Biochemistry2005,44, 1307113081 13071

3-Nitrotyrosine Modification of SERCAZ2a in the Aging Heart: A Distinct Signature
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ABSTRACT: In the aging heart, decreased rates of calcium transport mediated by the SERCAZ2a 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 SERCA?2a 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 Ty# Tyr'30 Tyr*®7 Tyr58 and TyP% In the senescent heart, the
stoichiometry of nitration increases by more than two nitrotyrosines per Ca-ATPase, coinciding with the
appearance of nitrated T4f, Tyr?%, and Tyr®3 The abundant recovery of native analogues for each of

the nitrated peptides indicates partial modification of multiple tyrosines within cardiac SERCAZ2a. In
contrast, within skeletal muscle SERCA2a, a homogeneous pattern of nitration appears, with full site
(1 mol/mol) nitration of Tyf%3, in young, with additional nitration of Ty? and Tye?, 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 consequence of nitration-induced inhibition of SERCA2a is
proteins have been observed in over 80 different pathologiesthe prolonged calcium transient and muscle relaxation
in a variety of tissueslj. Normal aging of skeletal muscle observed in senescent skeletal mus8le4j.
is also associated with increased nitration; in particular, The appearance of nitrotyrosine in muscle, is a signature
specific nitration of the SERCAZ2a isoform of the sarcoplas- of nitric oxide-derived oxidation products such as NO
mic reticulum (SR) Ca-ATPase, expressed in slow twitch peroxynitrite (ONOQO), or its CQ adduct 6—7). The
muscle, is observed?). This modification occurs at sto- presence in muscle of peroxynitrite, formed by combination
ichiometric levels, increasing from 1.& 0.5 (in young of nitric oxide (NO) and superoxide (£), is consistent
adults) to 3.5+ 0.7 (in senescent) mol of nitrotyrosine/mol  with the abundant presence of nitric oxide synthase (NOS)
of SERCAZ2a, and correlates with a 40% loss in Ca-ATPase and a high rate of oxidative metabolism producing superoxide
activity. The absence of other amino acid modifications or in contracting muscleg; 9). While cellular localization of
changes in protein abundance with age suggests a causgberoxynitrite generation has not been defined, endothelial
relationship between nitration and loss of functitmuitro and neuronal isoforms of NOS (isoforms 1 and 3) are present
studies also demonstrate that SERCAZ2a is inherently sensi-
tive to tyrosine nitration with concomitant functional deficits ! Abbreviations: amu, atomic mass unit; ATP, adenosingiph-
(2). Because the physiological role of the Ca-ATPase is to osphate; BPI, base peak ion; CAMP, adenosir&-8yclic monophos-
mediate muscle relaxation through the rate-imiing seques-EIELE 557 boute serm SbUTne: poboyeene
tration of cytosolic calcium after each contractile event, the pentaacetic acid; DTT, dithiotreitol; EGTA, ethylene glycol-Bis(

aminoethyl etherN,N,N',N'-tetraacetic acid; ESI, electrospray ioniza-
tion; HPLC, high-performance liquid chromatography; IEF, iso-electric
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at the sarcolemma and the SR, respectively; NOS2, induced Isolation of Cardiac SRCardiac SR was isolated as
during inflammation, is more widely distributed within both  described previously with minor modification24). Fischer
the cardiac and skeletal myocyt&0-15). The primary 344 male rats (Harlan SpraguBawley, Indianapolis, IN)
source of superoxide originates as a byproduct of mitochon-were sacrificed, and the hearts were removed and placed in
drial metabolism16). Increased contractile activity in muscle ice-cold medium consisting of 25 mM imidazole (pH 7.0),
results in increases in both superoxide production and nitric 200uM phenylmethylsulfonyl fluoride (PMSF), and 10 mM
oxide; the latter species is important for enhancing fatigue DTT. Alternatively, hearts were frozen in liquid,Nand
resistance of contractile fibers. stored at—80 °C for later isolation of membranes. All
Nitration of multiple muscle proteins has been observed subsequent procedures were done in the cold. The ventricles,
in vivo both as a result of inflammation and with aging; only trimmed of atria and connective tissue, were minced and
a few of these have been identified, and little is known homogenized (Silverson L4R homogenizer) in small portions
regarding the effects of their nitration on myocyte function of the same buffer using a total of 15 mL of buffer/mg of
(17, 18). In addition to aging, increased nitration of SERCA2a ventricle. After centrifugation at 5@3ax for 10 min, the
has been observed in skeletal muscle undergoing electricaresulting pellet was rehomogenized in the remaining buffer
stimulation, in hypercholesteremic aorta, and in ischemic and centrifuged again at 5G@. for 10 min. Supernatants
human heart; these results suggest that nitration of SERCA2drom both centrifugations were filtered through cheesecloth
represents a marker of unresolved nitrative stress in muscleand centrifuged at 1500Q. for 10 min. The resulting
(19—-21). In view of the high aerobic metabolism of the heart, supernatant was centrifuged at 156Q% for 10 min, and
where approximately one-third of the volume of the cardio- this supernatant was centrifuged at 44@QQ for 30 min.
myocyte is comprised of mitochondria, the potential for The resulting pellet was resuspended with a small volume
peroxynitrite formation and SERCA2a nitration would seem of 25 mM imidazole (pH 7.0), 0.6 M KCI, and 10 mM DTT
greater than that in slow twitch skeletal muscle. followed by centrifugation at 440@R..x for 30 min. The

Therefore, we have examined the nitration status of resulting pellet was resuspended with a small amount of 25
SERCA?2a in the heart as a reflection of its redox environ- MM imidazole (pH 7.0), 100 mM KCI, and 10 mM DTT.
ment, in particular, in view of the very stable protein half- Protein concentrations were estimated by the BCA Assay
life (14 daysin vivo) of the Ca-ATPase2®). In the present  (Pierce, Rockford, IL) using bovine serum albumin as the
study, we document the 3-nitrotyrosine modification of Standard.

SERCAZ2a in the hearts of Fischer 344 rats, with increased Immunoprecipitation (IP)Cardiac SR proteins (1 mg/mL
stoichiometries of modification in the aged heart, which final concentration) were solubilized in a buffer consisting
correlates with a loss of Ca-ATPase activity. In contrast to of 15 mg/mL G2Es, 10 mM NaHPQ, (pH 7.6), 150 mM
the complete modification of selected tyrosines previously NaCl, 10 mM EDTA,, 2ug/mL aprotinin, 2ug/mL leupeptin,
observed for SERCAZ2a in skeletal muscle, the SERCAZ2a 1 ug/mL pepstatin, and 200M PMSF. After centrifugation
resident in the heart exhibits only partial modification at any for 10 min at 10006y to remove nonsolubilized proteins,
given site. This difference suggests a more robust cellular the resulting supernatant was divided into two equal parts
environment for the maintenance of low levels of nitration and incubated overnight at 4 with mixing with either
and functional SERCA2a in the heart as compared with monoclonal anti-nitrotyrosine antibody (at a final concentra-
skeletal muscle involving turnover or repair. As in skeletal tion of 10 ug/mL) or monoclonal anti-SERCA2a antibody
muscle, the age-related appearance of nitrotyrosines atat a final dilution 1:1000). Immune complexes were
positions 294 and 295 correlating with the loss of Ca-ATPase precipitated for 1.5 h at 4C with Protein A Sepharose CL-
activity suggests the functional relevance of these lumenal4B (40 4L of 50% suspension/mL of incubation mixture),

sites. washed 3 times with buffer containing 10 mM Ng#@, (pH
7.6), 150 mM NacCl, 10 mM EDTA, 15 mg/mL F,,
EXPERIMENTAL PROCEDURES centrifuged for 15 s at 15000 and resuspended in SBS

PAGE sample buffer (62.5 mM Tris-HCI, 2% SDS, 5%
was obtained from Affinity Bioreagents, Inc. (Golden, CO); B-mercaptoethanol, 10% glycerol, and 0.001% bromphenol

anti-3-nitrotyrosine monoclonal antibody (clone 1A2-9) was blue).

a generous gift of Dr. Joseph Beckman (Linus Pauling Amino Acid AnalysisAfter separation with SDSPAGE
Institute, Oregon State University); goat anti-mouse IgG (H (25), proteins were blotted to sequence-grade PVDF mem-
+ L)-horseradish peroxidase and -alkaline phosphatasebranes and protein bands of interest were cut out, dried, and
conjugates were obtained from Pierce (Rockford, IL). All stored at—20 °C for amino acid analysis. Samples were
reagents for gel electrophoresis and immunoblotting were subjected to acid hydrolysia 6 N HCl and 1% (w/v) phenol
from Bio-Rad (Richmond, CA). Molecular-weight standards for 20 h at 115°C. Amino acid extraction from the PVDF
including prestained markers were from Gibco BRL (Carls- membrane and derivatization by phenyl-isothiocyanate (PITC)
bad, CA). All other chemicals were analytical-grade or better. was performed as previously described with internal amino
The potassium phosphate buffer, imidazole buffer, and acid standards2g). The calculation of the amino acid
sodium bicarbonate buffer employed in the oxidation experi- composition of the SERCA2a Ca-ATPase was based on an
ments were treated with 5% (w/v) Chelex-100 (Bio-Rad, apparent molecular mass of 108 123 Da, not including the
Hercules, CA) fo 1 h tominimize transition-metal contami-  molecular mass of 13 Trp and 24 Cys, which are lost during
nation. Wild-type and calmodulin (CaM) mutants, T34C and hydrolysis. Nitrotyrosine was quantified on the basis of the
T34C, 110C were expressedHscherichia coliand purified area of the peak associated with an authentic nitrotyrosine
as previously describe@3). standard.

Materials.Monoclonal antibody raised against SERCA2a



SERCA2a Nitration in Aging Heart

Nitration of Cardiac SR Proteins by PeroxynitritBer-
oxynitrite has been synthesized essential@H and nitrite-
free by the reaction of ozone with cooled aqueous sodium
azide as described previousl27j, aliquoted, and kept at
—70 °C and pH 13 until use. The concentration of stock
peroxynitrite was determined by the absorbareg € 1670
M~!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.

Ca?*-Dependent ATPase Adily. Ca&"-dependent ATPase
activity was measured at 2& by colorimetric determination
of inorganic phosphate in the medium of 25 mM MOPS (pH
7.0), 5 mM MgC}, 0.1 M KCI, 5 mM ATP, 6uM ionophore,
A23187, 1124M EGTA, and 0.1 mM CaGl([C&]free = 2
uM) or in the same medium except without added GaCl
and 2 mM EGTA ([C&']ee = 3 nM) as described by
Lanzetta et al. Z8). 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 Cag(total ATPase activity).

SDS-PAGE and Western BlottingSDS-PAGE was
performed using 3 or 4% stackingaa 5 or7.5% separating
gel according to the method of Laemni). Subsequently,
proteins were transferred to a PVDF membraneZd at
100 V on ice using buffer containing 25 mM Tris, 192 mM
glycine, and 20% methanol. For detection of the cardiac Ca-
ATPase (SERCAZ2a), blots were probed with anti-SERCA2
monoclonal antibody, clone 2A7-Al (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 DithioniteAs a means
to confirm the nitrotyrosine modification of protein bands,
protein blots were incubated witl 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 Thioldgzor 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 (100L total volume) with an
addition of 250uL of 50% gel slurry of immobilized TCEP
(Pierce, Rockford, IL). CaM was separated from the slurry
by low-speed centrifugation (§pfor 1 min, estimating the
CaM concentration in the supernatant using the extinction
coefficient €277 = 3029 M cm™). 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 heatin@9). For ThioGlo labeling
of SERCAZ2a, 0.040.1 mg of cardiac SR protein/mL was
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subjected to reduction with TCEP prior to labeling with 30

uM ThioGlo-1 under the same conditions as for CaM. The

fluorescence of ThioGlo-1 adducts associated with protein
bands on SDSPAGE gels was detected with a Lumi-
ImagerF1 (Mannheim Boehringer) equipped with a scanning
ultraviolet (UV)-light source (256450 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 24+ 1 mol of free thiols/
mol of SERCAZ2a 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 previoushBQ).

HPLC for ESE-MS. Prior to analysis, all samples were
acidified with 4% acetic acid. An Ultra Plus Il Micro LC
System (Micro Tech Scientific, Sunnyvale, CA) was used
for peptide separation. Capillary HPLC was performed on a
Zorbax C18SB 300 A (5 cnx 0.32 mm i.d.) column with
a flow rate of 10uL/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 Mt 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 Csl cluster ions
acquired under the same conditions.

Analysis of MS Chromatogranm&n 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 £C
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 af1.5 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 25 min at 5 s cycles.

RESULTS

Functional Status of SERCA2a in Aging He&@riminished
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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B Young Old Ficure 2: IP selects different fractions of nitrated SERCA2a from
cardiac SR. Cardiac SR proteins isolated from young adult Fischer
123456 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% SP3GE,

120 = N - blotted onto PVDF membranes, and visualized with Amido
s EREE = +—SERCA Schwartz (AmS) protein stain, anti-SERCA2 antibody (S), or anti-
441 1 b nitrotyrosine (NT) antibody. Previous to IP (indicated as none),

n —— cardiac SR proteins were separated on SBAGE and immuno-
50 !!!!!? blotted with anti-SERCA2 antibody to indicate the mobility of

ceaEe SERCAZ2a bands. IP, gels, and blots were performed as described
30— |== . b in the Experimental Procedures. Brackets indicate regions on blots
EEsEEs that were excised for amino acid analysis (see Table 1).

Ficure 1: Age-related decreases in SERCA2a protein and Ca- SERCA2a protgin abundanqe in senescent hearts; this
ATPase activity in cardiac SR. Relative levels of SERCA2a protein decreased protein abundance is exceeded by the almost 3-fold
abundance and enzyme activities assessed from measurements a@freater loss of catalytic activity (68 9%). Thus, factors in

initiallrates thca|0ium-depl‘32desnéRAC% hydf?'YSiSbedeard'e' addition to the rather modest decrease in protein expression
samples are shown in panel A. a protein abundance was - - - !
estimated from Coomassie Blue-staining of the 110-kDa SERCA2a are required to explain the functional losses of the Ca-ATPase

protein band (indicated in B), identified by its immunoreaction with during aging in the heart.

anti-SERCA2a antibody on Western blots. Bars represent mean |n Viyo Nitration of SERCAZ2a in the Hearfhe cardiac
values obtained from three separate SR membrane preparations each ;

for young adult (5 month) and senescent (26 month) Fischer 344(?(’;1 /_\tTo/Panetr:SOtfotrT’SgERCE[A.Za’ bnoméa”y re?rdesen.tts uptto
rats; each preparation required pooling ef2individual animals, ' WLo orthe tota ) proteins based on ge ens! ometry
thus utilizing a total of 16 individual (7 young and 9 old) animals. (Figure 1B). To enrich for SERCA2a for analysis, SR
* or ** indicates significant differences in values from senescent proteins were subjected to IP with the primary antibody
hearts relative to those from young heartspof 0.025 orp < directed against SERCA2. While this antibody does not

0.005, respectively. Panel B shows Coomassie Blue-stained-SDS s riminate between the alternate splice variants of SER-
PAGE gels of cardiac SR proteins; lanes3lLeach represent an

individual SR preparation isolated from young adult (5 month) rat CA2, expression of SERCAZ2b in the heart is an order of
hearts; lanes46 each represent individual SR preparations isolated Mmagnitude less than that of SERCAZS), which typically
from old (26 month) rat hearts. A-412% gradient gel was used migrates on SDSPAGE as a series of protein bands with
with MOPS Running buffer (Invitrogen, Carlsbad, CA). apparent molecular mass of 9510 kDa (lane 1 in Figure
2). IP of solubilized SR proteins with a primary antibody
quantitatively compared SERCA2a protein abundance with specific for SERCA2 isolates a doublet visualized with
calcium-dependent ATP hydrolytic rates in SR membranes Amido Schwartz protein stain that migrates with an apparent
isolated from the ventricles of 5 month (young adult) and molecular mass of approximately 90 kDa. An alternate IP
26 month (senescent) Fischer 344 rats to assess the exterdf SR, with anti-nitrotyrosine antibody, pulls down a 100-
of inhibition of function that is attributable to decreases in kDa protein band. Thus, the major protein bands immuno-
the Ca-ATPase protein (Figure 1). Measurements were madeprecipitated by nitrotyrosine and SERCA2 antibody, respec-
from parallel samples of three different SR preparations eachtively, exhibit the same electrophoretic mobility as higher
from young adult and senescent animals; each preparatiorand lower molecular-weight SERCA2a from SR, further
resulted from 2 to 3 hearts. Thus, activity and abundance suggesting that antibodies select SERCA fractions with
measurements represent data from a total of 16 individualsdifferent nitration levels, which, in turn, alter the electro-
(7 young and 9 senescent). Ca-ATPase protein levels,phoretic mobility of SERCA. Somewhat surprisingly, im-
estimated from densitometry of the Coomassie Blue-stainedmunoblots show strong intensities related to immunoreaction
110-kDa protein indicate an 1& 1% decrease in the for both IP products with both anti-SERCA2 and anti-
abundance of SERCAZ2a protein during aging. Correspondingnitrotyrosine antibodies, suggesting that both fractions of
densities from Western blots using anti-SERCAZ2 antibodies SERCA2a are nitrated. The greater sensitivity of immuno-
indicate a similar (15t 5%) age-related decrease (data not blots relative to the Amido Schwartz protein stain provides
shown). Thus, these complementary methods provide esti-visualization of additional protein bands corresponding to
mates of (i) immunoreactive SERCA2, which may exclude intact SERCA2a species as well as low molecular-weight
modified forms of SERCA2 and (ii) protein-stained 110- fragments of SERCA2a. Confirmation that these IP fractions
kDa SERCA2, which may include other comigrating pro- are nitrated was obtained by amino acid analysis (see below)
teins. Both methods demonstrate similar decreases inand in separate experiments in which blotted proteins were
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Table 1: Stoichiometry of Nitrotyrosine Modification of SERCA2a 1001 1100

Fractions from IP of Cardiac SR = >

€ 3o+ 180 2

young old = A z

sample NY/S2  relativeyield  NY/S2  relative yield % 60- 160 ;

anti-NY IP 1.7 (£0.3) 0.48 3.840.3) 0.50 < lao 2

anti-S2 P 0.240.1) 0.52 2.440.3) 0.50 40 2
averages 1.040.5) 3.1&0.4) 0.0 05 1.0

a SR proteins from young 46 month) adult and senescent {257 [ONOO’] (mM)

month) Fischer 344 rat hearts were solubilized and immunoprecipitated FiGURe 3: Nitration of SERCAZ2ain uitro results in partial

as described in the Experimental Procedures with either anti-nitroty- ; i ati _ ;

rosine (anti-NY) or anti-SERCA2 (anti-S2) antibodies attached to g]éilflilvr?gggsogfh?:i(s:(?h'gi'rzszeiais vmvgigbg(ril)%ssésdoligegpfr(t)cr)n i/ Onliii/?
Protein A-Sepharose beads. After separation of the resulting immuno- peroxynitrite (ONOO) by bolus addition to 5 mg of SR protein/
precipitated proteins on SDSAGE and blotting onto sequence-grade | in 25 mM imidazole (pH 7.4) and 25 mM sodium bicarbonate
PVDF membranes, major protein bands migrating with an apparent ¢4|15ed by immediate dilution into Ca-ATPase assay medium or
molecular mass of 95110 kDa (as indicated in Figure 2) were excised i glectrophoresis denaturing buffer. The relative extent of
for amino acid analysis as described previousB)(Quantification of piyration @) was assessed from densities associated with the
nitrotyrosine was based on a peak coeluting with an authentic gepcA24 by anti-nitrotyrosine immunoblots. Relative Ca-ATPase
nitrotyrosine standard. Yields of total protein from each IP ranged from activity (O) was measured at € as described in the Experimental
10 to 20%. The weighted average (average) of the extent of nitration Procedures; 100% activity corresponds to 08.01)xmol mg .

of SERCA2 recovered from young or old cardiac SR was determined in-1 pata represent the average of two different determinations:

on the bas_.is of the relative yields (relative yield) of each IP fraction experimental variability was less than 10% in each case.
from densitometry of gel bands.

immunoblot densities associated with the 110-kDa SERCAZ2a.
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 SERCAZ2a in skeletal muscle SR (45% inhibition
These nitrated SERCAZ2a fractions that are selectively ;¢ 21most 4 mol of nitrotyrosine/mol of SERCAZ2),

isola_ted by each antibody represent quantitatively distinct Because peroxynitrite also undergoes rapid rates of reac-
fractions; for example, the complete recovery of one IP o, yith cysteines, the oxidative sensitivity of cysteines
product results in an immunosupernatant from wh|ch the ithin SERCA2a was monitored by the loss of free thiol
alternate IP product can be fully recovered. It might be o6 ns after exposure to peroxynitrite. Free thiols within
hypoth_esmed that the d'St'n(‘ft populatic.)ns .Of SERCA2a differ sepca2a were assayed by the reaction with ThioGlo-1, a
n thew_levgl of nitrotyrosine modlflcauon and can pe maleimide reagent (naphthol-[23lpyran-2-carboxylic acid,
differentially isolated under the mllci detgrgent concentrations 10-(2,5-dihydro-2,5-dioxd4-pyrrol-1-yl)-9-methoxy-3-
used for IP. In contrast, both antibodies have comparable o, methyi ester), which produces a highly fluorescent thiol
affinities for all SERCA2a species under the denaturing aqqyct (Figure 4). The sensitivity of this reagent is illustrated
conditions of Western immunoblots. from its labeling of wild-type calmodulin, having no cys-
Amino acid analysis was performed on the-A10-kDa  teines and no detectable background signal and two mutant
protein bands excised from each IP fraction to assess theCa|modu|inS ha\/ing one or two Cysteines that show propor-
Stoichiometry of nitration based on quantification of a tional increases in fluorescence on reducing SPAGE
chromatographic peak coeluting with authentic nitrotyrosine (jower panel of Figure 4A).
(Table 1) The amino acid content also confirmed the identity Exposure of SR membranes from young adult hearts to
of the 110-kDa bands as SERCAZ2a. The anti-nitrotyrosine- increasing concentrations of peroxynitrite results in a sig-
derived SERCAZa, which migrates on SBBAGE with a nificant loss of ThioGlo-reactive thiols as indicated by the
higher apparent molecular mass, is more highly nitrated thanprogressive decreases in fluorescence associated with the
the anti-SERCAZ2a IP protein band, suggesting that the basis] 10-kDa SERCA2a band on SB®AGE (center panel of
for the altered electrophoretic mobility of each IP product Figure 4A). This peroxynitrite-induced loss of ThioGlo-
is differences in post-translational modification. IPs of SR reactive free thiols is consistent with irreversible cysteine
isolated from senescent rat hearts result in similar protein oxidation, such as sulfinic or sulfonic acid adducts. On the
banding patterns but with increased extents of nitration for other hand, cardiac SR isolated from young and old rats
each fraCtion, indicating that there is a greater nitration of shows no Significant differences in ThioGlo |abe|ing (upper
SERCAZa during aging. The relative yields of SERCA2a panel of part A and B of Figure 4). Under the denaturing
IP fractions from young and old hearts are approximately conditions of ThioGlo labeling, approximately 2 1 (of
equivalent, suggesting up to a 3-fold increase in nitration of 24 total) cysteines within SERCA2a are modified. Therefore,
SERCAZa in the aging heart from 1400.2 inyoungto 3.1  on the basis of sensitivity of detectable differences in
+ 0.3 mol of nitrotyrosine/mol of SERCAZ2a. ThioGlo fluorescence of 10%, up to 2 cysteines might be
Functional Consequences of Nitratiofo test if nitration irreversibly modified without detection in this assay. Indeed,
of SERCAZ2a results in the loss of activity consistent with a low level (1.5 mol/mol) of cysteine oxidation associated
the extent of nitration and inactivation in aging, cardiac SR with aging was measured in rat skeletal SR containing a
(from young animals) was exposed to varying amounts of mixture of both SERCAla and SERCAZ2a; however, the
peroxynitrite. Progressive increases in nitrotyrosine modifica- appearance of this oxidation appears chronologically prior
tion are observed from the appearance of anti-nitrotyrosineto any loss in Ca-ATPase activit).

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).
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A chromatographic peaks enriched in the 110-kDa Ca-ATPase
as assessed by SB®AGE and avoids alternative methods
Y O involving isoelectric focusing, which often provide poor
resolution of membrane proteins. SERCA2a was excised and
‘- - --| subjected to in-gel digestion; the resulting tryptic peptides
[PN]: 0 50100 250 were further subjected to reduction and carboxymethylation
before their separation by microbore HPLC, in line with a
‘EI Q-Tof 2 electrospray mass spectrometer. From the resulting
mass spectra, searches were performed for peaks correspond-
Cys/CaM: 01 2 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 ager34). Indeed, as
1 the results show, inclusion of methionine sulfoxide in these
i searches provides optimal detection of nitrotyrosines because
. ] multiple peptides having nitrated tyrosines also contain
0.4 ] methionine sulfoxides (Table 2). However, no age-associated
e increases in methionine-sulfoxide-modified peptides were
0.2 detected.
0.0~ . : From these data, peptides having 10 of the 18 tyrosines
Yng  Old Yng+PN within the SERCAZ2a sequence were identified with sequence
FIGURE 4: Extent of loss of free thiols within SERCA2a from  coverage, consistent with the overall coverage (66%) of
peroxynitrite in vitro is not recapitulatedn vivo with aging. protein sequence previously documented for the homologous
Changes in cysteine oxidation status within SERCA2a were gERCA1 isoform. Tyrosine-containing peptides that were
monitored by the loss of thiol reactivity to the fluorescent maleimide .
reagent, ThioGlo-1 (as described in the Experimental Procedures).nOt detected r_epresent v_ery long and membrane-_spannlng
A shows the 110-kDa SERCAZ2a protein on SEFAGE after sequences, which are resistant to mass spectrometric anaIySIS
ThioGlo labeling of the following samples: (upper panel) cardiac (30). Of the identified peptides, eight have altered elution
SR from young adult (Y) and old (O) Fischer 344 rats and (center times with additional masses indicative of nitrotyrosine

panel) cardiac SR from young adult rats after exposure to 0, 50, e ot e

100, or 25QuM peroxynitrite (PN). A (lower panel) shows ThioGlo- mOd!gcatlo?l (.45 amum'trat:on)' Fpr e?ch of tg.? n;Odlfledd
labeled calmodulin species having 0, 1, or 2 cysteines. These PEPUdES, their native analogue Is also readily detected,
calmodulins correspond to the wild type or mutants, Thr110Cys or indicating that not all Ca-ATPase proteins are modified at a

Thr 34, 110 Cys, respectively. The bar graph in B represents the particular tyrosine site. As an example, mass spectra are
relative densities of ThioGlo associated with SERCA2a protein from shown for the nitrated and native peptides GAIYY42Kin

young (Yng), old (Old), and young samples exposed to 280 . ;
PN (Yng+PN), as an average of three separate determinations forYOUNg and old samples; the mass 476.3, which corresponds

each sample. Error bars represent standard errors. The value of 1.60 the nitrated peptide, appears in the old sample but is
represents 24 1 mol of ThioGlo/mol of SERCA2a. Double  notably absent in samples from young heart (Figure 5). In
asterisks (**) indicate a significant differencept< 0.05, relative young adult hearts, the 1.0 mol of nitrotyrosine/mol of
to the young sample, as determined by Studetgst. SERCA?2a is distributed over at least five tyrosines identified
We further suggest that any cysteine oxidation of SERCA2a as Tyf?2 Tyr'30, Tyr4%7 Tyr%8 and TyP%. In senescent
in aging heart has minor functional effects compared with hearts, the same nitrated sites are present with the addition
tyrosine nitration, as evidenced by the strong correlation of 2 mol of nitrotyrosine/SERCA2a accompanied by the
between Ca-ATPase inhibition and SERCA2a tyrosine nitra- appearance of 3 nitrated sites, i.e., 2P§rTyr?® and Tyr%s,
tion both undeiin vivo (aging) andin vitro (peroxynitrite While mass spectrometry cannot provide a quantitative
exposure) conditions. In contrast, the extent of cysteine description of the relative stoichiometry of each nitrated site,
oxidation underin vitro or in vivo conditions is highly a comparison of the number of sites/mol of total nitrotyrosine
variable, and thus, the correlation with Ca-ATPase activity would suggest that in young heart SERCAZ2a has a low extent
is poor. Additional insight may be provided by the consid- of nitration at any one site, but more complete nitration of
eration of the specific cysteine oxidation by peroxynitrite of new sites results from aging.
the homologous isoform, SERCAL, which does not undergo  For these age-associated nitrated sites, the corresponding
tyrosine nitration; peroxynitrite exposure results in 1.3 mol nitrated peptides (AIY(NNNMK and GAIY(NO,)Y-
of cysteine oxidation/mol of SERCA1 with only a 17% (NO.)FK were synthesized for electrospray MS analysis,
decrease in Ca-ATPase activity, attributable to oxidation of which resulted in identical masses as those detected from
Cys** (50, 51). biological samples. Moreover, these same modified peptide
Sites of Nitrotyrosine Modification with Agingites of masses were identified by MS analysis of the SERCA2
tyrosine nitration within cardiac SERCA2a were determined peptide obtained from SR of young heart after PN treatment.
following purification as previously describedQ). Purifica- From the incomplete recovery of all tyrosine-containing
tion involved an initial separation of SR proteins utilizing a peptides, it cannot be ruled out that additional nitration may
reversed phase (C4) liquid chromatography as the first step,occur to these sites that explains the functional effects of
monitoring nitrated protein by the characteristic absorbance aged heart. However, the localization of #frand Ty
at 360 nm of nitrotyrosine at low pH and protein absorbance and the potential functional consequences of their nitration
at 280 nm. This step provides good resolution of several are unique and will be discussed.
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Table 2: Tyrosine-Containing Peptides in Rat SERCA2a Detected by HEST-MS?

cardiac SERCA2a

Tyr peptide ion mass ion LC—MS ion mass
numbep sequence modificationg computed chargé time (miny detected
122 EYEPEMGK 491.71 MHZ" 7-9 491.72
122 E_YEPE_I\/IGK M(O) 499.71 MHZ" 7-9 499.73
122 EYEPEMGK Y(NOy), M(O) 522.20 MH2*+ 7—-10 522.25
122 NAENAIEALKEXEPEMGK M(O) 684.66 MH23* 64—68 684.68
122 NAENAIEALKEYEPEMGK Y(NOy) 694.32 MH3+ 50-52 694.32
122 NAENAIEALKEYEPEMGK Y(NO,), M(O) 699.65 MHS3* 22-27 699.68
122,130 EYEPEMGKVYR Y(NOy), M(O) 487.88 MHS3* 29-31 487.88
122, 130 EYEPEMGKVYR Y(NOy), M(O) 731.32 MH2* 29-31 731.40
122,130 EYEPEMGKVYR M(O) 708.83 MHp2+ 42—-46 708.75
130 VE(RQETRK - Y(NOy) 505.26 MH2+ 24—-26 505.29
294, 295 GAIYYFK 431.23 MH2+ 17-20 431.25
294, 295 GAV_YFK* 2Y(NO,) 476.21 MH2+ 25—-29 476.26
434 GVYEK 595.31 MH" 10-14 595.33
497 SMSVYCTPNKPSR C(CM™m) 509.90 MH3* 8—-10 509.92
497 SMSVYCTPNKPSR C(CM) 764.35 MHZ* 8—-10 764.37
497 SMSVYCTPNKPSRTSMSK Y(NO,), 2M(0) 694.31 MHS3* 50-52 694.32
497 SMSVYCTPNKPSR M(O) 743.35 MH2+ 12-15 743.47
497 KSMSVYCTPNKPSR Y(NO,), C(CM), M(O) 572.93 MHS* 30-33 572.97
497 KSMSVYCTPNKPSR Y(NO,), M(O) 829.89 MH2* 14-17 829.94
586 YETNLTFVGCVGMLDPPR 671.33 MH3+ 49-52 671.33
586 _YETNLTFVGCVGMLDPPR Y(NOy) 686.32 MH2* 57-62 686.36
753 AIYNNMK 853.42 MH" 7-9 853.45
753 AlYNNMK* Y(NO,) 449.71 MH2+ 13-14 449.73
753 AIYNNMKQFIR* Y(NOy), M(O) 486.91 MHS3* 7-9 486.91
867 VSFYQLSHFLQCK c(CM) 829.41 MH2*+ 54-57 829.47
990 NYLEPGK Y(NOy) 433.21 MH2+ 12-13 433.25
990 N_YLEPGK 410.71 MHZ" 27-32 410.8
990 ISLPVILMDETLKFVARNYLEPGK Y(NOy), M(O) 702.63 MH* 39-41 702.62

@ Rat cardiac SERCA2a was purified as described in the Experimental Procedures prior BESLEOMS 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 carboxymethylatéhdmu),
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 '9R&presents number of Tyr site in the SERCA2a sequence (ExPREIS07 (SERCA2a
isoform). ¢ Sequence of identified tyrosine-containing peptide; an asterisk indicates that this peptide was observed only inddltbditsd
amino acids: Y(NG), nitrotyrosine; M(O), methionine sulfoxide; and C(CM), carboxy-methylated cysteine (modification required for MS sample
preparation)® The tryptic peptide mass simulated by MS-Digest (ProteinProspector program, http:/prospector.ucsCaduge of identified or
computed ion? Experimentally determined LC peptide retention time (in minuteExperimentally determined ion mass of peptide.

Of note, the vicinal tyrosines, T5#*and Ty?%, have also  tyrosines have been identified; the abundant detection of
been previously identified in their nitrated form in senescent unmodified peptide analogous to each nitrated peptide
skeletal muscle2). Moreover, for both heart and skeletal indicates partial nitration of each site. From senescent hearts,
muscle, the peptide (GAIYYFK) containing these vicinal an additional 2 mol of nitrotyrosines/mol of SERCAZ2a is
tyrosines is recovered either in its native form or as a doubly identified; additional peptides nitrated at T$#and on the
nitrated peptide; we have not detected the singly nitrated vicinal tyrosines, i.e., TyP* and TyF%, are present, sug-
peptide, suggesting that nitration of these vicinal tyrosines gesting close to stoichiometric modification. Modification
is highly cooperative. Thus, both mass spectrometry of of these latter sites during aging coincides with the decreased
peptides, nitrotyrosine antibodies, and cysteine reactive catalytic activity of SERCA2aln vitro experiments dem-
modification with ThioGlo indicate that nitrotyrosine modi- onstrate a similar functional sensitivity of SERCA2a to
fication of SERCA2a increases with age in the heart and peroxynitrite, which results in both tyrosine nitration and loss
correlates with decreased Ca-ATPase activity. 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

DISCUSSION

Summary of Result&/e have demonstrated age-related
increases in 3-nitrotyrosine modification of SERCA2a in the - o
heart by multiple experimental methods, which include Pathological conditions of athleroschleros2f) However,
immunoblotting, visible spectroscopy, amino acid analysis, dUring aging in the heart, increased tyrosine nitration is
and mass spectrometry (Figures 3 and 5 and Tables 1 and)bserve_d, without detectable increases in cysteine oxidation,
2). Stoichiometries of nitration determined from immuno- Suggesting that age-dependent decreases in Ca-ATPase
precipitated fractions of nitrated SERCA2a show an increase function are the result of the nitration of T, Tyr*, and
from 1.0 @&0.5) to 3.1 £0.4) mol of nitrotyrosine/mol of Tyrs,

SERCAZ2a, indicating that the SR Ca-ATPase is a major Functional Releance of Nitration at Ty#®* and Ty,
target of nitrative stress. In young adult hearts, five nitrated We have previously identified a different pattern of nitration
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Table 3: Summary of Nitrated Tyrosine Skegithin SERCA2a:
Comparison of Heart with Skeletal Muscle during Aging

5 young adult senescent

470.2

471.9 heart

122
130
294
295
497
586
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 muscled) in young adult (5 month) and senescent (28
miz month) Fischer 344 inbred rats.

heart skeletal

122
130

4768 skeletal

4773

% 473.8

475.3

294
295

497

B 1004 479.2
586

471.8

467.8 469.8 753 753

4738 4754 47638

-]

468 470 472 474 476 478 480

tathiolation of Cy&* in particular, correlated with a 25
l 35% elevation in Ca-ATPase activit?Q). These glutathione
adducts are likely formed through a reversible cysteine
oxidation intermediate, e.g., a thiyl radical (RSt higher
peroxynitrite concentrations, glutathiolation of these cysteines
617 is prevented by the formation of irreversible oxidation

products (sulfonic acid), accompanied by tyrosine nitration
>3 322 43530 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-
617 158 fications o_f SERCA ch_ara(_:teristic of atherosc_;hlero_sis. Simi-
= % larly, the increased nitration of SERCA2a in aging heart

803 M2 a2 s suggests the presence of sufficient cellular peroxynitrite to
MAMMM preclude glutathiolation and activation of SERCA2.

0" 426 428 430 432 434 436 438  ™°Z Mechanism of InhibitionFunctional inhibition resulting
FIGURE 5 Mass spectra of doubly nitrated (A and B) and native from nitration of TyF® and Tyf®° can be rationalized by
(C and D) SERCA2a peptide GAIYYFR from senescent (A and  considering the location of these vicinal tyrosines within a
C) and young adult (B and D) heart. Mass spectra in A, indicated fynctionally critical region of the Ca-ATPase, available from

by the arrow, show the peak with/z 476.3, corresponding to a _
doubly charged ion of peptide GAIY (NY (NO,)FK; this peak is the homologous SERCAL crystal structuB5{38). SER

not detected in the spectra from young heart (B). C and D are massCAL and SERCA2a isoforms are highly homologous with
spectra showing the position of a peak witfe 431.2, correspond- ~ 84% sequence identity and 16 of 18 tyrosine sites in
ing to a doubly charged ion of the respective native peptide. Mass common. Ty?#%* and Ty?®® are located at the lumenal end
;gerﬁti:]af(‘;"rege;r?éegﬁgﬁg 1:_‘(’211 rr?]?r??grti(\éeaw(?sbs) ng‘;:“gﬂﬁgg 3(55 of the membrane-spanning helix, M4, which is collinear with
are indicated by ar’rows, and their intensities are shown below massthe enzyme p.hosphorylatlon.sne (A‘?@thln the cytosolic .
labels. phosphorylation (P) domain (Figure 6). The M4 helix
accommodates 3 of the 8 ligands required for high-affinity
for SERCAZ2a in slow twitch skeletal muscle; i.e., a limited calcium binding and thus provides an essential structural
number of sites are fully nitrated. Specifically, T8#is component for the long-range coupling of ATP-linked
nitrated in young adult skeletal muscle; 2 additional mol of enzyme phosphorylation with calcium transport. A compari-
nitrotyrosine at Ty#**and Tyr% appear in senescent skeletal son of high-resolution structures corresponding to major
muscle (Table 3). The common appearance of nitration at conformations of the Ca-ATPase provides a snapshot of the
Tyr?®**and Tyr%in both senescent heart and skeletal muscle, spatial rearrangements that cytoplasmic and membrane
correlated with the loss in function, suggests that these vicinaldomains undergo during the transport cycle. Both M4 and
tyrosines play a critical role in the age-related decrease inthe nearby M5 helix are pivotal in coordinating movements
rates of active calcium transport across the SR. Nitration of of membrane-spanning helices with respect to one another
Tyr’*3may have less functional consequences, as suggeste@36). The dramatic decrease in th&gof tyrosine induced
by the observation that mutation of this site does not alter by its nitration (from 10 to 7.2) will likely lead to substantial
Ca-ATPase activity35). deprotonation of Ty¥* and Tyr% occurring in close ap-
Additional functional effects on SERCA2 may include proximation to the carboxylate group of G#i(39; Figure
peroxynitrite-induced modifications of cysteines. A recent 7). Thus, the resulting cluster of densely packed negative
study demonstrated that up to 3 mol of cysteines in charges may distort helixhelix interactions at the M4M5
SERCA2a from heart and in SERCA2b in aortic smooth interface and hinder the coordinated movements of mem-
muscle is glutathiolated by exposure to low levels{100 brane helices that are required for optimal rates of active
uM) of peroxynitrite in the presence of glutathione. Glu- transport by the Ca-ATPase. Such a proposed mechanism is

431.2

c 100, “

4288

%_

100, 39
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Ficure 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 nitratéd vivo. The M4 helix (11€89—Lys%?9) is
colored blue; the enzyme phosphorylation site (&3pis repre-
sented by space-filling depiction in purple.

Biochemistry, Vol. 44, No. 39, 2009.3079

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 phas¥(40, 41). Thus, the sensitivities

of Tyr?®* and Tyr®® 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
Glu® as well as the documented ability of peroxynitrite to
penetrate bilayers4Q).

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
Glu®5to Tyr?**and Tyr°> 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 SERCAZ2a, only native or doubly
nitrated GAIYYF peptides are detected; we have not detected
the singly nitrated peptide (Table 2 and @f 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

consistent with the observed partial decrease in the rate ofefficient nitration and a mechanism for decreased rates of

ATPase activity induced by nitration (Figure 2). Of note,
Tyr?®* and TyF% hold unique positions as the only vicinal

calcium transport.
Multiple Cellular Aspects Determine the Persistence of

tyrosines within the Ca-ATPase polypeptide chain and that Tyrosine Nitration In Vio. Steady-state levels of nitroty-

are in close proximity to a negatively charged amino acid rosine-modified proteins in tissue results from a dynamic
side chain. Thus, although additional nitrations of other palance between multiple aspects of the cellular redox
membrane tyrosines that were undetected by this analysisenvironment. These include the abundance of nitrating

cannot be ruled out, their consequences on hdiadix
interactions are unlikely to be of such significance.

Selectiity of Tyrosine Nitration.One of the notable

species, antioxidant status, and the oxidative sensitivities of
protein substrates that determine the initial appearance of
nitrated proteins, coupled with efficiencies of cellular

features of SERCAZ2a nitration is the limited number of the pathways that remove modified proteins. Defects in any of
18 total tyrosines within the SERCA sequence that are these features will result in the accumulation of increased
nitrated bothin vivo andin vitro (Table 1). This selectivity, =~ amounts and new sites of modification, as observed by the
also observed for other nitrated proteins, is not fully increased SERCAZ2a nitration at specific sites in aging heart
understood, but several general structural features have beeand skeletal muscle. Thug) vitro experiments exposing

noted for nitrated tyrosines identified within numerous isolated proteins to reactive species may better identify the

,_WT, f

Ficure 7: Proximity of the negative charge of Gfato Tyr?®*and TyP% within SERCA. The lumenal end of membrane-spanning helices
M4 (11e289—Lys®29 and M5 (Asri®*—Thr’7) is depicted from structures for SERCA1 in the-Ela conformation (PDB code 1EUL, left
panel) and the E2thapsigargin conformation (PDB code 1IWO, right panel). The relative proximity of®&(ted) to Ty?% (aqua) and
Tyr?% (blue) changes during calcium transport.
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sensitivities of pure proteins to oxidation rather than provide nitration of SERCA may alter patterns of calcium-dependent
a model of the steady-state oxidation products in the cell gene transcription, consistent with processes such as muscle
during aging. For example, T4 within the fast twitch differentiation, skeletal muscle fiber type specification, and
skeletal muscle isoform, SERCAL, has been identified as acardiac hypertrophy, that are known to result from altered

sensitive site fronin zitro nitration experiments, but T4 properties of the calcium transient linked to transcriptional
has not been detecteid vivo in skeletal muscle 30). activation of genes40).

Similarly, within SERCAZ2a, a nitrated peptide containing  ConclusionsThe broader distribution of nitrated sites and
Tyr'22 and Tyt has been identified after miléh vitro their lower levels of modification of SERCA2a in the heart
exposure of skeletal muscle SR to peroxynitrite but is absentas compared with skeletal muscle suggest a more robust
in SR isolated from skeletal musclg)( cellular environment in the heart for maintaining low levels

From a functional standpoint, efficient cellular removal of nitration and optimal function of SERCA in the presence
of nitrated Ty#?? might be expected as an effective strategy of substantial nitrative stress. Differences between nitration
to maintain optimal muscle contractility, because the revers- patterns of the same isoform expressed in two different
ible formation of a hydrogen bond involving this tyrosine is striated muscle types are an indication that pathways for
essential in the catalytic cycle of the Ca-ATPa36)( The prevention and removal of nitrated proteins also varies.
mechanisms involved in removal of nitrated proteins, whether However, the common appearance, in aging of both skeletal
by degradation of the entire protein or enzymatic conversion muscle and heart, of nitrated Ftand Tyethat correlates
of the nitrotyrosine to tyrosine, have not been elucidated for with partial inhibition of Ca-ATPase activity suggests that
the SR Ca-ATPase. Whereas, the 20S proteasome in complexhese sites provide a mechanism for the downregulation of
with Hsp90 and independent of ubiquitin and ATP has been ATP utilization by the Ca-ATPase and other linked ATPases
demonstrated to degrade oxidized cytosolic proteins; the 10under conditions of nitrative stress.
membrane-spanning sequences of the Ca-ATPase may
require alternative or additional degradation prote#8; 44). ACKNOWLEDGMENT
ﬁqgé’:ggﬁiggg'%a:; ?:Ft)':gtsye'gf gtl]ﬁr:]agrgw ::s;jjefnaerc]:%;#ilts%e?or We thank Curt Boschek for the gift of purified wild-type
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maintaining low levels of nitrated proteing5, 46). Deter- . .
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