Biochemistry2008,47,131-142 131
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ABSTRACT. The oxidation of methionines in calmodulin (CaM) can affect the activity of calcium pumps
and channels to modulate the amplitude and duration of calcium signals. We have therefore investigated
the possible oxidation of CaM in skeletal muscle and its effect on the CaM-dependent regulation of the
RyR1 calcium release channel. Taking advantage of characteristic reductions in electrophoretic mobility
determined by SDSPAGE, we find that approximately two methionines are oxidized in CaM from skeletal
muscle. The functional effect of CaM oxidation on the open probability of the RyR1 calcium release
channel was assessed through measuremerits]ofgnodine binding using a heavy sarcoplasmic reticulum
preparation enriched in RyR1. There is a biphasic regulation of RyR1 by unoxidized CaM, in which
calcium-activated CaM acts to enhance the calcium sensitivity of channel closure, while apo-CaM functions
to enhance channel activity at resting calcium levels. We find that physiological levels of CaM oxidation
preferentially weaken the CaM-dependent inhibition of the RyR1 calcium release channel observed at
activating micromolar levels of calcium. In contrast, the oxidation of CaM resulted in minimal functional
changes in the CaM-dependent activation of RyR1 at resting nanomolar calcium levels. Oxidation does
not significantly affect the high-affinity binding of calcium-activated CaM to the CaM-binding sequence
of RyR1; rather, methionine oxidation disrupts interdomain interactions between the opposing domains
of CaM in complex with the CaM-binding sequence of RyR1 that normally function as part of a
conformational switch associated with RyR1 inhibition. These results suggest that the oxidation of CaM
can contribute to observed elevations in intracellular calcium levels in response to conditions of oxidative
stress observed during biological aging. We suggest that the sensitivity of RyR1 channel activity to CaM
oxidation may function as part of an adaptive cellular response that enhances the duration of calcium
transients to promote enhanced contractility.

Oxidatively sensitive calcium regulatory proteins that sensitive methionines whose oxidation to their corresponding
modulate the activity of calcium channels and pumps include methionine sulfoxides [Met(O)] results in a disruption of
calmodulin (CaM) and phospholamban, which contain secondary structure that modulates the activity of the bound

complex (). Functionally sensitive sites of oxidation have
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1 Abbreviations: f-ME, 2-mercaptoethanol: CaM, calmodulin; CaM will function to prevent the phosphorylation-dependent
calmodulin containing multiple methionine sulfoxides; C28W, CaM-  stabilization of the switch region secondary structure associ-

binding sequence of the plasma membrane Ca-ATPase correspondin i inhihiti _
{0 residues EORRGOILWFRGLNRIQTQIRVVNAFRSSZ: EGTA., %ted with the release of inhibitiori,(5—7). In the case of

glycol bis(2-aminoethyl etheii:N,N' N'-tetraacetic acid; DTT, dithio- the CaM-dependent activation of calcium pumps, the un-
threitol; HEPESN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid;  derlying mechanism of regulation has been identified; the

HSR, heavy sarcoplasmic reticulum; IPT&p-1-thiogalactopyrano- ot 44 _ ;
side; M13, CaM-binding sequence of skeletal myosin light chain kinase oxidation of Met** near the C-terminus of CaM prevents

corresponding to residue$RRRWKKNFIAVSAANRFKKISSSGALS? normal coil-to-helix structural transitions associated with

hcﬂekslog\,l?ﬁlethionine) Sulf?X_idQ&MIS,b n}azs%igrgm&try: PyMpy'{le(nf; Py CaM binding that normally disrupts the autoinhibitory
avl, N-(1-pyrene) maleimide-labele -Ca ;(P@a , N=-(1- : . . . . .
pyrene) maleimide-labeled T110C-CaM:,R§aM, T34C/T110C-CaM interaction that keeps the pump in an inactive conformation

labeled at both introduced cysteines with(1-pyrene) maleimide; (1, 8). Likewise, the oxidation of the majority of methionines

g)@% VCV?/M}?R%E% ?qeRQléin\f;\e/ X(f:@éF;/llTC;[r?;pgggn% g;gg%é K in CaM can result in a weakened CaM-dependent regulation
sodium dodecyl sulfatepolyacrylamide gel electroph,oresis; TCEP, tris- of RyR1 and RyR2 calcium release channels, although there

(carboxyethyl)phosphine. are currently no data regarding how lower levels of CaM
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oxidation, observed in tissues, regulate RyR channel functionEXPERIMENTAL PROCEDURES

(9, 10).
The ryanodine receptor (RyR) is a large (565 kDa per

Materials. Fischer 344 rats were purchased from the
Harlan Industries (Indianapolis, IN)3H]Ryanodine was

subunit) tetrameric calcium channel of the endo-/sarcoplas- ypiained from New England Nuclear (Boston, MA). HPLC-

mic reticulum which mediates the release of calcium that

purified peptides ¥95% pure) corresponding to the CaM-

initiates calcium-mediated processes in numerous tiss“esbinding sequence of RyR1 FRA“SKKAVWHKLLS-

including contraction in muscle. CaM associates with the

RyR channel isoforms expressed in skeletal and cardiacnemprane
muscle and in the brain (RyR1, RyR2, and RyR3, respec-

tively) irrespective of cytosolic calcium levels and functions
as a major regulatory protein in providing a sensitive
modulation in response to cytosolic calcium levels, (12).

In the case of the well-studied RyR1 of skeletal muscle,
binding studies using®S-labeled CaM have indicated a

stoichiometry of four CaM molecules per RyR tetramer, i.e.,
one per subunitl3, 14). Cryo-EM images have confirmed

KQRRRAVVACFRMTPLYN3%43 or RyRp), the plasma
Ca-ATPase YI°RRGQILWFRGLNRIQ-
TQIRVVNAFRSS 27 or C28W), and skeletal myosin light
chain kinase (R'RRWKKNFIAVSAANRFKKISSSGALS??

or M13) were obtained from either SynPep (Dublin, CA) or
Anaspec Labs (San Jose, CA).

Escherichia colBL21(DE3)-containing plasmids for CaM
mutants containing either single cysteines in the N-domain
(i.e., T34C) or C-domain (i.e., T110C) or two cysteines (i.e.,
T34C/T110C) were provided by R. Bieber-Urbauer (Uni-

this stoichiometry showing four electron densities attributed versity of Georgia, Athens, GA), and following induction
to CaM molecules, each associated with an individual subunit i, ,B-D-l-thiogala{ctopyrar;osidé the expressed CaM was

of the RyR tetramerl(5). CaM exhibits a biphasic regulation

purified, essentially as previously describé2®{31). All

of RyR1 so that at nanomolar calcium concentrations CaM other chemicals were the purest grade commercially avail-
binding enhances channel activity, whereas at micromolar gpje.

calcium concentrations calcium-activated CaM inhibits re-
lease of calcium by the RyR12, 16—18). This type of

regulation, common to several other channels (e.g., the IP3

Muscle Homogenate§Vhole muscle homogenates were
prepared from hind limb skeletal muscle from 6-month-old
male Fischer strain 344 rats. Isolated muscles (6 g) were

receptor, L-type calcium channels, and store-operated Chan'homogenized in a Waring blender in 18 mL of buffer A [50
nels), provides a means of facilitating both rapid release and,.,\1 HEPES (pH 7.5), 1 mM EDTA, and 1 mM phenyl-

closure of channels as the initial released calcium ions bind

methanesulfonyl fluoride (PMSF)] prior to centrifugation at

to pre-associated CaM, converting it to the calcium-activated 300y for 20 min at 4°C to remove cellular debris. The

inhibitory speciesi2, 19—26). Recent studies have indicated
that apo- and calcium-activated CaM bind to distinct but

resulting pellets were resuspended in buffer A and centri-
fuged at 3006 for 20 min at 4°C. All supernatants were

overlapping regions within the primary sequence of the RYR; ¢ompined, and these homogenates were strained through six

the amino acid sequence3®*-N?3%64 (RyRp) has been
identified as the high-affinity CaM binding regiot4, 27),
while the lower-affinity CaM-binding sequencé®&—R19%°

may participate in modulation of CaM-dependent channel

activity (28).

layers of cheese cloth prior to immunoblotting. Protein
concentrations were determined using the bicinchoninic acid
(BCA) assay (Pierce, Rockford, IL).

SDS-PAGE and ImmunoblottingA 15% SDS-PAGE
gel was loaded with 6@g of cellular protein or 0.2«g of

To examine whether the oxidation of CaM modulates the authentic CaM standard. Proteins were electrophoretically
activity of RyR1 calcium release channels, we have assessedeparated at 200 V and transferred to nitrocellulose using a
the extent of CaM oxidation in skeletal muscle and measuredsemidry transfer system (Bio-Rad) for 30 min at 15 V. CaM
the relationships between the extent of CaM oxidation and was detected with rabbit polyclonal anti-calmodulin primary
both CaM-dependent increases in the open probability of the antibodies (Signal Transduction Products, San Clemente, CA)
channel at resting nanomolar calcium concentrations and theand anti-rabbit secondary antibodies conjugated with horse-

CaM-dependent inhibition of channel activity at elevatated
micromolar calcium concentrations. The underlying mech-

anisms associated with losses in RyR1 function upon CaM

radish peroxidase for detection with ECL Plus (Amersham
Biosciences, Piscataway, NJ).
Isolation of HSR.Heavy SR vesicles corresponding to

oxidation were identified through measurements of the terminal cisternae of SR were prepared from F344BN hybrid
binding affinity between CaM and the CaM-binding sequence rat hind limb muscles through a series of differential

of RyR1 (i.e., RyRp), which were assessed through changescentrifugations, essentially as described previoukly 2).

in the fluorescence of T#2. Complementary measurements
of the conformation of CaM in complex with RyRp involved
the covalent attachment ofN-(1-pyrene) maleimide at

engineered sites on both the N- and C-domains of CaM,

Flash-frozen muscle was thawed and homogenized at 5 mL/g
in 5 mM Tris maleate (pH 6.8) and 0.1 M NacCl prior to
centrifugation at 330§ for 30 min. Supernatants were then
filtered through cheese cloth and centrifuged at 16300

permitting the assessment of contact interactions between30 min. Resulting pellets were resuspended in 5 mM Tris

the opposing domains of CaM in complex with the CaM-
binding sequence of RyR1. We find that physiological levels
of CaM oxidation selectively disrupt normal interdomain

interactions for CaM in complex with RyR1 to diminish the

extent of channel inhibition observed at activating micro-
molar calcium concentrations with a minimal effect on the
ability of CaM to activate channel activity at nanomolar
calcium concentrations.

maleate (pH 6.8), 0.3 M sucrose, 0.4 M KCI, and 2@
CaCl, subjected to a discontinuous sucrose density gradient
of 22, 35, and 45% (w/v), and centrifuged at 1124 @@ 5

h. The HSR fraction at the 35%15% interface was
collected, diluted 4-fold in 10% (w/v) sucrose and 5 mM
Tris maleate (pH 6.8), and centrifuged at 1809@6r 40

min. The resulting pellets were resuspended in a minimal
volume of 10% (w/v) sucrose and 5 mM Tris maleate (pH
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6.8) and stored at80 °C. All solutions contained a protease

inhibitor cocktail [0.1 mM phenylmethanesulfonyl fluoride 17 =L, > 4B {Cam"“
(PMSF) and aprotinin, benzamidine, leupeptin, and pepstatin 1.2 3 sl
(1 ug/mL each)].
[*H]Ryanodine BindingCalcium concentration depend- 28—
encies of binding of JH]ryanodine to HSR vesicles were | —cam,,
assessed essentially as previously descril3&l Briefly, 17 - = “L_cam
HSR vesicles (120ug/mL) were incubated with 3H]- 14—
ryanodine (20 nM) in the presence and absence ofNIO
unlabeled ryanodine (to define nonspecific binding3f]f Ficure 1: CaM oxidation in skeletal musclemnmunoblots probed

; . ; with antibodies against CaM following SB®AGE for an unoxi-
ryanodine) for 16-18 h at room temperature in incubation dized CaM standard (expressed and purified frémecoli, as

buffer [50 mM MOPS (pH 7.4), 300 mM NaCl, 1Q@/mL described in Experimental Procedures) (lanes 1 and 4), muscle
BSA, 0.1% CHAPS, 0.7 mM EGTA, and sufficient CaCl  homogenates from fast twitch skeletal muscle of 5-month-old

to yield the desired free calcium concentration]. Free calcium (young adult) and 26-month-old (senescent) Fisher 344 rats (lanes
concentrations were measured using ratiometric calcium 2 and 3, respectively; top panel), or muscle homogenates from New

. ) ) ) ; Zealand white rabbit (lanes 5 and 6; bottom panel). The muscle
sensitive dyes Fura-2, Fura-4, and Fura-6, as pl’eV'ouswsample in lane 6 also contained unoxidized CaM added prior to

described 4, 35). Free ryanodm Was.separated by filtration sample application to the electrophoresis gel, as an internal control
through Whatman GF/F glass fiber filters, and filters were for any lane-to-lane variability in migration. Arrows on the right
washed five times (3 mL each) using the incubation buffer. of the panel indicate positions of authentic standards of expressed
The amount ofH]ryanodine bound to RyR1 was measured an purifier(]j CaM thalg is (ijoxidized (C?M)&l)r oxidizeld t(é a level

. o . . of 2.5 methionine sulfoxides per CaM (Ca) Protein loads are
fol!owmg agitation fa 1 h in 5 mL of ReadyP.r& s_cmtll- 10 g of homogenate and/or 25 ng of purified CaM.
lation fluid (Beckman, Fullerton, CA), and radioactivity was

measured using a Packard TriCarb 2100TR apparatus (Packa; 295 nm. Measurements of pyrene fluorescence involved
ard, Downers Grove, IL). Specific binding GHJryanodine  ;onstant amounts of Py-CaM (100 nM) excited at 330 nm
to RyR1 was calculated by subtracting nonspecific binding it fluorescence emission measured at 375 nm. In all cases
from total binding. o - measurements were taken in 50 mM MOPS (pH 7.0), 0.1
Oxidation of CaMMethionines in CaM were specifically KCI, 1 mM MgCl,, 1 mM EGTA, and sufficient calcium
oxidized by incubating 6aM CaM (1 mg/mL) in 50 MM ¢poride standard to yield the desired free calcium levels that
HOMOPIPES (pH 5.0), 0.1 M MgGland 50 mM HO; at were initially estimated using MaxChelator and subsequently

25 °C for variable amounts of time between 1 and 20 N, yerified using ratiometric calcium sensitive dyes Fura-2,
essentially as previously describe?).(H,O, concentrations g ra-4. and Fura-6. as previously describad @5).

were determirltid b)ilusing its extinc.tion. coefficie_m];: Fluorescence AnisotropyAnisotropy was measured at
394 + 0.2 M™ cnr* (36)]. The oxidation reaction was 25 °C using a FluoroLog2 Spex instrument with both

terminated b_y dlaly5|s at %C against multiple Ch?‘.”ges of 5 excitation and emission slits set at 5 nm with an integration
mM ammonium bicarbonate (pH 7.7) and verified by gel tme o 3 s (40, 41). All measurements of tryptophan
electrophoresis or intact protein mass spectrometry. Thisfluorescence inv,olveo'l constant amounts of RyRp (V)
experimental protocol for oxidizing CaM results in the in 50 mM MOPS (pH 7.0), 0.1 M KCl, 1 mM MgGJ 1
exclusive oxidation of methionines to methionine sulfoxide, mM EGTA, and sufficienf célciﬁm chloriae standard to yield

asﬁ:;gg'liigffgg?giﬁgﬁ’ Sa.?g}ooa(.::jq igagi_?é(c:tro- the desired free calcium levels. Excitation was at 295 nm
P : ysi Xidiz with fluorescence emission collected at 350 nm.

spray ionization mass spectrometry (ESI-MS) was used to
quantitate the distribution of CaM oxiforms and determine regyLTS
the average methionine sulfoxide concentration for each
sample. Quantitation of the average methionine sulfoxide Oxidation of CaM in Skeletal MusclBmmunoblots against
content was associated with a 7% error, as determinedCaM indicate a reduced electrophoretic mobility of cellular
previously 37, 38). CaM in comparison to authentic controls following separation
Covalent Labeling of CaM with Pyren€aM was specif-  of cellular proteins in muscle homogenates by SIPAGE,
ically labeled with pyrene in either domain as previously irrespective of whether skeletal muscles were obtained from
described34). Briefly, CaM mutants (T34C-CaM or T110C- young adult or senescent Fischer 344 rats or New Zealand
CaM) in 10 mM HEPES (pH 7.8) were reduced with 0.25 white rabbits (Figure 1). The decrease in electrophoretic
uM tris(carboxyethyl)phosphine (TCEP), and then a 20-fold mobility corresponding to an apparent shift 6f2 kDa in
molar excess oN-(1-pyrene) maleimide was added. After molecular mass is indicative of the oxidation of an average
incubation for 2 h, excess dye was removed with a Sephadexof two methionines per CaM, based on electrophoretic shifts
G25 column. The stoichiometry of bound pyrene was previously resolved for individual purified oxiforms of CaM
measured using the extinction coefficieaf,)= 40 000 M (42). This extent of CaM oxidation is similar to that observed
cmt (39)]. in CaM isolated from brains of senescent Fischer 344 rats
Fluorescence Emission Spect&pectra were acquired at (2, 42). We note that other commonly observed post-
25°C using a FluoroLog2 Spex instrument at 1 nm resolution translational modifications (e.g., acetylation, methylation, and
with both excitation and emission slits set at 5 nm with an nitration) do not result in these characteristic mobility shifts
integration time of 0.1 s for spectra. Measurements of (2, 43). In contrast to the presence of oxidized CaM in young
tryptophan fluorescence involved constant amounts of CaM as well as senescent muscle, CaM is known to remain
binding peptides RyRp, M13, and C28W (JuM) excited unoxidized in the young brain, with progressive increases
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following the in vitro oxidation of approximately two Mets

to their corresponding methionine sulfoxides (MetSO) using
hydrogen peroxide, resulting in an average extent and pattern
of oxidation that are similar to those observed in vivo (Table
1) (2, 48).

At low calcium levels, associated with resting muscle (i.e.,
<0.1 uM free calcium), fH]ryanodine does not bind to
RyR1, indicating that the channel is closed. A progressive
increase in the fraction of open channels upon increasing
the free calcium concentration is observed, with maximal

=
o N

Open Channel Probability
[3H] - ryanodine bound (pmol/mg)

o N A O

0.1
[Ca”), , (M)

10 1000 0.1 10

[Ca”), . (M)
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Ficure 2: Oxidation of methionines in CaM results in the selective
loss of the CaM-dependent inhibition of RyR1. Calcium-dependent
regulation of RyR1 channel open probability measured using

[®H]ryanodine binding (i.e., 11 pmol/mg) between 10 and
100uM free calcium. At higher calcium concentrations, the
level of PH]ryanodine binding is decreased, consistent with

binding of PH]ryanodine to a heavy SR preparation (12§/mL)

in the absenced) and presence of wild-type®{ (A) or mildly
oxidized @) (B) CaM (250 nM). Mildly oxidized CaM contains
an average of approximately two Met(O) per CaM. Ryanodine
binding was assayed in 50 mM MOPS (pH 7.4), 300 mM NaCl,

prior observations indicating an endogenous calcium-de-
pendent regulation of the RyR1 channel isolated from rabbit
muscle (2, 49, 50). Addition of saturating amounts of CaM
(i.e., 250 nM) increases the fraction of open channels at
100ug/mL albumin, 0.1% CHAPS, 20 nMifi]ryanodine, 0.7 mM resting calcium levels and shifts the calcium dependence of
EGTA, and sufficient CaGl for the indicated free calcium  channel opening to lower calcium concentrations, with
concentrations as described in Experimental Procedures. Averaggngximal BH]ryanodine binding occurring at approximately
Yﬁlggsdi?fg?eﬁiandard errors are shown from measurements usmglmvI free calcium, essentially as previously reporta)(
preparations. . - A
Further, the calcium dependence of channel inactivation is
in the extent of Met oxidation during aging)( These results  shifted by 2 orders of magnitude toward lower calcium levels.
indicate a tissue-dependent sensitivity of protein oxidation Thus, CaM association functions to adjust the inherent
and are consistent with the substantially larger amount of calcium sensitivity of RyR1 channel open probability, serving
oxidation in muscle as compared with braid4). The as an activator at nanomolar free calcium concentrations and
observation that in vivo CaM oxidation is limited to an an inhibitor at higher micromolar calcium levels.
average of two (of nine) Mets per CaM is consistent with  In comparison to unoxidized CaM, addition of oxidized
the observed preferential degradation of more highly oxidized CaM to heavy SR modulates the calcium sensitivity of
CaM by the proteasomeHsp90 complex, correlating with  channel activity at micromolar calcium concentrations (Fig-
tertiary structural changes induced by the oxidation of ure 2B). Thus, at nanomolar calcium concentrations, an
selected methionines (i.e., M&) (42, 45). Further, prior extent of channel activation similar to that of unoxidized
measurements have demonstrated a diminished activation of£aM is observed. In contrast, at higher micromolar calcium
some target proteins (e.g., the plasma membrane Ca-ATPasejoncentrations, the normal CaM-dependent inhibition of
upon the selective oxidation of individual methionines (i.e., channel activity is substantially diminished upon oxidation
Met'#), indicating that the retention of two methionine of two methionines in CaM. These differences i}
sulfoxides in CaM has the potential to affect the activity of ryanodine binding are most salient as evidenced by the shift
CaM-dependent enzymes. To assess the possible functionah the peaks of binding curves from M free calcium, in
effects of CaM oxidation on rates of calcium release in the presence of CaM (Figure 2A), to 1M free calcium,
muscle, we have examined the effect of methionine oxidation in the presence of oxidized CaM (Figure 2B). These results
in CaM on the regulation of the RyR1 calcium release suggest that physiologically observed levels of CaM oxida-
channel, whose kinetics of activation and inhibition contrib- tion will result in a diminished extent of channel closing in
ute to the magnitude and duration of the calcium transient vivo.
associated with excitatiorncontraction coupling. The sensitivity of RyR1 channel activity to the extent of
Oxidation of CaM Results in Selesti Loss of the CaM- ~ CaM oxidation was further explored using CaM samples with
Dependent Inhibition of RyRTo determine the functional variable levels of methionine oxidation, which were quan-
effect of methionine oxidation in CaM on the biphasic titatively determined using intact protein mass spectrometry.
regulation of RyR1, alterations in the calcium dependence Using these oxidation conditions, Mets were exclusively
of [*H]ryanodine binding were measured to assess channeloxidized 1), and the most extensively oxidized CaM species
function in the presence of oxidized CaM in comparison with (i.e., 16 850 Da) corresponded to the theoretical mass of CaM
that of native CaM (Figure 2). Ryanodine preferentially binds plus nine oxygens (i.e., 16 706 Dta144 Da= 16 850 Da)
to the open state of the RyR tetramer, providing a specific (Table 1). At nanomolar calcium concentrations, the CaM-
steady state measure of channel open probabdly These dependent activation of RyR1 channel activity is relatively
measurements used a heavy SR fraction isolated from ratinsensitive to the extent of CaM oxidation; a significant loss
hind limb skeletal muscle, which is enriched in RyR1 and of RyR1 channel activation is only observed at higher levels

lacks endogenously bound CaMZj. Magnesium was
excluded from these functional assays of RyR1, i#]-|
ryanodine binding, since Mg is an inhibitor of channel

of methionine oxidation (i.e> 4 MetSO/CaM), where 50%
inhibition requires the oxidation of 6 MetSO/CaM (Figure
3A). In contrast, the CaM-dependent inhibition of channel

activity and reduces the overall magnitude of the signal activity, observed at micromolar calcium levels associated
needed for a quantitative determination of the effects of CaM with muscle activation, is highly sensitive to modest levels
oxidation on RyR1 function47). Functional measurements of methionine oxidation in CaM. The half-point associated
of the effect of CaM oxidation on RyR1 function were made with the loss of CaM-dependent inhibition of channel activity
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Table 1: Oxiform Distribution in Oxidized CaM Measured by ESI-MS

no. of theoretical experimental

MetSO/CaM mass (Da) mass (Da) fractional contribution
0 16 706 16 70A 2 1.0 0.09 0 0 0 0
1 16 722 16 7242 0 0.21 0.10 0.02 0 0
2 16 738 16 7411 0 0.29 0.15 0.05 0 0
3 16 754 16 758 3 0 0.17 0.21 0.10 0.02 0
4 16 770 16 77H 2 0 0.07 0.18 0.17 0.03 0
5 16 786 16 788- 2 0 0.09 0.10 0.19 0.11 0
6 16 802 16 804+ 2 0 0.08 0.08 0.12 0.19 0.16
7 16 818 168191 0 0 0.08 0.13 0.19 0.14
8 16 834 16 834+ 3 0 0 0.06 0.10 0.23 0.12
9 16 850 16 8522 0 0 0.04 0.12 0.23 0.58
average MetSO/CaM 0 25 4.1 5.6 7.1 8.1

a Relative contributions of different oxiforms of CaM (MetSO/CaM) determined from deconvolution of intact protein ESI-MS spectra, essentially
as previously describe®,37), where experimental masses represent the averages and standard deviations for more than three different samples.
Different extents of methionine oxidation were the result of varying exposure times for CaMM¥p@h 50 mM HOMOPIPES (pH 5.0), 0.1 M
MgCl,, and 50 mM HO, at 25°C.

0.12

c = 1 Q B
o 9 ., o 2 0.10] 5 Y
= 1] 3] B g 3 00s]*C2MO Ofﬁﬁ?
= < 08 _— 2+ A o Q" %%
B < ] Activating Ca o g 0.0694 TT
< 08, £ o] (10 uM) 3 < 0.04-M
c ) TR
q) -c 1 Ll v L v 002- L) v T M T M T
Tos S 041 350 400 450 00 05 10 15
(0] Q ] Wavelength (nm) CaM / RyRp Peptide
& Resting Ca”™ ] o024 N o
8 041 0.1 uM 0 ] Ficure 4: Disruption of binding between apo-CaM and RyRp upon
] (0.1uM) = 04 oxidation of Mets in CaM. Fluorescence emission spectra (A) and
% 8 ] anisotropy (B) of the Trp anchor residue in the CaM-binding
O 02 T 3 4 & & T T T T sequence of RyR1 (i.e., RyRp). Spectra in panel A are shown for
0 2 4 6 8 1.1xM RyRp alone {-+) or following addition of either unoxidized
Met(O)/CaM Met(O) / CaM CaM (- - -) or CaMy, where CaM is extensively oxidized with an

average oxidation state of 8.1 Met(O) per CaM)( Anisotropy
Ficure 3: Loss of CaM-dependent regulation of RyR1 upon values in panel B are shown for RyRp in the presence of unoxidized
oxidation of Mets in CaM. CaM-dependent activation (A) and CaM (- - -O- - -) or in the presence of oxidized CaM, where CaM
inhibition (B) of RyR1 measured at resting (0:M) (A) and is oxidized at physiological levels, i.e., with an average oxidation
activating (10uM) (B) calcium concentrations as a function of the  state of 2.5 Met(O) per CaM as described in Table-1, ®; non-
average number of methionines oxidized to their corresponding symmetrical error bars are shown for clarity), or extensively
methionine sulfoxides, which was determined by mass spectrometryoxidized CaM {-@®—). Fluorescence emission spectra were acquired
(Table 1). CaM-dependent regulation of RyR1 was assessed as thén the presence of 1,ZM CaM. A¢x = 295 nm, andem = 350 nm
absolute value of differences irfH]Jryanodine binding in the (B). Buffer included 50 mM MOPS (pH 7.0), 0.1 M KCI, 1 mM
presence and absence of added CaM. Average extents of CaMMgCl,, and 1 mM EGTA (resulting in 5 nM free calcium).
oxidation, expressed as the molar ratio of Met(O) to CaM, were

determined by ESI-MS as described in Experimental Procedures.upon association of unoxidized apo-CaM with RyRp, there
Assay conditions are as described in the legend of Figure 2. Average. a 1.8-fold increase in fluorescence intensity and a’ 20 nm

values and standard errors are shown from measurements usin%S I i
lue shift in the emission spectrum of Pfff of RyRp

three independent determinations.

(Figure 4A). Likewise, a progressive increase in Trp ani-
corresponds to the oxidation of 2 MetSO/CaM (Figure 3B). sotropy is observed upon association of apo-CaM with RyRp
These results indicate a functional dichotomy with respect that saturates at a molar stoichiometry of 1:1 (Figure 4B).
to the modulation of RyR1 channel activity upon oxidation These latter results are consistent with prior measurements
of methionines in CaM and suggest that physiological levels by Meissner and co-workers that demonstrated a high-affinity
of CaM oxidation selectively modulate the CaM-dependent binding interaction between apo-CaM and RyR2)(In the
inhibition of channel activity to increase the extent of release majority of these measurements, we have routinely included
of calcium from the SR. However, higher levels of CaM MgCl; in our measurements of binding of CaM to target
oxidation abolish both the CaM-dependent activation and peptides, since magnesium can compete with calcium to
inhibition of channel activity. affect the kinetics of CaM binding. However, under equi-

Oxidation of Mets in Apo-CaM Results in Weakened librium binding conditions, the presence of magnesium in
Binding to RyR1 The C-terminal domain of apo-CaM the buffer does not affect the binding affinity of CaM for
selectively associates with the N-terminal region in the CaM- the CaM-binding sequence of RyR1, in agreement with
binding sequence (814-N3649 of RyR1 (i.e., RyRp) which  earlier measurements for other CaM-dependent enzybgs (
includes Trgb%° (51), permitting facile measurements of Following the oxidation of approximately two methionines
binding through changes in either the fluorescence intensity to their corresponding methionine sulfoxides in CaM, the
or rotational dynamics (i.e., anisotropy) of this single Trp ability of oxidized apo-CaM to bind to the CaM-binding
residue. CaM itself has no Trp residues in its sequence,sequence of RyR1 is retained, albeit with a reduced binding
making the intrinsic fluorescence of Ffg’a unique signal. affinity. The binding curve shows a modest shift toward
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Ficure 5: High-affinity binding between calcium-activated CaM and the RyRp is insensitive to Met oxidation in CaM. Fluorescence
emission spectra (top panels) and anisotropy changes (bottom panels) of Trp anchor residues in CaM-binding sequences of RyR1 (RyRp)
(left panels), myosin light chain kinase (M13) (middle panels), and the plasma membrane Ca-ATPase (C28W) (right panels) in the presence
of oxidized or unoxidized CaM. Spectra are shown in each case for the indicated peptide-alarddllowing addition of either unoxidized

CaM (- - -) or extensively oxidized CaM~). Anisotropy plots are shown for the indicated peptide in the presence of unoxidized CaM

(- - -O- - -) or oxidized CaM with an average of either 2.5 Met(O) per CaM¥:-+) or 8.1 Met(O) per CaM-H—). In the top panels,
fluorescence emission spectra were acquired in the presence @M1JaM. lex = 295 nm, andlen = 350 nm (bottom panels). Buffer
conditions for all experiments included the relevant CaM-binding sequence @Ml.ap to 1.74M CaM, 50 mM MOPS (pH 7.0), 0.1 M

KCI, 1 mM EGTA, 1.7 mM Cad] (700 uM free calcium), and either no Mgg(®) or 1 mM MgCh (O, <, andl).

higher [CaM]/[RyRp] stoichiometries, with complete binding properties of Tr#?% i.e., there are a 2.7-fold increase in
requiring~30% more CaM. In the functional measurements fluorescence intensity and a 27 nm blue shift in the emission
using the intact receptor, this modest decrease in bindingspectrum of Trgf?° (Figure 5). In comparison with that of
affinity is overcome by the inclusion of saturating amounts unoxidized CaM, binding of oxidized CaM to all three CaM-
of CaM (Figure 2). On the other hand, following extensive binding sequences induces smaller (18 nm) spectral blue
oxidation of CaM (where the predominant oxiform has nine shifts and an increased fluorescence intensity consistent with
methionine sulfoxides per CaM; see Table 1), there is an altered binding mechanism.
essentially no change in either Trp fluorescence intensity or Fluorescence anisotropy measurements indicate a high-
anisotropy upon titration of apo-CaM with RyRp. These affinity binding interaction between calcium-activated CaM
measurements indicate a substantial decrease in the affinityand the CaM-binding sequence of RyR1 (Figure 5), which
between highly oxidized CaM and RyRp at nanomolar are consistent with earlier measurements that indicated an
calcium concentrations. These latter results are consistentapparent dissociation constant nea#600 nM (56). Neither
with the nearly complete loss of RyR1 activation following physiological levels of oxidation (approximately two me-
the oxidation of the majority of methionines in CaM (Figure thinionine sulfoxides per CaM) nor the oxidation of es-
3). Thus, the observed progressive loss of the CaM-dependensentially all nine methioinines in CaM to their corresponding
activation of RyR1, which correlates with the number of methionine sulfoxides alters the affinity between calcium-
oxidized methionines in apo-CaM, is due to a diminished activated CaM and the CaM-binding sequence (RyRp).
binding affinity. This latter conclusion agrees with earlier Indeed, the high-affinity binding between calcium-activated
observations of Balog and co-workers, who reported de- CaM and the CaM-binding sequences of all three CaM-
creases in affinity between oxidized apo-CaM and Ry®1 (  dependent proteins is retained irrespective of the oxidation
Retention of High-Affinity Binding between Calcium- of all nine methionines in CaM, as assessed by increases in
Activated CaM and RyR1 following Oxidation of Methion- Trp anisotropy that are saturated upon addition of an
ines The structure of calcium-activated CaM in association equimolar concentration of either unoxidized or fully oxi-
with RyRp has been determined and is similar to that of other dized CaM (Figure 5).
classical CaM-binding sequences such as M13 from skeletal There is a decrease in the steady state Trp anisotropy for
myosin light chain kinase and C28W from the plasma the bound complex between CaM and RyRp, which is
membrane Ca-ATPase, in that the C-terminal domain of CaM dependent on the extent of CaM oxidation. Oxidation of all
associates with the hydrophobic Trp anchor in RyRp in a nine Mets in CaM results in a decrease in the maximal
collapsed structure that brings its opposing domains of CaM anisotropy for CaM bound to RyRp from 0.133 to 0.108.
into the proximity of each otheb(, 53—55). Further, prior The decrease in anisotropy is indicative of increased mobility
results have demonstrated that structural changes in RyRpdue to either alterations in the binding site environment
associated with the calcium-dependent binding of CaM to associated with the Trp within RyRp or differences in the
RyRp reflect the functional modulation of the RyR channel flexibility of the overall complex. This result strongly
(56). Consistent with these expectations, in comparison with suggests that the observed loss of the CaM-dependent
apo-CaM, the association of calcium-activated CaM with inhibition of the intact RyR1 upon the progressive oxidation
RyRp results in a substantially larger change in the spectralof CaM is not due to a loss in binding affinity, but rather
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due to an abnormal and nonfunctional mode of binding. In
comparison to the complex with unoxidized CaM, compa-
rable decreases in Trp anisotropy are observed for the
complex between oxidized CaM and the CaM-binding
sequences of RyR1 (i.e., RyRp) and myosin light chain
kinase (M13). Anisotropy values for the CaM-binding
sequence of the Ca-ATPase (C28W) are comparable to those™ |, |
for fully oxidized CaM bound to either RyRp or M13. The 350 400 450 500 550 350 400 450 500 550 600
insensitivity of the measured Trp anisotropy in C28W to Wavelength (nm) Wavelength (nm)
CaM 0?(|dat|on may F’e related t.o the considerable flexibility FIGURe 6: Retention of calcium-dependent structural coupling
that arises due to differences in the sequences of the thregetween opposing domains of oxidized CaM. Fluorescence emission
different CaM-binding sequences, as the presence of smallspectra for unoxidized (A) or oxidized (B) apogaM (- - -) and
amino acids near THP? in C28W (e.g., GI¥9 will calcium-activated) Py,-CaM (100 nM). Buffer included 50 mM
destabilize the helical structure to enhance the rotational MOPS (PH 7.0), 0.1 M KCI, 1 mM MgGl and 1 mM EGTA in
. 07 the absence or presence of 1.7 mM Ga@sulting in free calcium

dynamlcs_ of Trpt” . . . . concentrations of 5 nM (apo-CaM) or 7@/ (calcium-activated

Retention of Calcium-Induced Disruption of Interdomain cam).
Interactions in CaM following Met OxidationAs high-
affinity binding of calcium-activated CaM to RyRp is CaM (Figure 6B). A small (i.e., 30%) reduction in the
retained following oxidation of all nine methionines of CaM, excimer fluorescence is associated with oxidized apo-CaM
it is apparent that the functional sensitivity of the calcium- in comparison with unoxidized CaM, which is consistent with
dependent inhibition of RyR1 (Figure 3B) is related to prior measurements indicating the disruption of tertiary
alterations in the conformation of oxidized CaM bound to structural interactions upon the oxidation of CaB¥V,(42,
RyRp. We have, therefore, assessed calcium-dependent5, 58). These results indicate that the oxidation of all nine
structural changes within the C- and N-terminal domains of methionines in CaM does not substantially affect the
CaM as well as possible changes in interdomain coupling stabilization of the calcium-activated state associated with
through fluorescence measurements in which the fluorophoretarget protein binding.
N-(1-pyrene) maleimide was covalently labeled at engineered Weakened Binding of Calcium to Oxidized CalVo
cysteines in the N- and C-domains of CaM. investigate how methionine oxidation may affect normal

Pyn-CaM and Py-CaM correspond to CaM mutants with  structural changes associated with calcium activation, we
a singleN-(1-pyrene) maleimide bound at engineered cys- have compared the calcium dependence of conformational
teines T34C and T110C, respectively, and permit an assessehanges in the C- and N-domains of unoxidized and oxidized
ment of the calcium-dependent activation of the individual CaM, measured using By and Py-CaM, as well as
domains. PyCaM contains twoN-(1-pyrene) maleimide  interdomain interactions from RCaM (Figure 7 and Table
fluorophores bound at both introduced cysteines (i.e., T34C/ 2). In all cases, the oxidation of CaM results in shifts in the
T110C) and permits the assessment of interdomain contactcalcium concentrations of fluorescence changes, requiring
interactions 84). We have previously demonstrated that 2- and 3.5-fold larger calcium concentrations for N- and
binding to RyRp induces calcium-dependent conformational C-terminal domain activation, respectively. Disruption of
changes within N- and C-terminal globular domains of CaM interdomain interactions occurs upon calcium activation of
that mirror the calcium dependence of CaM regulation of the C-terminal domain irrespective of the extent of oxidation.
the intact RyR1 calcium release channgb)( These mea-  However, in contrast to the sequential activation of the C-
surements take advantage of the sensitivity of pyreneand N-domains of CaM that is normally observed in
fluorescence to small changes in the local environment andunoxidized CaM, the full activation of both N- and C-
the ability of these chromophores to form excited state dimers terminal domains in oxidized CaM occurs at approximately
when two fluorophores come within 10 A of one another the same calcium concentration. The simultaneous activation
(57). Py,-CaM exhibits excimer fluorescence (480 nm) in of both domains in oxidized CaM has the potential to affect
solution at nanomolar calcium concentrations (apo-CaM) the binding mechanism with target proteins, as CaM normally
(Figure 6A), indicating that a significant fraction of CaM undergoes a multistep conformational rearrangement upon
conformers exhibit intramolecular interactions between N- association with target protein§9g, 60).
and C-terminal domains. On the other hand, calcium binding  Methionine Oxidation Disrupts Contact Interactions be-
increases the fraction of conformers associated with extendedween Opposing Domains of CaM upon Association with
conformations, as evidenced by diminished excimer fluo- RyRp Upon association of calcium-activated CaM with
rescence (480 nm) with a concomitant increase in monomerRyR1 and many other CaM-binding sequences, the opposing
fluorescence (400 nm3B4) (Figure 6A). Calcium-dependent domains of CaM are brought into the proximity of each other,
changes in the local environment within N- and C-terminal where contact interactions between the N- and C-domains
globular domains are also evident from monomer fluores- of CaM promote the formation of a stable complex that is
cence changes of pyrene labeled within each individual associated with target protein activatid&i(55, 61). Using
domain. Py,-CaM, we are able to detect the structural interactions

Upon oxidation of all nine methionines to Met(O), the between the N- and C-domains of CaM upon binding to the
spectra of apo-RByCaM and calcium-activated RZaM CaM-binding sequences of RyR1 (i.e., RyRp) as well as
remain very similar to that of unoxidized RP¢ZaM; i.e., a myosin light chain kinase (M13) and the Ca-ATPase (C28W)
dramatic reduction in the extent of excimer formation (Figure 8). The amount of excimer formation is considerably
associated with calcium activation is retained in oxidized larger for Py-CaM in association with either M13 or C28W,
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Ficure 7: Decreased calcium affinities following CaM oxidation.
Calcium dependence of fluorescence changes AE&/AFmay
associated with the activation of N- and C-terminal domains of
unoxidized CaM (- -©- - -) or CaM,, (—l—) measured using Ry
CaM (top panel) or Ry-CaM (middle panel) in comparison with

the disruption of interdomain interactions measured as a decreas

in the level of excimer formation using RZaM (bottom panel).
Experimental conditions included CaM (100 nM) in 50 mM MOPS
(pH 7.0), 0.1 M KCI, 1 mM MgC}, 1 mM EGTA, and sufficient
calcium chloride standard to yield the desired free calcium levels.
Aex= 330 nm, andler, = 375 nm. Symbols and error bars represent
three independent measurements and the associated standard err:
of the mean.

Table 2: Macroscopic Dissociation Constants for Binding of
Calcium to CaM

unoxidized CaM
[Ca*]12 [Cali
sample  (uM) Kqg(uM) n uM)  Kqg(@M) n

Pyc-CaM 1.0+£0.1 1.0+£0.1 2.5+ 0.4 3.5+0.2 3.6+ 0.2 2.5+ 0.2
Pyw-CaM 2.7+ 0.1 3.0+0.3 2.2+ 0.6 5.9+ 0.5 6.4+ 0.6 2.3+ 0.3
Py>-CaM 2.1+0.1 2.3+0.3 1.9+ 0.4 4.9+ 0.4 5.0+0.3 1.2+0.1

fully oxidized CaM

@ Calcium binding was assessed by fitting the fluorescence changes

of PyC-CaM, PyN-CaM, or Py2-CaM, where calcium concentrations
associated with half-maximal conformational change ({@ajmacro-
scopic dissociation constant&qj, and Hill coefficients ) were
obtained from fits of the data in Figure 7 to the Hill equation, i.e.,
AF/AFmax = [C&TY(KM + [Ca2t]"), are given.

than with RyRp which is consistent with the shorter distance
between the binding sites for the C- and N-domains of CaM

Boschek et al.
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Ficure 8: Oxidation of methionines in calcium-activated CaM
disrupts interdomain interactions between opposing domains of
CaM bound to RyRp. Fluorescence emission spectra of unoxidized
(- - -) and oxidized ) Py,CaM (100 nM) in association with 120
nM of CaM-binding sequences RyRp (A), M13 (B), and C28W
(C) of RyR1, MLCK, and the Ca-ATPase, respectively. Experi-
mental conditions included 50 mM MOPS (pH 7.0), 0.1 M KCI, 1
mM MgCl,, 1 mM EGTA, and 1.7 mM Cag] yielding 700uM

600

éree calciumAeyx = 330 nm.

of excimer formation are observed upon association of
oxidized CaM with each peptide (Figure 8). The oxidation
of essentially all methionines in CaM almost completely

bolishes the structural coupling between the opposing

domains of CaM in association with RyRp. These results,
along with the binding measurements, indicate that upon
oxidation of the majority of methionines to form methionine
sulfoxides, calcium-activated CaM binds in an altered
conformation to the CaM-binding sequence of RyR1 that
does not induce the normal structural changes between
subunits of the channel associated with the conformational
switching necessary for channel inhibition.

DISCUSSION

Summary of Result¥Ve have identified the oxidation of
CaM in skeletal muscle, detected by characteristic reductions
in electrophoretic mobility, that are indicative of the presence
of approximately two methionine sulfoxides per CaM (Figure
1). This level of CaM oxidation results in the selective
abolition of the normal CaM-dependent inhibition of RyR1
channel activity observed at micromolar calcium levels
associated with force generation in muscle (Figures 2B and

in the primary sequence of these peptides, which contain a3B). In comparison, this extent of CaM oxidation has

1-14 CaM-binding motif $3—55, 61). In comparison, the
smaller amount of excimer formation for CaM in association

essentially no effect on the CaM-dependent activation of
RyR1 observed at resting (nanomolar) calcium levels (Fig-

with RyRp is consistent with the larger separation between ures 2B and 3A). With mild oxidation, both apo-CaM and

the binding sites for the C- and N-domains of CaM in the
primary sequence of RyRp, which contains -a17 CaM-

calcium-activated CaM remain tightly associated with the
CaM-binding sequence of RyR1; indeed, high-affinity bind-

binding motif G1). In all cases, large decreases in the extent ing between RyRp and the calcium-activated form of
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oxidized CaM is retained following the oxidation of nearly oxidation (Figures 2B and 39) and indicate that the inability
all nine Mets (Figure 5). Similar high-affinity binding is of oxidized CaM to activate the RyR1 channel at resting
retained between the calcium-activated form of oxidized CaM nanomolar calcium levels is due to weakened CaM binding
and CaM-binding sequences from both myosin light chain (Figure 4). However, our work has addressed, for the first
kinase (M13) and the plasma membrane Ca-ATPase (C28W)time, the effects of lower extents of methionine oxidation
These results indicate that the observed disruption of normalthat we have shown are characteristic of that observed in
CaM function in promoting channel closure at activating skeletal muscle (Figure 1). These measurements indicate that
calcium levels in RyR1, and the inhibition of the Ca-ATPase there is little functional sensitivity in the CaM-dependent
by oxidized CaM, is due to alterations in the structure of activation of RyR1 channel activity at nanomolar calcium
the bound complexes. Indeed, CaM oxidation results in the concentrations associated with resting muscle (Figure 3A).
selective disruption of the structural coupling between the Rather, upon oxidation of approximately two methionines
opposing N- and C-terminal domains of CaM normally to their corresponding methionine sulfoxides, as observed
associated with the regulation of enzyme activities (Figure in CaM isolated from muscle, there is a selective disruption
8). Thus, it is expected that common mechanisms associateaf the normal CaM-dependent inhibition of channel function
with the nonproductive association between oxidized CaM relative to that normally observed at activating micromolar
underlie the diminished functional regulation of a range of calcium levels (Figure 3B). Indeed, the high-affinity associa-
different target proteins. In the case of RyR1, the selective tion between the calcium-activated form of CaM and the
loss of the CaM-dependent inhibition of RyR1 at activating CaM-binding sequence of RyR1 is retained irrespective of
micromolar calcium levels will result in a longer calcium the extent of Met oxidation (Figure 5), which is seen for the
transient to enhance force generation under conditions ofCa-ATPase (C28W) and myosin light chain kinase (M13).
oxidative stress where the modification of contractile proteins A similar high-affinity association between the calcium-
adversely affects muscle tension and rates of contradd®n (  activated form of oxidized CaM and the intact Ca-ATPase
63). This hypothesis is consistent with previous work mirrors that observed for the C28W peptide. In all instances,
demonstrating that elimination of the calcium-dependent the oxidation of methionines in CaM results in an altered
inactivation of L-type channels results in dramatic prolonga- binding mechanism such that the interdomain contact inter-
tion of action potentials in cardiomyocytet9j. actions between the opposing domains of CaM normally ass-
Nonproductie Association between Oxidized CaM and ociated with target protein binding are disrupted (Figure 8).
RyR1.0xidation of multiple methionines to their correspond-  An understanding of the apparent disagreement between
ing methionine sulfoxides has previously been observed in our results, which indicate a preferential disruption in the
CaM isolated from brains of senescent Fischer 344 rats. CaM-dependent activation of RyR1 at micromolar calcium
However, as CaM is not oxidized in the brains of young concentrations (Figures 3 and 8), and those previously
animals, these results suggested a linkage between CaMeported by Balog and co-workers, which suggested the
oxidation and the observed age-related calcium dysfunctionpreferential loss of the CaM-dependent activation of the
involving an approximate 3-fold elevation in cytosolic RyR1 channel at nanomolar calcium concentrations, can be
calcium levels {, 2, 48). Our current results indicate the reached from a consideration of the masses for oxidized CaM
oxidation of CaM in skeletal muscle from young, disease- used in each studyd). We find the selective oxidation of
free animals (Figure 1). The high levels of methionine multiple methionines (Table 1), where the mass of the
oxidation for CaM in muscle are consistent with the predominant oxiform of extensively oxidized CaM (i.e.,
substantially higher levels of oxidative stress in muscle in 16 852+ 2 Da) is in good agreement with the theoretical
comparison to other tissue44). The appearance of mildly  mass of CaM in which all nine methionines are oxidized to
oxidized CaM in vivo is consistent with the previously their corresponding methionine sulfoxides (i.e., 16 850 Da).
documented preferential degradation of more highly oxidized In contrast, consideration of the mass spectrum for fully
CaM species by the proteasoridsp90 complex42). oxidized CaM reported by Balog and co-workers (the
The oxidation of methionines in CaM is expected to affect approximate mass of oxidized CaM was 16 880 Da) indicates
the activities of a range of different muscle proteins and has either oxidation of additional sites within CaM (e.g., oxoHis)
previously been shown to disrupt the normal CaM-dependentor oxidation of some methionines to their corresponding
regulation of the plasma membrane Ca-ATPase, nitric oxide methionine sulfones (MetS{) such extensive oxidation may
synthase, CaM-dependent protein kinase I, and RyR calciumcontribute to the observed loss of affinity between calcium-
release channel9,(10, 64—66). The mechanism underlying  activated CaM and RyR1. Further, unlike prior measurements
inhibition of the Ca-ATPase by oxidized CaM has been most by Balog and co-workers that emphasized the use of
extensively studied and arises as a result of the structuralextensively oxidized CaM, our results assayed the effect of
uncoupling between the opposing domains of CaM after the modest amounts of methionine oxidation that mimic that
site-specific oxidation of Mét*in CaM, which essentially  observed in vivo where differences in the sensitivities of the
locks the enzyme in a less active state§, 45, 54, 58, 67). CaM-dependent activation and inhibition of RyR1 to the
In contrast, the loss of RyR functional regulation upon the oxidation of methionines in CaM are readily apparent (Figure
oxidation of the majority of the methionines in CaM has 3). These latter results clearly resolve large differences in
previously been suggested to arise due to a diminishedthe CaM-dependent regulation of RyR1 channel activation
affinity between the RyR calcium channel and both apo or (at nanomolar calcium levels) and channel inhibition (at
calcium-activated forms of oxidized CaM,(10). micromolar calcium levels) and indicate the importance of
Our results confirm prior observations regarding the investigating the functional effects of levels of methionine
functional sensitivity associated with the CaM-dependent oxidation on RyR1 function that mimic that observed for
regulation of RyR1 channel function at high levels of CaM CaM isolated in vivo.
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Further, while our results emphasize the functional effects

associated with the oxidation of methionines in CaM, prior A ,r m B
measurements by Balog and co-workers emphasized CaM c
mutants involving the site-specific substitution of individual
Mets with GIn, which do not “significantly disturb the
structure of CaM because both amino acids have a similar
propensity to forma-helices” @). However, while this o
N

strategy has been used previously to effectively map how
the binding of individual methionines in CaM contributes

to the activation of target protein§§—71), these mutants C32+ l_CGM Oxidation
do not simulate the effects of methionine sulfoxide formation

on CaM structure, as methionine sulfoxide does not pack

well into helices and results in substantial changes in the -_

structure of CaM 1, 37, 42, 45). Indeed, it has been

previously demonstrated that CaM mutants involving Met

— GlIn substitutions do not simulate the functional effects

of methionine oxidation on the CaM-dependent activation

of the plasma membrane Ca-ATPa48, (70). Thus, ourdata  Fgure 9: Met oxidation in CaM blocks calcium-dependent
indicate that under conditions that promote the selective inhibition of RyR. Model depicting known binding interactions
oxidation of methionines to their methionine sulfoxides, the between N-and C-terminal domains of CaM, depicted in blue and
calcium-activated form of oxidized CaM binds in a nonpro- T€d. between apo-CaM and calcium-activated CaM and the CaM-
ductive conformation to RyR1 to disrupt the normal inhibi- binding sequence RyRp in RyR1 (A) and oxidation-dependent
X . h . inhibition of allosteric switching mechanism that promotes the
tion of channel function observed at micromolar calcium transition between open (green) and closed (red) states of RyR1
concentrations. (B). The binding cleft in calcium-activated CaM is colored yellow.
Regulation of RyR1 by CaM OxidatioiThe observed

functional modulation of RyR1 channel activity in response 0pposing domains of calcium-activated CaM bound to RyRp
to the oxidation of CaM may act to prolong the duration of that is required for normal channel closure (Figure 8) and
calcium transients and the associated generation of contractilgherefore uncouples the normal calcium-dependent activation
force under conditions of oxidative stress. Indeed, alterationsof CaM from RyR1 channel inhibition. The functional

in the CaM-dependent regulation of RyR1 may be part of sensitivity of the CaM-dependent inhibition of channel
an adaptive mechanism that overcomes declines in the forceactivity, where the oxidation of approximately two methion-
of contraction that result from the sensitivity of the contractile ines results in a 50% loss of functional regulation, suggests
filaments to oxidative stres$62, 63). The mechanism of  that the disruption of the normal binding of the N-terminal
regulation involves the nonproductive association between domain of CaM to the high-affinity CaM-binding sequence
the calcium-activated state of oxidized CaM and RyR1, of the RyR tetrameric complex may be sufficient to maintain
which results in the disruption of structural transitions that intersubunit interactions to effectively lock the channel in
normally enhance channel inhibition. In this respect, our prior an activated state (Figure 9). Depending on cellular redox
measurements have demonstrated a correspondence betweegnditions, and relative rates of generation of reactive oxygen
the calcium-dependent activation of the C- and N-domains species and repair activities involving methionine sulfoxide

inhibition of RyR1 function §6). Atlow nanomolar calcium  respond to changes in cellular conditions through the
levels associated with resting muscle, the C-terminal globular yeyersible oxidation of CaM.

domain of CaM, with calcium sites Ill and IV occupied, is

tethered to the high-affinity CaM-binding sequence RyRp Conclusions and Future DirectionMultiple methionines
(i.e., K¥4-N2649 of RyR1 (Figure 9A). At these resting in CaM are oxidized to their corresponding methionine

calcium levels, the N-domain of CaM is not associated with sulfoxides in skeletal muscle, resulting in a nonproductive
the CaM-binding sequence3®4-N3643 in RyR1 but may binding interaction with RyR1 _anq Fhe selective inhibiFiqn
bind to a noncontiguous binding site, such as the proposed®f the normal CaM-dependent inhibition of channel activity
N-terminal binding sequence of SEF—-Argl®® on an observed at micromolar calcium levels. The ability to
adjacent subunit of RyR1 so that adjacent subunits of the differentially modulate the CaM-dependent regulation of
channel are structurally couple@g). A similar type of RyR1 chann_el activity at nqnomolar and micromolar calcium
regulation by CaM has been proposed for the Cav1.2 calciumleVels associated with resting and activated muscles suggests
channel 72). Micromolar calcium concentrations promote a@n important physiological mechanism for rapidly modulating
occupancy of calcium-binding sites | and Il to induce the Cytosolic calcium levels in response to cellular redox
structural collapse of the N-domain of CaM binding around conditions. Moreover, the skeletal muscle ryanodine receptor,
the high-affinity sequence ¥4—N3%43 which is apparent itself, exhibits inherent redox sensitivities that affect its gating
in the high-resolution structure of the compléd). Release  properties through both cysteine oxidation and nitrosation
of RyR1 intersubunit contact interactions mediated through (73, 74). While this study has considered only the effects of
CaM is suggested to promote the conformational relaxation CaM oxidation, RyR1 oxidation products should also be
of the RyR tetrameric complex necessary for channel closureconsidered in future studies to build a complete functional
(Figure 9B). Our current measurements demonstrate thatpicture of RyR1 under various redox conditions in contract-
oxidation of CaM disrupts the association between the ing muscle.
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