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ABSTRACT: In the aging heart, decreased rates of calcium transport mediated by the SERCA2a isoform of
the sarcoplasmic reticulum (SR) Ca-ATPase are responsible for the slower sequestration of cytosolic
calcium and consequent prolonged muscle relaxation times. We report a 60% decrease in Ca-ATPase
activity in the senescent Fischer 344 rat heart relative to that of young adult hearts; this functional decrease
can be attributed, in part, to the 18% lower abundance of SERCA2a protein. Here, we show that the
additional loss of activity is a result of increased 3-nitrotyrosine modification of the Ca-ATPase. Age-
dependent increases in nitration of cardiac SERCA2a are identified using multiple analytical methods. In
the young (adult) heart 1 molar equivalent of nitrotyrosine is distributed over at least five tyrosines within
the Ca-ATPase, identified as Tyr122, Tyr130, Tyr497, Tyr586, and Tyr990. In the senescent heart, the
stoichiometry of nitration increases by more than two nitrotyrosines per Ca-ATPase, coinciding with the
appearance of nitrated Tyr294, Tyr295, and Tyr753. The abundant recovery of native analogues for each of
the nitrated peptides indicates partial modification of multiple tyrosines within cardiac SERCA2a. In
contrast, within skeletal muscle SERCA2a, a homogeneous pattern of nitration appears, with full site
(1 mol/mol) nitration of Tyr753, in young, with additional nitration of Tyr294 and Tyr295, in senescent
muscle. The nitration of these latter vicinal sites correlates with diminished transport function in both
striated muscle types, suggesting that these sites provide a mechanism for downregulation of ATP utilization
by the Ca-ATPase under conditions of nitrative stress.

Increases in 3-nitrotyrosine-modified (nitrated) forms of
proteins have been observed in over 80 different pathologies
in a variety of tissues (1). Normal aging of skeletal muscle
is also associated with increased nitration; in particular,
specific nitration of the SERCA2a isoform of the sarcoplas-
mic reticulum (SR)1 Ca-ATPase, expressed in slow twitch
muscle, is observed (2). This modification occurs at sto-
ichiometric levels, increasing from 1.0( 0.5 (in young
adults) to 3.5( 0.7 (in senescent) mol of nitrotyrosine/mol
of SERCA2a, and correlates with a 40% loss in Ca-ATPase
activity. The absence of other amino acid modifications or
changes in protein abundance with age suggests a causal
relationship between nitration and loss of function.In Vitro
studies also demonstrate that SERCA2a is inherently sensi-
tive to tyrosine nitration with concomitant functional deficits
(2). Because the physiological role of the Ca-ATPase is to
mediate muscle relaxation through the rate-limiting seques-
tration of cytosolic calcium after each contractile event, the

consequence of nitration-induced inhibition of SERCA2a is
the prolonged calcium transient and muscle relaxation
observed in senescent skeletal muscle (3, 4).

The appearance of nitrotyrosine in muscle, is a signature
of nitric oxide-derived oxidation products such as NO2,
peroxynitrite (ONOO-), or its CO2 adduct (5-7). The
presence in muscle of peroxynitrite, formed by combination
of nitric oxide (NO‚) and superoxide (O2‚-), is consistent
with the abundant presence of nitric oxide synthase (NOS)
and a high rate of oxidative metabolism producing superoxide
in contracting muscle (8, 9). While cellular localization of
peroxynitrite generation has not been defined, endothelial
and neuronal isoforms of NOS (isoforms 1 and 3) are present
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at the sarcolemma and the SR, respectively; NOS2, induced
during inflammation, is more widely distributed within both
the cardiac and skeletal myocyte (10-15). The primary
source of superoxide originates as a byproduct of mitochon-
drial metabolism (16). Increased contractile activity in muscle
results in increases in both superoxide production and nitric
oxide; the latter species is important for enhancing fatigue
resistance of contractile fibers.

Nitration of multiple muscle proteins has been observed
in ViVo both as a result of inflammation and with aging; only
a few of these have been identified, and little is known
regarding the effects of their nitration on myocyte function
(17, 18). In addition to aging, increased nitration of SERCA2a
has been observed in skeletal muscle undergoing electrical
stimulation, in hypercholesteremic aorta, and in ischemic
human heart; these results suggest that nitration of SERCA2a
represents a marker of unresolved nitrative stress in muscle
(19-21). In view of the high aerobic metabolism of the heart,
where approximately one-third of the volume of the cardio-
myocyte is comprised of mitochondria, the potential for
peroxynitrite formation and SERCA2a nitration would seem
greater than that in slow twitch skeletal muscle.

Therefore, we have examined the nitration status of
SERCA2a in the heart as a reflection of its redox environ-
ment, in particular, in view of the very stable protein half-
life (14 daysin ViVo) of the Ca-ATPase (22). In the present
study, we document the 3-nitrotyrosine modification of
SERCA2a in the hearts of Fischer 344 rats, with increased
stoichiometries of modification in the aged heart, which
correlates with a loss of Ca-ATPase activity. In contrast to
the complete modification of selected tyrosines previously
observed for SERCA2a in skeletal muscle, the SERCA2a
resident in the heart exhibits only partial modification at any
given site. This difference suggests a more robust cellular
environment for the maintenance of low levels of nitration
and functional SERCA2a in the heart as compared with
skeletal muscle involving turnover or repair. As in skeletal
muscle, the age-related appearance of nitrotyrosines at
positions 294 and 295 correlating with the loss of Ca-ATPase
activity suggests the functional relevance of these lumenal
sites.

EXPERIMENTAL PROCEDURES

Materials.Monoclonal antibody raised against SERCA2a
was obtained from Affinity Bioreagents, Inc. (Golden, CO);
anti-3-nitrotyrosine monoclonal antibody (clone 1A2-9) was
a generous gift of Dr. Joseph Beckman (Linus Pauling
Institute, Oregon State University); goat anti-mouse IgG (H
+ L)-horseradish peroxidase and -alkaline phosphatase
conjugates were obtained from Pierce (Rockford, IL). All
reagents for gel electrophoresis and immunoblotting were
from Bio-Rad (Richmond, CA). Molecular-weight standards
including prestained markers were from Gibco BRL (Carls-
bad, CA). All other chemicals were analytical-grade or better.
The potassium phosphate buffer, imidazole buffer, and
sodium bicarbonate buffer employed in the oxidation experi-
ments were treated with 5% (w/v) Chelex-100 (Bio-Rad,
Hercules, CA) for 1 h tominimize transition-metal contami-
nation. Wild-type and calmodulin (CaM) mutants, T34C and
T34C, 110C were expressed inEscherichia coliand purified
as previously described (23).

Isolation of Cardiac SR.Cardiac SR was isolated as
described previously with minor modifications (24). Fischer
344 male rats (Harlan Sprague-Dawley, Indianapolis, IN)
were sacrificed, and the hearts were removed and placed in
ice-cold medium consisting of 25 mM imidazole (pH 7.0),
200µM phenylmethylsulfonyl fluoride (PMSF), and 10 mM
DTT. Alternatively, hearts were frozen in liquid N2 and
stored at-80 °C for later isolation of membranes. All
subsequent procedures were done in the cold. The ventricles,
trimmed of atria and connective tissue, were minced and
homogenized (Silverson L4R homogenizer) in small portions
of the same buffer using a total of 15 mL of buffer/mg of
ventricle. After centrifugation at 500gmax for 10 min, the
resulting pellet was rehomogenized in the remaining buffer
and centrifuged again at 500gmax for 10 min. Supernatants
from both centrifugations were filtered through cheesecloth
and centrifuged at 15000gmax for 10 min. The resulting
supernatant was centrifuged at 15000gmax for 10 min, and
this supernatant was centrifuged at 44000gmax for 30 min.
The resulting pellet was resuspended with a small volume
of 25 mM imidazole (pH 7.0), 0.6 M KCl, and 10 mM DTT
followed by centrifugation at 44000gmax for 30 min. The
resulting pellet was resuspended with a small amount of 25
mM imidazole (pH 7.0), 100 mM KCl, and 10 mM DTT.
Protein concentrations were estimated by the BCA Assay
(Pierce, Rockford, IL) using bovine serum albumin as the
standard.

Immunoprecipitation (IP). Cardiac SR proteins (1 mg/mL
final concentration) were solubilized in a buffer consisting
of 15 mg/mL C12E9, 10 mM NaH2PO4 (pH 7.6), 150 mM
NaCl, 10 mM EDTA,, 2µg/mL aprotinin, 2µg/mL leupeptin,
1 µg/mL pepstatin, and 200µM PMSF. After centrifugation
for 10 min at 10000gmax to remove nonsolubilized proteins,
the resulting supernatant was divided into two equal parts
and incubated overnight at 4°C with mixing with either
monoclonal anti-nitrotyrosine antibody (at a final concentra-
tion of 10 µg/mL) or monoclonal anti-SERCA2a antibody
(at a final dilution 1:1000). Immune complexes were
precipitated for 1.5 h at 4°C with Protein A Sepharose CL-
4B (40 µL of 50% suspension/mL of incubation mixture),
washed 3 times with buffer containing 10 mM NaH2PO4 (pH
7.6), 150 mM NaCl, 10 mM EDTA, 15 mg/mL C12E9,
centrifuged for 15 s at 15000gmax, and resuspended in SDS-
PAGE sample buffer (62.5 mM Tris-HCl, 2% SDS, 5%
â-mercaptoethanol, 10% glycerol, and 0.001% bromphenol
blue).

Amino Acid Analysis.After separation with SDS-PAGE
(25), proteins were blotted to sequence-grade PVDF mem-
branes and protein bands of interest were cut out, dried, and
stored at-20 °C for amino acid analysis. Samples were
subjected to acid hydrolysis in 6 N HCl and 1% (w/v) phenol
for 20 h at 115°C. Amino acid extraction from the PVDF
membrane and derivatization by phenyl-isothiocyanate (PITC)
was performed as previously described with internal amino
acid standards (26). The calculation of the amino acid
composition of the SERCA2a Ca-ATPase was based on an
apparent molecular mass of 108 123 Da, not including the
molecular mass of 13 Trp and 24 Cys, which are lost during
hydrolysis. Nitrotyrosine was quantified on the basis of the
area of the peak associated with an authentic nitrotyrosine
standard.
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Nitration of Cardiac SR Proteins by Peroxynitrite.Per-
oxynitrite has been synthesized essentially H2O2- and nitrite-
free by the reaction of ozone with cooled aqueous sodium
azide as described previously (27), aliquoted, and kept at
-70 °C and pH 13 until use. The concentration of stock
peroxynitrite was determined by the absorbance (ε302 ) 1670
M-1 cm-1) immediately before use. Nitration of SR proteins
has been achieved by bolus addition of peroxynitrite stock
solution to the protein [5 mg/mL in 25 mM imidazole buffer
(pH 7.4) and 25 mM sodium bicarbonate pretreated with
Chelex 100] while vortexing. The total volume of added
peroxynitrite was no more than 5% of the total volume of
the incubation mixture.

Ca2+-Dependent ATPase ActiVity. Ca2+-dependent ATPase
activity was measured at 25°C by colorimetric determination
of inorganic phosphate in the medium of 25 mM MOPS (pH
7.0), 5 mM MgCl2, 0.1 M KCl, 5 mM ATP, 6µM ionophore,
A23187, 112µM EGTA, and 0.1 mM CaCl2 ([Ca2+]free ) 2
µM) or in the same medium except without added CaCl2

and 2 mM EGTA ([Ca2+]free ) 3 nM) as described by
Lanzetta et al. (28). Determination of calcium-dependent
ATPase activity required subtraction of activity assayed in
the presence of EGTA (basal activity) from that assayed in
the presence of CaCl2 (total ATPase activity).

SDS-PAGE and Western Blotting.SDS-PAGE was
performed using 3 or 4% stacking and a 5 or7.5% separating
gel according to the method of Laemmli (25). Subsequently,
proteins were transferred to a PVDF membrane for 2 h at
100 V on ice using buffer containing 25 mM Tris, 192 mM
glycine, and 20% methanol. For detection of the cardiac Ca-
ATPase (SERCA2a), blots were probed with anti-SERCA2
monoclonal antibody, clone 2A7-A1 (Affinity Bioreagents,
Inc., Golden, CO), with a dilution of 1:10 000. For 3-nitro-
tyrosine detection, blots were probed with anti-3-nitrotyrosine
monoclonal antibody, clone 1A2-9 (a gift of Dr. Joseph
Beckman), with a dilution of 1:1000. Anti-mouse secondary
antibodies conjugated with alkaline phosphatase or horse-
radish peroxidase were used.

Reduction of Nitrotyrosine with Dithionite.As a means
to confirm the nitrotyrosine modification of protein bands,
protein blots were incubated with 1 M dithionite in 0.1 M
PBS buffer (pH 9) for 10 min at room temperature prior to
incubation with anti-nitrotyrosine; dithionite reduces nitro-
tyrosine to aminotyrosine. Protein bands that are nitrated and
previously had displayed anti-nitrotyrosine antibody binding
should exhibit no reaction with anti-nitrotyrosine antibody
after dithionite reduction.

ThioGlo-1 Modification of Protein Thiols.For labeling of
CaM, thiols were first reduced overnight at room temperature
in a solution of 0.4 mg of protein/mL, 50 mM Na phosphate
(pH 7.4), and 60 mM SDS (100µL total volume) with an
addition of 250µL of 50% gel slurry of immobilized TCEP
(Pierce, Rockford, IL). CaM was separated from the slurry
by low-speed centrifugation (50g) for 1 min, estimating the
CaM concentration in the supernatant using the extinction
coefficient (ε277 ) 3029 M-1 cm-1). ThioGlo-1 was added
from a stock solution in acetonitrile to this protein solution
at a molar ratio of 3 ThioGlo-1/cysteine, incubating for 1 h
at 60°C. Samples were mixed with electrophoresis sample
buffer without bromphenol blue or reducing agent and
without further sample heating (29). For ThioGlo labeling
of SERCA2a, 0.04-0.1 mg of cardiac SR protein/mL was

subjected to reduction with TCEP prior to labeling with 30
µM ThioGlo-1 under the same conditions as for CaM. The
fluorescence of ThioGlo-1 adducts associated with protein
bands on SDS-PAGE gels was detected with a Lumi-
ImagerF1 (Mannheim Boehringer) equipped with a scanning
ultraviolet (UV)-light source (250-450 nm) using the
emission filter at 520 nm. A comparison with a ThioGlo-
labeled calmodulin mutant having 1 Cys/mol of calmodulin
indicated maximal modification of 21( 1 mol of free thiols/
mol of SERCA2a in cardiac SR.

Two-Dimensional Isolation of SERCA2a for Mass Spec-
trometry.To isolate nitrated SERCA2a for MS analysis, rat
heart SR membranes were subjected to the two-dimensional
purification described previously (30).

HPLC for ESI-MS. Prior to analysis, all samples were
acidified with 4% acetic acid. An Ultra Plus II Micro LC
System (Micro Tech Scientific, Sunnyvale, CA) was used
for peptide separation. Capillary HPLC was performed on a
Zorbax C18SB 300 Å (5 cm× 0.32 mm i.d.) column with
a flow rate of 10µL/min. A nonlinear gradient was used to
resolve tryptic peptides (solvent A, 1% MeOH; and solvent
B, 99% MeOH in 0.08% aqueous formic acid). The gradient
was held at 20% B for 5 min and then ramped to 60% B by
65 min, to 70% B by 75 min, and finally to 95% B by 80
min.

To detect tryptic peptides, a Q-Tof 2 mass spectrometer
(Micromass Ltd., Manchester, U.K.) was coupled to the
HPLC system. It was operated for maximum resolution with
all lenses optimized on the MH22+ ion from the cyclic peptide
Gramicidin S. The cone voltage was 30 eV, and Ar was
admitted to the collision cell at a collision energy of 5 eV.
Mass spectra were acquired with the time-of-flight analyzer
at 11 364 Hz of pusher frequency covering the mass range
of 400-3000 amu and accumulating data for 5 s/cycle.
Time-mass calibration was made with CsI cluster ions
acquired under the same conditions.

Analysis of MS Chromatograms.An exhaustive search for
peaks corresponding to nitrated peptides and their native
analogues in the MS chromatograms was done using Mass-
Lynx 3.5 software (Micromass). The search was performed
only for tyrosine-containing peptides assuming that up to
two cleavage sites could be missing during the tryptic digest
and that methionine sulfoxide could be formed. The retention
time of the ions of interest obtained during the first LC-
MS run was used for programming further CID experiments
in on-line capillary HPLC and nanoflow modes.

ESI MS-MS.Collision-induced dissociation (CID) spectra
were acquired by setting the MS1 quadrupole to transmit a
precursor mass window of(1.5 amu. As a collision gas, Ar
was admitted at a density that attenuates the beam to 20%,
which corresponds to 16 psi on the supply regulator. The
collision energy was varied from 20 to 35 eV to obtain a
distribution of fragments from low to high mass. Spectra
were acquired for 2-5 min at 5 s cycles.

RESULTS

Functional Status of SERCA2a in Aging Heart.Diminished
activity of the SR Ca-ATPase in the senescent heart
accompanied by decreased levels of both SERCA2 gene
transcripts and associated protein has been previously
reported (24, 31, 32). In the present study, we have
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quantitatively compared SERCA2a protein abundance with
calcium-dependent ATP hydrolytic rates in SR membranes
isolated from the ventricles of 5 month (young adult) and
26 month (senescent) Fischer 344 rats to assess the extent
of inhibition of function that is attributable to decreases in
the Ca-ATPase protein (Figure 1). Measurements were made
from parallel samples of three different SR preparations each
from young adult and senescent animals; each preparation
resulted from 2 to 3 hearts. Thus, activity and abundance
measurements represent data from a total of 16 individuals
(7 young and 9 senescent). Ca-ATPase protein levels,
estimated from densitometry of the Coomassie Blue-stained
110-kDa protein indicate an 18( 1% decrease in the
abundance of SERCA2a protein during aging. Corresponding
densities from Western blots using anti-SERCA2 antibodies
indicate a similar (15( 5%) age-related decrease (data not
shown). Thus, these complementary methods provide esti-
mates of (i) immunoreactive SERCA2, which may exclude
modified forms of SERCA2 and (ii) protein-stained 110-
kDa SERCA2, which may include other comigrating pro-
teins. Both methods demonstrate similar decreases in

SERCA2a protein abundance in senescent hearts; this
decreased protein abundance is exceeded by the almost 3-fold
greater loss of catalytic activity (60( 9%). Thus, factors in
addition to the rather modest decrease in protein expression
are required to explain the functional losses of the Ca-ATPase
during aging in the heart.

In ViVo Nitration of SERCA2a in the Heart.The cardiac
Ca-ATPase isoform, SERCA2a, normally represents up to
10 wt % of the total SR proteins based on gel densitometry
(Figure 1B). To enrich for SERCA2a for analysis, SR
proteins were subjected to IP with the primary antibody
directed against SERCA2. While this antibody does not
discriminate between the alternate splice variants of SER-
CA2, expression of SERCA2b in the heart is an order of
magnitude less than that of SERCA2a (33), which typically
migrates on SDS-PAGE as a series of protein bands with
apparent molecular mass of 95-110 kDa (lane 1 in Figure
2). IP of solubilized SR proteins with a primary antibody
specific for SERCA2 isolates a doublet visualized with
Amido Schwartz protein stain that migrates with an apparent
molecular mass of approximately 90 kDa. An alternate IP
of SR, with anti-nitrotyrosine antibody, pulls down a 100-
kDa protein band. Thus, the major protein bands immuno-
precipitated by nitrotyrosine and SERCA2 antibody, respec-
tively, exhibit the same electrophoretic mobility as higher
and lower molecular-weight SERCA2a from SR, further
suggesting that antibodies select SERCA fractions with
different nitration levels, which, in turn, alter the electro-
phoretic mobility of SERCA. Somewhat surprisingly, im-
munoblots show strong intensities related to immunoreaction
for both IP products with both anti-SERCA2 and anti-
nitrotyrosine antibodies, suggesting that both fractions of
SERCA2a are nitrated. The greater sensitivity of immuno-
blots relative to the Amido Schwartz protein stain provides
visualization of additional protein bands corresponding to
intact SERCA2a species as well as low molecular-weight
fragments of SERCA2a. Confirmation that these IP fractions
are nitrated was obtained by amino acid analysis (see below)
and in separate experiments in which blotted proteins were

FIGURE 1: Age-related decreases in SERCA2a protein and Ca-
ATPase activity in cardiac SR. Relative levels of SERCA2a protein
abundance and enzyme activities assessed from measurements of
initial rates of calcium-dependent ATP hydrolysis for parallel
samples are shown in panel A. SERCA2a protein abundance was
estimated from Coomassie Blue-staining of the 110-kDa SERCA2a
protein band (indicated in B), identified by its immunoreaction with
anti-SERCA2a antibody on Western blots. Bars represent mean
values obtained from three separate SR membrane preparations each
for young adult (5 month) and senescent (26 month) Fischer 344
rats; each preparation required pooling of 2-3 individual animals,
thus utilizing a total of 16 individual (7 young and 9 old) animals.
* or ** indicates significant differences in values from senescent
hearts relative to those from young hearts ofp < 0.025 orp <
0.005, respectively. Panel B shows Coomassie Blue-stained SDS-
PAGE gels of cardiac SR proteins; lanes 1-3 each represent an
individual SR preparation isolated from young adult (5 month) rat
hearts; lanes 4-6 each represent individual SR preparations isolated
from old (26 month) rat hearts. A 4-12% gradient gel was used
with MOPS Running buffer (Invitrogen, Carlsbad, CA).

FIGURE 2: IP selects different fractions of nitrated SERCA2a from
cardiac SR. Cardiac SR proteins isolated from young adult Fischer
344 rats were solubilized and subjected to IP with anti-SERCA2
(S) antibody or with anti-nitrotyrosine (NT) antibody. Proteins in
the resulting IP fractions were separated with 5% SDS-PAGE,
blotted onto PVDF membranes, and visualized with Amido
Schwartz (AmS) protein stain, anti-SERCA2 antibody (S), or anti-
nitrotyrosine (NT) antibody. Previous to IP (indicated as none),
cardiac SR proteins were separated on SDS-PAGE and immuno-
blotted with anti-SERCA2 antibody to indicate the mobility of
SERCA2a bands. IP, gels, and blots were performed as described
in the Experimental Procedures. Brackets indicate regions on blots
that were excised for amino acid analysis (see Table 1).
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treated with dithionite, which reduces nitrotyrosines to
aminotyrosines, resulting in the complete loss of subsequent
nitrotyrosine antibody binding to the electrophoresed and
blotted protein (data not shown).

These nitrated SERCA2a fractions that are selectively
isolated by each antibody represent quantitatively distinct
fractions; for example, the complete recovery of one IP
product results in an immunosupernatant from which the
alternate IP product can be fully recovered. It might be
hypothesized that the distinct populations of SERCA2a differ
in their level of nitrotyrosine modification and can be
differentially isolated under the mild detergent concentrations
used for IP. In contrast, both antibodies have comparable
affinities for all SERCA2a species under the denaturing
conditions of Western immunoblots.

Amino acid analysis was performed on the 90-110-kDa
protein bands excised from each IP fraction to assess the
stoichiometry of nitration based on quantification of a
chromatographic peak coeluting with authentic nitrotyrosine
(Table 1). The amino acid content also confirmed the identity
of the 110-kDa bands as SERCA2a. The anti-nitrotyrosine-
derived SERCA2a, which migrates on SDS-PAGE with a
higher apparent molecular mass, is more highly nitrated than
the anti-SERCA2a IP protein band, suggesting that the basis
for the altered electrophoretic mobility of each IP product
is differences in post-translational modification. IPs of SR
isolated from senescent rat hearts result in similar protein
banding patterns but with increased extents of nitration for
each fraction, indicating that there is a greater nitration of
SERCA2a during aging. The relative yields of SERCA2a
IP fractions from young and old hearts are approximately
equivalent, suggesting up to a 3-fold increase in nitration of
SERCA2a in the aging heart from 1.0( 0.2 in young to 3.1
( 0.3 mol of nitrotyrosine/mol of SERCA2a.

Functional Consequences of Nitration.To test if nitration
of SERCA2a results in the loss of activity consistent with
the extent of nitration and inactivation in aging, cardiac SR
(from young animals) was exposed to varying amounts of
peroxynitrite. Progressive increases in nitrotyrosine modifica-
tion are observed from the appearance of anti-nitrotyrosine

immunoblot densities associated with the 110-kDa SERCA2a.
This increased nitration correlates with a concomitant loss
of calcium-dependent ATP hydrolytic activity saturating at
a maximum of 60% inactivation (Figure 3), consistent with
previously observed peroxynitrite-induced nitration and
inhibition of SERCA2a in skeletal muscle SR (45% inhibition
at almost 4 mol of nitrotyrosine/mol of SERCA2a;2).

Because peroxynitrite also undergoes rapid rates of reac-
tion with cysteines, the oxidative sensitivity of cysteines
within SERCA2a was monitored by the loss of free thiol
groups after exposure to peroxynitrite. Free thiols within
SERCA2a were assayed by the reaction with ThioGlo-1, a
maleimide reagent (naphthol-[2,1-â]pyran-2-carboxylic acid,
10-(2,5-dihydro-2,5-dioxo-H-pyrrol-1-yl)-9-methoxy-3-
oxo-, methyl ester), which produces a highly fluorescent thiol
adduct (Figure 4). The sensitivity of this reagent is illustrated
from its labeling of wild-type calmodulin, having no cys-
teines and no detectable background signal and two mutant
calmodulins having one or two cysteines that show propor-
tional increases in fluorescence on reducing SDS-PAGE
(lower panel of Figure 4A).

Exposure of SR membranes from young adult hearts to
increasing concentrations of peroxynitrite results in a sig-
nificant loss of ThioGlo-reactive thiols as indicated by the
progressive decreases in fluorescence associated with the
110-kDa SERCA2a band on SDS-PAGE (center panel of
Figure 4A). This peroxynitrite-induced loss of ThioGlo-
reactive free thiols is consistent with irreversible cysteine
oxidation, such as sulfinic or sulfonic acid adducts. On the
other hand, cardiac SR isolated from young and old rats
shows no significant differences in ThioGlo labeling (upper
panel of part A and B of Figure 4). Under the denaturing
conditions of ThioGlo labeling, approximately 21( 1 (of
24 total) cysteines within SERCA2a are modified. Therefore,
on the basis of sensitivity of detectable differences in
ThioGlo fluorescence of 10%, up to 2 cysteines might be
irreversibly modified without detection in this assay. Indeed,
a low level (1.5 mol/mol) of cysteine oxidation associated
with aging was measured in rat skeletal SR containing a
mixture of both SERCA1a and SERCA2a; however, the
appearance of this oxidation appears chronologically prior
to any loss in Ca-ATPase activity (26).

Table 1: Stoichiometry of Nitrotyrosine Modification of SERCA2a
Fractions from IP of Cardiac SRa

young old

sample NY/S2 relative yield NY/S2 relative yield

anti-NY IP 1.7 ((0.3) 0.48 3.8 ((0.3) 0.50
anti-S2 IP 0.2 ((0.1) 0.52 2.4 ((0.3) 0.50
averages 1.0 ((0.5) 3.1 ((0.4)

a SR proteins from young (4-6 month) adult and senescent (26-27
month) Fischer 344 rat hearts were solubilized and immunoprecipitated
as described in the Experimental Procedures with either anti-nitroty-
rosine (anti-NY) or anti-SERCA2 (anti-S2) antibodies attached to
Protein A-Sepharose beads. After separation of the resulting immuno-
precipitated proteins on SDS-PAGE and blotting onto sequence-grade
PVDF membranes, major protein bands migrating with an apparent
molecular mass of 95-110 kDa (as indicated in Figure 2) were excised
for amino acid analysis as described previously (25). Quantification of
nitrotyrosine was based on a peak coeluting with an authentic
nitrotyrosine standard. Yields of total protein from each IP ranged from
10 to 20%. The weighted average (average) of the extent of nitration
of SERCA2 recovered from young or old cardiac SR was determined
on the basis of the relative yields (relative yield) of each IP fraction
from densitometry of gel bands.

FIGURE 3: Nitration of SERCA2ain Vitro results in partial
inactivation of the Ca-ATPase. SR membranes isolated from young
adult hearts of Fischer 344 rats were exposed to up to 1 mM
peroxynitrite (ONOO-) by bolus addition to 5 mg of SR protein/
mL in 25 mM imidazole (pH 7.4) and 25 mM sodium bicarbonate
followed by immediate dilution into Ca-ATPase assay medium or
into electrophoresis denaturing buffer. The relative extent of
nitration (b) was assessed from densities associated with the
SERCA2a by anti-nitrotyrosine immunoblots. Relative Ca-ATPase
activity (O) was measured at 25°C as described in the Experimental
Procedures; 100% activity corresponds to 0.15 ((0.01)µmol mg-1

min-1. Data represent the average of two different determinations;
experimental variability was less than 10% in each case.
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We further suggest that any cysteine oxidation of SERCA2a
in aging heart has minor functional effects compared with
tyrosine nitration, as evidenced by the strong correlation
between Ca-ATPase inhibition and SERCA2a tyrosine nitra-
tion both underin ViVo (aging) andin Vitro (peroxynitrite
exposure) conditions. In contrast, the extent of cysteine
oxidation underin Vitro or in ViVo conditions is highly
variable, and thus, the correlation with Ca-ATPase activity
is poor. Additional insight may be provided by the consid-
eration of the specific cysteine oxidation by peroxynitrite of
the homologous isoform, SERCA1, which does not undergo
tyrosine nitration; peroxynitrite exposure results in 1.3 mol
of cysteine oxidation/mol of SERCA1 with only a 17%
decrease in Ca-ATPase activity, attributable to oxidation of
Cys349 (50, 51).

Sites of Nitrotyrosine Modification with Aging.Sites of
tyrosine nitration within cardiac SERCA2a were determined
following purification as previously described (30). Purifica-
tion involved an initial separation of SR proteins utilizing a
reversed phase (C4) liquid chromatography as the first step,
monitoring nitrated protein by the characteristic absorbance
at 360 nm of nitrotyrosine at low pH and protein absorbance
at 280 nm. This step provides good resolution of several

chromatographic peaks enriched in the 110-kDa Ca-ATPase
as assessed by SDS-PAGE and avoids alternative methods
involving isoelectric focusing, which often provide poor
resolution of membrane proteins. SERCA2a was excised and
subjected to in-gel digestion; the resulting tryptic peptides
were further subjected to reduction and carboxymethylation
before their separation by microbore HPLC, in line with a
Q-Tof 2 electrospray mass spectrometer. From the resulting
mass spectra, searches were performed for peaks correspond-
ing to modified tyrosine-containing peptides and their native
analogues. These spectra were interrogated for both nitro-
tyrosine as well as methionine sulfoxides; the latter modified
amino acid might be expected to accompany the former if
peroxynitrite is the cellular nitrating agent (34). Indeed, as
the results show, inclusion of methionine sulfoxide in these
searches provides optimal detection of nitrotyrosines because
multiple peptides having nitrated tyrosines also contain
methionine sulfoxides (Table 2). However, no age-associated
increases in methionine-sulfoxide-modified peptides were
detected.

From these data, peptides having 10 of the 18 tyrosines
within the SERCA2a sequence were identified with sequence
coverage, consistent with the overall coverage (66%) of
protein sequence previously documented for the homologous
SERCA1 isoform. Tyrosine-containing peptides that were
not detected represent very long and membrane-spanning
sequences, which are resistant to mass spectrometric analysis
(30). Of the identified peptides, eight have altered elution
times with additional masses indicative of nitrotyrosine
modification (45 amu/nitration). For each of the modified
peptides, their native analogue is also readily detected,
indicating that not all Ca-ATPase proteins are modified at a
particular tyrosine site. As an example, mass spectra are
shown for the nitrated and native peptides GAIYYFK297 in
young and old samples; the mass 476.3, which corresponds
to the nitrated peptide, appears in the old sample but is
notably absent in samples from young heart (Figure 5). In
young adult hearts, the 1.0 mol of nitrotyrosine/mol of
SERCA2a is distributed over at least five tyrosines identified
as Tyr122, Tyr130, Tyr497, Tyr586, and Tyr990. In senescent
hearts, the same nitrated sites are present with the addition
of 2 mol of nitrotyrosine/SERCA2a accompanied by the
appearance of 3 nitrated sites, i.e., Tyr294, Tyr295, and Tyr753.
While mass spectrometry cannot provide a quantitative
description of the relative stoichiometry of each nitrated site,
a comparison of the number of sites/mol of total nitrotyrosine
would suggest that in young heart SERCA2a has a low extent
of nitration at any one site, but more complete nitration of
new sites results from aging.

For these age-associated nitrated sites, the corresponding
nitrated peptides (AIY(NO2)NNMK and GAIY(NO2)Y-
(NO2)FK were synthesized for electrospray MS analysis,
which resulted in identical masses as those detected from
biological samples. Moreover, these same modified peptide
masses were identified by MS analysis of the SERCA2
peptide obtained from SR of young heart after PN treatment.
From the incomplete recovery of all tyrosine-containing
peptides, it cannot be ruled out that additional nitration may
occur to these sites that explains the functional effects of
aged heart. However, the localization of Tyr294 and Tyr295

and the potential functional consequences of their nitration
are unique and will be discussed.

FIGURE 4: Extent of loss of free thiols within SERCA2a from
peroxynitrite in Vitro is not recapitulatedin ViVo with aging.
Changes in cysteine oxidation status within SERCA2a were
monitored by the loss of thiol reactivity to the fluorescent maleimide
reagent, ThioGlo-1 (as described in the Experimental Procedures).
A shows the 110-kDa SERCA2a protein on SDS-PAGE after
ThioGlo labeling of the following samples: (upper panel) cardiac
SR from young adult (Y) and old (O) Fischer 344 rats and (center
panel) cardiac SR from young adult rats after exposure to 0, 50,
100, or 250µM peroxynitrite (PN). A (lower panel) shows ThioGlo-
labeled calmodulin species having 0, 1, or 2 cysteines. These
calmodulins correspond to the wild type or mutants, Thr110Cys or
Thr 34, 110 Cys, respectively. The bar graph in B represents the
relative densities of ThioGlo associated with SERCA2a protein from
young (Yng), old (Old), and young samples exposed to 250µM
PN (Yng+PN), as an average of three separate determinations for
each sample. Error bars represent standard errors. The value of 1.0
represents 21( 1 mol of ThioGlo/mol of SERCA2a. Double
asterisks (**) indicate a significant difference atp < 0.05, relative
to the young sample, as determined by Studentst test.
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Of note, the vicinal tyrosines, Tyr294 and Tyr295, have also
been previously identified in their nitrated form in senescent
skeletal muscle (2). Moreover, for both heart and skeletal
muscle, the peptide (GAIYYFK) containing these vicinal
tyrosines is recovered either in its native form or as a doubly
nitrated peptide; we have not detected the singly nitrated
peptide, suggesting that nitration of these vicinal tyrosines
is highly cooperative. Thus, both mass spectrometry of
peptides, nitrotyrosine antibodies, and cysteine reactive
modification with ThioGlo indicate that nitrotyrosine modi-
fication of SERCA2a increases with age in the heart and
correlates with decreased Ca-ATPase activity.

DISCUSSION

Summary of Results.We have demonstrated age-related
increases in 3-nitrotyrosine modification of SERCA2a in the
heart by multiple experimental methods, which include
immunoblotting, visible spectroscopy, amino acid analysis,
and mass spectrometry (Figures 3 and 5 and Tables 1 and
2). Stoichiometries of nitration determined from immuno-
precipitated fractions of nitrated SERCA2a show an increase
from 1.0 ((0.5) to 3.1 ((0.4) mol of nitrotyrosine/mol of
SERCA2a, indicating that the SR Ca-ATPase is a major
target of nitrative stress. In young adult hearts, five nitrated

tyrosines have been identified; the abundant detection of
unmodified peptide analogous to each nitrated peptide
indicates partial nitration of each site. From senescent hearts,
an additional 2 mol of nitrotyrosines/mol of SERCA2a is
identified; additional peptides nitrated at Tyr753 and on the
vicinal tyrosines, i.e., Tyr294 and Tyr295, are present, sug-
gesting close to stoichiometric modification. Modification
of these latter sites during aging coincides with the decreased
catalytic activity of SERCA2a.In Vitro experiments dem-
onstrate a similar functional sensitivity of SERCA2a to
peroxynitrite, which results in both tyrosine nitration and loss
of free thiols, i.e., cysteine oxidation. This result is consistent
with recent work demonstrating the correlated appearance
of nitrated tyrosines and irreversibly oxidized cysteine
adducts of SERCA2(b) in the aorta (smooth muscle) after
exposure to high levels of peroxynitrite or under the
pathological conditions of athleroschlerosis (20). However,
during aging in the heart, increased tyrosine nitration is
observed, without detectable increases in cysteine oxidation,
suggesting that age-dependent decreases in Ca-ATPase
function are the result of the nitration of Tyr753, Tyr294, and
Tyr295.

Functional ReleVance of Nitration at Tyr294 and Tyr295.
We have previously identified a different pattern of nitration

Table 2: Tyrosine-Containing Peptides in Rat SERCA2a Detected by HPLC-ESI-MSa

cardiac SERCA2a

Tyr
numberb

peptide
sequencec modificationsd

ion mass
computede

ion
chargef

LC-MS
time (min)g

ion mass
detectedh

122 EYEPEMGK 491.71 MH2
2+ 7-9 491.72

122 EYEPEMGK M(O) 499.71 MH2
2+ 7-9 499.73

122 EYEPEMGK Y(NO2), M(O) 522.20 MH2
2+ 7-10 522.25

122 NAENAIEALKEYEPEMGK M(O) 684.66 MH3
3+ 64-68 684.68

122 NAENAIEALKEYEPEMGK Y(NO2) 694.32 MH3
3+ 50-52 694.32

122 NAENAIEALKEYEPEMGK Y(NO2), M(O) 699.65 MH3
3+ 22-27 699.68

122, 130 EYEPEMGKVYR Y(NO2), M(O) 487.88 MH3
3+ 29-31 487.88

122, 130 EYEPEMGKVYR Y(NO2), M(O) 731.32 MH2
2+ 29-31 731.40

122, 130 EYEPEMGKVYR M(O) 708.83 MH2
2+ 42-46 708.75

130 VYRQDRK Y(NO2) 505.26 MH2
2+ 24-26 505.29

294, 295 GAIYYFK 431.23 MH2
2+ 17-20 431.25

294, 295 GAIYYFK* 2Y(NO2) 476.21 MH2
2+ 25-29 476.26

434 GVYEK 595.31 MH+ 10-14 595.33
497 SMSVYCTPNKPSR C(CM) 509.90 MH3

3+ 8-10 509.92
497 SMSVYCTPNKPSR C(CM) 764.35 MH2

2+ 8-10 764.37
497 SMSVYCTPNKPSRTSMSK Y(NO2), 2M(O) 694.31 MH3

3+ 50-52 694.32
497 SMSVYCTPNKPSR M(O) 743.35 MH2

2+ 12-15 743.47
497 KSMSVYCTPNKPSR Y(NO2), C(CM), M(O) 572.93 MH3

3+ 30-33 572.97
497 KSMSVYCTPNKPSR Y(NO2), M(O) 829.89 MH2

2+ 14-17 829.94
586 YETNLTFVGCVGMLDPPR 671.33 MH3

3+ 49-52 671.33
586 YETNLTFVGCVGMLDPPR Y(NO2) 686.32 MH3

3+ 57-62 686.36
753 AIYNNMK 853.42 MH+ 7-9 853.45
753 AIYNNMK* Y(NO2) 449.71 MH2

2+ 13-14 449.73
753 AIYNNMKQFIR* Y(NO2), M(O) 486.91 MH3

3+ 7-9 486.91
867 VSFYQLSHFLQCK C(CM) 829.41 MH2

2+ 54-57 829.47
990 NYLEPGK Y(NO2) 433.21 MH2

2+ 12-13 433.25
990 NYLEPGK 410.71 MH2

2+ 27-32 410.8
990 ISLPVILMDETLKFVARNYLEPGK Y(NO2), M(O) 702.63 MH4

4+ 39-41 702.62
a Rat cardiac SERCA2a was purified as described in the Experimental Procedures prior to LC-ESI-MS analysis. Modified peptides and their

native analogues containing tyrosine were identified from a search for native peptides and peptides with additional ion masses corresponding to
nitration of tyrosine (+45 amu) and methionine sulfoxide (+16 amu); for peptides containing Cys, the presence of carboxymethylation (+42 amu),
resulting from iodacetamide treatment, was accounted for. Modified peptides were assumed to match the theoretical mass with a tolerance better
than 100 ppm and have a parent native fragment in the spectrum. Peptides in bold were only observed in aged samples. Undetected were Tyr at
positions 389, 407, 427, 762, 836, 842, 867, 894, and 948.b Represents number of Tyr site in the SERCA2a sequence (ExPASy-P11507 (SERCA2a
isoform). c Sequence of identified tyrosine-containing peptide; an asterisk indicates that this peptide was observed only in old rats.d Modified
amino acids: Y(NO2), nitrotyrosine; M(O), methionine sulfoxide; and C(CM), carboxy-methylated cysteine (modification required for MS sample
preparation).e The tryptic peptide mass simulated by MS-Digest (ProteinProspector program, http://prospector.ucsf.edu/).f Charge of identified or
computed ion.g Experimentally determined LC peptide retention time (in minutes).h Experimentally determined ion mass of peptide.
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for SERCA2a in slow twitch skeletal muscle; i.e., a limited
number of sites are fully nitrated. Specifically, Tyr753 is
nitrated in young adult skeletal muscle; 2 additional mol of
nitrotyrosine at Tyr294 and Tyr295 appear in senescent skeletal
muscle (Table 3). The common appearance of nitration at
Tyr294 and Tyr295 in both senescent heart and skeletal muscle,
correlated with the loss in function, suggests that these vicinal
tyrosines play a critical role in the age-related decrease in
rates of active calcium transport across the SR. Nitration of
Tyr753 may have less functional consequences, as suggested
by the observation that mutation of this site does not alter
Ca-ATPase activity (35).

Additional functional effects on SERCA2 may include
peroxynitrite-induced modifications of cysteines. A recent
study demonstrated that up to 3 mol of cysteines in
SERCA2a from heart and in SERCA2b in aortic smooth
muscle is glutathiolated by exposure to low levels (10-100
µM) of peroxynitrite in the presence of glutathione. Glu-

tathiolation of Cys674, in particular, correlated with a 25-
35% elevation in Ca-ATPase activity (20). These glutathione
adducts are likely formed through a reversible cysteine
oxidation intermediate, e.g., a thiyl radical (RS‚); at higher
peroxynitrite concentrations, glutathiolation of these cysteines
is prevented by the formation of irreversible oxidation
products (sulfonic acid), accompanied by tyrosine nitration
and decreased Ca-ATPase activity. Thus, low levels of
peroxynitrite can act in cellular signaling, in this case, as an
intermediate between endothelium-derived nitric oxide and
activation of smooth muscle relaxation in the aorta, while
higher levels of peroxynitrite produce the oxidative modi-
fications of SERCA characteristic of atheroschlerosis. Simi-
larly, the increased nitration of SERCA2a in aging heart
suggests the presence of sufficient cellular peroxynitrite to
preclude glutathiolation and activation of SERCA2.

Mechanism of Inhibition.Functional inhibition resulting
from nitration of Tyr294 and Tyr295 can be rationalized by
considering the location of these vicinal tyrosines within a
functionally critical region of the Ca-ATPase, available from
the homologous SERCA1 crystal structure (36-38). SER-
CA1 and SERCA2a isoforms are highly homologous with
84% sequence identity and 16 of 18 tyrosine sites in
common. Tyr294 and Tyr295 are located at the lumenal end
of the membrane-spanning helix, M4, which is collinear with
the enzyme phosphorylation site (Asp351) within the cytosolic
phosphorylation (P) domain (Figure 6). The M4 helix
accommodates 3 of the 8 ligands required for high-affinity
calcium binding and thus provides an essential structural
component for the long-range coupling of ATP-linked
enzyme phosphorylation with calcium transport. A compari-
son of high-resolution structures corresponding to major
conformations of the Ca-ATPase provides a snapshot of the
spatial rearrangements that cytoplasmic and membrane
domains undergo during the transport cycle. Both M4 and
the nearby M5 helix are pivotal in coordinating movements
of membrane-spanning helices with respect to one another
(36). The dramatic decrease in the pKa of tyrosine induced
by its nitration (from 10 to 7.2) will likely lead to substantial
deprotonation of Tyr294 and Tyr295 occurring in close ap-
proximation to the carboxylate group of Glu785 (39; Figure
7). Thus, the resulting cluster of densely packed negative
charges may distort helix-helix interactions at the M4-M5
interface and hinder the coordinated movements of mem-
brane helices that are required for optimal rates of active
transport by the Ca-ATPase. Such a proposed mechanism is

FIGURE 5: Mass spectra of doubly nitrated (A and B) and native
(C and D) SERCA2a peptide GAIYYFK297 from senescent (A and
C) and young adult (B and D) heart. Mass spectra in A, indicated
by the arrow, show the peak withm/z 476.3, corresponding to a
doubly charged ion of peptide GAIY(NO2)Y(NO2)FK; this peak is
not detected in the spectra from young heart (B). C and D are mass
spectra showing the position of a peak withm/z 431.2, correspond-
ing to a doubly charged ion of the respective native peptide. Mass
spectra were integrated from respective mass chromatograms (25-
29 min for A and B, and 17-21 min for C and D). Peaks of interest
are indicated by arrows, and their intensities are shown below mass
labels.

Table 3: Summary of Nitrated Tyrosine Sitesa within SERCA2a:
Comparison of Heart with Skeletal Muscle during Aging

young adult senescent

skeletal heart skeletal heart

122 122
130 130

294 294
295 295

497 497
586 586

753 753 753
990 990

a Tyrosines within the SERCA2a sequence that have been identified
from mass spectrometric analyses as nitrated in heart (Table 2) and
skeletal muscle (2) in young adult (5 month) and senescent (26-28
month) Fischer 344 inbred rats.
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consistent with the observed partial decrease in the rate of
ATPase activity induced by nitration (Figure 2). Of note,
Tyr294 and Tyr295 hold unique positions as the only vicinal
tyrosines within the Ca-ATPase polypeptide chain and that
are in close proximity to a negatively charged amino acid
side chain. Thus, although additional nitrations of other
membrane tyrosines that were undetected by this analysis
cannot be ruled out, their consequences on helix-helix
interactions are unlikely to be of such significance.

SelectiVity of Tyrosine Nitration.One of the notable
features of SERCA2a nitration is the limited number of the
18 total tyrosines within the SERCA sequence that are
nitrated bothin ViVo andin Vitro (Table 1). This selectivity,
also observed for other nitrated proteins, is not fully
understood, but several general structural features have been
noted for nitrated tyrosines identified within numerous

proteins. These features include their location within solvent-
accessible loops, at interfaces with lipid bilayers, and the
close proximity to a negatively charged side chain; moreover,
nitration of transmembrane tyrosines is 10-fold more efficient
than in the aqueous phase (34, 40, 41). Thus, the sensitivities
of Tyr294 and Tyr295 to nitration are consistent with their
location both within the membrane and a few angstroms
away from the negative charge of the carboxylate group of
Glu785 as well as the documented ability of peroxynitrite to
penetrate bilayers (42).

High-resolution structures of the Ca-ATPase crystallized
under conditions stabilizing the E1 and E2 conformations
highlight the proximity and the altered relative positions of
Glu785 to Tyr294 and Tyr295 during the transport cycle (Figure
7). This structural arrangement is consistent with a high
probability of nitration of both tyrosines. In support of this
suggestion, in our mass spectrometry analyses, of both
skeletal muscle and heart SERCA2a, only native or doubly
nitrated GAIYYF peptides are detected; we have not detected
the singly nitrated peptide (Table 2 and ref2). Thus, the
position of these vicinal tyrosines within a functionally
critical membrane region of SERCA2a and close to a
negatively charged side chain would seem to ensure both
efficient nitration and a mechanism for decreased rates of
calcium transport.

Multiple Cellular Aspects Determine the Persistence of
Tyrosine Nitration In ViVo. Steady-state levels of nitroty-
rosine-modified proteins in tissue results from a dynamic
balance between multiple aspects of the cellular redox
environment. These include the abundance of nitrating
species, antioxidant status, and the oxidative sensitivities of
protein substrates that determine the initial appearance of
nitrated proteins, coupled with efficiencies of cellular
pathways that remove modified proteins. Defects in any of
these features will result in the accumulation of increased
amounts and new sites of modification, as observed by the
increased SERCA2a nitration at specific sites in aging heart
and skeletal muscle. Thus,in Vitro experiments exposing
isolated proteins to reactive species may better identify the

FIGURE 6: Nitrated tyrosine sites within the 3D structure of the
Ca-ATPase. Ribbon depiction from the crystal structure of the
SERCA1 isoform of the SR Ca-ATPase is shown (PDB code
EUL1), indicating, by green (present in young adult or aging heart)
or red (present only in aging heart) space-filling depiction, the
tyrosines that are nitratedin ViVo. The M4 helix (Ile289-Lys329) is
colored blue; the enzyme phosphorylation site (Asp351) is repre-
sented by space-filling depiction in purple.

FIGURE 7: Proximity of the negative charge of Glu785 to Tyr294 and Tyr295 within SERCA. The lumenal end of membrane-spanning helices
M4 (Ile289-Lys329) and M5 (Asn739-Thr778) is depicted from structures for SERCA1 in the E1-Ca conformation (PDB code 1EUL, left
panel) and the E2-thapsigargin conformation (PDB code 1IWO, right panel). The relative proximity of Glu785 (red) to Tyr294 (aqua) and
Tyr295 (blue) changes during calcium transport.
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sensitivities of pure proteins to oxidation rather than provide
a model of the steady-state oxidation products in the cell
during aging. For example, Tyr122 within the fast twitch
skeletal muscle isoform, SERCA1, has been identified as a
sensitive site fromin Vitro nitration experiments, but Tyr122

has not been detectedin ViVo in skeletal muscle (30).
Similarly, within SERCA2a, a nitrated peptide containing
Tyr122 and Tyr130 has been identified after mildin Vitro
exposure of skeletal muscle SR to peroxynitrite but is absent
in SR isolated from skeletal muscle (2).

From a functional standpoint, efficient cellular removal
of nitrated Tyr122 might be expected as an effective strategy
to maintain optimal muscle contractility, because the revers-
ible formation of a hydrogen bond involving this tyrosine is
essential in the catalytic cycle of the Ca-ATPase (36). The
mechanisms involved in removal of nitrated proteins, whether
by degradation of the entire protein or enzymatic conversion
of the nitrotyrosine to tyrosine, have not been elucidated for
the SR Ca-ATPase. Whereas, the 20S proteasome in complex
with Hsp90 and independent of ubiquitin and ATP has been
demonstrated to degrade oxidized cytosolic proteins; the 10
membrane-spanning sequences of the Ca-ATPase may
require alternative or additional degradation proteins (43, 44).
A putative denitrase activity identified in tissues and cultured
macrophages may represent a more rapid mechanism for
maintaining low levels of nitrated proteins (45, 46). Deter-
mination of cellular defects in aging will require a more
complete understanding of nitration sensitivities of proteins
as well as the identification of defects in cellular mechanisms
relevant to nitrated SERCA2a.

Physiological Role for SERCA2a Nitration.The appear-
ance of increased nitration and partial inactivation of
SERCA2a in several types of muscle under conditions of
chronic oxidative stress suggests that a common functional
response to nitrative stress of the muscle involves prolonga-
tion of the calcium transient with slower contraction and
relaxation times of the muscle (19-21). Such partial inhibi-
tion of Ca-ATPase activity when all Ca-ATPase proteins are
nitrated suggests a regulatory mechanism rather than pathol-
ogy. Thus, downregulation of the Ca-ATPase may permit
cellular survival from oxidative stress through the conserva-
tion of ATP. A decreased need for ATP synthesis will, in
turn, minimize superoxide generation in the mitochondria,
thus preventing further oxidative damage and facilitate
recovery of cellular functions. In particular, in muscle,
SERCA represents an effective target for energy conservation
because active calcium transport is a major use of ATP
required for the restoration of the 10 000-fold calcium ion
gradient across the SR membrane after each contractile event.
At the same time, the functional link between the Ca-ATPase
and contractile rates implies that nitration of SERCA also
diminishes ATP utilization by the myosin ATPase. This
hypothesis is consistent with the many compensatory changes,
both at the molecular and physiological levels, that the aging
heart undergoes to maintain function, with the primary role
of iNOS in muscle tissue nitration and the elevated levels in
aging of iNOS that may produce increased peroxynitrite that
maintains SERCA in a nitrated form (17, 47, 48). Future
studies should explicitly address these models and the
specific effects of SERCA nitration on myocyte function.

In addition to immediate effects of nitration of SERCA
on muscle contractility and energy metabolism, chronic

nitration of SERCA may alter patterns of calcium-dependent
gene transcription, consistent with processes such as muscle
differentiation, skeletal muscle fiber type specification, and
cardiac hypertrophy, that are known to result from altered
properties of the calcium transient linked to transcriptional
activation of genes (49).

Conclusions.The broader distribution of nitrated sites and
their lower levels of modification of SERCA2a in the heart
as compared with skeletal muscle suggest a more robust
cellular environment in the heart for maintaining low levels
of nitration and optimal function of SERCA in the presence
of substantial nitrative stress. Differences between nitration
patterns of the same isoform expressed in two different
striated muscle types are an indication that pathways for
prevention and removal of nitrated proteins also varies.
However, the common appearance, in aging of both skeletal
muscle and heart, of nitrated Tyr294 and Tyr295 that correlates
with partial inhibition of Ca-ATPase activity suggests that
these sites provide a mechanism for the downregulation of
ATP utilization by the Ca-ATPase and other linked ATPases
under conditions of nitrative stress.
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