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ABSTRACT: To identify possible relationships between the loss of calcium homeostasis in brain associated
with aging and alterations in the function of key calcium regulatory proteins, we have purified calmodulin
(CaM) from the brains of Fischer 344 rats of different ages and have assessed age-related alterations in
(i) the secondary and tertiary structure of CaM and (ii) the ability of CaM to activate one of its target
proteins, the plasma membrane (PM) Ca-ATPase. There is a progressive, age-dependent reduction in the
ability of CaM to activate the PM-Ca-ATPase, which correlates with the oxidative modification of multiple
methionines to their corresponding methionine sulfoxides. No other detectable age-related posttranslational
modifications occur in the primary sequence of CaM, suggesting that the reduced ability of CaM to activate
the PM-Ca-ATPase is the result of methionine oxidation. Corresponding age-related changes in the
secondary and tertiary structure of CaM occur, resulting in alterations in the relative mobility of CaM on
polyacrylamide gels, differences in the intrinsic fluorescence intensity and solvent accessibilitygof Tyr
and Tyrss, and a reduction in the averagehelical content of CaM at 20C. Shifts in the calcium- and
CaM-dependent activation of the PM-Ca-ATPase are observed for CaM isolated from senescent brain,
which respectively requires larger concentrations of either calcium or CaM to activate the PM-Ca-ATPase.
The observation that the oxidative modification of CaM during normal biological aging results in a reduced
calcium sensitivity of the PM-Ca-ATPase, a lower affinity between CaM and the PM-Ca-ATPase, and
the reduction in the maximal velocity of the PM-Ca-ATPase is consistent with earlier results that indicate
the calcium handling capacity of a range of tissues including brain, heart, and erythrocytes isolated from
aged animals declines, resulting in both longer calcium transients and elevated basal levels of intracellular
calcium. Thus, the oxidative modification of selected methionines in CaM may explain aspects of the
loss of calcium homeostasis associated with the aging process.

Oxidatively modified proteins accumulate during aging and role involving methionine oxidation, the functional ability
have been suggested to contribute to the loss of cellularof the calcium signaling protein calmodulin (CaM) to activate
function associated with a host of age-related diseases,a range of target proteins, including the plasma membrane
including amyotrophic lateral sclerosis, Alzheimer’s disease, (PM) Ca-ATPase, is inhibited upon methionine oxidatié (
muscular dystrophy, atherosclerosis, diabetes, and Parkin-10). Since oxidatively modified CaM (Cadj binds to the
son’s diseasel( 2). However, while all amino acids can PM-Ca-ATPase and prevents its activation by native (un-
be oxidatively modified, cysteine and methionine residues oxidized) CaM, the reversible oxidative modification of CaM
are particularly sensitive to modification by most reactive provides a possible mechanism to modulate ATP utilization
oxygen species (ROSpand are the only amino acids that and enhance the probability of cellular survival under
can be repaired by endogenous reductases present in all cellsonditions of oxidative stresd,(9). Furthermore, since CaM
(3). These latter modifications therefore have the potential functions to modulate intracellular calcium homeostasis
to regulate intracellular signaling and could function as
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through the feed-forward activation of the PM-Ca-ATPase oxidative modifications in CaM. The CaM concentration
and the feedback inhibition of the ryanodine receptid, (  was determined using the Micro BCA assay (Pierce, Rock-
12), itis possible that age-related alterations in the functional ford, IL), using salt-free bovine brain CaM as a standard.
properties of CaM may explain, in part, the age-related The concentration of the CaM standard was determined using
decline in calcium handling capabilities in excitable cells the published molar extinction coefficient{; = 3029 M

(13, 14). cmY) for the calcium-saturated enzymk7( 18). CaM was

To identify posttranslational modifications in CaM that estimated to be greater than 99% pure as assessed by SDS
may explain aspects of the age-related decline in calcium PAGE and HPLC.
regulation observed in cells isolated from aged organisms, Enzymatic AssaysThe ATPase activity of the erythrocyte
we have investigated the function and structure of Cam ghost PM-Ca-ATPase (0.2 mg mt porcine erythrocyte
isolated from the brains of Fischer 344 rats ranging in age 9host membranes) was measured at@ 50 mM MOPS
from 6 to 26 months. We report an age-related decline in (PH 7.0), 0.1 M KCI, 5 mM MgC}, 5 mM ATP, 100uM
the ability of CaM to activate the PM-Ca-ATPase that EGTA, and 4uM A23187 in the presence of variable
correlates with the oxidative modification of multiple me- @mounts of calcium or CaM (see below) using the method
thionines to their corresponding sulfoxides. Accompanying described by Lanzetta and co-workef)(for measuring
these posttranslational modifications within the primary the release of phosphate. The CaM-dependent activation of
sequence of CaM are global structural changes that diminishthe PM-Ca-ATPase was measured in the presence of 0.1 mM

the calcium-dependent conformational coupling between the CaCk to saturate the calcium binding sites of both CaM and
high affinity calcium binding sites in CaM that normally the PM-Ca-ATPase fully. The calcium-dependent activation

functions in the mechanism of calcium activation. These Of the PM-Ca-ATPase was measured in the presence of 0.3
latter results are consistent with the proposal that the M CaM to fully saturate all CaM-binding sites on the
oxidative modification of CaM during aging may compro- erythrocyte Ca-ATPase, and the free calcium concentration
mise intracellular calcium regulation. A preliminary account Was measured using FURA-2¢( = 340 nm;dem = 510

of this work was presented at a symposium regarding “The Nm), as described previousl2@). The ghost membrane
Current Status of the Calcium Hypothesis of Brain Aging Protein concentration was determined by the method of
and Alzheimer’s Disease” at Internationales Wissenschafts-Biuret (21), using BSA as the standard. The amount of CaM

forum der UniversitaHeidelberg 15). in total brain homogenates was determined with antibodies
directed against CaM using an enzyme-linked immunosor-
EXPERIMENTAL PROCEDURES bent (ELISA) assay, essentially as previously descriej (

Quantification of Protein Carbonyls.Total carbonyl

Materials. All reagent chemicals were the purest grade contentin CaM involved the measurement of a DNPH adduct
commercially available.**CaCh was obtained from ICN  with CaM using the published molar extinction coefficient
(Costa Mesa, CA); type XIII TPCK-treated trypsin and type (eg;0= 2.2 x 10* M1 cm %), as described in detail elsewhere
I-S soybean trypsin inhibitor were from VWR Scientific = (23).
(Baltimore, MD). Prestained molecular weight markers were  polyacrylamide Gel Electrophoresis\ative and sodium
purchased from Bio-Rad Laboratories (Richmond, CA). 1-[2- dodecyl sulfate-polyacrylamide gel electrophoresis (SBS
(5-Carboxylazol-2-yl)-6-aminobenzofuran-5-oxyl]-2-(2-amino- PAGE) were done as previously describéd, (25). To
5-methylphenoxy)etharN,N',N'-tetraacetic acid) (FURA-  detect calcium-dependent structural changes, either 0.1 mM
2) was obtained from Molecular Probes, Inc. (Juntion City, CaCh or 0.1 mM EGTA was added to the sample buffer,
OR). CaMKIli20 (LKKPNARRKLKGAILTTMLA), the running buffer, and gel buffers. Protein bands were visual-
CaM binding sequence in CaM-dependent protein kinase Il jzed with 0.04% Coomassie blue G in 3.5% perchloric acid
was purchased from Signal Transduction Inc. (San Diego, for 2 h. The destaining solution contains 5% methanol and
CA). C28W (LRRGQILWFRGLNRIQTQIRVVNAFRSS),  7.5% acetic acid.
a peptide identical to the CaM binding sequence of the PM-  proteolytic Digestion. The exhaustive tryptic digestion
Ca-ATPase, was synthesized by Quality Controlled Bio- of CaM involved the addition of 0.6M trypsin to 604M
chemicals, Inc. (Boston, MA). Rabbit monoclonal anti- CaM in 50 mM potassium phosphate (pH 8.0) &h at 37
calmodulin antibody was purchased from STI (San Diego, °C. Digestion was stopped by the addition of I8 trypsin
CA). Secondary goat anti-mouse antibodies conjugated toinhibitor.
alkaline phosphatase were obtained from Sigma (St. Louis, Equilibrium Dialysis. The stoichiometry of calcium
MO). Erythrocyte ghost plasma membranes were purified pinding to CaM was determined using 0.2 miCaCl
from porcine blood, as previously describdd)y, CaM was (10 000 cpm/nmol) equilibrated with 3eM CaM (0.5 mg/
isolated from the brains of Fischer 344 strain male rats agedmL) using a 1-mL dialysis cell separated by a dialysis
5, 10, 6, and 26 months (see below), which were obtained membrane with a molecular weight cutoff less of 10 000 Da
from the National Institute of Aging maintained rat colony in a buffer containing 100 mM HEPES (pH 7.5), 0.1 M KCI,
(Harlan Sprague Dawley, Indianapolis). Purified CaM and gnd 1 mm MgC}, essentially as previously describezby
erythrocyte ghost membranes were storeet@0 °C. Reversed-Phase HPLCAfter exhaustive tryptic digestion

CaM Purification. Rat brain CaM was purified essentially of CaM, individual proteolytic fragments were separated
as described by Strasburg and co-worket3),(with the using a Vydac C4 reversed-phase column employing a linear
following two modifications: (i)5-mercaptoethanol or DTT  gradient of acetonitrile that varied from 0% acetonitrile in
was not included in any procedure to avoid potential 0.1% TFA to 90% acetonitrile in 0.1% TFA at a rate of 1%/
reduction of oxidized CaM, and (ii) all buffers were saturated min, as previously describe@)( The respective peaks were
with argon during the entire procedure to avoid possible monitored at 214 nm. To identify the proteolytic fragments,
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the detected peaks were pooled, lyophilized, and subjectedcurves were measured using the CaM-dependent changes in
to fast atom bombardment (FAB) mass spectrometry (seefluorescence intensity associated with Jimn the target
below). peptide C28W, as previously describ&l (In all cases, data

Fluorescence Spectroscopy Measuremer@teady-state  were fit using the LevenbergMarquardt algorithm contained
fluorescence intensities were measured using a Fluoro Max-2in the programs ORIGIN (Microcal Software, Inc., Northamp-
(Jobin Yvon Spex, Edison, NJ) equipped with a xenon lamp. ton, MA) and Mathcad (MathSoft Inc., Cambridge, MA) to
Excitation was at 275 nm for tyrosine and at 298 nm for extract free energy parameters relating to the properties of
tryptophan. Measurements of calcium-dependent alterationsthe native and oxidatively modified Cah34).
in the solvent accessibility of Tyyand Ty#rsg involved the Calculation of Age-Dependent Alterations in CaM Stabil-
addition of the water-soluble quencher TEMPAMINE, and ity. Alterations in the free energy associated with the stability
the Stersa-Volmer quenching constark{,) was determined  of CaM were analyzed using a simple two-state model that
as previously describe@7). assumes a highly cooperative temperature-dependent dena-

Mass SpectrometryThe distributions of CaM oxiforms  turation of thea-helical content of CaM35), where
were measured using an AUTOSPEC-Q instrument equipped
with the Mark Il ESI source, essentially as previously AAG'; = AG'
described 28). FAB-MS spectra were obtained on an " -hell
AUTOSPEC-Q tandem hybrid mass spectrometer using a RT | [o-he 'Xagei]Tm

X = — n - - (

cesium gun operated at 20 keV energy andA2emission, m [a'he|'xageJ10 c— [a_hellxage(]T
as described previousl9), Mass identification was assisted "
by software (GPMAW from lighthouse data, Aalokken 14,
DK-5250, Odense SV, Denmark) that permits the identifica-
tion of each tryptic fragment.

Circular Dichroism SpectroscopySpectra of salt-free

_ 1 —
aged AG young

3)

AAG' is the increase in free energy for CaM isolated from
senescent (26 month) brains relative to that of young (6
month) CaM in kcal mol?, Ty, is the temperature in K where

: . the a-helical content of CaM isolated from young brain is
CaM (50ug/mL) in 10 mM Tris-HCI (pH 7.5), 0.1 M KCIQ :
1 mM Mg(CIOy), and 0.1 mM Ca(CIg), were measured 50% of that at 10°C, andR is the gas constant.
using a Jasco J-710 spectropolarimeter using a temperaturgseg L TS
jacketed spectral cell with a path length of 0.5 cm. CD
spectra were collected between 200 and 240 nm, and the Abundance of CaM.To identify possible age-related
o-helical content was estimated using the computer programalterations in either the expression levels or the function of
Contin 29). In all cases, the experimental errors associated CaM, we have isolated CaM from the brains of Fischer 344
with the experimental determination of thehelical content rats of varying ages. The amount of immunoreactive CaM
of CaM were approximately 1%. present in the homogenates of brains was measured using

Calculation of Model-Dependent Fitting ParameterEo monoclonal antibodies directed against CaM using an ELISA
explicitly analyze for the relative affinities and cooperative assay. Immunoreactive CaM obtained from 26 month
interactions between the individual ligand binding sites, data animals (1.4+ 0.2 mg/g of brain) is less than that observed
was fit to for CaM isolated from younger animals that were either 6

(1.8 + 0.1 mg/g of brain) or 16 month (2.£& 0.4 mg/g of
Ko [X] ree + 2Ko[X] free” brain) of age |p < 0.05). Using affinity chromatography to
= 5 (1) purify CaM, we recover 32 6% and 39+ 7% of the total
2(1+ Ky Xl free + KolX] ree) CaM present in the crude homogenate obtained from young
and senescent brain. These similar purification efficiencies
suggest that any significant population of CaM that is
structurally modified with age is retained throughout the
purification procedure.

CaM-Dependent Actation of the PM-Ca-ATPaseln
comparison to the CaM-dependent activation of the PM-Ca-
ATPase observed using CaM isolated from young (6 month)
animals, there is a 2% 2% reduction in the maximal

where X corresponds to the concentration of ligand (i.e.,
calcium or CaM)K; is the macroscopic equilibrium constant
that corresponds to the sum of the intrinsic equilibrium
constantsK; andk,) associated with ligand binding to the
two classes of binding sites, ahd represents the intrinsic
equilibrium constant for binding ligand to both classes of
ligand binding siteskik.k:), wherek; provides a quantitative

estimate of the lower limit with respect to the cooperative activation V) of the PM-Ca-ATPase for CaM isolated

interactions between the site30]. . . X
; - ._from senescent (26 month) animals (Figure 1). This age-
An analogous expression useful with respect to the analysis dependent decrease in the maximal activation of the PM-

of CaM binding to target peptides is the equivalent Scatchard Ca-ATPase by CaM is progressive (Figure 1C). Thus, age-

form of the binding equation3{): related modifications with respect to the ability of CaM to
[CaM],pyng= a?ti\(]ate the PM-Ca-ATPases are %robably a nrw]anifest?tior;
of the aging process per se, and are not the result o
(Ko[CaMlyee + 1)(Ky[CaMlyeo) « pathological alterations in metabolism that may accompany

1+ (Ki[CaMqeo + (KlKZ[CaM]freez) the end stage of the aging proce8§)(

maximal binding (2) In the presence of saturating concentrations of CaM, there

is a shift in the calcium-dependent activation of the PM-Ca-

Since one CaM binds to C28V8%, 33), K; andK; represent ~ ATPase toward higher calcium concentrations for CaM

the association constants for each domain on CaM with isolated from senescent (26 month; [Ga} 0.97 + 0.07

respect to its association with the target peptide. Binding «M) animals relative to that observed for CaM isolated from
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Ficure 1: Decreased activation of the PM-Ca-ATPase by CaM isolated from aged brain. ATPase activity of porcine erythrocyte ghost
plasma membrane Ca-ATPase was measured in the absenaad the presence of CaM isolated from the brains adpgnd 26 month

(®) Fischer 344 rats in the presence of either@\8CaM (A) or 30uM free calcium (B). For comparison, the CaM-dependent activation

of the PM-Ca-ATPase by CaM isolated from bovine tesi@sdr wheat germ 4) is shown. The maximal activatiofV,, of the PM-
Ca-ATPase by CaM isolated from brains of variable age is shown in pane). @TPase activity was measured at 37 in a reaction

mixture containing 0.2 mg mt! erythrocyte ghost membrane protein (approximately 8 nM Ca-ATPase), 0.1 M KCI, 5 mM,Mbil

uM EGTA, 50 mM MOPS (pH 7.0), 5 mM ATP, and 4M A23187; phosphate release was measured as previously descieliree

CaM concentrations were calculated by correcting for CaM bound to the PM-Ca-ATPase (40 pmol of CaM/mg of ghost protein), as previously
described 9). Experimental data shown in panels A and B represent the average values obtained from two measurements, where the
standard deviation in the ATPase measurement is 5% of the indicated values. Panel C shows the average CaM-dependent activation and
associated standard errors of the mean observed for four different preparations (3 brains per preparation). Experimental curves in panels A
and B were obtained from a least-squares fit to eq 1. For panéd@; (6 month)= —7.2 4+ 0.5 kcal mof?, AG, (6 month)= —17.4+

0.1 kcal mot?, andAG; (6 month)= —3.8 + 0.5 kcal mot?. AG; (26 month)= —7.2+ 0.5 kcal mot?, AG; (26 month)= —16.5+ 0.1

kcal mol?, andAG, (26 month)= —2.8+ 0.5 kcal mot™. For panel BAG; (6 month)= —9.3+ 0.5 kcal mof1, AG, (6 month)= —20.6

=+ 0.1 kcal mot?, andAG. (6 month)= —1.0 £+ 0.2 kcal mot*. AG; (26 month)= —9.9 & 0.5 kcal mot?, AG, (26 month)= —20.0+

0.1 kcal mot?, andAG, (26 month)= —0.3 + 0.2 kcal mof1.

free

young (6 month; [Ca}, = 0.42+ 0.01xM) animals (Figure to block normal regulation of critical intracellular targets
1A). These latter results suggest that CaM isolated from (e.g., PM-Ca-ATPase).

senescent animals has a reduced calcium affinity or that Resolution of CaM Heterogeneity Using SEFFAGE. We
cooperative interactions between the high affinity calcium have used SDSPAGE to identify possible age-related
binding sites are diminished. To further characterize the age-alterations in the structure of CaM. CaM isolated from the
related alterations in the ability of CaM to activate the PM- brains of young (6 month) animals migrates with an apparent
Ca-ATPase, we investigated the CaM-dependent activationmolecular mass of about 12 kDa (Figure 2A), and the average
of the PM-Ca-ATPase in the presence of saturating calcium apparent molecular mass increases in a progressive manner
concentrations. CaM isolated from 6 month Fischer 344 rat for CaM isolated from the brains of Fischer 344 rats whose
brains has a similar ability to activate the PM-Ca-ATPase age varies from 10M; ~ 13 kDa), 16 \; ~ 15 kDa), to 26
relative to that obtained using CaM isolated from either months M, ~ 18 kDa). Furthermore, while CaM isolated
bovine testes or wheat germ (Figure 1B). In contrast, from young (6 month) animals migrates as a narrow band,
independent of the CaM concentration, the maximal activa- considerable heterogeneity appears in CaM isolated from 10
tion of the PM-Ca-ATPase by CaM isolated from senescent and 16 month animals. CaM isolated from the 26 month
brain is less than that obtained using CaM isolated from animals once again exhibits a narrow band similar to that of
young brain. Furthermore, there is a shift in the concentra- CaM isolated from 6 month animals, indicating that CaM
tion dependence of the CaM-dependent activation of the PM-isolated from these older animals exhibits less structural
Ca-ATPase using CaM obtained from senescent individualsheterogeneity. These alterations in gel mobility cannot be
toward a higher CaM concentration ([CaM}= 14+ 2 nM) explained as the result of age-related differences in the
relative to that observed using CaM isolated from young expression of different CaM isoforms, since there is only a
brain ([CaM},, = 6.4+ 0.3 nM). The inability to recover  single isoform of CaM expressed in all vertebra®g.(Thus,

the full activation of the PM-Ca-ATPase by increasing the changes in either posttranslational modifications in the
concentration of CaM isolated from senescent brain indicatesprimary sequence or in the tertiary structure of CaM alter
that all binding sites on the PM-Ca-ATPase are saturated,its mobility on SDS polyacrylamide gels.

and suggests that a subpopulation of CaM species isolated Calcium-Dependent Alterations in the Mobility of CaM
from senescent brains binds but is unable to fully activate on Polyacrylamide GelsCaM retains considerable structure
the PM-Ca-ATPase. These latter results suggest that alterin SDS, and calcium-dependent changes in the mobility of
ations to CaM in aged cells can have a major impact on CaM on SDS-PAGE have been routinely used to assess
intracellular signaling and metabolism through their ability structural changes associated with calcium activat® 8§,
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A PAGE isolated from the brains of young rats from ap-
. 31 proximately 17+ 1 to 12+ 1 kDa. In contrast, CaM isolated
from the brains of senescent rats exhibits a loss of this
‘ -_— 21.5 calcium-induced change in mobility; the apparent molecular
mass of CaM is 19 1 to 18+ 1 kDa in the absence and
- - = 145 the presence of calcium, respectively (Figure 2B). These
- G5 results indicate diminished global structural changes involv-

ing the calcium activation of CaM associated with aging,
suggesting that there are age-related alterations in the

T 2 3 4 5 structure of CaM. A similar reduction in the mobility of
CaM isolated from senescent (26 month) brains is observed
B - 83 using native gels (Figure 2C).

Posttranslational Oxidatie Modifications to CaM. Al-
terations in the primary structures of proteins isolated from
- 45 aged animals have the potential to explain aspects of the
loss of function characteristic of aging, and significant
- 325 increases in the carbonyl content of proteins isolated from
aged animals have been report8d40). We have, therefore,
— measured the average carbonyl content for CaM isolated from
young (6 month) or senescent (26 month) brains, which were
p— — 18 respectively 0.06t 0.02 and 0.06+ 0.01 carbonyls/CaM.
—_— 7.5 Thus, the carbonyl content in CaM does not change ap-
' preciably during aging. The small carbonyl content present
1 2 3 4 5 in CaM suggests that there is little or no oxidative modifica-
tion to a range of different amino acids, including proline,
arginine, and lysine, whose oxidative modification typically
C can lead to the generation of carbonyl derivatives. However,
E since the oxidative modification of many different amino
- acids need not result in the production of carbonyl derivatives
(41), we have also investigated the amino acid composition
and molecular mass distribution of CaM isolated from
senescent rat brain.

" 23 After base hydrolysis of CaM purified from either young
2 (6 month) or senescent (26 month) brains, the majority of
+EGTA + Icium the individual amino acids in CaM were separated and
identified using reversed-phase HPLC. Despite very similar
1 2 3 4 amino acid compositions (Figure 3), the amino acid digest
FiGURE 2: Electrophoretic mobility of CaM isolated from aged assomat_e_d with CaM obta_med from the aged a”'m"_’"s CO”t‘f"'”S
brain. A comparison of the mobility of CaM isolated from the brains W0 additional peaks relative to that from young animals with
of 6 (lane 1), 10 (lane 2), 16 (lane 3), and 26 month (lane 4) Fischer retention times of 5.4 and 14.7 min. One new peak with a
344 raStSDg%SA\(/SISEU&l\I)Z%i IU$lng darﬂ"/gl aCfYLalede Qljradlenk: gel  retention time of 5.4 min has the same retention time as
using . Calcium-dependent shifts in electrophoretic oni i i
mobility for CaM isolated from 6 (lanes 1 and 3) and 26 month :nethlotﬂ!ne.SUHOXIISG'.dTh.eda.re? of ttEGt peak Co_rrestplon(ilrég
(lanes 2 and 4) rat brains were visualized using both SPAGE 0 methionine suffoxide Indicates that approximately L.
(B) and native gels (C) using either a 7% acrylamide gradient ~Methionines are oxidatively modified to methionine sulfox-
or a 10% acrylamide gel. SDSPAGE and native gel electrophore- ide. There is a corresponding reduction in the area of the

sis &/Ytere P,erfr)rén%doag pre\lliOl]jSéy '\(jles?tfri]b(ﬁ?ﬁ(%)l- SI?/Im(FZ)IeCI peak at 9.9 min, corresponding to methionine, in CaM
conditions included 0.6 nmol of CaM with either 1 mM Ca : :

(+calcium; lanes 3 and 4) or 1 mM EGTA-EGTA, lanes 1 and isolated from ageq (2_6 month) brains. o

2) in both sample and running buffers. Molecular mass standards ESI-MS Determination of the Mass Distribution of CaM.

(lane 5) correspond to either Coomassie brilliant blue stained From the amino acid analysis of CaM isolated from aged
standards (A) or prestained kaleidoscope molecular mass standard%ze month) brain, it is apparent that methionine is oxidatively

(B) and represent aprotinin (6.5 and 7.5 kDa, respectively), - . - .
lysozyme (14.5 and 18 kDa, respectively), trypsin inhibitor (21.5 modified to the corresponding methionine sulfoxide (see

and 32.6 kDa, respectively), and carbonic anhydrase (31 and 45above). However, it is unclear whether the observed
kDa, respectively). Differences in the molecular masses of these oxidative modifications are randomly distributed among all
protein standards are the result of the derivitization of these proteins cgm species or are localized within a small subpopulation
{zstggﬁszlg'ﬂg;%o?:% g:ﬁ;escslijéa{)rirﬂffnst st,)tﬁrg?lards. Protein bands werg,¢ CaM species that contain multiple oxidative modifications.
In addition, some posttranslational modifications (e.g., gly-
39). The narrow distribution of molecular species apparent cation) would not necessarily have been detected after the
in CaM isolated from the brains of either young (6 month) base hydrolysis used for the amino acid analysis. Therefore,
or senescent (26 month) animals (see above) permit the uséo investigate other possible types of oxidative modifications
of these gel mobility assays (Figure 2B). The presence of and to identify the distribution of oxiforms that result from
calcium alters the apparent molecular mass of CaM on-SDS methionine oxidation, we have used ESI mass spectrometry
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Ficure 3: Detection of methionine sulfoxide in CaM isolated from
aged brain. After hydrolysis of 6 nmol of CamM il N NaOH for FiGURe 4: ESI-MS resolution of distribution of oxiforms in CaM
16 h at 110°C, the neutralized samples isolated from the brains of after deconvolution of multiply charged ions. Spectra corresponding
6 (bottom) or 26 month (top) rats were derivatized with dansyl to CaM were isolated from the brains of 6 (A), 10 (B), 16 (C), and
chloride, and individual amino acids were separated by reversed-26 month (D) Fischer 344 rats using experimental conditions as
phase HPLC. Excitation and emission wavelengths were 340 anddescribed in the Experimental Procedures. The associated fraction
450 nm, respectively. of each of these species is summarized in Figure 5. Experimentally,

1 nmol of CaM in 0.1 mM EGTA and 10 mM (NHLCOs (pH

(ESI-MS) to resolve the molecular mass distribution of CaM 8.6) was trapped, desalted, and then directly infused (on-line) into
species. an Autospec EQ mass spectrometer, as described in the Experi-

- . mental Procedures. Spectra were normalized to the same peak
Using ESI-MS, we resolve two peaks for CaM isolated height. Relative to the integrated spectral intensity for CaM isolated

from young (6 month) brain, with molecular masses of from young (6 mo) brains (A), the corresponding areas are 1.5 (B),
16 7744+ 3 and 16 792+ 3 Da (Figure 4A). The latter mass 2.8 (C), and 2.9 (D).

corresponds to that of vertebrate CaM, whose theoretical

average mass is 16 791.4 D42 The former mass rats of varying ages was calculated (Figure 5). The ESI-
represents an artifact of the conditions used to ionize CaM MS spectra of CaM isolated from two different preparations
in the mass spectrometer, corresponding to a collision- of senescent (26 month) braine & 6) were virtually
induced dissociation (CID) product of neutraj®ior NH; identical and indicate that there is an average of4.0.1
from CaM @8). Therefore, CaM purified from young (6 oxidatively modified amino acids in CaM isolated from the
month) brains contains a single native isoform with no senescent (26 month) brain.

significant amount of oxidized species. In contrast, the ESI-  Distribution of Oxidatvely Modified Methionines within
MS spectrum for CaM isolated from any of the older animals the Primary Sequence of CaMo identify the distribution
contains additional high mass peaks at 16 808, 16 824 of oxidatively modified amino acids within the primary
+ 3, and 16 840+ 3 Da, which correspond to additional sequence of CaM, we have used reversed-phase HPLC to
species of CaM that differ by masses of 16, 32, and 48 Da. separate tryptic fragments of CaM and FAB-MS to identify
These higher mass CaM species are consistent with thethe associated chemical modifications (Table 1). Represen-
oxidative modification of one, two, and three methionines tative chromatograms are shown in Figure 6. We resolve
to their corresponding methionine sulfoxides. No CaM eight major tryptic fragments in CaM isolated from young
species are apparent in any samples with a mass greater thafé month) brain, which contain all nine methionines (Figure
16 840 Da, indicating that no appreciable population of CaM 6). The relationships between the tryptic fragments and the
species contains more than three oxidative modifications or corresponding amino acids within the primary sequence of
additional posttranslational products that were not apparentCaM are summarized in Figure 7.

from the amino acid analysis. The area of each peak in the There are substantial alterations in the chromatogram of
ESI-MS spectra provides an estimate of the relative abun-the tryptic fragments obtained from CaM isolated from the
dance of each CaM species after correction for ESl-inducedbrains of senescent (26 month) animals relative to that
fragmentation of CaMZ8). In this manner, the distribution  observed in young (6 month) animals, and additional peaks
of oxidatively modified CaM species and the average number are apparent at 9 and 54 min that correspond to oxidatively
of oxygens incorporated in each CaM sample isolated from modified peptides of T3 and T4 (i.e., &3and T4y) and
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Table 1: FAB-Mass Spectrometric Identification of Tryptic Fragments from Calmodulin Isolated from Young and Aged R&t Brain

peap\“ tr (min)c SequenC‘é [M + H]+theoretica? [M + H]+experimentafl
T30x 9.2 Glus;—(MO)—Args; 821 821
T3 16.6 Glyi—Args7 805 805
T5-T7 24.3 Lyss—(MO)—Argss 1497 1498
T5-T8 27.8 Lyss—(MO)—Argeo 2000 2001
T6—T8 29.0 Mete—Arggeo 1856 1855
T9 30.9 Vabi—Argios 1755 1756
T2 35.6 Glys—Lysszo 1844 1845
T1+ 37 Alay—Lys:3 1564 1564
T].OOX + HiSlof(MO)_Arglzs 2418 2418
Tlloxg G|U127—(MO)2—LyS]_48 2522 2523
T10 42.8 H_o7—Arg]_26 2402 2401
T11 46.6 Gluz7—Lysi48 2490 2490
Ty 54 Segg—(MO)—Argzs 4087 4087
T4 63 Setg—Argra 4072 4071

@ There were no ambiguities relating to the mass assignments of the peptide ions, and all peptides were detected with an accuracy of 0.1% of the
theoretical mass of the peptide of interédllomenclature regarding the relationship between peptides resulting from tryptic cleavage and the
primary sequence of CaM is shown in Figure* Retention times of tryptic fragments resolved by reversed-phase HPLC (see FigtiRzif)ary
sequence corresponding to identified tryptic fragment, where MO corresponds to methionine sutf@eiltelated masses based on monoisotopic
mass distribution, except for T4 where isotopic masses are not resbiveetage mass of MH isotopic envelope? Peptide present in small
abundance.

[T1+T10, +T11_]

9
[T6-T81 | 1,

T4

ox
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Oxygens / CaM
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o
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FIGURE 5: Distribution of oxidatively modified oxiforms of CaM. 2 Ta

Fractional contribution of each species of CaM associated with

native CaM ®; solid line) and oxidatively modified species 3 115.17)
containing one additional oxyge{ dashed line), two additional

oxygens [J; dotted line), and three additional oxygers €hort

dashed line) obtained from electrospray mass spectroscopic data

in Figure 4 are shown in panel A following correction for charge-

induced dissociation2g). The average number of oxygens incor- T R E N R T SR
porated into each CaM species is shown in panel B, which was 0 10 20 30 40 50 60
calculated as the sum of all CaM oxiforms multipled by the number

of oxygens present. Lines are drawn for visual clarity and do not T|me (minutes)
represent a physical model to describe the data.

Young

Ficure 6: Reversed-phase HPLC resolution of tryptic peptides
contain methionine sulfoxide (Figure 6; Table 1). In derived from CaM. Representative chromatograms are shown
addition, there are large decreases in the intensity of thecorresponding to the resolved peptides after exhaustive tryptic

; : : _ digestion (9 h, 37C) of 60 nmol of CaM isolated from the brains
parent peaks associated with T ¢ 17 min), T10 (z of 6 (bottom) or 26 month (top) Fischer 344 rats. The assignments

43 min), and T4t = 63 min). The oxidation product of ¢ the parent fragments and the corresponding sulfoxides are shown
T10 (i.e., T1Qy) has a retention time of 37 min and overlaps with respect to the 11 expected tryptic peptides, as described in
with T1. Upon separation of these parent peptides (T3, T4, Table 1. T5-T7, T5-T8, and T6-T8 represent single peptides
and T10) and selective in vitro oxidation of the corresponding that were not cleaved at Ly Lyszs, Or Lyssr.

methionine residues, identical retention times are observedassociated with the parent peak associated with Td3(
that correspond to the oxidation products observed in CaM 47 min). This latter result is in sharp contrast to previous
isolated from senescent brain (i.e.,of,3T 4oy, and T1Q,), in vitro results where methionines located at the carboxyl-
indicating that methionines at positions throughout the terminus (i.e., T11) were highly sensitive to oxidative
primary sequence of CaM are selectively oxidized during modification using either kD, or ONOO™ (9, 10). Thus,
aging. There is a small amount of a peptide whose masswhile multiple methionines are selectively oxidized to the
corresponds to that of an oxidation product of T11 with a corresponding methionine sulfoxide in CaM isolated from
retention time of 37 min that overlaps with that of T1 and aged brain or using in vitro oxidants (i.e.;®, or ONOQO"),
T10,x; however, there is little or no reduction in the area the pattern of methionine oxidation is markedly different in
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Ficure 8: Calcium-dependent structural changes associated with
activation of CaM. Calcium-dependent fluorescence intensity
changes, |[F — Fo)/(Fmax — Fo)|], for CaM isolated from 6 ©)
and 26 month @) brains, where= is the observed fluorescence
intensity @em = 306 nm) associated with Tegand Tyrss (see
inset). F, and Frax are the fluorescence intensities of apo- and
calcium-saturated CaM. Solid (6 month) and dotted (26 month)
lines represent the best fits to eq 1 (see Experimental Procedures).
AG; (6 month)= —9.34 0.5 kcal mot?, AG; (6 month)= —20.6
+ 0.1 kcal mot?, andAG, (6 month)= —2.8 + 0.5 kcal mot.
AG; (26 month)= —9.9 4 0.5 kcal mof?, AG; (26 month)=
—20.0+ 0.1 kcal mot?, andAG, (26 month)= —1.0 £+ 0.2 kcal
mol~1. Inset corresponds to fluorescence emission spectra for CaM
isolated from 6 (A) or 26 month (B) brain in the presence of 0.1
mM EGTA (solid line), 0.1 mM free calcium (dashed line), or the
addition of 27uM CaMKII20 target peptide (dotted line). Sample
conditions include 1&M CaM in 0.1 M KCI, 1 mM MgC}, 0.1
mM EGTA, and 0.1 M HEPES (pH 7.5). Calcium was added to

' yield the desired free concentration and was directly measured using
FiGure 7: Positions of methionines within calmodulin. (A) FURA-2, as previously describe@(). Excitation was at 275 nm,
Locations of the nine methionines within the primary sequence of using a Coherent Innova 400 laser. Fluorescence emission spectra
vertebrate CaM relative to observed tryptic cleavage sijearé were detected using a single grating Jovin Yvon monochromoter
indicated, where the 11 expected tryptic fragments are indicated with a 4-nm slit width. Errors in the fluorescence measurements
by the letter T followed by a number. (B) The relative positions of were less than 1% of the indicated values.
the nine methionines within the tertiary structure of CaM are
highlighted in the ribbon drawing of the backbone fold of the  Changes in Intrinsic Tyrosine Fluorescence upon Calcium
calcium saturated form of CaM. The coordinates are taken from acti,ation and Peptide BindingThe intrinsic fluorescence

Brookhaven Protein Data Bank file 1cll.pd88], and the drawing . . . .
was constructed using the program MolScrigf)( Shaded circles associated with Tys and Tyksg prowdes_, a con\_/e_n_lent
represent calcium ligands. measurement of the structure of CaM in the vicinity of
calcium binding sites 3 and 418, 44). We have therefore
vivo relative to that observed in vitro. These latter results compared the fluorescence intensity characteristic of apo-
suggest that the ROS involved in the oxidative modification CaM with that of calcium-activated CaM free in solution or
of CaM under physiological conditions have a different bound to a peptide corresponding to the CaM binding site
selectivity relative to that observed in vitro using®j or of CaM-dependent protein kinase (CaMKII20) for CaM
ONOO". Alternatively, CaM isolated from senescent brain isolated from either young (6 month) or senescent (26 month)
could represent a fraction of the oxidatively modified CaM brains (Figure 8, inset). Irrespective of the CaM source, there
species that were initially modified, which may not have been is a substantial increase in the fluorescence intensity of CaM
subjected to intracellular repair or degradation. upon calcium activation, which further increases upon peptide
The presence of multiple methionines in tryptic peptides binding. The fluorescence intensity under all conditions is
T4 and T10 precludes a quantitative determination of the lower for CaM isolated from senescent brains relative to the
exact positions of the oxidatively modified methionines young brains under the same experimental conditions. One
located in these proteolytic fragments. However, in no observes a similar decrease in the average lifetime of the
instance are there substantial amounts of any peptidetyrosines in CaM isolated from senescent brain relative to
containing multiple methionine sulfoxides apparent in the young controls (data not shown), indicating that there are
FAB-MS spectra, suggesting that in the majority of instances appreciable structural changes in CaM isolated from senes-
that there is a single methionine sulfoxide present in the cent brain that may result from either differences in the
oxidatively modified peptides. Thus, the observed decreasedertiary structures of CaM or from alterations in specific
in the apparent areas of the parent peptides T3, T4, and T10guenching interactions in the vicinity of these tyrosines in
permit an estimation of the average extent of oxidative calcium binding sites Ill and IV. Regardless of the physical
modification, which corresponds to approximately 2.3 reason for the calcium-dependent change in intrinsic fluo-
methionine sulfoxides/CaM. rescence, the ability to detect calcium-dependent structural
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changes using these fluorescence intensity changes permits
an assessment of possible differences in either the calcium
affinity or cooperativity for CaM isolated from young and
senescent brains.

Loss of Cooperatie Structural Changes Associated with
Calcium Actvation. CaM isolated from either young or
senescent brains exhibits an increase in the intrinsic fluo-
rescence intensity associated with calcium binding, where
the respective calcium concentrations necessary for the half-
maximal fluorescence enhancement are 29 and 47 nM
(Figure 8). Similar structural changes in the vicinity of
calcium binding loop 4 are observed in wheat CaR0)(
suggesting that the calcium-binding sites in the carboxyl-
terminal domain of CaM have a high calcium affinity. The
larger amount of calcium necessary to observe the fluores- : , -
cence enhancement in CaM isolated from senescent brains 00 02 04 06 08
could be related to either a lower calcium binding affinity
or a reduced cooperativity between the high affinity calcium TEMPAMINE ( mM )
binding sites. Fitting the data to eq 1 in the Experimental Fgyre 9: Enhanced solvent accessibility in CaM isolated from
Procedures indicates that there is no difference in the appareniged brain. The apparent Stern-Volmkg,J quenching constants
calcium binding affinities for CaM isolated from young or for Tyrgg and Tytsg to the water soluble-quencher TEMPAMINE

n nt brain. However. the highl rative interactionWere determined in the presence of either 0.1 mM G¢@|H) or
senescent brain. However, the highly cooperative interaction "\ e ™ 'myte's M CaM in 0.1 M KCI, 1 mM MgCh,

_between the high-affini_ty calcium binding sites in E:aM and 0.1 M HEPES (pH 7.5) at 2%. CaM samples were isolated
isolated from young brains\G. = —2.8+ 0.5 kcal mol™)  from the brains of 6¢, ®) or 26 month [J, W) rats. Lines represent
is markedly reduced in CaM isolated from senescent brainsthe best fit to the SteraVolmer equation 27). For CaM isolated
(AG. = —1.0 £ 0.2 kcal mot?). The decreased cooperat- from 6 morlth old rat brainst(IElGLA) =051+ 0.02M1s,
ivity suggests that oxidative modifications within the primary @1dKs(C&") = 0.62:+ 0.04 M s%. For CaM isolated from 26

i — 11
sequence of CaM disrupt the structural coupling between n&?}? 0=|d (r)aég rimés(‘)’(LlE(ﬁ;ﬁ)sflp'E?%rg ?r? ';/t:e s;‘luc?rr(]aché\ﬁce

high affinity calcium binding sites that are normally associ- measurements were less than 1% of the indicated values.
ated with calcium activation.

Measurement of Calcium-Binding Stoichiometrié&/e activated CaM and is consistent with other results indicating
have directly measured the stoichiometry of calcium binding a more open tertiary structure within each of the opposing
for CaM isolated from young and senescent brains to addressglobular domains in CaM upon calcium activatid20(46,
the possibility that alterations in the cooperative interactions 47). For CaM isolated from senescent brain, the tyrosines
between the high affinity binding sites could result from the are more exposed and do not exhibit calcium-induced
disruption of a single high affinity calcium binding site. CaM changes in their solvent accessibility; the Stevfolmer
isolated from young (6 month) and senescent (26 month) quenching constanKg,) is 0.704 0.03 for apo-CaM and
brain respectively bind 3.74 0.10 and 3.33t 0.11 calcium 0.68+ 0.04 for calcium-activated CaM. Thus, age-related
ions/mol of CaM. The observed binding stoichiometries are structural changes result in more solvent exposure ofgTyr
consistent with the presence of the four high affinity calcium- and Ty#kss, consistent with the reduced mobility observed
binding sites in CaM44). The small apparent decrease in by SDS-PAGE, and diminished sensitivity to calcium
the amount of bound calcium in CaM isolated from aged binding of CaM isolated from aged brain relative to young
brains is not statistically significanp > 0.05) and indicates  controls (Figure 2). The lack of any change in the solvent
that the majority of CaM species present in both young and accessibility of Tyss and Tyrsg in CaM isolated from
senescent brain contain four high affinity calcium-binding senescent brains upon calcium activation is further evidence
sites. indicating that the long-range structural coupling normally

Global Structural Changes within CaM Associated with apparent between the high affinity calcium binding sites in
Calcium Binding. Due to the sensitivity of the quantum yield the carboxyl-terminus of CaM isolated from the brains of
of tyrosine to local environmental changes, the age-dependentyoung animals is diminished.
decrease in the fluorescence intensity associated witgy Tyr ~ Fluorescence Intensity Changes of 7rim the CaM-
and Ty#ss in CaM may result from either small structural Binding Sequence of the PM-Ca-ATPase upon CaM Binding.
alterations that modulate specific quenching interactions or Trp, in the peptide corresponding to the CaM-binding
could result from global alterations in the structure of CaM sequence of the PM-Ca-ATPase (i.e., C28W) is generally
that modulate the accessibility to aqueous solvetd). ( thought to be a critical recognition site that facilitates the
Therefore, to determine whether there are substantial ageproductive interaction between CaM and the PM-Ca-ATPase
related structural differences around doyand Tyrkzs, we that results in enzyme activatio83). Upon binding to CaM
have measured the average solvent accessibility of thesdsolated from young (6 month) braina 5 nmblue-shift in
tyrosines to the water-soluble quencher TEMPAMINE the emission spectrum accompanied by a 54% reduction in
(Figure 9). The solvent accessibility increases upon calcium the fluorescence intensity of Typs observed (Figure 10,
activation for CaM isolated from young (6 month) brain, inset). These spectral changes suggest a more hydrophobic
where the SternVVolmer quenching constanky,) increases  environment around Tgpas a result of peptide binding,
from 0.51+ 0.02 for apo-CaM to 0.6 0.04 for calcium- consistent with the earlier suggestion that,lisgan important

F,/F
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Ficure 10: Titration of CaM with target peptide C28W derived
from the PM-Ca-ATPase. CaM binding was measured using the
decrease in the fluorescence intensity of4Tinp5 xM C28W upon
binding CaM isolated from 6C) or 26 month @) rat brains fex

= 295 nm;Aem = 350 nm), as previously describe®) (Data were
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specific binding interactions between different CaM species
around Trp or the conformation of the bound peptide.

Binding Affinity of CaM to the PM-Ca-ATPaseTo
investigate possible differences in the binding interaction
between CaM and the PM-Ca-ATPase, we have used the
fluorescence intensity changes associated with ifir@28W
that result from CaM binding to measure alterations in the
affinities between the carboxyl- and amino-terminal domains
of CaM and C28W (see above). In comparison to CaM
isolated from young (6 month) brains, more CaM is necessary
to observe the maximal fluorescence intensity change as-
sociated with binding to C28W when CaM is isolated from
senescent brains (Figure 10). These results indicate that CaM
isolated from senescent brains has a reduced binding affinity
to the PM-Ca-ATPase. One observes a similar reduction in
the binding affinity between CaM isolated from senescent
brains and a peptide corresponding to the CaM-binding
sequence of CaM-dependent protein kinase Il (data not
shown), suggesting that age-dependent alterations in the
binding affinity of CaM to target proteins may result in the
modulation of a broad range of enzyme activities.

A quantitative description of the binding affinities between
CaM isolated from young (6 month) and senescent (26
month) brains and C28W requires that both of the binding
sites within CaM be considered (see eq 2 in Experimental
Procedures). For CaM isolated from young brain, the
dissociation constants associated with the two CaM binding
domains differ by an order of magnitud&4j (young)=

analyzed using eq 2, as described in Experimental Procedures, TP E+L02x 10°5M: Ke (young)= 4 £ 1 x 106 M] and

calculate binding energies for CaM isolated from 6 and 26 month
brains, which were as followsAG; (6 month)= —8.5+ 0.2 kcal
mol~! and AG, (6 month)= —7.4 + 0.2 kcal mof?!; AG; (26
month)= —8.7 & 0.2 kcal mot? andAG, (26 month)= —6.5+

0.2 kcal mot?. Age-related changes in binding energies/anG;

= —0.2 £+ 0.3 kcal mot! and AAG, = —0.9 £+ 0.3 kcal mot?.
Inset: Fluorescence emission spectra of C28W alone (solid line)
or for C28W in the presence of 18V CaM isolated from either

6 (dashed line) or 26 month (dotted) brains. Experimental buffer
contained 0.1 M KCI, 1 mM MgG| 0.1 mM CaC}, and 0.1 M
HEPES (pH 7.5) in the presence ofi¥ C28W at 25°C. Errors

in the fluorescence measurements were less than 1% of the indicate

values. Errors in the determination of the concentrations of free
and bound CaM were propagated and are approximatelyd.3

recognition site between multiple methionines located in the
carboxyl-terminal domain of CaM (i.e., Mg§ Metiz,,
Meti4s, and Metys) that participate in facilitating the produc-
tive binding of the carboxyl-terminus of CaM to the PM-
Ca-ATPase 32, 33, 49).

There is a 42% reduction in the fluorescence intensity of
Trp, in C28W upon binding CaM isolated from senescent
brain, corresponding to a 22% decrease in the maximal
fluorescence intensity change of Trpbserved when CaM
isolated from young (6 month) brains binds to C28W (see
above). The smaller change in fluorescence intensity of Trp

respectively correspond to the binding affinity of the car-
boxyl- and amino-terminal domains of CaM for C28\8j.(

The apparent affinity of the carboxyl-terminal domain in
CaM isolated from senescent brain is very similar to that of
native CaM [i.e.,Kqg; (old) = 0.4 £ 0.2 x 108 M], while

that associated with the amino-terminal domain is reduced
by approximately 40-foldKq, (old) = 16 + 8 x 10 M ].

Since these values represent average values that assume CaM
isolated from senescent brains can be treated as a homoge-

%eous population, the actual binding affinities associated with

the subpopulation of CaM species that do not fully activate
the PM-Ca-ATPase may be smaller.

Secondary Structure of CaMPossible age-related dif-
ferences in the secondary structure of CaM were assessed
using CD spectroscopy to estimate the appacehelical
content of CaM isolated from young (6 month) and senescent
(26 month) brains. CD spectra were measured between 200
and 240 nm at 1 nm intervals. The CD spectrum obtained
from CaM isolated from senescent brains at 2D is
substantially different from that of native CaM isolated from
young brains (Figure 11), suggesting that these samples have
different average secondary structures. There is a small but
reproducible age-dependent decrease in appatémical

suggests that there are conformational differences in CaMcontent, which decreases from 631% for native CaM to

that alter its interaction with C28W in the vicinity of Tsp

59 + 1% for CaM isolated from senescent brains. The

This reduction corresponds to a similar reduction in the decreased-helical contentin CaM isolated from senescent
maximal velocity associated with the CaM-dependent activa- brain relative to that isolated from young brains indicates
tion of the PM-Ca-ATPase, suggesting that a subpopulationthat the oxidative modification of methionine to its methion-
of CaM species is unable to activate the PM-Ca-ATPase asine sulfoxide disrupts protein secondary structural elements
a result of incorrect binding to C28W. Alternatively, the and may explain the diminished structural coupling apparent
smaller spectral change may be the average of a range ofn CaM isolated from aged tissue (see above).

altered binding interactions between the oxidatively modified  Thermal Stability of CaM.CD spectra associated with
CaM species and C28W, which result in alterations in either CaM isolated from young and senescent brains were
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3 °C (Figure 12). The 13t 4 °C increase in the thermal
stability of CaM isolated from senescent relative to young
brains suggests that methionine sulfoxides present in CaM
isolated from aged brain disrupts long-range structural
interactions that normally facilitate the cooperative unfolding
of CaM. The greater thermal stability associated with CaM
isolated from senescent brains is consistent with the reduced
mobility of CaM on SDS-PAGE, since CaM isolated from
senescent brains would be expected to have more residual
structure. A simple two-state model that assumes a highly
cooperative temperature-dependent denaturation af-fine-

lices in CaM permits the calculation of the stabilization of
the native structure associated with CaM isolated from
senescent brains (see eq 3 in Experimental Procedures) and
suggests that the oxidative modification of selected methion-
ines during aging results in a 0450.1 kcal mot? increase

Wavelength (nm) in thermal stability.

FIGURE 11: Secondary structure of calcium-saturated CaM. CD DISCUSSION
spectra obtained using CaM isolated from brains ofo6 golid

(deg cm ” dmole™)

— 1 1 1 1 1 1 i
210 220 230 240 210 220 230 240

line) and 26 month®; dotted line) brains at 20 (A) and 7C (B). There ar(_a secondary and tertiary stru_c_tural changes in aged
Lines represent the least-squares fit to the CD spectra obtained usind=aM that disrupt global structural transitions associated with
the program Contin29). For CaM at 20C, the calculated-helical calcium activation (Figures 2, 8, and 9). These latter

content was 63%() and 59% @). At 70 °C, the calculated  structural alterations correlate with the oxidative modification
a-helical content was 33%2) and 41% @). Experimental errors 4 3y 1tiple methionines in CaM isolated from aged brains

associated with the experimental determination of dhkelical Fi 3 d It i . ired ability t tivate th
content of CaM were approximately 1%. Desalted CaMu[6) (Figure 3) and result in an impaired ability to activate the

was dissolved in 10 mM Tris-HCI (pH 7.5), 0.1 M KCIOL mM PM-Ca-ATPase (Figure 1). Methionine oxidation is pro-
Mg(ClOy),, and 0.1 mM Ca(CIQ),. gressive with age (Figure 4), resulting in a decreased affinity

of one binding domain of CaM toward the PM-Ca-ATPase

65 (see legend in Figure 10). Age-related structural and
functional alterations involving oxidatively modified CaM
60 (CaMyy) are consistent with the higher basal levels of calcium
and longer calcium transients observed in cells isolated from
S 55 aged tissue 14, 49, 50) and suggest that the oxidative
< modification of selected methionines in CaNnay explain
X 50 the mechanism of inhibition involving some calcium regula-
:‘,‘:’ tory proteins associated with aging (see below).
5 45 Differential Kinetic Effects Associated with Methionine
- Oxidation. Consistent with the important role of the majority
2 of methionines in CaM in providing a high affinity binding
8 40 surface in the activation of target proteirisl{-54), it has
I I previously been observed that the in vitro oxidative modi-
35 fication of methionines in CaM results in a decreased ability
of CaM, to activate cyclic nucleotide phosphodiesterase,
30 1'0 : 2'0 : 3'0 - 4'0 5‘0 6'0 7'0 adenylate cyclase, nitric oxide synthase, and the PM-Ca-

ATPase 6—10). In the case of the PM-Ca-ATPase, sub-
Temperature ( 0C) stantial differences in the extent of inhibition have been

Ficure 12: Thermal stability of CaM isolated from young and aged o_bserved.de_pendmg on the Q|str!but|on of OX|Qat!ver modi-
brains. Temperature dependence of the appardmdlical content  (1€d methioninesS). The oxidation of the majority of the
associated with CaM isolated from the brains of3 éolid line) methionine residues in CaM alter only the binding affinity
and 26 month@®; dashed line) old rats. Sample conditions are as between Calyk and the PM-Ca-ATPas®,(28). In contrast,
described in legend to Figure 11. Errors in the determination of the oxidation of methionines located in the carboxyl-terminal
thea-helical content were approximately 1% of the indicated values. domain of CaM has been shown to disrupt the long-range
measured at 10C intervals between 2Gand 70°C (Figure structural coupling between the opposing globular domains
12), and theo-helical content was calculated (see above). that normally accompany calcium activation and permit the
At 70 °C, larger spectral differences are observed in the CD productive association between CaM and target protéins (
spectra (Figure 11B); CaM isolated from senescent brain has28). These results suggest that the shift in the CaM-
a highera-helical content (i.e., 41%-helix) in comparison dependent activation of the PM-Ca-ATPase [i.e., (CaM)

to that associated with CaM isolated from young brain (i.e., toward higher concentrations of CaM results from the
33% o-helix). The estimated half-point of thermal dena- reduced affinity between CajMand the PM-Ca-ATPase,
turation associated with the secondary structure for CaM while the decrease in the maximal CaM-dependent activation
isolated from young brains occurs at #13 °C, whereas  of the PM-Ca-ATPase (i.eVmay by CaMx is the result of
that for CaM isolated from senescent brains occurs at84 global structural changes that result in an altered and
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nonproductive interaction with the CaM-binding sequence the amino-terminal domair6, 67), alterations in the relative
of the PM-Ca-ATPase that results in a reduction in the CaM- affinity or specificity of the carboxyl-terminal domain for
dependent activation of the PM-Ca-ATPase (Figure 1). its binding site has the potential to interfere with the normal
These results are consistent with earlier measurements wherdinding mechanism necessary for enzyme activation.
the in vitro oxidative modification of methionines located Conclusions. Multiple methionines are oxidatively modi-
at the carboxyl-terminus of CaM were shown to result in a fied in CaM during biological aging, resulting in global
substantial reduction iWmax @s a result of global structural  structural changes and a decreased ability to activate the PM-
alterations involving the disruption of the structural coupling Ca-ATPase. These structural alterations in CaM provide a
between the opposing globular domains of Cal8)( possible mechanism for the observed loss of calcium
Functional Alterations in CaM-Dependent Enzymes Dur- regulation during aging. The inhibition of the PM-Ca-
ing Aging. While previous measurements have not identified ATPase and other target proteins by CGalMas the potential
age-related alterations in the function of CaM, reported to facilitate cellular survival under conditions of oxidative
reductions in the activity of the PM-Ca-ATPase and CaM- stress by minimizing ATP utilization. Direct physical
dependent protein kinase Il isolated from the brains of older measurements of the nonproductive complex between oxi-
animals could be the result of decreased expression levelgdatively modified CaM and the CaM-binding sequence of

or oxidative modifications involving CaVb6—60). Similar

the PM-Ca-ATPase will be necessary to further define the

reductions in the transport activity of the PM-Ca-ATPase in mechanism of inhibition of the PM-Ca-ATPase by CaM
aged erythrocytes are reversed upon purification of the isolated from senescent brain further.

erythrocyte ghosts and addition of exogenous C&1) §2),

suggesting that CaM itself may be a principal target of ROS ACKNOWLEDGMENT
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