIALS AND METHODS Site-specific chemical modification of either

26 138 ;
Materials Cys~® or Tyr'*® in wheat germ CaM

. . i The chemical modification of C§8with PMal and nitration of Ty¥*with
Hydrogen perox‘|de (50_2) was obt_amgd from .F|.sher, and the concentra- TNM were carried out essentially as previously described (Yao et al.,
tion was determined using the extinction coefficient at 240 nm (Nelson anch994). The uniform chemical modification of CaM with PMal routinely
Kiesow, 1972).N-1-(Pyrenyl)maleimide (PMal) was obtained from Mo- j,6|ved labeling CaM before its exposure tg®. Control measurements
lecular Probes (Junction City, OR). Tetranitromethane (TNM) was ob-j,gicate that PMal is not oxidatively modified by ,8,, because the
tained from Aldrich (Milwaukee, WI). All other chemicals were the purest (etention time and associated area of the PMal-modified tryptic fragment
grade commercially available. Wheat germ CaM was purified as previouslxi.e” E,s to Ky,) resolved by reversed-phase HPLC was unaffected by the
described by Strasburg et al. (1988). A single isoform of CaM correspondpyidative modification of 1.5+ 0.1 methionines per CaM (i.e., the expo-
ing to the cDNA encoding vertebrate CaM, provided by Prof. Sam Geogesyre of CaM to 5 mM HO, at pH 5.0 for 10 h at 25°C; data not shown).
(Duke University), was subcloned and overexpressefisicherichia coli Likewise, the associated absorption spectrum, fluorescence emission spec-
and was purified, essentially as previously described, by using phenylrum, excited state lifetime, and solvent accessibility of PMal-CaM were
Sepharose CL-4B (Pharmacia, Piscataway, NJ) and weak anion exchanggtually identical whether CaM was labeled with PMal before or after
high-performance liquid chromatography (HPLC) (iter et al., 1996).  oxidative modification (data not shown), indicating that PMal is not
Purified CaM was stored at 70°C. modified by H,O, under these experimental conditions. Similar chromato-
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graphic and spectroscopic measurements indicated thaf®Tymas not Tris-HCI (pH 7.5), 0.1 M KCIQ, 1 mM Mg(CIQ,),, and 0.1 mM Ca-

oxidatively modified by HO, under these experimental conditions. CaM (ClO,),, and spectra were recorded at 1-nm intervals between 202 and 260

concentration was determined from the micro BCA assay (Pierce), using am. The appareni-helical content associated with CaM was determined

stock solution of desalted bovine CaM, whose concentration was obtainedy a nonlinear least-squares fit to computed basis spectra based on the CD

using the published extinction coefficient for bovine Cadj.{ = 3029 spectra of proteins with known 3-D structures (Saxena and Wetlaufer,

M~1 cm™%; Strasburg et al., 1988). 1971), using the Levenberg-Marquardt equation solver in the program
Mathcad (Mathsoft, Cambridge, MA) to fit the following equation:

Oxidative modification of selected Atual spectrum= A; X [a-helix] + A, X [B-sheet
methionines in CaM 1)

+ A; X [random caoil.
The oxidative modification of wheat germ CaM was carried out as de-
scribed by Yao et al. (1996). CaM (60M) was dissolved in 50 mM  This analysis assumes that the actual spectrum is a linear combination of
homopiperazineN,N'-bis-(ethanesulfonic acid) (pH 5.0), 0.1 M KCI, 1 the spectral intensity associated with the indicated secondary structural
mM MgCl,, 0.1 mM CacC}. H,0, was added to make the final concen- elementsA;, A,, andA; are the relative amplitudes associated with the
tration 5 mM. The oxidation was carried out at 25°C. At different time amount of a-helix, B-sheet, and random coil structures in oxidatively
intervals, the reaction was terminated by applying the sample to a Sephmodified or native CaM. Alterations in the free energy associated with the
adex G-25 column (1.6< 23 cm); CaM was eluted from the unreacted stability of CaM were analyzed using a simple two-state model that
H,0, in the void volume and subsequently lyophilized. From direct chro- assumes a highly cooperative temperature-dependent denaturation of the
matographic and mass spectrometric measurements relating to the extent@elical content of CaM (Bectel and Schellman, 1987), where
oxidative modification associated with individual amino acids in CaM, we
know that 1) methionines are selectively oxidized to their correspondingAAGt, = AG/zive — AGoyidized

sulfoxides; 2) no other amino acids are oxidatively modified to any (2)
appreciable extent; and 3) the carboxyl-terminus methionines (i.e*Met [a-heliX,aivelr,,

or Met*9 in CaM,, are the major sites of oxidative modification and = —RT,In - - .
represent more than 45% of the oxidatively modified residues in CaM (Yao [a-heliXaaivelioc = [a'hehxnativJTm

et al., 1996).

AAG’ is the loss of free energy in Calyirelative to native CaM in kcal
mole™%; T, is the temperature in °K, where thehelical content of Caly,
Mass spectrometry is 50% of that at 10°C; anR is the gas constant.

Mass spectra were obtained with an AUTOSPEC-Q tandem hybrid mass

spectrometer (VG Analytical, Manchester, England) equipped with anFlyorescence measurements

OPUS data system. FAB mass spectrometry experiments were performed

using a cesium gun operated at 20 keV energy angdA2emission. Steady-state and frequency-domain fluorescence measurements were made

Post-HPLC column fractions containing tryptic peptides were collectedusing an ISS K2 fluorometer in conjunction with the 351 line (for the

and dried before being redissolved in equal parts ofCWH,O (v/v). To excitation of pyrene) from a Coherent Innova 400 laser, as previously

this sample an identical volume of a matrix solution containing equal partslescribed (Yao et al., 1994), and the fluorescence emission was collected

of thioglycerol/glycerol (v/v) was added. Peptide esterifications were car-subsequent to passage through a Schott GG400 long-pass filter. In all

ried out by dissolving dried peptide fractions in 0.2 N acetyl chloride in cases, the sample temperature was 25°C, and the buffer consisted of 0.1 M

hexanol and warming at 35°C for 1 h. The hexanol peptide solutions werédEPES (pH 7.5), 0.1 M KCI, 1 mM MgGl(Buffer A), and either 0.1 mM

analyzed directly. Mass identification was assisted through the use o€aCl, or 0.1 mM EGTA.

software (GPMAW from Lighthouse data, Aalokken 14, DK-5250, Odense

SV, Denmark) in combination with sequence data derived from the pub-

lished sequence of wheat germ CaM (Toda et al., 1985). Resolution of fluorescence lifetime components
Electrospray ionization (ESI) spectra were acquired on the AUTO- . . s

SPEC-Q equipped with the VG's Mark IV ESI source (Micromass, for oxidatively modified CaM

Manchester, England). This version has “pepper pot” counter-electrode anie intensity decay law of the mixture of oxidatively modified and native

hexapole transfer optics. Unless otherwise indicated, the instrument Waga is obtained from the frequency response of the amplitude-modulated

operated in negative ion mode at 4 kV acceleration potential, with the ES|ight and is characterized by the frequenay)-fependent values of the

needle at 7.5 kV, the counter-electrode at 5 kV, and the remaining 'enﬁhase-shift ¢,) and the extent of demodulatiom(). The measured

optimized for maximum sensitivity, using a solution containing 6 pmdle/ parameters are compared with the calculated (c) vatbigsandm, ), and

of ubiquitin (Sigma, St. Louis, MO) in a solution containing 70% (V/V) {he reported values are those that minimize the squared deviation. Explicit

methanol and 0.3% (v/v) NfDH. The instrument was tuned to 1800 eypressions have been provided that permit the ready calculation of the

resplving power qnd scanned from 800 to 3000 amu at 10 s/decade. Magifatime components relating to a multiexponential decay (agand 7;
calibration was with a Csl solution. CaM samples in 0.1 mM EGTA were \yeper 1981: Lakowicz et al. 1985), where

trapped and desalted before ESI on a column (10 xni mm) of

polymeric beads with 4000 A pores (Michrom BioResources, Auburn, CA) N
with 10 mM (NH,),CO;, (pH 8.6) at 250ul/min. The trapped CaM was ®,, = arctan~~ and m,, = \Ni + D2, (3)
eluted from the beads directly into the ESI source with 70% (v/v) methanol D,

and 10 mM (NH),CO; (pH 8.6) at 8ul/min through a 130+m ID stainless - )

steel needle and nebulized with a coaxial gas flow of nitrogen at 10 liters/hN 21dD,, are specific mathematical transforms that relate the measured
phase shift (i.e.¢,) and modulation rfy,) to the lifetime components
associated with the excited state intensity decay of the chromophore.

Circular dichroism spectroscopy Alternatively, appropriate expressions have been derived that permit de-
termination of the initial anisotropy in the absence of rotational diffusion

Circular dichroism (CD) spectra were measured with an AVIV Model (r.), the rotational correlation timesh(), and the amplitudes of the total

60DS spectropolarimeter and a temperature-jacketed spectral cell with anisotropy loss associated with each rotational correlation tigge.(The

pathlength of 0.5 cm. Desalted CaM (p@/ml) was dissolved in 10 mM  derivation and application of these expressions have previously been
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described in detail (Lakowicz et al., 1985; Lakowicz and Gryczynski,
1991; Johnson and Faunt, 1992).

These transforms (i.eN,, andD,) can be readily modified to take into
account a heterogeneous solution of CaM that can be approximated by two
populations of structural conformers corresponding to 1) native or oxida-
tively modified CaM with a native-like structure or 2) oxidatively modified
CaM with an altered tertiary structure, where

Nw‘ = 1:oxidizedi X Noxidized + (1 - foxidized‘) X Nnative (4)

and

Dmi = foxidized‘ X Doxidized+ (1 - foxidizedi) X Dnative- (5)

Relative Abundance
@

D

An independent measurement of the individual lifetime components and E
associated amplitudes relating to native CaM (beandr,) permits one to
recover 1) the average lifetime parameters (ngandr) associated with
the structurally altered population of Cglyand 2) the associated fraction Mass ( Daltons )
(i.e., foxidgized Of CaM that has been structurally altered by oxidative
modification. It should be emphasized that oxidative modification of a
particular methionine in Caly need not perturb the structural features
around PMal at Cy&, and that some oxidatively modified CaM species
may have a “native-like” structure that would not contributé,i,,.¢ The

16700 16750 16800 16é50

FIGURE 2 ESI MS spectrum of native and oxidatively modified wheat
germ CaM after deconvolution of multiply charged ions. Spectra corre-
sponding to native CaMA) or subsequent to exposure with 5 mM®4 for
1h®),2h(C),4hD), orl0 h E), using experimental conditions as

parameter vIaIu_es_ are;]_d;zt(;rmmsd uzln?‘_the mectthd (_Jf nc_)n_lln_ea; Ieas(Ei'escribed in Materials and Methods. Two CaM isoforms were resolved
squares analysis in which the reduced chi-squared g),is minimize with masses of 16,783 3 and 16,799+ 3 Da. Cone fragments corre-

- : > h o
(Bevmgftog, 19(169)' A COfT;p;;SOﬂ %k provu:jes a(;qulantltaélve msasrt:re;j sponding to these two CaM isoforms result in two additional species with
Terllt o the aclj equacy ok‘ |1erintDassume TO els to, hescrrll € tl eb Ia asses of 16,748 3 and 16,767+ 3 Da, respectively. The theoretical

(Lakowicz and Gryczynski, 1991). Data were fit using €ither the Glo Elsaverage molecular mass of wheat germ CaM directly determined from the

software package (University of lllinos, Urbana—Chqmpaign) or the Pr0-amino acid sequence and deduced from cDNA analysis was 16,799.6 and
gram Mathcad 6.0 (MathSoft). The reported experimental uncertalntles_L 785.5 Da, respectively (Toda et al., 1985, 1994; Yang et al., 1996).

associated with each parameter were determined from a global analysis %;stequent to oxidative modification, the fraction of CaM species con-

the rdes%egtlvg grrorIBSurfa:es, by TJsngTet?tlst!c algsocr:ated with one taining zero, one, two, and three incorporated oxygens was resolved using
standard deviation (Beechem et al., )- To simplify the presentation OE I MS, and after correction for cone fragmentation and deconvolution of

the data, in cases where the error surfaces are not symmetrical, the repor overlapping oxiforms associated with the two CaM isoforms, the

errors represent the maximum variance obtained from the error analySiSassociated fractions of each of these species were tabulated (Table 2).
Experimentally, 15u.g of CaM in 0.1 mM EGTA and 10 mM (NEJ,CO,
(pH 8.6) was trapped, desalted, and then directly infused (on-line) into an
RESULTS Autospec EQ mass spectrometer, as described in Materials and Methods.

Identification of multiple isoforms of CaM

expressed in wheat germ protein sequence (i.e., 16,799 3 Da; Toda et al., 1985,

To identify the distribution of oxiforms of CaM produced 1994) and to one of the isoforms obtained from an analysis
under various oxidation conditions, we have made use of thef the cDNA encoding CaM (i.e., 16,788 3; Yang et al.,
ability of ESI mass spectrometry to resolve the molecularl996), suggesting the expression of two isoforms of CaM in
mass of CaM to within 3 Da. We have initially measured thewheat germ.

molecular mass of native (unoxidized) CaM to determine Two additional lower molecular masses are observed in
the identity of the CaM species purified from wheat germ,the ESI spectrum of native CaM (i.e., 16,748 3 and
because there is some uncertainty with respect to the isd6,767 = 3 Da) that are inconsistent with any of the
form(s) of CaM expressed in wheat germ. All three of thereported amino acid sequences deduced from the cDNA
cDNA derived amino acid sequences expressed in wheancoding wheat CaM, suggesting that these masses either 1)
root tip, with calculated average molecular masses otorrespond to different isoforms of CaM that have previ-
16,785.5 Da, 16,757.5 Da, and 16,068.0 Da (Yang et al.ously not been identified or 2) represent fragmentation
1996), are distinct from the reported protein sequence obartifacts that may arise as a result of collision-induced
tained directly from CaM isolated from wheat germ, which dissociation (CID) (Smith et al., 1991). To investigate the
has a calculated average molecular mass of 16,799.6 Daigin of these low mass features in the electrospray ion-
(Toda et al., 1985, 1994). It is therefore possible that CaMzation mass spectrometry (ESI-MS) spectrum of wheat
is differentially expressed in root tip and wheat germ. Al-germ CaM, we have investigated the ESI-MS spectrum of a
ternatively, there may be an error in one of the reportedingle isoform of CaM that was cloned and expressef.in
sequences. To identify expressed isoform(s) of CaM ircoli, and purified to homogeneity by weak-anion exchange
wheat germ, we have used ESI mass spectrometry. The ESIPLC. The single sequence of CaM rules out the possibility
mass spectrum of wheat germ CaM exhibits two majorthat any low-mass features in the spectrum will correspond
peaks (Fig. 2) with molecular masses corresponding to th&o isoforms that may be present in CaM isolated from native
mass of wheat germ CaM previously described from itssystems. When the voltage difference across the sampling
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orifices in the ESI source is small (i.e.,, 0 V, low CID served in the ESI spectra of wheat germ CaM (i.e., 16,748
energy), we observe two peaks in the ESI-MS spectrum thdda and 16,767 Da; Fig. 2) are probably also MS collision-
correspond to average molecular masses of 16:680and  induced ionization species. The larger mass difference be-
16,706= 3 Da, and account for11% and 89% of the peak tween the parent ions (i.e., 16,783 Da and 16,799 Da) and
area in the ESI-MS spectrum (Fig./A. The major peak their respective fragmentation ions (i.e., 16,748 and 16,767
(i.e., 16,706 Da) is close to the theoretical mass of théda) in CaM isolated from wheat germ relative to that
cloned CaM (i.e., 16,705.4 Da). Upon increasing the voltagexpressed irkE. coli may be related to the trimethyl-lysine
difference (i.e., 2000 V, high CID energy), the relative area(which is expected to readily fragment in negative mode to
of the 16,690-Da peak increases by approximately twofoldloose one methyl group; Murphy and Harrison, 1994) and
and accounts for 23% of the total peak area in the ESI-M®ther sequence differences between wheat germ and verte-
spectrum (Fig. 3B). In contrast, ESI-MS spectra obtained in brate CaM expressed . coli.

positive ion mode (where the spectrum is dominated by ions As already indicated, the two major peaks observed in the
of lower charge states) contain very little of the 16,690-DaESI mass spectrum (Fig. &) are consistent with the pres-
peak, and are dominated by the major peak at 16,706 Dance of two isoforms of CaM expressed in wheat germ (see
(data not shown). The ability to alter the abundance of thebove). It is also possible, however, that only one isoform of
lower mass peak at 16,690 Da by altering the experimentaCaM is expressed, and that the larger molecular mass cor-
conditions in the mass spectrometer indicates that theesponds to that of native CaM that has been oxidatively
16,690-Da peak represents the mass of a collision-inducechodified (i.e., 16,783+ 16 = 16,799 Da). To further clarify
dissociation (CID) artifact that results from the conditionsthe origin of these two major peaks in the ESI mass spec-
used in the electospray ionization, and may correspond ttrum, we have proteolytically digested wheat germ CaM and
the loss of neutral Nklor H,O. Differences in the relative used reversed-phase HPLC and fast atom bombardment
abundance of this low-mass feature observed in negativaass spectrometry (FAB-MS) to identify the resulting tryp-
and positive ion mode, where the distributions of chargetic peptides. It should be noted that we have previously
states are very different, is consistent with earlier suggesidentified the masses associated with all but one of the
tions that the fragmentation of proteins may be affected bymajor tryptic fragments (i.e., those peptides containing two
the distribution of charge states, and that there is a reduceal more amino acids) obtained from wheat germ CaM by
fragmentation as a result of the lower collision cross sectiorAB mass spectrometry (Yao et al., 1996). However, we
for a sample populated by ions of a lower charge state (Chehad been unable to detect a peptide mass that would corre-
et al., 1997). However, whereas positive ion mode results ispond to the 14 amino acid amino-terminal tryptic fragment
less collision-induced cone fragmentation, negative ior(i.e., Ala* to Lys'¥, based on the sequence currently re-
mode has been used to resolve the distribution of oxidaported in the protein data base, which had a predicted
tively modified CaM species (see below), as a result of thanonoisotopic mass of 1662.8 Da (Toda et al., 1985). This
greatly improved experimental sensitivity of CaM observedsequence has recently been corrected, and is reported to
in negative ion mode. Therefore, the low-mass ions obcontain 13 amino acids with an expected monoisotopic
molecular mass of 1549.7 (Toda et al., 1994).

Using FAB-MS, we find two major tryptic fragments
with monoisotopic masses [M- H]* of 1535.8+ 0.3 and
16,708 1549.8 + 0.3 Da (Fig. 4A), which correspond to the
predicted molecular masses of the amino-terminal tryptic
peptides derived respectively from either the direct protein
sequence or from that derived from cDNA (Toda et al.,
16,690 1994; Yang et al., 1996). The calculated monoisotopic mo-
lecular masses derived from the sequence data are 1535.6
and 1549.7 Da, respectively. Whereas the 1549.7-Da mass
had previously been reported using FAB-MS (Toda et al.,
1994), the 1535.6-Da mass had only been suggested from
the cDNA-derived sequence obtained from root tip, and this
CaM isoform may not necessarily be expressed in wheat

16650 16700 16750 germ. To further clarify the identity of the 1535.8-Da pep-
Mass ( Daltons ) tide, we have isolated this peptide (FigBjand derivatized
the associated carboxylic acids with hexan-1-ol (which adds

FIGURE 3 Identification of cone fragmentation in the ESI MS spectrum 84.0 Da to each carboxylic acid on the parent peptide) and
of eXpresl_Sed vertebrate CzMBSPeC_tra (;\fN a Sinlglet isoform of CZ:VI expliess%i‘sed FAB mass spectrometry to measure the distribution of
in E. coli were measure usin 0 electrospray neeale voltage H 7 H
correspondingd 0 V (A) and ZO):)VB).gExperimentaIIQ 1)5;ug of CaMin “masses in .the resul'tlng p.rOdUCtS (FlgC)ﬁL;I'here are four
0.1 mM EGTA and 10 mM (NH),CO; (pH 8.6) was trapped, desalted, and prOdUCtS with MONOISOtopIC Masses EMH ] of 1620.1=
then directly infused (on-line) into an Autospec EQ mass spectrometer, a8-3 D@, 1704.0= 0.3 Da, 1787.8+ 0.3 Da, and 1871.6
described in Materials and Methods. 0.3 Da. Because the conditions used to derivatize this pep-
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T T T T T TABLE 1 Comparison of N-terminal sequences from higher
153581548 A plants with vertebrate CaM
ADQLTDEQIAEFR Triticum aestivum(wheat)*
' D- b Triticum aestivurmwheatf
g W\'LJ\ h. M)Ubu\ I AA Z Zea mayicornf
S | 15350 D-T—— Zea maygcorny
8 B -E—E e Solanum tuberosurgpotatof
_3 — ED—S—F Solanum tuberosurgpotato}
< D—S—¢9 Brassica juncedleaf mustard)
_02’ D h Hordeum vulgargbarley}
© e oko D—S—' Bryonia dioica(red bryony¥
& " e C ?2?? ) Spinacia oleracedspinach)*
16201 E K Bovine (cow)*
aToda et al., 1985; Toda et al., 199%ang et al., 1996Griess et al.,
15358 1T'6 1994;%Breton et al., 19953)ena et al., 1989Takezawa et al., 1998Chye
NI S S — 1 T et al., 1995;"Ling and Zielinski 1989/Galaud et al., 1993| ukas et al.,
1500 1600 1700 1800 1900 1984; ¥Grand and Perry, 1978. *Protein sequence directly determined.
m/z “Protein sequence derived from cDNA.

FIGURE 4 FAB mass spectrometric identification of amino-terminal

tryptic fragment containing amino acids Al Lys'. A tryptic fragment different target proteins, as evidenced by the equivalent

with a retention time of 31.8 min on a Vydac C4 reversed-phase columr] | f activati . . ith that of tebrat
employing a linear gradient varying from 0.1% TFA to 0.1% TFA in 80% evels ol aclivation in comparison wi at ol vertebrate

acetonitrile/20% water at a rate of 1%/min was collected as previoushyCaM (Strasburg eF al., 198_8; Yao et al., 1994), SUQQGSti_ng
described (Yao et al., 1996) and was introduced directly into the masghat the conservative substitution of Asp for Glu results in

spectrometer A). After the chromatographic separation of the 1536 Da minimal differences in the tertiary structure of CaM.
peptide B), carboxylic groups were esterified with hexan-1-ol in hydro-

chloric acid C). FAB experiments and peptide esterifications were per-

formed as described in Materials and Methods. Mass spectrometric resolution of the distribution
of oxidatively modified CaM,,

tide are not expected to quantitatively modify all four car- Previous results obtained using reversed-phase HPLC and
boxylic groups, a distribution of masses is expected thaFAB-MS to separate and identify the tryptic peptides ob-
corresponds to various levels of derivatization. These retained from native or oxidatively modified wheat germ CaM
sults are consistent with the presence of the four reportedermitted an estimate of the average extent of oxidative
carboxylic acids in the amino-terminal tryptic fragment thatmodification associated with specific methionines within
had been suggested from the cDNA-derived sequencthe primary sequence of wheat germ CaM (Yao et al.,
(Yang et al., 1996). 1996). These measurements provided no information re-
Thus the two major peaks observed in the ESI masgarding the number of oxygens incorporated into each CaM
spectrum (Fig. 2A) correspond to two isoforms of CaM molecule, and could not distinguish between the random
expressed in wheat germ that differ in the sequence of theioxidative modification of methionines located on different
amino-terminal tryptic fragment. Both sequences contain 1¥aMs from the presence of a small population of CaM
amino acids and differ in the substitution of either of Asp molecules containing multiple methionine sulfoxides coex-
or GIU’ (i.e., ADQLTDD,QIAEFK or ADQLTDE,QIAEFK). isting with a larger population of unmodified CaMs. How-
Similar sequence differences in this amino acid positionever, because we have previously shown that the rate of
have previously been reported in cDNA-derived sequencesxidation of individual methionines is directly related to
for multiple isoforms of CaM present in a range of different their solvent accessibilities (Yao et al., 1996), it is possible
higher plants (Table 1). Thus multiple isoforms of CaM thatthat structural changes induced by the oxidative modifica-
contain both sequences have been reported in corn, potatiign of one methionine may enhance the susceptibility of
and wheat (Jena et al., 1989; Griess et al., 1994; Toda et abther methionines in the same polypeptide chain to further
1994; Breton et al., 1995; Takezawa et al., 1995; Yang ebxidative modification, resulting in the preferential oxida-
al., 1996), whereas cDNA-derived CaM isoforms that con-tive modification of multiple methionines located on the
tain only GIU (spinach) or Asp (barley, leaf mustard, and same CaM. To investigate this possibility, we have used
red bryony) provide further support that there is a largeelectrospray mass spectrometry (ESI-MS) to directly mea-
amount of heterogeneity with respect to the identity of thesure the fraction of CaM molecules containing zero, one,
acidic amino acid at this position encoded within the DNAtwo, three, or more incorporated oxygens in CaM samples
sequences for plant CaM (Ling and Zielinski, 1989; Galaudwith variable levels of oxidative modification.
et al., 1993; Chye et al., 1995). Our results provide strong There are two isoforms of native wheat germ CaM with
support that two isoforms of CaM containing both se-molecular masses of 16,7833 Da (isoform 1) and 16,799
guences are expressed in wheat germ in approximatelpa (isoform 2; see above). Upon oxidation with,®j,
equal abundances. Both sequences fully activate a range atlditional species with average masses of 16,813 Da,
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16,831+ 3 Da, and 16,848 3 Da appear (Fig. 2); these CaM,(0),] and the remainder (i.e33% of the total area)
species having 16 1 amu differences are consistent with corresponds to isoform 2 [i.e., CalD),]. Consequently,
the oxidative modification of one, two, and three methio-the peak at 16,799 Da (which comprises 33% of the total
nines, respectively. There are no CaM species with molecESI-MS peak area) corresponds entirely to isoform 1 [i.e.,
ular masses greater than 16,848 Da, indicating that oxida=aM,(O),], and after correction for ESI-MS fragmentation,
tive modification of CaM is limited to the oxidation of, at there is no native isoform 2 or isoform 1 in this sample.
most, four methionines in any single CaM after exposure to In this manner, the distribution of oxidatively modified
5 mM H,0, for 10 h. CaM species resulting from exposure of CaM tgCH for

The area of each peak in the ESI-MS spectra provides amarying times and the average number of oxygens incorpo-
estimate of the relative abundance of each CaM speciesated into each CaM sample were calculated (Table 2). After
However, quantitation of the relative amount of the differentl, 2, 4, and 10 h of exposure to,8,, an average of 0.4
CaM oxiforms (populations of CaM species containing a0.03, 0.58+ 0.05, 0.72+ 0.06, and 1.5t 0.1 methionines
specific integral number of incorporated oxygens) is com-are oxidized to their corresponding methionine sulfoxides in
plicated by 1) the ESI-induced fragmentation of CaM (seeeach CaM. These numbers are in reasonable agreement with
above) and 2) the presence of two CaM isoforms that diffeearlier estimates regarding the amount of methionine oxi-
in molecular mass by 14 Da, resulting in the superpositiordation, based on a consideration of alterations in the relative
of the oxidation products of Isoform 1 [CaM(Q)with areas associated with the tryptic peptides resolved by re-
those of Isoform 2 [CaM(Q),]. Because for native CaM versed-phase HPLC, which suggested that.3 = 0.1
the areas associated with the fragmentation peaks at 16,748thionines are oxidatively modified to the corresponding
and 16,767 Da represent 28% of the total area of thenethionine sulfoxide after 10 h of exposure tg® (Yao et
ESI-MS spectrum (Fig. 24), the observed area of any al., 1996). The general agreement between these comple-
particular peak in the ESI-MS spectrum can be corrected fomentary measurements provides further confidence in the
fragmentation artifacts by using the following algorithm: calculated distributions of oxidatively modified CaM spe-
cies, and suggests that we can use these samples to inves-
tigate possible relationships between methionine oxidation

= [ODbs. areguoy, — [0.4 X ODbS. areguwy..J] X 1.4, eér;cljvlflterations in the secondary and tertiary structures of
"

which corrects for 1) the loss of spectral intensity resulting The preponderance of CaM species containing one or two
from fragmentation of a particular oxiform of CaM [i.e., methionine sulfoxides, and the absence of CaM species with
CaM(O)] and 2) the increased peak intensity resulting frommore than two methionine sulfoxides in all but the most
the collision-induced fragmentation of a more highly oxi- highly oxidized samples (i.e., CaM exposed tgQ4 for
dized species [CaM(Q) , ] whose fragmentation products 10 h; Table 2), suggest that the oxidative modification of a
overlap with the species of interest [CaM(P)Separation single methionine to the corresponding methionine sulfox-
of the various oxiforms of both isoforms of CaM is possible ide does not result in a significant increase in the suscepti-
if one remembers that the methionines in both isoforms Dbility of additional methionines to oxidative modification.
and 2 are equivalent, and are expected to have the sanBecause the rate of oxidative modification of individual
sensitivity to oxidative modification by $O,. Therefore, it methionines in CaM by kD, is directly related to the
is reasonable to assume that the highest mass peak in teelvent accessibility of the individual sulfurs (Yao et al.,
ESI-MS spectrum corresponds to the most highly oxidizedl996), these results indicate that oxidative modification of
population of isoform 2, and contains very little isoform 1. individual methionines in CaM does not result in any large

Knowing that ESl-induced fragmentation results in aincrease in the surface accessibility of other methionines
28% decrease in the associated area, the corrected peak atieat would predispose them to oxidative modification. Thus
associated with the 16,848-Da peak (which contains 6% ofmethionine sulfoxide formation is not accompanied by any
the total spectral intensity after 10 h of oxidation with®3; large-scale unfolding or alteration in the tertiary structure of
Fig. 2E) represents 8% of the total area, and corresponds teither the amino- or carboxyl-terminal domains in GgM
an oxiform of isoform 2 with three oxidized methionines  Additional information regarding possible alterations in
[i.e., CaM,(O),]. Because isoform 1 should have the samethe susceptibility of individual methionines to oxidative
population of CaM oxiforms, 8% of the corrected ESI-MS modification is provided by a quantitative consideration of
peak area of the 16,831-Da peak (which comprises 17% dhe distribution of CaM oxiforms observed in the ESI mass
the total ESI-MS peak area, after correction for ESl-inducedspectra subsequent to the modification of a variable number
fragmentation) represents an oxiform of isoform 1 with of methionines. This analysis provides information regard-
three oxidized methionines [i.e., Cal@)s]. The remainder ing the specificity of oxidative modification and of the
(i.e., 9% of the total area) corresponds to isoform 2 [i.e.,optimal choice of experimental conditions that minimize the
CaM,(0),]. Likewise, the peak at 16,814 Da (which com- modification of multiple methionines in each CaM (Fig. 5).
prises 42% of the total ESI-MS peak area) corresponds to @&he data were simultaneously fit by using the method of
mixture of isoforms 1 and 2, in which-9% of the total nonlinear least squares to a series of second-order rate
ESI-MS peak area corresponds to isoform 1 [i.e.,equations involving the following model:

Corr. aregamoy,
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TABLE 2 Distribution of CaM species after oxidative modification with H,0,?

Mass (Da) Native 1lh 2h 4 h 10 h

16,783

Isoform 1 (0 oxygen) 49% 36% 29% 18% 0%

Isoform 2 (NA) 0% 0% 0% 0% 0%

Total area 49% 36% 29% 18% 0%
16,799

Isoform 1 (1 oxygen) 0% 12% 17% 22% 33%

Isoform 2 (0 oxygen) 51% 32% 25% 24% 0%

Total area 51% 44% 42% 46% 33%
16,814

Isoform 1 (2 oxygen) 0% 4% 6% 7% 9%

Isoform 2 (1 oxygen) 0% 12% 17% 22% 33%

Total area 0% 16% 23% 29% 42%
16,831

Isoform 1 (3 oxygen) 0% 0% 0% 0% 8%

Isoform 2 (2 oxygen) 0% 4% 6% 7% 9%

Total area 0% 4% 6% 7% 17%
16,848

Isoform 1 (4 oxygen) 0% 0% 0% 0% 0%

Isoform 2 (3 oxygen) 0% 0% 0% 0% 8%

Total area 0% 0% 0% 0% 8%
Distribution of oxiforms

Native CaM 100% 68t 7% 54+ 6% 42+ 4% 0%

One oxygen 0% 24 2% 34+ 4% 44+ 5% 66+ 7%

Two oxygens 0% 8- 1% 12+ 1% 14+ 2% 18+ 2%

Three oxygens 0% 0% 0% 0% 162%
Fraction of CaM oxidized 0% 32 7% 46+ 6% 58+ 4% 100%
Oxygens incorporated/CaM 0 0.400.0% 0.58=+ 0.09 0.72+ 0.08 1.5+ 0.1°
Oxygens incorporated/carboxyl-terminus CaM 0 0£30.04 0.43+ 0.06° 0.53+ 0.07 1.1+0.1°
Oxygens incorporated/amino-terminus of CaM 0 040.01 0.15+ 0.0Z 0.19+ 0.0Z 0.4+ 0.1°

aRelative concentrations of different CaM species subsequent to correction for cone fragmentation. Average errors associated with theodedérminati
the different oxiforms of CaM werez 15% of indicated values, and errors were propagated in the calculation of the distribution of oxiforms and average
number of oxygens incorporated in each CaM (Bevington, 1969).

P The average number of oxygens incorporated per CaM was calculated using the following formula:

Total oxygen
—cam Ei (CaM X ),

where CaM represents the fractional contribution of a specific oxiform of Gabbntainingn; oxygens.

¢ Oxidative modification of methionines located in the carboxyl-terminus of CaM (i.e.}¥avet*?4, Met'*5, and Met*®) account for 74+ 7% of the
oxidatively modified methionines, while oxidative modification of methionines located in the amino-terminus of CaM (i.&, Mef?, and Met?)
account for 26+ 2% of the oxidatively modified methionines. M&tis not detectably oxidized (Yao et al., 1996). In all cases errors were propagated
(Bevington, 1969).

K ke ks ka CaM to 5 mM HO, for 4 h orless), where 76% of the
CaM— CaM(O), — CaM(O), — CaM(O) — CaM(O)..  mqified species of CaM contain a single methionine sul-

- . foxide (Table 2).
The indicated rate constants (i.&, k,, k;, andk,) are a oxide (Table 2)

weighted average of the individual rate constants associated
with the modification of each of the eight different methi-
onines in CaM. The experimental fits are shown (Fig. 5),
and the second-order rate constantskgre= 16.0 X 103
M tstk,=85%xX103M s k;=35x10°M* The effects of oxidative modification on the secondary
s !, andk, ~ 0. It is apparent thak, > k, > ks > k,, structure of CaM were assessed by CD spectroscopy to
indicating that the oxidative modification of specific methi- estimate the apparenthelical content of native and mod-
onines does not dramatically increase the surface accessiied CaM (Fig. 6). In these experiments, we used conditions
bilities and associated rates of oxidative modification of thethat result in an average of 1:5 0.1 moles of methionine
sulfurs associated with additional methionines on the samsulfoxide/mole of CaM (i.e., exposure of CaM tg®}, for
CaM. Furthermore, more than one oxidative modification10 h), where essentially all of the CaM is oxidatively
on each CaM can be minimized by using experimentaimodified (Table 2). The CD spectrum obtained from GaM
conditions that result in an average of less than @7A206  at 28°C is similar to that of native CaM, with only small
oxidized methionines per mole of CaM (i.e., exposure ofspectral differences exhibited in the 208-nm region (Fig. 6

Similar secondary structures of native and
oxidatively modified CaM
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0.21 FIGURE 6 Secondary structure of calcium-saturated native and oxidized
CaM. CD spectra obtained using native CaM (——) or subsequent to the
[ average oxidative modification of 1.5 0.1 methionines per molecule of
0.0 S mri@S e~ - CaM () at 28°C @) and 70°C B). The difference spectrum was obtained
L A " by subtracting the spectrum associated with native CaM from that of
CaM,,. Desalted CaM (5@wg/ml) was dissolved in 10 mM Tris-HCI (pH
Time ( hours ) 7.5), 0.1 M KCIQ,, 1 mM Mg(CIQ,),, and 0.1 mM Ca(ClQ),. The
resulting spectra were analyzed by the method of nonlinear least squares,
using Eg. 1 in Materials and Methods. In all cases the errors associated

FIGURE 5 Distribution of both native and oxidatively modified oxi- _ . . L .

forms of CaM. ESI MS spectrometry was used to measure the distrib tiOI‘\lNIth the experimental determination of tlaehelical content of CaM was
L - P ety u asur SWIBULON ;1 o4, No effort was made to consider systematic errors associated with the

of CaM species resulting from different degrees of oxidative modification,

. ) L ) ?alculation of thea-helical content of CaM that may be related to the
as documented in Table 2. The fractional contribution of each species 0 oice of basis spectra used in fitting the data
CaM associated with both native CaM®) and oxidatively modified P 9 '
species containing one additional oxygéb),(two additional oxygend(]),

and three additional oxygens)() obtained from electrospray mass spec- il . .
troscopic data is indicated. The experimental fits obtained from the simuI-StabIIIZIng interactions between protein structural elements

taneous fitting of the complete data sets are shown for both native camhat are important in defining the native structure of CaM. A
(solid line) and for oxidatively modified CaM containing onggshed ling, ~ Simple two-state model that assumes a highly cooperative
two (dotted ling, and three dash-dotted lingincorporated oxygens, as temperature-dependent denaturation of tadelices in
described in the text. CaM permits the calculation of the destabilization of the
native structure associated with CgMand suggests that
the oxidative modification of selected methionines results in

A). This suggests that these samples have similar averaﬁo-3 * 0.1 keal mol * loss in free energy (see Eg. 2 in
secondary structures. These CD spectra were fit to a set dfiaterials and Methods). The small decrease in free energy
empirical basis spectra characteristic of the secondary strudS consistent with the loss of a limited number of noncova-
tural elements of a range of different proteins (see Eg. 1 in
Materials and Methods). Thus, fitting the spectra obtained at

Fraction of Each CaM Species

28°C demonstrates that native CaM contairs8% a-he- 0.601
lix, and that there is little difference in the-helical content
of CaM,, relative to native CaM at 28°C (Fig. A). X 0851
(0]
3.53 0.50-
Decreased thermal stability of oxidatively S ous
modified CaM 5
©
CD spectra associated with native and oxidatively modified L 0.401
CaM were measured at 10° to 15°C intervals between 12°
and 90°C (Fig. 7), and the-helical content was calculated ot >
(see above). At 70°C, larger spectral differences are ob- 10 20 30 40 50 60 70 80 90
served in the CD spectra between 202 and 230 nm (Fig. 6 Temperature (° C )

B), which correspond to a 19% decrease in the average

a-helical content of Calyl, compared to that of native CaM. FIGURE 7 Decreased thermal stability upon oxidative modification of
The estimated half-point of thermal denaturation associatethethionine in CaM. Temperature dependence of the apparwtical
with the Secondary structure of native CaM occurs at-97 content associated with native CaKd)(and subsequent to the oxidative

o /1= o modification of an average of 15 0.1 methionines per molecule of CaM
3° (Fig. 7), whereas that for Cajoccurs at 87 3°C. The (®). The apparent-helical content was calculated as described in Mate-

10° = 4°C decrease in thermal stability in CgMelative to  rjals and Methods (see Eq. 1). Sample conditions are as described in legend
native CaM indicates that methionine sulfoxide disruptsto Fig. 6.
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lent interactions, such as that those involving hydrogen
bonding or the formation of specific ion pairs (Alber, 1989;
Ehrhardt et al., 1996). 6

Structural changes in the amino-terminal domain
of CaM correlate with the total extent of
methionine oxidation

. uogiempow

The excited state lifetime of a fluorophore provides a sen-

1.0
sitive measurement of its environment within the protein, —~
and is commonly used to monitor structural changes in g 601 o8z
proteins (Schoeich et al., 1995). To assess specific struc-0O 8_
tural changes in the amino-terminal globular domain of " 404 06
CaM,, that result from methionine oxidation, we measured @ 042.._
the frequency response of pyrene maleimide (PMal) co-£ ,,| ' 8
valently bound to Cy¥ in both native CaM and after 102
oxidative modification by HO,. Upon oxidative modifica- S
tion of a progressively larger number of methionines (i.e., 0+ ' : 1 10 100
0.40 = 0.03, 0.58=* 0.05, and 0.72+ 0.06 moles of
methionine/mole of CaM; see Table 2), a progressively Frequency ( MHz )

larger shift was observed in the frequency response of both
calcium-saturated and apo-PMal-CaM toward higher freFIGURE 8 Lifetime data for apo- and calcium-activated Pj¢&aM in
quencies (Fig. 8A and B), indicating that the average the absence and presence of the fluorescence resonance energy transfer

; a8 .
excited state lifetime of PMal becomes smaller. These lar cceptor nitrotyrosing€®. Frequency response of phase shift and modula-
ggon for PMal bound to Cy¥ in the absenceA, B) or presence(, D) of

Shlft?_ln Fhe _frequency response of PMal upon OX|dat|V_ethe fluorescence resonance energy transfer acceptor nitrotyr&sioe
modification indicate that there are substantial changes iRative PMal-CaM ©) and subsequent to the oxidative modification of an

the environment surrounding G¥sassociated with methi- average of 0.40+ 0.03 @), 0.58 + 0.05 (J), and 0.72* 0.06 @)

onine sulfoxide formation. These structural changes canndfethionines per CaM, resulting from the exposure of CaM10for 1 h,
2 h, and 4 h, as described in Materials and Methods. As the modulation

b? e_Xpla'nEd as thef result of any alteration in Ca'l?lumfrequency is increased, there is an increasing phase shift and decreasing
binding, because direct measurements have previoushodulation. Individual data sets in each panel were simultaneously fit to a
shown that native and oxidatively modified CaM bind two-state model, where the fraction of CaM species that are structurally
4.07 + 0.05 and 3.9+ 0.2 moles of calcium/mole of CaM modified around Cy% (i.e., f,,) and the associated average lifetime com-

) _t' ) v (Y ' t |. 1996). Eurth . ¢ t, ﬁonents (i.e.; and 1) of the structurally modified population of CaM
respec “_/e y (Yao et al., - ) urtnérmore, the exien ciﬁpecies were recovered from the fit to the data, as described in Materials
the calcium-dependent shift in the frequency response ofnd Methods. Experimental conditions involved i CaM in Buffer A
PMal-CaM toward higher frequencies (shorter lifetimes) isand either 0.1 mM CaGl(A, C) or 0.1 mM EGTA @, D) at 25°C.
maintained (Fig. 8A and B), irrespective of the extent of
oxidative modification.

The frequency response of PMal-CaM upon oxidativeSimultaneous fitting of lifetime data for CaM,, to
modification can be fit to a sum of exponentials, as de-a two-state model

scribed in Materials and Methods. The intensity decay Of'I'o obtain additional information regarding the relationships
native PMal-CaM is best described by three lifetime com;g g g P

; idicated by th | doml iaht etween 1) methionine oxidation, 2) the fraction of oxidized
ponents, -as Indicated Ly the nhearly randomly WEIGNEG 4\ species whose structure is modifiég)around Cy&®,
residuals and the lack of improvement in the fit to a four-

, ) o and 3) the average lifetime parameters, i.and 7, of
exponential model (Fig. ). In contrast, four lifetime PMal in the structurally modified population of Cal

components are necessary to adequately describe the int§fee gata sets obtained from CaM samples with various
sity decay of PMal-CaM subsequent to exposure ¥OH  extents of oxidative modification (i.e., after exposure to
for 4 h (Fig. 9B; Table 3). Because the number of lifetime H,O, for 1, 2, and 4 h) were simultaneously fit to a model
components necessary to describe the fluorescence intensiiyst assumes that the distribution of species associated with
decay of a chromophore in a protein is related to thepxidatively modified CaM can be approximated by two
structural heterogeneity surrounding the chromophorestructurally different populations, as described in Materials
(Royer, 1993), the increased complexity of the intensityand Methods. The intensity decay of native PMal-CaM was
decay associated with PMal upon methionine oxidatiorseparately fit to a sum of three exponentials (Figy)9and
indicates that there is a larger amount of conformationathese parameters for native CaM were utilized to determine
heterogeneity in Calyl. both f,, and the associated average fluorescence lifetime
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associated with one standard deviation relative to the recov-

® £  ered minimum (because the error surfaces are not necessar-
= g ily symmetrical around the recovered valuefgj). Similar
o §’ values off,, were obtained in the global analysis of both
o) ~ calcium-saturated and apo-PMal-CgMn the presence or
o e absence of the fluorescence resonance energy transfer
£ (FRET) acceptor nitrotyrosif@® (Table 4), and for these
T TXLaIN i sssseess ~ four samples the average recovered values correspond to
§ Ateee 900000000985, gee®® ° 000008008, fo (1 h)=0.26+ 0.04,f.,(2 h)= 0.61+ 0.10, anc.fox.(4 h)
% zg Sarsugeantottusgs V%:gigssgﬁ";w = 0.78* 0.06. These recovered_valuesfgg‘are_S|m|Iar to
& . the average number of oxygens incorporated into each CaM
B SWMW L%, 0008lea coog] from ESI-MS (Table 2). Furthermoréd,, is much larger
5 ° altoet - than the extent of oxidative modification associated with the
§ E%W&s% ceetetyortisa e amino-terminus of Calyl, which has previously been
7 0 700 7 70 700 shown to contain only-25% of the total number of oxida-
tively modified methionines (Yao et al., 1996). Signifi-
Frequency (MHz ) cantly, it is not possible to obtain a reasonable fit to the

FIGURE 9 Intensity d ¢ nat 4 oxidativel dified Pl fluorescence data shown in Fig. 10 if one assumes that only

ntensity decays of native and oxidatively modifie al- .. . _— . .
CaM. Frequency response and multiexponential fits corresponding to thQXIdatlvely modified methlonlnes located in the amino
phase shift®) and modulation®) for native CaM #) and subsequent to  t€rminus of CaM contribute to the structural changes around
the exposure to 5 mM 0, for 4 h, which results in the oxidative PMal at Cy$®in the amino-terminal domain of CaM. These
mOd'f'fffa“O” of 0-_7|2i O-hOG methionines per CaMB|. Data were fitto a  results strongly indicate that there are structural alterations
sum of exponentials, where in the local environment around PMal in Cgthat result

I(t) = > am. from the oxidative modification of methionines located in

The fits correspond to onalgtted ling, two (dashed ling three éhort the Carbox,yl_termmal domain, and, suggest that the .stru.c—
dashed ling and four 6olid line) exponential components. Weighted tural F:Ouplln.g. between the 0opposing _g|0t_3U|ar domains in
residuals are shown below the frequency domain data for the variou€aM is modified upon oxidative modification.
models, and from top to bottom, correspond to one-, two-, three-, and

four-exponential fits to the data. The weighted residuals correspond to the
difference between the experimental data and the calculated fit divided by
the standard error of the individual measurements, which was assumed {ycreased solvent accessibility of PMal upon
be 0.2° and 0.005 for the phase and modulation data, respectively. Lifetime

measurements were made in buffer A in the presence of 0.1 mM,GaCl oxidative modification of methionine

25°C. To better understand the structural basis of the significant
decrease in the average lifetimes of PMal in GgMve
have measured the accessibility of PMal in Gahb the
parameters of the Cg‘;\;l species that are structurally mOd'_water-solubIe quencher TEMPAMINE (4-amino-2,2,6,6-
ified around PMal (Figs. 8 and 10). Just as was observed ifyramethyl-1-piperidinyloxyl). As the extent of oxidative
fitting the individual intensity decays for PMal-CaM(Fig.  ygification is increased, there is a small but progressive
9 B), the S|mult'ar'1eous .f|ts involving C?IC'ym'satu,r?tedincrease in the apparent Stern-Volmer quenching constant
I?MaI-Ca!\/I conta|'n|n.g various levels of oxidative mOd'f'Ca." ést) associated with PMal that correlates with the level of
tion require four lifetime parameters to adequately describ oxidative modification for both calcium-saturated and apo-

the average lnten§|ty deca'y a'ssomated.v'wth the struclturgll&aM (Fig. 12). The greater solvent accessibility of PMal in
perturbed population of oxidatively modified CaM, as indi- aM,, is consistent with the large decrease in the average
X

cated by the more randomly weighted residuals and th o
greater than threefold improvement in thE relative to a luoresence lifetime of PMal (Table 3), and suggests that the

model involving three lifetime components (Fig. 10). In all °Xid&‘_“"? modificqtion gf methioni-ne to the-cor.respon(EIing
cases, the fractiorif,) of CaM molecules whose structure is meth|on|ne_ sulfoxide dlsrupts_ tertiary packing mtegapnons
modified in samples of oxidatively modified CaM was that result in a more open tertiary structure around®€iys
treated as a floating parameter, and the error surfaces 0@Mox Significantly, methionine oxidation does not inter-
tained from a nonlinear least-squares global analysis of thiere with the large changes in solvent accessibility of PMal
data that result in the best fit for calcium saturated PMal-upon calcium activation (Fig. 12). These latter results are
CaM,, are shown in Fig. 11, wheffg,(1 h) = 0.26 + 0.04, ~ consistent with previous observations regarding the cal-
f_(2 h) = 0.54 = 0.06, andf,(4 h) = 0.74+ 0.03. The cium-dependent binding of Calito the plasma membrane
indicated errors were obtained from the respective erro€a-ATPase (Yao et al., 1996), and suggest that the amino-
surfaces, and to simplify the tabulation of the experimentaterminal domains of native and oxidatively modified CaM
parameters, in all cases represent the maximum varianagndergo similar structural changes upon calcium activation.
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TABLE 3 Lifetime parameters recovered from multiexponential fits to PMal-CaM in the absence (D) and presence (DA) of the
fluorescence resonance energy transfer acceptor nitrotyrosine*

Fraction of
CaM
Ligand Oxidized Sample a 7, (ns) a, 7, (ns) ag 75 (NS) a, 7, (NS) 7 (ns) x&"
+ Calcium Native D 0.79(0.02) 3.8(0.1) 0.14(0.01) 18.6(0.2) 0.076(0.004) 106 (5) 135(0.8) 1.6 (54)
DA 0.76(0.02) 2.3(0.2) 0.17(0.01) 11.3(0.4) 0.066(0.002) 74 (5) 8.6(0.5 1.1 (79)
32+ 7% D  074(002 31(0.1) 021(0.01) 11.6(0.2) 0.059(0.002) 89 (4) 9.9(0.6) 1.2 (56)
DA 0.70(0.02) 1.9(0.1) 0.25(0.01) 7.7(0.2) 0.052(0.001) 65 (3) 6.3(0.3) 1.6 (69)

46 + 6% D  046(003) 21(0.1) 042(0.01) 6.6(0.2) 0.092(0.004) 19.6(0.2) 0.019(0.001) 134(6) 8.2(0.4) 0.46(9.2)
DA  061(0.02) 15(0.1) 0.34(0.02) 6.1(0.2) 0.039(0.001) 22.9(0.6) 0.012(0.001) 111(4)  4.8(0.3) 1.7 (10.3)
58 + 4% D  056(0.02 17(0.1) 040(0.02) 7.0(0.2) 0.033(0.002) 33.6(0.5 0.008(0.001) 185(10) 6.4(0.4) 0.6 (16)
DA  056(0.02) 0.9(0.1) 040(0.01) 45(0.2) 0.035(0.001) 24.9(0.3) 0.006(0.001) 139(7) 4.3(0.3) 1.6 (18)

100% D 0.61(0.02) 1.3(0.1) 0.32(0.01) 4.9(0.1) 0.052(0.002) 24.2(0.7) 0.012(0.001) 132(6) 5.2(0.3) 1.3 (34)

DA 061(0.02) 0.6(0.1) 032(001) 3.0(0.2) 0.050(0.001) 14.3(0.2) 0.011(0.001) 89(10) 2.6(0.1) 1.4 (42)

+ EGTA Native D 0.61(0.01) 3.4(0.1) 0.25(0.01) 14.8(0.1) 0.138(0.006) 97 (4) 19.2(1.1) 1.1 (9.7)
DA  064(0.02) 2.7(0.2) 024(0.01) 13.4(0.3) 0.121(0.003) 82 (3) 14.9(0.3) 1.1 (12)

32+ 7% D 0.68(0.02) 3.0(0.1) 0.24(0.01) 13.8(0.2) 0.078(0.002) 98 (3) 12.9(0.7) 1.0 (13)
DA  068(0.01) 24(0.1) 027(0.01) 12.3(0.2) 0.050(0.001) 94 (3) 9.7(0.6) 0.6 (5)

46 + 6% D  058(0.03) 20(0.1) 0.36(0.01) 10.2(0.3) 0.041(0.002) 59 (2) 0.023(0.001) 80(3) 9.0(05) 0.7 (2.5)
DA 054(0.02) 1.7(0.1) 039(0.01) 6.4(0.2) 0.059(0.002) 26 (1) 0.014(0.001) 108(5) 6.4(0.4) 0.8 (3.2)
58 + 4% D  054(002) 03(0.1) 031(0.01) 3.8(0.1) 0.105(0.005 25 (1) 0.041(0.001) 103(6) 8.2(0.5) 1.1 (4.3)
DA  066(0.02) 1.4(0.1) 029(0.01) 6.5(0.1) 0035(0.001) 34 (1) 0.015(0.001) 117(6) 5.7(0.3) 0.7 (3.6)
100% D 0.56(0.02) 1.5(0.1) 0.35(0.01) 65(0.2) 0.072(0.003) 29 (1) 002 (0.001) 101(5) 7.5(0.4) 0.8 (4.8)
DA 0.84(0.02) 0.8(0.1) 013(0.01) 59(0.2) 0.021(0.001) 27 (1) 0.009(0.001) 103(7) 3.0(0.2) 09 (5.2)

*Average amplitudesd;) and lifetimes §;), obtained from three- or four-exponential fits to frequency domain data collected for donor (D) only (PM-CaM)
and donor-acceptor (DA or PM-nitrotyrosine-CaM) native, 1-h, 2-h, 4-h, and 10-h oxidized calmodulin, are shown in Table 1. The error associated with
the average lifetime is propagated using the following equations:au + by, 02 = a6 + b%2; x = auy, o2/x% = a2/u? + b?V? (Bevington, 1969).

“The xg? for a two- or three-exponential fit to the data is shown in brackets for comparison purposes. Experimental conditions: The medium buffer
contained 0.25 M HEPES, 0.1 M KCI, 1 mM Mggland either 0.1 mM CaGl(+Ca&™) or 0.1 mM EGTA (-C&"), pH 7.5. The temperature was 25°C.
Calmodulin concentrations were 1.2V

Spatial separation between opposing globular (Fig. 13). These FRET measurements indicate that whereas
domains in CaM subsequent to the oxidative oxidative modification of methionines does not alter the
modification of methionine local calcium-dependent structural changes in the vicinity of

To assess whether large-scale alterations in the avera PeMaI (Fig. 8 and Table 3), methionine oxidation interferes

. . -With specific noncovalent interactions that modify the long-
spatial arrangement between the opposing globular domains . )
; o range structural coupling between the opposing globular
in CaM,, occur as a result of oxidation, we have used mains of Ca
fluorescence resonance energy transfer (FRET) to measugé)s_ | My dist bet PMal and nitrot
the average spatial separation between the donor PMal and imrar average distances between al and nitroty-
nitrotyrosing*® (which functions as a FRET acceptor; Fig.

rosiné>® are obtained by using the lifetime parameters
1) in CaM,, These measurements and the resuilting datthamed from simultaneously fitting the frequency response

were fit in the same way as described previously for PMa|_associqted_With the three oxidatively rnodified CaM §amples
CaM in the absence of nitrotyrositi& (Fig. 9). Independent shown in Fig. 8 to a two-state model involving two different
of the extent of oxidative modification, we observe that the@Verage structures of CaM (Table 4), which correspond to
frequency domain data for each donor-acceptor pair involyd9 = 5 A and 20 3 A for apo- and calcium-saturated
ing either calcium-saturated (Fig.® or apo- (Fig. 8D)  CaMoy, respectively. The large spatial separation between
CaM are shifted to a similar extent toward higher frequen-PMal and nitrotyrosin€*® in native and oxidatively modi-
cies in comparison to that observed for donor only (Fig. 8/fied CaM suggests that the structural coupling between the
A andB), consistent with previous measurements indicating®xidative modification of methionines in the carboxyl-ter-
that nonradiative energy transfer occurs from PMal to ni-minal globular domain and structural alterations near PMal
trotyrosine in CaM (Yao et al., 1994; Yao and squier,probably do not involve direct contact interactions between
1996). The amount of FRET calculated from the individualthe opposing globular domains. These latter results are
intensity decays obtained from each sample of native ofurthermore consistent with the small (i.e-4 A) decrease
oxidatively modified CaM (Table 3) permits the calculation in I, in CaM,, relative to native CaM that is obtained if
of the apparent spatial separatian,() between PMal and one approximates fully oxidized CaM as a homogeneous
nitrotyrosing>® (Fig. 13), and these results suggest that thespecies (Fig. 13).

calcium-dependent structural coupling between the oppos- In the calculation of the apparent spatial separatighX

ing globular domains is diminished upon CaM oxidation between the opposing globular domains of native and oxi-
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FIGURE 11 Normalized error surfaces figy, recovered for oxidatively
modified CaM. Representative set of normalized chi-squageg error
surfaces obtained for the calculated fractifyy)(of CaM whose structure
around PMal at Cy¥ is altered upon methionine oxidation subsequent to
exposure to HO, for 1 h (solid line), 2 h (dashed ling and 4 h @otted
100 line), is depicted for the frequency domain data set shown in Fig. 10 and
is obtained by fixing the individual values §f, associated with a particular
Frequency ( MHz ) data set, and then minimizing the simultaneous fit associated with all four
data sets to a two-state model N— O), wherexg = x&/X&(minimumy THiS
FIGURE 10 Simultaneous fitting of oxidatively modified CaM to a analysis quantitatively accounts for the cross-correlation between the cal-
two-state model. Phase shif®#( A, ll, ®) and modulation ¢, A, [], O)

culatedf,, and the recovered lifetime parameters (i®'s and 7;'s), as
data obtained for native PMal-CaM>(, ¢) and subsequent to the expo- described previously (Beechem et al., 1991). The thick horizontal line at
sure of CaM to HO, for 1, 2, and 4 h, which results in the respective x2 = 1.062 corresponds to tHestatistic, which represents one-standard

oxidative modification of a methionine on 32 7% (A, A), 46 = 6% deviation relative to the best fit to the data. For comparison purposes, the

(CJ,m), and 58+ 4% (O, @) of the CaM species. Conditions associated actual distribution of oxidatively modified CaM species is documented in
with the oxidative modification of CaM are fully described in Materials Table 2.

and Methods. The frequency domain data and the calculated best fit to a

two-state model (N—— O) are shown irA. The fitting procedure assumes

that each CaM sample is a linear combination of these two states (see Egs. L L

4 and 5 in Materials and Methods). In this model, N refers to the nativc;b()lz"‘r'z_atlon (_P< 0.1) of P_Mal md'caj[es that the errors
structure of CaM, and O refers to the population of oxidatively modified @ssociated with the calculation of the distance between these
CaM species whose structure is modified around PMal located & @ys ~ sites are no larger than2 A CaM, as previously discussed

the amino-terminal domain. In the analysis of the data, the excited statgy detail for native CaM (Yao et al., 1994)_ It is therefore
properties of PMal for native CaM were fixed, and the average fluores-

cence properties (i.ea;’s and r’s) and the amount of CaMf() whose apparent that major ljlncertalnty relatlng to the Intel’pre_tatlon
structure is perturbed by methionine oxidation were recovered in thé®f the calculated distances between PMal and nitroty-
analysis of the data. The data were fit, assuming that the structurallyoSin€® result from the distribution of oxidatively modi-
perturbed population of oxidatively modified CaM could be fit to a mul- fied CaM species present in these samples, and the apparent

tiexponential model. The weighted residuals (i.e., the difference betweegjistance |(a F) represents a Weighted average. However,
the experimental data and the calculated fit divided by the experiment P

. ; afrrespective of the model used to analyze the data, it is
uncertainty) are shown for a one-exponenti), @ two-exponential), a

three-exponential}), and a four-exponential fit to the data. The respective apparent that subsequent to exposure of CaM 5©2H0r

¥2 are 127, 61, 48, and 13. Lifetime measurements were made in buffer A0 h (where essentially all CaM species contain at least one
in the presence of 0.1 mM CagCht 25°C @). oxidatively modified methionine), there are no significant

alterations in the spatial separation between the opposing
globular domains upon calcium activation.

Weighted Residuals

datively modified CaM, we have assumed that 1) the ori-
entation between donor and acceptor chromophores is mqs . . . .
tionally averaged (i.e.«® = 2/3), and 2) Cal, can be Kotational dynamics associated with PMal-CaM,,

approximated as a single population. Whereas the majofFime-resolved measurements of the rotational dynamics of
uncertainty in the calculation of molecular distances be-chromophores at defined sites can provide additional infor-
tween sites on homogeneous samples from FRET data reaation relating to changes in both the local environment
sults from restrictions in the rotational dynamics of donorand overall hydrodynamic properties of a protein (reviewed
and acceptor chromophores whose relative orientation withy Steiner, 1991). Therefore, to better define the structural
respect to one another can modify the transfer efficiencyalterations in Cah, that result from methionine oxidation,
(Dale and Eisinger, 1976; Haas et al., 1978; Dale et al.we have measured the frequency response of the modulated
1979; reviewed by Cheung, 1991), the small steady-statanisotropy and differential phase of PMal covalently bound
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TABLE 4 Lifetime data for PMal-CaM,, derived from a two-state model*

Sample a 1 (ns) a  (ns) ag 73 (nS) Qy 74 (nS) 7 (ns) xR foi! (Th) i (2h)  fol" (4h)
+ Calcium PMal- 0,79 (0.02) 3.8 (0.1) 0.14(0.01) 18.6(0.2) 0.076(0.004) 106 (5) — — 135(08) 14(54) — — —
CaMnaIive
PMal-CaMe + 0.76 (0.02) 2.3 (0.2) 0.17(0.01) 11.3(0.4) 0.066(0.002) 74 (5) — - 86(05) 11(79)  — — —

nitrotyrosine
PMal-CaM,,® 0.59(0.06) 1.83(0.3) 0.39(0.05) 8.0(0.1) 0.016(0.005) 43(42) 0.002(0.002) 355(66) 5.7(2.1) 13 (38) 0.26(0.04) 0.54(0.06) 0.74 (0.03)
PMal-CaM,, + 0.66 (0.04) 1.4 (0.3) 0.32(0.05) 6.1(1.6) 0.02 (0.01) 34(28) 0.002(0.002) 254(117) 3.9(1.9) 8.4(58) 0.24(0.03) 0.59(0.04) 0.73(0.04)
nitrotyrosiné

+ EGTAPMal-  0.61(0.01) 3.4 (0.1) 0.25(0.01) 14.8(0.1) 0.138(0.006) 97 (4) — —  192(11) 1.1(10) — — —
CaMnauve
PMal-CaMqe + 0.64(0.02) 2.7 (0.2) 0.24(0.01) 13.4(0.3) 0.121(0.003) 82 (3) — —  149(03) 11(12) — — —

nitrotyrosine
PMal-CaM,,® 0.64(0.09) 1.9 (0.4) 0.30(0.05) 9.4(L7) 0.5 (0.01) 55(18) 0.002(0.002) 203 (69) 7.4(2.6) 15.9(41) 0.32(0.05) 0.76(0.06) 0.87 (0.06)
PMal-CaM,, +  0.62(0.06) 0.9 (0.4) 0.32(0.09) 4.8(0.3) 0.06 (0.02) 26(16) 0.003(0.002) 136(45) 4.0(2.1) 23.7(34) 0.23(0.07) 0.54(0.16) 0.77(0.23)
nitrotyrosiné

*Average amplitudesd;) and lifetimes ), obtained from three- or four-exponential fits to frequency domain data collected for donor only (D or
PMal-CaM) and donor-acceptor (DA or PMal-TNM-CaM) CaM. The uncertainties represent the maximal variance associated with a rigorous analysis of
the correlated errors between the fitting parameters relative to the parameter of interest, as previously described (Beechem et al., 1991,9849. et al.
The medium buffer contained 1;2M CaM in Buffer A and either 0.1 mM Caglor 0.1 mM EGTA at 25°C.

#The amplitude weighted average lifetin® (s calculated ast = Sq;7;, and is proportional to the quantum yield of PMal-CaM (Luedtke et al., 1981).
The associated errors were propagated as described in Bevington (1969).

5The &2 for a simpler two- or three-exponential fit to the data is shown in brackets for comparison purposes.

Tt (1 h), ., (2 h), andf,, (4 h) represent the calculated fraction that contains a structurally altered (oxidatively modified) population of CaM around PMall
at Cy$®, that is, associated with CaM samples that were exposed@ fér 1 h, 2 h, and 4 h, as described by Egs. 4 and 5 in Materials and Methods.
The total average number of methionines oxidized in these samples was separately determined to be, respectivély)0.0731+ 0.16, 0.57+ 0.09

(Yao et al., 1996).

IThe lifetime of CaM, was recovered as described by Egs. 4 and 5 in Materials and Methods.

to Cy<® in native CaM in four different samples of CaM and 1.5+ 0.1 methionine sulfoxides per CaM (Table 2).
with variable levels of oxidative modification, correspond- Representative data of both calcium-saturated and apo-CaM
ing to an average of 0.48 0.03, 0.58+ 0.05, 0.72+ 0.06,  are shown in Fig. 14 for native CaM and after exposure to
H,O, for 10 h, which results in the oxidative modification
of methionines in essentially all CaM species (Table 2). In

90 B all cases the data can be adequately fit to a model assuming
two rotational correlation times, as evidenced by 1) the
85 greater than 10-fold improvement in thég relative to a
model involving a single rotational correlation time and 2)
80 the nearly randomly weighted residuals (Fig. 14). Qualita-
tively, one observes that the frequency response is very
754 similar irrespective of methionine oxidation, suggesting that
there are no large alterations in the tertiary structure of
701, CaM,, relative to native CaM. Previous measurements in-
dicate that the longer of the two rotational correlation times
00 02 04 06 08 10 00 02 04 06 08 10 (¢,) for native calcium-saturated CaM (i.ep, = 10.9 =

. - 0.7 ns; Table 5) corresponds to the rotational motion along
Fraction CaM Oxidized D . _

the principal axis of CaM (Small and Anderson, 1988; Yao
FIGURE 12 Enhanced solvent accessibility of PMal upon oxidative €t al., 1994_) and_ is sensitive to changes in the Oyera”
modification of methionine in CaM. The apparent Stern-VolmkgrY  molecular dimensions of CaM. The more rapid rotational
quenching constants for PMal located at €yia calcium binding loop Ito  correlation time (i.e.p; = 1 ns; Table 5) is associated with
the water-soluble quencher TEMPAMINE were determined in the presencepq ; ;

e independent segmental rotational dynamics of PMal,

of either 0.1 mM CaCl (A) or 0.1 mM EGTA @) in buffer A for CaM di P " 9 | . . h |y | .
samples containing variable levels of oxidative modification. The concen2Nd 1S seng;mve to alterations in the loca enylronmen_t
tration of CaM was 1.2uM. The sample temperature was 25°C. Lines around Cy$°. Whereas the structural heterogeneity associ-
represent the relationship between surface accessibility and the fraction gited with the populations of oxidatively modified CaMs
CaM that contains an oxidatively modified methionine obtained from aprevents a quantitative consideration of the measured rota-
linear regressionH(x) = mx + b], in which the sum of the squared .. . . . .
deviations between the experimental data and the fit is minimized. FOFIonal correlation tlmgs, alteratloqs in the average rates of
calcium-saturated CaMn = 17+ 2 M s andb = 180+ 1 M % For  the segmental rotational dynamics of PMal and overall

apo-CaMm=22+2M *standb =67+ 1ML rotational dynamics of Caly provide important informa-
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FIGURE 13 Methionine oxidative disrupts calcium-dependent changes

in the spatial separation between the opposing globular domains of CaM.

The apparent average spatial separation between PMal locatec?&a@gs FI3URE 1‘.4 | Frqu_?_nzy g OI\T alljn_ f}‘luoret_sclenhc e anisotropy da:ja for dnatlve
nitrotyrosiné8 for samples of apo-®) and calcium- Q) saturated CaM ~ and Oxidatively moditied .all. itterential phase angks C) and mod-

that were exposed to @, for various periods of time was calculated from ulated amsotrqpy&, D) o,f native Ca-M ©) or subsequent to exposure to
the lifetime data in Table 3, using the following formula: H20, for 10 h (i.e., Cal),; ®) for calcium-saturated¥, B) and apo-C, D)
' CaM. Lines represent the best fit to the data. Weighted residuals corre-

Tga— Tg X (1 — 1) RS spond to the experimental data minus the calculated value for the two-
E=1- Ty X 1, = R+re exponential experimental fit normalized by the assumed standard errors for
the measurements, which were respectively assumed to be 0.2° and 0.005
E is the corrected fluorescence resonance energy transfer efficiency, whidier the differential phase and modulated anisotropy. Experimental condi-
takes into account the incomplete nitration of tyrosine (fe= 0.95 * tions involved 1.2uM PMal-CaM in buffer A in the presence of either 0.1
0.04),7, is the average lifetime of PMal-CaMy, is the average lifetime ~ mM CaCl, (A, B) or 0.1 mM EGTA C, D). The sample temperature was
of PMal-CaM in the presence of nitrotyrosii& r is the apparent spatial 25°C.
separation between PMal and nitrotyrosine, &yds the Faster critical
distance, wher& = 0.50 (Fairclough and Cantor, 1978). For native CaM,
R, = 20.6 A (Yao et al., 1994). Oxidative modification of methionines in
Cal_\/lOX does not alter the overlap in_tegra]) (petween PMal and nitroty-  ples (Fig. 12), and suggests that methionine sulfoxide dis-
rosine. The appare, (in cm) associated with each PMal-Cgpsample 5 noncovalent interactions that function to stabilize the
can therefore be estimated by correcting for alterations in the quantum " . f . he f I
yield (¢) upon oxidative modification, using the following relationships: tgrtlary.stru_cturt.-:‘ of native CaM. T e_ aster Oyera rota-
tional diffusion (i.e., 1d,) of CaM,, relative to native CaM
suggests that there are global structural changes in,CaM
where that modify its hydrodynamic properties relative to native
CaM. However, whereas there is an increase in the segmen
X dpmal-Cabhae: tal rotational dynamics of PMal upon calcium binding in
both native and oxidatively modified CaM (Fig. 19, the
The calculation ofR, assumes rapid reorientation between PMal and|arge calcium-dependent increase in the rotational correla-

nitrotyrosiné=e (i.e., k, = 0.667) and the refractive index of water (i.e., . . . . . .
n — 1.4). ] was determined to be 2.& 105 M~ cn for both tion time associated with overall rotational motion observed

calcium-saturated native and oxidatively modified PMal-CaM. Lines rep-in native CaM is greatly diminished in CajM(Fig. 15B).
resent the relationship between distance and the fraction of CaM thal hese results indicate that methionine oxidation does not
contains an oxidatively modified methionine obtained from a linear regresprimarily interfere with the calcium-dependent structural
sion [F(x) = mx + b], in which the sum of the squared deviations between changag in the amino-terminal domain that result in the
the experimental data and the fit is minimized. For calcium-saturated CaM . . . .
m= 8.7+ 0.8 Aandb = 265+ 0.4 A. For apo-CaMm = —5.1+ 0.7 teorientation ofx-helical structural elements with respect to
Aandb = 22.8+ 0.4 A. one another, resulting in a more open tertiary structure (Yao
et al., 1994; Zhang et al., 1995), but rather alters the cal-
cium-dependent structural coupling between the opposing
tion relating to possible alterations in the tertiary structureglobular domains of Cal. These results are consistent,
of CaM. furthermore, with the ESI-MS and quenching data (Figs. 2,
Upon the oxidative modification of methionine, there is a5, and 12), which respectively indicate that methionine
progressive decrease in the apparent rotational correlatiopxidation results in relatively small structural changes in-
times associated with both the segmental rotational motiowolving the amino- and carboxyl-terminal domains, and like
(¢,) of PMal and the overall rotational dynamicg,j of  the FRET measurements (Fig. 13), suggest that oxidation
CaM (Fig. 15). The enhanced segmental rotational dynammay instead alter the structural coupling between the op-
ics (1/p,) observed upon methionine oxidation is consistentposing domains through alterations in the conformational
with the larger solvent accessibility of PMal for these sam-features involving the interdomain central helix.

Ry =9.79X 10> X (K X 1% X dpya-cau X )™,

TPMal—CaMox

bpmal-cam, = =
TPMal—CaMaive
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TABLE 5 Rotational dynamics of PM-CaM,*

Fraction CaM oxidized Ligand = gir o8 ¢, (nsf 0ol o ¢, (nsf =T
Native + Calcium 0.078 0.16 (0.01) 0.8 (0.1) 0.11 (0.01) 10.9 (0.7) 0.80 (15.6)
+ EGTA 0.059 0.13 (0.01) 1.4(0.1) 0.11 (0.01) 8.8 (0.5) 0.62 (18.7)
32+ 7% + Calcium 0.078 0.14 (0.01) 0.8(0.1) 0.13 (0.01) 10.6 (0.4) 0.56 (21.2)
+ EGTA 0.059 0.17 (0.01) 1.2 (0.1) 0.10 (0.01) 9.0(0.7) 0.94 (29.8)
46 = 6% + Calcium 0.078 0.17 (0.01) 0.7 (0.1) 0.12 (0.01) 11.0 (0.3) 0.58 (13.7)
+ EGTA 0.059 0.19 (0.01) 1.0(0.1) 0.10 (0.01) 8.7 (0.6) 0.86 (24.6)
58 + 4% + Calcium 0.078 0.14 (0.01) 0.6 (0.1) 0.17 (0.01) 10.0 (0.2) 0.67 (19.7)
+ EGTA 0.059 0.14 (0.01) 1.0(0.1) 0.16 (0.01) 8.4(0.2) 0.72 (18.9)
100% + Calcium 0.078 0.18 (0.01) 0.5(0.1) 0.12 (0.01) 8.8(0.2) 0.76 (29.5)
+ EGTA 0.058 0.18 (0.01) 0.9 (0.1) 0.12 (0.01) 8.4 (0.2) 0.72 (21.8)

*Reported rotational correlation times,j and their associated amplitudeg K r,) were obtained for a multiexponential fit to the differential phase and
modulated anisotropy data, as described in Materials and Methods.

#P is the measured steady-state polarization.

Sgr, are the amplitudes of the total anisotropy decay associated with each rotational correlatios,inenére ¢, and ¢, are the average rotational
correlation times associated with the segmental and overall rotational motion of the distribution of native and oxidatively modified CaM species.
T\, describes the deviations between the model and experimental data, and the number in parentheses repyéseftsihed from a one-component

fit to the data. Experimental conditions are described in the legend of Fig. 14. Frequency-independent experimental errors of 0.2° and (i©@6%y, respec
were assumed in fitting the differential phase and modulated anisotropy.

DISCUSSION in 1) the solvent accessibility of additional methionines to
oxidative modification by HO, (Figs. 2 and 5), 2) the CD
spectrum (Fig. 6A), 3) the solvent exposure or segmental
Using ESI-MS, we have identified two isoforms of CaM rotational dynamics of PMal located at C§sn the amino-
expressed in wheat germ. The oxidative modification of aterminal domain (Figs. 12 and 14, 4) the spatial separa-
single methionine in either sequence results in no largetion between PMal and nitrotyrosih¥ located in the op-
scale alteration of the secondary or tertiary structures oposing globular domains (Fig. 13), or 5) the overall
either globular domain, because there is little or no changeotational correlation time (Fig. 1B). However, oxidative
modification of methionines located in the carboxyl-termi-
nal domain does result in a large decrease in the average

Summary of results

A 12 B lifetime of PMal in the amino-terminal domain (Figs.
141 8-10), indicating that there are concerted structural changes
12 114 K} involving the amino-terminal domain upon oxidative mod-
. ification of methionines located in the carboxyl-terminal
2 10l @ § domain. Furthermore, whereas the calcium-dependent struc-
2 % @ 101 tural changes associated with the amino-terminal domain
= 08 { = are preserved upon oxidative modification (Figs. 8, 12, and
9/ 15 A), the global structural coupling between the opposing
0.6 ‘ globular domains that are normally associated with calcium
activation is diminished upon methionine oxidation (Figs.
0430 02 04 06 08 10 8 0 02 04 06 08 10 13 and 15B). Because there is a large spatial separation
between the opposing globular domains in both apo- and
Fraction CaM Oxidized calcium-saturated CaM for both native and oxidatively

modified CaM (Fig. 13), these results suggest that the loss
FIGURE 15 Increased rotational dynamics of PMal in oxidatively mod- of conformational coupling between the opposing globular
ified CaM. Average values of the segmentd) @nd global B) rotational - 44mains jn oxidatively modified CaM involves structural

dynamics of PMal for calcium saturate) and apo-CaM @) were lterati . Vi the interd . tral heli
measured for PMal-CaM that contained variable amounts of methioniné’i erations Involving the interdomain central helix.

oxidation, as tabulated in Table 2. Experimental conditions are as described
in the legend to Fig. 14. Error bars represent the maximum variance
associated with the best fit to the data obtained fromyfagerror surfaces, Relationship to other studies

and are tabulated in Table 5. Lines represent the relationship between . . . . . .
rotational correlation times and the fraction of CaM that contains anA large body of evidence including kinetics of chemical

oxidatively modified methionine obtained from a linear regressk()[= modification, binding of hydrophobic reagents, dynamics of
mx + b], in which the sum of the squared deviations between the expersegmental and global rotational motions, and proteolytic
imental data and the fitis minimized. /s m = —0.39* 0.05nsand = g ;gcaptibility of CaM indicates that structural transitions

0.88= 0.04 ns for calcium-saturated CaM, whereas- —0.44+ 0.12 ns iated with Ici bindi . h of th .
andb = 1.32+ 0.07 ns for apo-CaM. IB, m = —2.9 * 0.6 ns anch = associated with caiclum binding In €ach o € opposing

11.8+ 0.4 ns for calcium-saturated CaM, whereas- —0.4+ 0.2nsand  globular domains of CaM are conformationally coupled to
b = 8.7 + 0.2 ns for apo-CaM. structural transitions in the other domain (Klee, 1977;
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Seamon, 1980; Johnson, 1983; Yoshida et al., 1983; Thulibeen suggested to play a critical role in binding target
et al., 1984; Wang et al., 1984; Babu et al., 1988; MacKallproteins (Meador et al., 1992, 1993; reviewed by Crivici and
and Klee, 1991; Maune et al., 1992 bk et al., 1992; lkura, 1995). It is therefore possible that the oxidation of
Kilhouffer et al., 1992; Yao et al., 1994; Pedigo and Sheapne of these carboxyl-terminus methionines may modify
1995a,b; Mukherjea et al., 1996; Sorensen and Shea, 199&pecific noncovalent interactions such as those between
Likewise, the construction of mutant CaMs with altered Tyr*3® and GI#? that normally function to stabilize the
calcium affinity in calcium-binding sites Il or IV in the structure of the central helix. Furthermore, because the
carboxyl-terminal domain of CaM alters the calcium-depen-interdomain central helix is known to be only marginally
dent conformational coupling between the opposing globustable in solution (Barbato et al., 1992), the loss of a limited
lar domains (Starovasnik et al., 1992; Shea et al., 1996). Inumber of stabilizing interactions might be expected to
agreement with these results, we find that the lifetime ofresult in alterations in the structure of the central helix.
PMal bound to Cy® in the amino-terminal domain is Furthermore, the proposed functional linkage between
sensitive to oxidative modification of methionines in the the oxidative modification of a carboxyl-terminus methio-
carboxyl-terminus (see above). Possible clues regarding thaine, the disruption of the hydrogen bond between'$r
structural basis for the loss of the calcium-dependent conand GI{? and the inability of Calj, to activate the PM-
formational coupling between the opposing globular do-Ca-ATPase are consistent with other measurements involv-
mains upon methionine oxidation are apparent upon coning 1) the substitution of phenylalanine for the equivalent
sideration of the long-range noncovalent interactionsyrosine in vertebrate CaM (i.e., Ty), which has a re-
present in the crystal structure of CaM (Fig. Ag because duced ability to activate the PM-Ca-ATPase (Sacks et al.,
the hydrogen bond between Tj# and GI¥? has been 1996); 2) the substitution or deletion of Ghin vertebrate
suggested to stabilize the interdomain central helix (Babu e€aM, which results in structural alterations with respect to
al., 1988; Chattopadhyaya et al., 1992; Mukherjea et al.the overall dimensions of CaM and in the diminished ability
1996). Furthermore, two methionines at the carboxyl-termi-of CaM to activate some target proteins (Craig et al., 1987;
nus (i.e., Met*® and Met*9 are proximal to Tyt®® repre- Kataoka et al., 1991); and 3) the substitution of either Arg
sent the primary sites of oxidative modification, and haveor Val for Met**® in vertebrate and paramecium CaM

FIGURE 16 Representation of long-range stabilizing interactions apparent in the crystal structure of calcium-activated) GRibbof diagram
depicting long-range hydrogen bond between*#§and GIi¥? observed in the crystal structure of calcium-saturated vertebrate CaM (Babu et al., 1988;
Chattopadhyaya et al., 1992), which has been suggested to stabilize the interdomain central helix (Babu et al., 1988; Mukherjea et al., 1298). Second
structural elements representing thelical backboneréd) and antiparalleB-sheet structurey€llow) are indicated, and side chains associated witd3fyr

and GI§? are illustrated by a stick representation. The four calcium ligands are drawn using their van der Waagsirpidi. (B) A depiction of the
orientation of amphipathia-helix located at the carboxyl-terminus of CaM within the tertiary structure of calcium-saturated vertebrate CaM emphasizes
the possible relationship between the orientation and secondary structure arotifftlafigr noncovalent interactions that stabilize the native tertiary
structure. Amino acid side chains are drawn as tubes, and individual elements correspond tovehitBprokygen (ed), sulfur (yellow), and nitrogen

(blue). The protein backbone is connected by a ribbon to better differentiate protein secondary structural elements. lllustaiodid were drawn using

atomic coordinates 1cll.pdb, with, respectively, the programs MOLSCRIPT and RASMOL (Kraulis, 1991; Sayle and Milner, 1995).
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(equivalent to Met*® in wheat germ CaM), which respec- methionine sulfoxide can induce large-scale structural
tively result in an inability to activate either purified phos- changes in proteins. In contrast, GIn and Leu pack effi-
phodiesterase or the calcium-dependent potassium currerggently into ana-helix, and are not expected to alter the
in paramecium (Zhang et al., 1994; Kung et al., 1992).structure of the carboxyl-terminal-helix or specific non-
However, whereas the formation of methionine sulfoxide incovalent interactions associated with the native structure of
CaM,, results in long-range structural perturbations involv-CaM (Richardson and Richardson, 1989).

ing both globular domains, the substitution of Gin for either

Met*** or Met'*® in vertebrate CaM does not perturb the

tertiary structures of CaM or significantly alter its ability to CONCLUSIONS AND FUTURE DIRECTIONS

activate a range of glifferent target proteins,' including t.heridative modification of a limited number of methionines
PM-Cg—ATPase (Chm. and Mgans,. 1996; Yin anpl Sqwern CaM results in long-range structural changes that func-
unpublished observations). Likewise, the substitution Ogtion to decrease the stability of CaM, and disrupts the
Leu fpr g!ther of these carboxlyl-termlnal methl'onlnes OloesConcerted calcium-dependent structural changes involving
not s!gnlflcantly affect the ability of CaM to ac'tlvate phos- he conformational coupling between the opposing globular
phodleste'rase (Zhang et al, 1994)’ suggest!ng thqt sgbt omains in CaM that are normally involved in calcium
Chapges in the S|ze.:'and polarl'ty of the amino ac'd.s'd ctivation. These results may explain, in part, the functional
chains at these positions have little structural or functiona ensitivity of CaM to oxidative modification. Future mea-
effiCt. WlthTLGSPfECt toﬂt1he ablllltz: of hC aM to actlvaFettzrgeE[ urements should investigate the potential role of specific
proteins. 1herelore, the polarily changes associated With, .oy ajent interactions, such as those involving the hydro-
methionine sulfoxide formation do not explain why CgM gen bond between T$# and GIF? with respect to the
functions as an inhibitor with respect to the activation of theStructure and stability of the interd’omain central helix and
PM-Ca-ATPase by native QaM. These res'ultsf suggest .th%e spatial arrangement of the opposing globular domains in
the functional effects associated with methionine SU|f°X'deCaM
formation in CaM are not the result of alterations in specific
binding interactions between PM-Ca-ATPase and individ-
ual methionine residues in CaM. We wish to thank Sam George for providing a cDNA encoding vertebrate
A consideration of the crystal structure of the carboxyl-caM, Diana J. Bigelow for insightful discussions, Ms. Homigol Biesiada
terminal amphipathica-helix (Iocated between Tgﬁg and of the KU Mass Spectrometry Laboratory for her efforts in ac_quiring the
Alal‘”) in vertebrate CaM offers further insight regarding FAB and ES_I spectra, and Ms. Nancy Harmony for her help in preparing
i . = the manuscript.
the reasons why the substitution of valine, arginine, or . _
methionine sulfoxide for one of the carboxyl-terminal me- Supported by the National Institutes of Health (grants AG12993 and

thionin m lter th bilit f CaM t tivat m GM46837) and the American Heart Association (grant 1697). The tandem
onines may aite € ability o a 0 aclivate so emalss spectrometer and electrospray source were respectively obtained

target enzymes, Wherea}s GlIn or Leu have little functionalhrough grants from the National Institutes of Health (S10 RRO 6294) and
affect. Met**and Met*®in vertebrate CaM are located on the National Science Foundation (CHE-9413975). ZQ is supported by a
the hydrophobic face of the helix (Fig. Bj and participate fellowship from the American Heart Association.
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