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ABSTRACT. Increased abundance of nitrotyrosine modifications of proteins have been documented in multiple
pathologies in a variety of tissue types and play a role in the redox regulation of normal metabolism. To
identify proteins sensitive to nitrating conditions in vivo, a comprehensive proteomic data set identifying
7792 proteins from a whole mouse brain, generated by LEMS/MS analyses, was used to identify
nitrated proteins. This analysis resulted in the identification of 31 unique nitrotyrosine sites within 29
different proteins. More than half of the nitrated proteins that have been identified are involved in
Parkinson’s disease, Alzheimer’s disease, or other neurodegenerative disorders. Similarly, nitrotyrosine
immunoblots of whole brain homogenates show that treatment of mice with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), an experimental model of Parkinson’s disease, induces an increased level of
nitration of the same protein bands observed to be nitrated in brains of untreated animals. Comparing
sequences and available high-resolution structures around nitrated tyrosines with those of unmodified
sites indicates a preference of nitration in vivo for surface accessible tyrosines in loops, a characteristic
consistent with peroxynitrite-induced tyrosine modification. In addition, most sequences contain cysteines
or methionines proximal to nitrotyrosines, contrary to suggestions that these amino acid side chains prevent
tyrosine nitration. More striking is the presence of a positively charged moiety near the sites of nitration,
which is not observed for non-nitrated tyrosines. Together, these observations suggest a predictive tool of
functionally important sites of nitration and that cellular nitrating conditions play a role in neurodegenerative
changes in the brain.

Increased levels of 3-nitrotyrosine modification of proteins disease. Although considerably less is understood with regard
has been observed in more than 80 different oxidative stressto structural consequences, nitration can affect enzyme
and inflammation-related pathologies; in the case of coronary catalytic rates, proteinprotein interactions, and phospho-
artery disease, nitrotyrosine is as reliable as C-reactive proteintyrosine signaling pathways39). The appearance of
as a biomarkerl, 2). In several cases, specific nitrated nitrated proteins in tissues may arise from nitric oxide-
proteins and their associated dysfunctions have been identiderived oxidation products such as nitrogen dioxé;),
fied, providing insight into the molecular mechanisms of peroxynitrite (ONOO), or its CQ adduct, nitrosoperoxo-
carbonate 10—12). Peroxynitrite is formed by the spontane-
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conditions, has been demonstrated in mitochondria for HPLC Analysis of Striatal Sampleghe contents of
proteins critical for energy and antioxidant homeostaks. ( dopamine (DA) and its metabolites were determined with
Moreover, peroxynitrite, itself, has been shown to act as an HPLC. Mice striatal tissues were homogenized by sonication
intermediate in nitric oxide-induced relaxation of smooth in 0.5 mL of ice-cold 0.2 M HCIQ containing 0.15% (w/v)
muscle through glutathiolation of a critical cysteine within NaEDTA and centrifuged at 14 000 rpm for 15 min1@),
SERCA (16). However, at higher peroxynitrite concentra- prior to filtration of the supernatant through Qi&h PTFE.
tions, relaxation is disrupted by irreversible oxidation of HPLC analysis of a 2@L aliquot was carried out with a
cysteine with the appearance of tyrosine nitration, simulating reversed phase Adsorbosphere HS C18 column (100<mm
the oxidation status and functional deficits observed in 4.6 mm, 3um, Alltech) with a guard column (7.5 mm
atherosclerosis. Together, these new studies suggest ad.6 mm, 5um) and an electrochemical detector (ESA
emerging picture of peroxynitrite and its protein oxidation Coulochem Il, model 5011 analytical cell). The analytical
products playing diverse roles in the regulation of cellular cell was operated at 350 mV and 500 nA. The mobile phase
processes that are responsive to nitric oxide and reactiveconsisted of acetonitrite and sodium phosphate buffer [75
oxygen, with excessive levels resulting in irreversible mM NaH,PO,-H,O, 1.8 mM 1-octanesulfonic acid sodium
dysfunction. Therefore, proteins sensitive to modification by salt monohydrate, and 12V EDTA (pH 3.1)] at a 6.5:93.5
reactive nitrogen species may be involved in redox regulation (v/v) ratio. The flow rate was 0.8 mL/min. Analytes were
or represent sites of cellular vulnerability under conditions quantified by reference to respective standards. The detector
of nitrative stress. response was linear from 0.05 to 10 mg= 0.99 for linear

In this study, we have examined the proteome of normal regression calculations for all compounds assayed; within-
mouse brain to identify nitrotyrosine-modified proteins and assay and between-assay variance was 5%).
their relative stoichiometries that are present in vivo under  Immunoblots of Mouse Brain Homogenaté#ole brain
nonstressed conditions. Such endogenously nitrated proteingissues from untreated and MPTP-stimulated mice (C57BL/
were identified using high-resolution separation of tryptic 6J) were each sliced into small pieces20 mg each) and
peptides coupled with tandem mass spectrometric analysisplaced into individual tubes containing 20 of 0.5% SDS
From a global screen identifying 7792 proteins, 29 (0.4%) and 50 mM NHHCO; (pH 7.8). Samples were homogenized
nitrated proteins were identified with very high confidence by vortexing followed by sonication in an ieavater bath;
from MS/MS! fragmentation spectra. More than half of these pooled homogenates for each mouse brain were assayed for
nitrated proteins have been shown previously to have protein concentration by the Coomassie protein assay (Pierce,
functional links with Parkinson’s disease (PD) or other Rockford, IL). Proteins in each sample were electrophoreti-
neurodegenerative diseases, suggesting that proteins that areally separated by SDFPAGE usimg a 4 to 12%gradient
normally regulated or otherwise sensitive to nitration are polyacrylamide gel and MES running buffer (Invitrogen,
more extensively nitrated during the progression of neuro- Carlsbad, CA) prior to transfer (1.5 h at 30 V) to a PVDF
degenerative disorders. Analysis of this data set of nitrated membrane. For detection of nitrated proteins, blots were
tyrosine peptides compared with non-nitrated tyrosine- probed with anti-3-nitrotyrosine monoclonal antibody (clone
containing peptides demonstrates a striking preference for1A2-9, gift from J. S. Beckman, Oregon State University,
proximal basic amino acids that may be predictive of nitration Corvallis, OR) or a polyclonal antibody (Biodesign, Saco,
sensitive tyrosines. ME), using a dilution of 1:100 or 1:10000, respectively. Final

visualization required appropriate secondary antibodies con-

MATERIALS AND METHODS jugated with horseradish peroxidase for detection with

Animals and TreatmenC57BL/6J mice, obtained from  SuperSignal West Femto Maximum Sensitivity Substrate
Jackson Laboratories (Bar Harbor, ME), were housed three(Pierce).
per cage in a temperature-controlled room under a 12 h Mass Spectrometry of Brain PeptideBryptic peptides
light—dark cycle with free access to food and water. On the were prepared as described previoudly)( Briefly, small
day of the experiment, mice received four intraperitoneal pieces of frozen brain were vortexed in 5 mM sodium
injections of MPTP-HCI (Sigma) in saline (15 mg/kg of body phosphate (pH 7.0), followed by sonication for 5 min in an
weight) & 2 h intervals; control mice received saline only. ice—water bath. For denaturation and reduction, each sample
Six days later, mice were sacrificed after deep anesthesiawas incubated fol h at 60°C in a 1:1 mixture of
with isoflurane. The brains were removed and immediately trifluoroethanol and 5 mM tributylphosphine. After 5-fold
frozen on dry ice until they were analyzed. Results of HPLC dilution with 5 mM NH;HCO; (pH 7.8), samples were
analysis of striatal homogenates indicated that the MPTP digested with addition of sequencing-grade modified trypsin
treatment regimen used in this study induced a 60% loss of (Promega, Madison, WI), at a ratio of 1:50 (w/w, enzyme:
dopamine content in the striatum 6 days following the protein), incubating at 37C overnight with gentle shaking.
treatment (80.3t 6.5 ng/mg of protein in lesioned animals The resulting peptides were desalted gsanl mL SPE C18
vs 200+ 28.0 ng/mg of protein in controlg < 0.0002, 12 column (Supelco, Bellefonte, PA), eluting with an 80%
d.f., using the Student'stest). All tissue was from 9-week-  acetonitrile/0.1% TFA solution prior to lyophilization of the
old mice. eluted peptides. Protein concentrations were measured using
the bicinchoninic acid (BCA) protein assay (Pierce).

1 Abbreviations: AD, Alzheimer's disease; GO, gene ontology; LC,  Cysteinyl-Peptide Enrichment (CPBpproximately 5 mg
liquid chromatography; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydro- of the tryptic digests was fractionated for cysteinyl-peptide

pyridine; MS, mass spectrometry; NCBI, National Center for Bio- ; ; ; : -
informatics Institute; NY, nitrotyrosine; PD, Parkinson’s disease; SCX, enrichment, as prewously descnbetVX. B”eﬂy' peptldes

strong cation exchange; SB®AGE, sodium dodecyl sulfate were lyophilized and then redissolved in 120 of coupling
polyacrylamide gel electrophoresis; TH, tyrosine hydroxylase. buffer which consisted of 50 mM Tris-HCI (pH 7.5) and 1
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mM EDTA. Freshly made dithiothreitol (DTT) was added (version 1.25, available at http://ebi.ac.uk/IPl) and a sequence-
at 5 mM to reduce the sample, with incubation foh at 37 reversed IPl database (to assess false positives) using
°C. Subsequently, the sample was diluted to @QOwith SEQUEST (Thermo Finnigan). For enriched cysteinyl-
coupling buffer prior to their application, as four equal peptide samples, static carboxymethylation modification
aliquots, to a Handee Mini-spin column (Pierce) containing (57.0215 Da) was applied on cysteine residues. For identi-
100 uL of thiopropyl-Sepharose 6B resin (Amersham, fication of methionine sulfoxides and 3-nitrotyrosines,
Piscataway, NJ) followedyba 2 hincubation with gentle  dynamic modifications of 15.9949 and 44.9851 Da were
shaking at room temperature. Unbound peptides were applied on the methionine and tyrosine residues, respectively.
removed by stringent washing with 50 mM Tris buffer, 2 M The following criteria were used for initial filtering of the
NaCl, and an 80% acetonitrile/0.1% TFA solution. Cysteinyl- raw SEQUEST results: Xcoet 1.6 for the+1 charge state
peptides were eluted with 124 of 20 mM freshly made  full tryptic peptides, Xcorr= 2.4 for the+2 charge state
DTT incubating at room temperature for 30 min. The released full tryptic peptides, Xcor= 4.3 for partial tryptic peptides,
peptides were carboxamidomethylated with 40 mM iodo- Xcorr = 3.2 for the+3 charge state full tryptic peptides,
acetamide fol h atroom temperature in the dark. Alkylated and Xcorr> 4.7 for partial tryptic peptides for whicAC,
peptide samples were then desalted gigirl mL SPE C18 > 0.1. Such criteria were established for mouse brain tissue
column. After lyophilization, peptides were resuspended in using sequence-reversed database searching that provides
600 uL of 10 mM ammonium formate (Sigma, St. Louis, <2% of false positive peptide identificatiornk3). To remove
MO) in 25% acetonitrile (pH 3.0) for strong cation exchange redundant protein entries, ProteinProphet was used as a
(SCX) fractionation. clustering tool to group similar or related protein entrieg)

Strong Cation Exchange (SCX) Fractionatid®oth the To increase the confidence level of nitrotyrosine peptide
global tryptic peptides and enriched cysteinyl-peptides were identifications, additional constraints were applied, including
subjected to an HPLC fractionation by SCX chromatography (i) the presence of a cysteine residue for all nitrated peptides
on a Polysulfoethyl A column (200 mix 2.1 mm) (PolyLC, identified from cysteinyl-peptide enriched samples, (ii) the
Columbia, MD) preceded by a 10 mm 2.1 mm guard fact that for peptides identified from the global peptide
column with a flow rate of 0.2 mL/min. Separations were sample, there is retention of peptides without cysteinyl
performed with an Agilent 1100 series HPLC system residues, and (iii) manual inspection of all remaining peptide
(Agilent) with mobile phases consisting of solvent A [10 identifications at the MS/MS spectrum level to ensure that
mM ammonium formate and 25% acetonitrile (pH 3.0)] and major MS/MS fragmentation peaks matched their theoretical
solvent B [500 mM ammonium formate and 25% acetonitrile predictions. Following inspection, 36 peptides were deter-
(pH 6.8)]. Once the column was loaded, the run was isocratic mined to be confident nitrotyrosine identifications.
for 10 min at 100% A. Peptides were separated with a  Spatial LocationsCellular locations for identified proteins
gradient from 0 to 50% B over the course of 40 min, were obtained using the FatiGO web todQ) (http:/
followed by a gradient from 50 to 100% B over the course www.fatigo.org/) for the association of genes with Gene
of 10 min, and finally with 100% solvent B for 10 min. Ontology (GO) terms (http://www.geneontology.org/). NCBI
Thirty fractions each were collected for both the global gene symbols were obtained for each International Protein
peptide sample and the enriched cysteinyl-peptide sample.Index (IPl) number (http://www.ebi.ac.uk/IPl/xrefs.html).
Following lyophilization, the fractions were dissolved in 25
mM NHHCO; and stored at—80 °C until they were RESULTS
analyzed.

Capillary LC—MS/MS AnalysisEach of the 30 SCX Brain Proteins Identified from a Global Proteomic Screen.
fractions from both global digests and enriched cysteinyl- The identification of endogenously nitrated brain proteins
peptides was further analyzed using a fully automated utilized a global proteomic strategy (two-dimensional-+C
custom-built capillary HPLC system coupled online with an MS/MS) that permits the sensitive detection of both modified
LTQ ion trap mass spectrometer (ThermoFinnigan, San Jose peptides and their native analogues from the same complex
CA) using an in-house manufactured electrospray ionization cellular mixtures, thus providing a semiquantitative estimate
interface. The reversed phase capillary column was slurry of their relative stoichiometries in vivo. Therefore, tryptic
packed using 3um Jupiter Gg particles (Phenomenex, peptides from whole brain homogenates were fractionated
Torrance, CA) into a 15@m (inside diameter)x 65 cm prior to LC—MS/MS identification, an experimental approach
fused silica capillary (Polymicro Technologies, Phoenix, AZ). that has been demonstrated to provide reproducible and
The mobile phases consisted of A (0.2% acetic acid and sensitive identification of membrane as well as soluble
0.05% TFA in water) and B (0.1% TFA in 90% aceto- peptides and proteins2]). As an additional means of
nitrile). An exponential gradient was employed in the enhancing proteome detection, a portion of the tryptic
separation, which started with 100% A and gradually peptides was subjected to cysteinyl-peptide enrichment prior
increased to 60% B over the course of 100 min. The to cysteine alkylationX7). The remaining (global) portion
instrument was operated in data-dependent mode with anwas analyzed without cysteine alkylation, essentially deplet-
m/z range of 406-2000. The five most abundant ions from ing this portion of cysteinyl-peptides to provide a comple-
MS analysis were selected for further MS/MS analysis using mentary sample to the cysteinyl-enriched peptides. Both
a normalized collision energy setting of 35%. Dynamic portions were fractionated in parallel by strong cation
exclusion was used to avoid repetitive analysis of the sameexchange chromatography (SCX), and the 30 resulting
abundant precursor ion. peptide fractions were each analyzed by high-resolution

MS/MS Data AnalysisThe MS/MS data were searched capillary LC-MS/MS. The MS/MS data were searched
against the mouse International Protein Index (IPI) databaseagainst the mouse International Protein Index (IPI) database
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Ficure 1: Extensive mouse brain proteome coverage from two-dimensionaM&MS analyses. (A) Venn diagrams of the distribution
of unique peptides and corresponding proteins identified from global and cysteine-enriched fractions from mouse brain. (B) Distribution of
the 7792 unique identified mouse brain proteins based on their cellular locale. Fifty-one percent of the identified proteins were categorized
on the basis of gene ontology.

with the SEQUEST search algorithm. Raw SEQUEST results SEQUEST algorithm was reconfigured to search for tyrosine-
were filtered using criteria previously established that provide containing peptides with additional masses of 44.98 Da
<2% of false positive peptide identification&§). corresponding to the addition of the M@roup. Because
From the global digests and enriched cysteinyl-peptide methionines are commonly converted to methionine sulfox-
fractions, 34 241 and 17 562 unique peptides were identified, ides in the presence of peroxynitrite, this search was widened
respectively, covering 6228 and 5933 unique proteins, to optimize detection of nitrated peptides by the inclusion
respectively (Figure 1). Global and cysteinyl-enriched peptide of a search for the possible presence of an additional mass
mixtures provide a sampling of unique proteome subsets forof 15.99 Da, corresponding to one oxygen, applied to
improved proteome and sequence coverage. The combinednethionines. The raw SEQUEST results were filtered
mixture provides 7792 confidently identified mouse brain according to the criteria described in Materials and Methods
proteins, representing 34% proteome coverage of the pre-with manual inspection at the MS/MS spectrum level to
dicted mouse proteome. From the total set of identified ensure that major peak assignments were consistent with
proteins that have been recovered26% are membrane predicted patterns as illustrated by MS/MS spectra for the
proteins, consistent with predictions from eukaryotic ge- nitrated and unmodified versions of the peptide, DSYVAI-
nomes 22). From the 51% of proteins that could be ANACCAPR (Figure 2). All detected y fragment ions match
categorized by gene ontology, a good representation of allfor the two spectra; all b ions containing the nitrotyrosine
cell organelles and locales is observed. Moreover, molecularfrom the nitrated peptide §b-b;,) have masses that are 44.99
masses and isoelectric points (pl) calculated for each uniqueDa higher than those of the corresponding b ions from the
protein illustrate the wide distribution of pl values (from 4.0 non-nitrated peptide.
to 12.5) and masses (from 5 to 850 kDa) of identified brain  Thirty-six peptides were identified as highly confident
proteins similar to those of the entire mouse proteome asnitrotyrosine identifications, corresponding to 29 unique
previously described2@). Thus, the mouse brain data set proteins; 22 of these were derived from the cysteine-enriched
presents a nearly unbiased representation of the mousdraction (Table 1). The low abundance of nitrated proteins
proteome. detected in this screen, approximately 0.4%, with respect to
Identification of 3-Nitrotyrosine-Modified Proteinslany total proteins, is consistent with the previously observed
high-quality mass spectra obtained from this analysis could selectivity of tyrosine nitration in vivo; the average frequency
not be assigned to native peptides and proteins, suggestingf 3—4% for tyrosines in proteins provides an upper limit
the presence of post-translational modifications. Thus, the to any nitrotyrosine modification®4). Calculated as a molar
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R DSYVAIANACCAPRF indicz_ite gener_ally low levels of nitration of the identified
Xeorr = 3.74 y H A proteins, ranging from<1 to 50% (Table 1) 17, 18). For
1007 ﬁ1+lzi(;n807 02 NO some low-abundance peptides, only nitrated peptides were
’ 2 identified, which may result from incomplete sampling due
807 to stringent criteria for identification and their low abundance.
v Several proteins have been previously identified to be
607 o 8 R nitrated in vivo as indicated by asterisks in Table 1. Some
[ R of these include aldolase (in human skin fibroblasts and rat
o 40 " o muscle), actin (in human pituitary and Alzheimer’s brain),
% 20 o | %F° creatine kinase (in rat skeletal muscle, rat heart, and the fail-
o] | T ing human heart), triose phosphate isomerase (in Alzheimer’s
c 0 A | “d‘ | ‘H | m ‘TH, “ | brain), ando-tubulin (in PC12 cells, rat brain, human gliomas
3 400 600 800 1000 12'00 14'00 1600 and intestinal eplthellum)S( 25_31) Examlne}tlon Of the
< cellular locale of nitrated proteins in comparison with that
o 197 Q-DsﬂﬁuANAUC'APR-Fw g B of the total set of 7792 proteins, identified from unmodified
S 2elon it peptides, indicates an approximate 2- and 3-fold preference
W 80— mz=78480 — l— for nitration of mitochondrial and cytoskeletal proteins,
1) +NO, respectively (Figure 3). The selective nitration of mitochon-
Q 604 .. we| b7 drial proteins is consistent with previous analyses by electron
14 microscopy in brain showing nitrated proteins to be prefer-
40 yo entially localized in the outer mitochondrial membranes and
p11 with earlier suggestions that the mitochondrion is the major
20— cellular source of superoxide, a precursor with nitric oxide
( { of the nitrating species, peroxynitrit8Z—34). Similarly, the
- Ly association of mitochondria with microtubules and actin in

400 600 800 1000 1200 1400 1600 neurons may also put cytoskeletal proteins near sites of
m/z (Daltons / Unit of Charge)  peroxynitite formation §5). - ,
From a functional standpoint, the striking feature of this

FIGURE 2. MS/MS spectra of the nitrated (A) and non-nitrated (B) - group of nitrated proteins is that more than half of these have
peptide, DSYVAIANACCAPR, from the vesicular inhibitory amino geenp reviousl i%entified to be linked with neurodegenera-
acid transporter. Y# indicates nitrotyrosine modification, and C! p y 9

indicates a cysteinyl residue modified by carbamidomethylation. tive diseases (Table 1). For example, many of these proteins
The two spectra match well on all detected b and y fragment ions, exhibit altered levels of transcripts, protein abundances,

with the exception of b ions containing nitrotyrosine, i.@+bi2, ~ activities, or mutations occurring in neurodegenerative
from the nitrated peptide have masses that are 44.99 Da .h'gherdisorders including PD, the MPTP model of PD, and
than the masses of the corresponding b ions from the non-nitrated T ' - ’
peptide. Alzheimer’s dlsease (AD).. The s.trong corrglatlon between
the endogenous nitration in nondiseased animals of proteins
previously identified as being associated with neurodegen-
ratio, nitrotyrosine abundance was 0.9 mol/1000 mol of erative disease suggests a fundamental involvement of
tyrosine. nitration in the disease process. As an example, we find
The nitrated peptides identified in this study vary in length nitrated paraplegin, a metalloprotease and chaperone of the
from 7 to 44 amino acids and are derived from both soluble inner mitochondrial membrane for which loss-of-function
and membrane proteins. However, no membrane-spanningmutations result in the neurodegenerative disorder, hereditary
nitrated peptides were recovered, consistent with the low spastic paraplegia6g). In Table 1, nitrated proteins are
level of recovery of any transmembrane peptides by thesegrouped according to categories related to the major molec-
methods. Nitrated proteins that were identified range from ular alterations associated with PD and other neurodegen-
highly abundant proteins, (e.g., actin, tubulin, and triose erative diseases, e.g., defects in mitochondrial and energy
phosphate isomerase) to proteins expressed at very lowmetabolism, upregulation of stress and inflammatory path-
levels, such as receptors and nuclear transcription factorsways, cytoskeletal disorganization, and diminished dopamine
(Table 1). The extent of nitration of each protein was synthesis. Of note, many of the nitrated proteins within
estimated by the ratio of the number of peptide identifications several of these groups are localized in pre- and postsynaptic
(peptide hits) of nitrated peptides to those of their unmodified regions of the neuron, suggesting a potential vulnerability
analogues. Peptide hits correspond to the number of MS/of neurotransmission to conditions of oxidative stress and
MS spectra observed for each distinct peptide, which may inflammation. Consistent with the incomplete proteome
include repetitive identification or the same peptide in one (34%) and sequence coverage60%) obtained in this
or multiple SCX fractions. These values have been demon- proteomic screen, poor recovery was observed for tyrosine-
strated to provide a reproducible and semiquantitative containing peptides of several brain proteins previously
measure of peptide concentration in complex sam@és (  reported to be nitrated, including the neurofilaments, glial
This approach, as opposed to using a nitrotyrosine enrichmenfibrillary acidic protein (GFAP), tyrosine hydroxylase, and
strategy, provides a means of establishing an estimate ofprostacyclin synthase [see the Supporting Information in ref
endogenous levels of cellular nitration as a baseline for 23 (36—41)].
comparison with nitration in disease states. Here, the Nitrotyrosine-Modified Brain Proteins Detected by Im-
endogenous ratios of nitrated to nonmodified peptides munoblotting.The significant presence of nitrated proteins
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Table 1: Nitrated Proteins Identified from Mouse Brain

target of
IPI no. protein name (NCBI symbol) nitrated peptide [NY/Y (% nitration)] Tyr kinase
mitochondria, energy metabolism
IP100221402 *aldolase 1, A isoform (Aldo&1) R.YASICQQNGIVPIVEPEILPDGDHDLKR. [2/141 (1%)] yes
IPI00117312 aspartate aminotransferase, mito (GoR)XAEAQIAAKNLDKE YSLPIGGLAEFCK. [1/82 (1%)] no
IP100128296 creatine kinase, mito (Cknit1) G.WEFM(O)WNERLGY?"4LTCPSNLGTGLR. [1/16 (6%)] no
IP100136703 *creatine kinase, B chain (Ckb) R.FCTGLTQIETLFKSKNY26®EFMWNPHLGYILTCPSNLGTGLR. no
[1/64 (2%0)]
IP100170128 paraplegin (Spd7) K.LTQPSSH 50°SQRLAELTPGFSGADIANICNEAALHAAR. no
[1/1 (50%)]
IP100330903 pantothenate kinase 4 (Pafk4) R.VY329FGGFFIR. [1/0 (100%)] no
IP100467833 triosephosphate isomerase 1 (Tpil) K.IAVAAQNC Y. [1/28 (3%)] no
R.IIY20GGSVTGATCK. [1/69 (2%)] no
stress and inflammation
IP100268250 calcineurin, catalytic subunit R.FKEPPAY22GPMCDILWSDPLEDFGNEK. [1/47 (2%)] yes
(Ppp3céd)
1P100229988 eukaryotic translation initiation MY2SGAGPVLASPAPTTSPIPGYAFKPPPRPDFGTTGR. [1/0 (100%)] yes
factor 2 (EIF2C2)
1PI00319992 glucose-regulated protein 78 K.ETAEAY 43 GKKVTHAVVTVPAYFNDAQR. [1/5 (20%)] no
(GRP78/BIP) (Hspa’)
IP100132874 monoglyceride lipase, R.YS$DELAHMLKGLDMLVFAHDHVGHGQSEGER. [2/3 (40%)] yes
isoform 1 (Mgl1)
IP100130000 puromycin-sensitive amino- K.GMNMY 463 TKFQQKNAATEDLWESLESASGKPIAAVMNTWTK. no
peptidase (Npepps) [1/13 (7%)]
IP100114615 vasoactive intestinal polypeptide R.NY9HLNLFLSFM(O)LR. [2/0 (100%)] no
receptor 2, (Vipr2)
cytoskeleton
IP100110850 *actin, cytoplasmic (Actb) K.LCY?1®%/ALDFEQEMATAASSSSLEK. [7/1187 £1%)] yes
IP100153990 p-centractin (Actrll) MESY“DIIANQPVVIDNGSGVIK. [1/0 (100%)] yes
IPI00331291 dynamin-1, splice isoform 2 (Dnm1) L.RVSSPHVLNLTLVDLPGMTK. [1/28 (3%)] no
IPI00308667 T-complex associated-testis- MEGY“QRPCDEVGFNADEAHNIVK. [2/3 (40%)] yes
expressed 1-like (Tctell)
IP100117350 *tubulino-4 chain (Tuba4) R.NGPY&RQLFHPEQLITGKEDAANNYAR. [2/38 (5%)] no
R.NGPY&RQLFHPEQLITGK. [3/38 (8%)] no
IP100403810 tubulire-6 chain (Tuba6) K.A22HEQLTVAEITNACFEPANQMVK. [3/1 (75%)] no
1P100120923 vacuolar protein sorting 16, MDCY“TANWNPLGDSAFYR. [1/0 (100%)] yes

isoform 1 (Vps16)
M(O)DCY*TANWNPLGDSAFYR. [1/0 (100%)]
dopamine synthesis
1P100230682 Tyr hydroxylase activation K.KQQMGKEY#REKIEAELQDICNDVLELLDK. [2/30 (6%)] no
protein, (YWhab)
R.EKIEAELQDICNDVLELLDK Y94 |LNATQAESK. [2/30 (6%0)]

others

IPI00346965 adapter-related protein K.PLISEETDLIEPTLLDELICYIGTLASVY54HK. [2/6 (25%)] no
complex 1 (Aplb1l)

IP100312527 dihydropyrimidinase-related K.AAAFVTSPPLSPDPTTPLY 318 TSLLACGDLQVTGSGHCPYSTAQK.
protein-1 (Crmp1) [1/192 (<1%)]

yes
1P100229824 nuclear factor 1A, isoform 1 (Nfia) M(@}SPLCLTQDEFHPFIEALLPHVR. [1/0 (100%)] no
MY2SPLCLTQDEFHPFIEALLPHVR. [1/0 (100%)]

IP100115588 nuclear RNA export factor 1 (Nxf1)  K.TIPY!25GR. [1/0 (100%)] no

1P100124980 prolactin regulatory R.GVELY°RAPFPLYALR. [1/0 (100%)] no
element-binding protein (Preb)

IP100132720 vesicular inhibitory amino R.DSY18%/AIANACCAPR. [1/13 (7%)] yes
acid transporter (Sic32a)

IPI00273613 laminin receptor 1/ribosomal A.DHRPLTEASY13%/NLPTIALCNTDSPLR. [2/11 (16%)] yes
protein SAP 40 (LOC226574)

IPI00551171 SIM. probable RNA-dependent G.HNCPKPVLKFY9’EANFPANVM(O)DVIAR. [2/7 (22%)] no

helicase P68(LOC432554)
G.HNCPKPVLKFY’EANFPANVMDVIAR. [1/7 (13%)]

a Nitrotyrosine-modified proteins and their corresponding nitrated peptides were identified from C57BL/6J mouse brain (see Materials and Methods)
and assigned to categories relating to their relationship to biological processes affected in Parkinson’s disease. Entries with lettesed footnote
indicate proteins linked with neurodegenerative disorders. References relating to the identified linkage between indicated proteins gederativede
disease include the following’refs 81 and82, cref 83, Yrefs 84—86, ¢refs 58, 87 and88, refs 89 and90, 9ref 91, "refs 28, 59, and60, ‘refs 18, 64,
and92, irefs 93 and 94, kref 95, 'refs 96—98, Mrefs 99 and 100, "refs 70 and 71, °ref 101, Prefs 72, 74, and102—104, 9ref 66, 'refs 28 and 88, and
sref 105 Each protein name is preceded by its corresponding International Protein Index number (IPI no.) and followed by its NCBI gene symbol
in parentheses. Periods indicate ends of peptides; for internal peptides, the amino acid preceding the cleavage site is given. Nitrotyrosines are
denoted in bold font, and superscript numbers indicate their position in the primary sequence of the mature protein. M(O) represents methionine
sulfoxide. An estimate of the extent of nitration [NY/Y (%)] is presented and is based on the number of observed spectra for nitrated proteins
relative to the analogous unmodified peptide. Asterisks designate proteins previously observed to be sensitive to nitration. Sensitivity of sites
tyrosine kinases was determined using NetPhos 206, (L07), where the average score and standard deviation for all 11 tyrosine sites identified
to be a target of tyrosine kinase was 0#80.22.
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useful for assessing relative trends in modification of specific
proteins upon environmental exposure to agents associated
with oxidative stress or as a result of disease.

In this respect, treatment of mice with neurotoxin MPTP
results in a similar pattern of brain protein nitration, with
increased staining density for the six major bands that are
nitrated in untreated animals. The MPTP treatment regimen
using in this study induced a 60% loss in dopamine content
in the striatum 6 days post-treatment, based on HPLC
analyses of striatal homogenates (88.8.5 ng/mg of protein
in lesioned animals vs 206 28.0 ng/mg of protein in
controls,p < 0.0002, 12 d.f., using the Studentgest).
Further, these observations are consistent with prior work
demonstrating increased levels of nitration within brain tissue
of MPTP-treated animals2( 43—45). Some of the more
Ficure 3: Preferential nitration of mitochondrial and cytoskeletal abundant brain proteins |den.t|f|ed as nltr.ated by—LNZES/. .
brain proteins. Gene ontology analysis of the cellular locale of MS may also correspond to nitrated proteins detected within
nitrated brain proteins (black bars) compared with that of the total bands in these Western blots. For example, from monomer
identified brain proteins (hatched bars). The number of proteins in molecular masses of abundant proteins identified by-LC
e Lo e eaeslbs ssose hssmate bessomsseMSIMS, tiose phosphate isomerase (27 KDa), aldolase (40
cell junctign, cell projections, secretorr)y vésicles, and ’C))//toplasm. kD{';\),'a.ctln (43 kDa), calc!neurln A (60 kDa), and d'hy‘?ro'

pyrimidinase-related protein (63 kDa) are possible candidates
for some of the nitrated proteins detected by Western blotting
(Figure 4). However, in view of the incomplete proteome
coverage of the LEMS/MS data set, positive identification
of all nitrated protein bands will require additional experi-
mental approaches. Nevertheless, the immunoblots suggest
that a select population of proteins are sensitive to nitration
and become more highly nitrated with neurodegeneration and
are consistent with the LEMS/MS results that endog-
enously nitrated proteins are comprised of a significant
fraction of proteins that are adversely affected in neuro-
degeneration.

Selectiity for Tyrosine Nitration in Vio. The nitro-
tyrosine-modified peptides identified in this proteomic screen
provide an opportunity to identify common structural char-
acteristics that promote nitration in vivo. For example, it has
been suggested that tyrosine nitration is impeded by the
presence of nearby cysteines or methionines as a result of
their effective competition for nitrating speciet(47). On
the basis of studies with model peptides, it has been
suggested that the presence of a proximal cysteine residue
inhibits tyrosine nitration by intramolecular electron transfer
from a tyrosyl radical to cysteine across as many as four
was confirmed by Western immunoblots of brain homoge- intervening amino acidstg). However, in the identified set
nates using either monoclonal or polyclonal antibodies of nitrated sequences, both methionines and cysteines are
against nitrotyrosine (Figure 4). However, depending on the proximal to nitrotyrosines. At least one cysteine is found
antibody, the pattern of nitrated proteins observed on within 23 of the nitrated peptides, of 6107 Tyr-containing
immunoblots is very different. For example, using mono- peptides (0.38%) from the cysteine-capture method;
clonal antibodies, a large number of nitrated proteins are in comparison, there are 12 nitrated peptides without
observed with a prominent band near 55 kDa. In contrast, cysteines which were derived from the global fraction of
using a polyclonal antibody, immunoblots present a lighter 11 051 Tyr-containing peptides (0.11%). Specifically, four
banding pattern of six major bands among a background of nitrated peptides contain cysteines that are vicinal to the
lower-density bands. Differences in the staining density of nitrotyrosine. Another eight nitrated peptides contain a
nitrated proteins observed using these two different antibodiescysteine that is three or four amino acids from the nitro-
indicate a differential sensitivity toward individual nitrated tyrosine, which would also be closely positioned in an
proteins within the same sample, consistent with previous a-helical structure. Thus, this set of nitrated sequences
observations that in muscle homogenates three differentsuggests that nearby cysteines or methionines do not prevent
nitrotyrosine antibodies revealed three different staining tyrosine nitration in vivo, consistent with previous measure-

304

Monoclonal Ab
Polyclonal Ab
MPTP

Ficure 4: 3-Nitrotyrosine modification of brain proteins in
homogenates of normal and MPTP-treated C57BL mice detected
with monoclonal or polyclonal anti-nitrotyrosine antibodies as
indicated below. Positions of molecular mass markers are given at
the left.

patterns 42). Therefore, while the relative densities of
different nitrated bands may not accurately reflect their

ments in vitro 48).
Comparing average KyteDoolittle hydrophobicity indices

relative abundance, immunoblots using a single antibody arearound nitrated sequences with those of unmodified tyrosines
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Ficure 5: Physical properties of the protein environment around nitrated tyrosines (black bars) compared with that of other tyrosines
(hatched bars) were determined for calculated hydrophobicities (A) and amino acid content within the nine-amino acid window of linear
sequence around each tyrosine (B) or from available high-resolution structures, negative charge density (C), and surface accessibility (D).
Hydrophobicities were calculated using a nine-amino acid window using Prot Scale based oiDKgtitle hydrophobicity indices1(08,

109. In cases where high-resolution structures are available (see Figure 6), the number of carboxylaie® Avithiis determined by

visual inspection using RasMal10) and surface accessibility was calculated using Surface Racer 1.1, assuming a radius of 1.4 A that is
similar to that reported for peroxynitrited {1, 112).

shows identical distributions that span the range of hydro- positions inaccessible to peroxynitrite, whereas highly ac-
phobicity indices, indicating that this parameter has little cessible tyrosines<(50 A?) exhibit a nearly total preference
influence on the sensitivity of tyrosines to nitration (Figure for nitrotyrosine (Figure 5D). However, nitrated tyrosines
5A). However, the amino acid content within these sequencesare also located in regions calculated to be of low acces-
displays a significant preference for the presence of basicsibility, suggesting protein dynamics could transiently in-
amino acids proximal to nitrated tyrosines (Figure 5B). crease tyrosine accessibility to peroxynitrite. Moreover, the
Together, Arg and Lys account for 14% of all amino acids predominant location of nitrated tyrosines on loop structures
proximal to nitrated tyrosines, corresponding to an average may be the basis for their solvent accessibility; eight of the
of one basic amino acid per nitrated sequence. In fact, 25 ofnine high-resolution structures exhibit nitrotyrosine sites
the 31 (nonredundant) nitrated brain sequences follow this within loops (Figure 6). Similarly, from amino acid sequence
correlation and include at least one basic amino acid, analysis, 59% of nitrated tyrosine sites are predicted to be
suggesting that the presence of a positive charge is a criticallocated in loops, 30% in helices, and 11% firstrands,
factor in tyrosine nitration (Table 1). For five other identified consistent with the previously observed preference of nitro-
nitrotyrosine sites, the nearby N-terminus provides a positive tyrosines for loops relative to the infrequent occurrence of
charge. In contrast, acidic residues Glu and Asp, while unmodified tyrosines in loops24, 49). Taken together,
commonly occurring near tyrosines, show no greater prefer- these analyses of brain peptides suggest that the presence of
ence for sequences around nitrated tyrosines. Examinatiornearby basic amino acids and the increased level of sol-
of three-dimensional structures available for nine of these vent exposure are predictive factors for the nitration of
nitrated proteins demonstrates a slight preference of nitro- specific tyrosines in vivo. As an example, nitro-Tafrof
tyrosines for proximal carboxylates, consistent with prior calcineurin (Table 1) lacks proximal basic amino acids but
suggestions that nearby negative charges can promoteprotrudes substantially from the surface of the protein as
tyrosine nitration 48, 49) (Figure 5C). evidenced by its crystal structure (1LAUl.pdb). Never-

From these high-resolution structures, the surface accestheless, although no single factor seems to explain the
sibility was calculated for the ortho position of the aromatic nitration of all tyrosines, the presence of nearby positive
ring of each tyrosine to peroxynitrite(L.4 A). This analysis  charges is apparent for 28 of the 31 (nonredundant) nitrated
shows that unmodified tyrosines most frequently occupy tyrosines.
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Ficure 6: Three-dimensional structure around nitrated tyrosines (NY, red) in proteins of known structures sufficiently homologous to the
mouse proteins which include aldolase (1ADQ@]9), aspartate aminotransferase (LAMAL#), s-actin (LHLU) (115), calcineurin (1AUI)

(116), clathrin adaptor protein complex 1 (1W63)1(), creatine kinase chain B (1QH4}1X8), mitochondrial creatine kinase (1CRK)

(119, triose phosphate isomerase (1SQIAJ), and tubulin (1TUB) £21). Selected neighboring amino acids within four amino acids of

the primary sequence are shown, where basic amino acids (R or K) are colored blue, acidic amino acids (E or D) are colored yellow, and
histidine (H) is colored orange. Protein structures were downloaded from the Protein DatalBank (

DISCUSSION advantages, including the sensitivity and dynamic range to
identify both high- and low-abundance cellular peptides and

From the extensive data set generated by the LE/LC proteins. Second, two-dimensional chromatographic separa-
MS/MS analysis of the whole brain proteome, 29 proteins tjon of peptides, rather than whole proteins, permits identi-
have been identified with high confidence that are nitrated fication of membrane proteins, which are typically lost during
under basal conditions. The associated list of identified te isoelectric focusing step of two-dimensional gels due to
nitration sites is the largest currently available and permits fgrmation of protein aggregates2). Third, this approach
insights regarding the nitrating species, predictive rules re- js independent of the biases introduced through the use of
garding sensitive sites, and possible involvement in neuro- antihodies for either enrichment of nitrated proteins or their
degenerative disease. detection. Furthermore, MS/MS identification of peptide

Previous proteomic identification of nitrated proteins has sequences including the site(s) of modification provides
been largely limited to abundant and soluble proteins that validation that may be missing in two-dimensional gel
can be detected by nitrotyrosine antibodies and for which approaches in which nitrated and non-nitrated proteins
constituent peptides can be eluted from two-dimensional gelscomigrate. Finally, utilizing the same complex protein
in sufficient amounts for MS identificatior26—28, 50, 51). mixture to identify both nitrated peptides and their non-
In contrast, the high-resolution two-dimensional LC nitrated analogues makes a semiquantitative estimate of
system coupled with MS/MS applied here has a number of nitrotyrosine stoichiometry possible.
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Links of Nitration-Sensitie Proteins with Neurodegen-  production under chronic conditions of inflammatids9(
erative DiseaseThe identification, in this study, of a set of 67, 68).
nitrated proteins previously documented as sites of vulner-  Nitration of Cytoskeletal Protein€ytoskeletal integrity,
ability in neurodegeneration suggests nitrotyrosine-induced essential for function and survival of neurons, is disrupted
protein misfolding may be a contributing factor in neuro- in many neurodegenerative diseas®®).(The sensitivity of
degeneration. This hypothesis is supported by anti-nitro- multiple cytoskeletal proteins to nitration, as identified in
tyrosine immunoblots showing the increased staining density this proteomic study, suggests one mechanism for the
of protein bands of brain homogenates from MPTP-lesioned observed cytoskeletal disorganization, as evidenced by their
mice relative to untreated mice (Figure 4). Alternatively, important roles in neuronal function. Major components of
many of these sensitive proteins may represent neutralthe cytoskeleton, actin and tubulin, are among endogenously
markers of inflammation not directly involved in neuro- nitrated proteins and have been observed to be nitrated in
degenerative processes. Distinction of these two hypothesesimyolateral sclerosis and in differentiating PC12 ceflg (
will require examination of the functional effects of nitration 71). Altered expression gf-actin has been observed in AD
of these proteins. and an animal model of PD, while differential alterations in

Potential sources of nitration in neurodegeneration consist®- @ndf-tubulin result from MPTP treatmentg, 73). The
of peroxynitrite generation arising from excess superoxide Importance of proper folding and assemblyo&nd; forms
generated by defects in mitochondrial metabolism, inflam- Of tubulinis underscored by the finding that parkin, the gene
mation-related nitric oxide from activated glial cells, or other linked to autosomal recessive juvenile PD, is an E3 ligase
neural inflammatory pathway4§, 51, 53—57). Mitochon- anq associates W|tb,//3—tubu_lln, thus. facilitating efficient
drial proteins and nearby cytosolic energy-metabolizing ubiquitination and degradation of misfolded tubulif).

proteins, expected to be among the first targets of peroxy- ProFem Strugtural Feqtures that Enhance Nitration .o.f
nitrite, are well-represented in the set of nitrated proteins 1Yrosines.Previous studies have addressed the selectivity
(Table 1). One of these, the neuronal-specific isoform of Of tyrosine nitration induced by peroxynitrite using the
creatine kinase (BB), has been shown to exhibit inactivation avaﬂqple hlgh-rgsolutlon structures of three soluble nitration-
as an early marker of oxidative stress in neurons and in AD, S€nsitive proteins; these studies suggested that surface
and its nitration has been detected in several proteomic&XPosure of the aromatic ring, the location of the tyrosine

screens 26, 27, 58). Another abundant metabolic enzyme, ©N & loop, and proximity with a nearby negative charge
triose phosphate isomerase (TPI), is inhibitedfyarbo- promote the selective nitration of specific tyrosines under

lenes, endogenous analogues of MPTP, and found to beln Vitro conditions 48, 49). The data set of 31 nitrated and

nitrated in AD brain tissue2g, 59). Moreover, TPl mutations ~ /12 unmodified tyrosine-containing peptide sequences

have been shown to cause protein misfolding, aggregatesprovided by this proteomic screen, including nine availaple
and neurodegeneratiofd, 61). high-resolution structures (Figure 6), offers the opportunity

L o - to compare predictions made using peroxynitrite with
Protein msfqldmg IS a common characterlsu_c of neuro- ,pqerved sites of nitration present under in vivo conditions.
degenerative diseases, where aggregated proteins accumulaig, nsistent with prior suggestions that peroxynitrite is a

in protein inclusion bodies such as Lewy bodies and oy jglogically important nitrating species, (10, 45, 75,
neurofibrillary tangles §2). The observed nitration of tWo ¢ e find that under in vivo conditions, surface-exposed
proteins critical to the unfolded protein response, i.e., the v osines are selectively nitrated, with some preference for

ER chaperone, glucose-regulated protein 78 (GRP78), andy osines close to acidic side chains (Figure 4C,D). However,
eukaryotic initiation factor 2 (EIF2), suggests the potential e striking is the preference for a positive charge (Lys,

for an altered misfolded protein response. The nitration of Arg, or amino terminus) in the immediate vicinity within
the catalytic subunit of calcineurin suggests a wide range of {,o primary sequence of nitrated tyrosines relative to that
possible cellular effects, including altered regulation of hserved for tyrosines that are not nitrated (Figure 5B).
inflammation in astrocytes6@). Prior studies have docu- Prediction of Nitrated Sites and Physiological Implica-
mented the functlonal sensitivity of cz_ilt_:lneurln to Ox'dat've_tions Inspection of previously reported sites of in vivo
stress as well as its decreased activity and abundance inhiyation also indicates the targeted nitration of tyrosines
amyotrophic lateral sclerosis, AD, and agirgg(65). proximal to basic amino acids. For example, using multiple
Nitration Sensitiity of Dopamine SynthesiSpecific to cell models, two tyrosines (i.e., KINGXTGPG and
PD is the early loss in dopamine production occurring QRGDY*?DLNA) within the p65 subunit of NkEB were
through the decreased activity of tyrosine hydroxylase (TH), selectively nitrated following administration of sodium
which mediates the rate-limiting step in dopamine synthesis. nitroprusside, a NOdonor, that results in the inhibition of
The TH activation protein, a 14-3-3 interaction protein, was NF«B function (77). Likewise, eight sites of nitration in the
identified in this study as a nitrated protein having multiple SERCAZ2a isoform of the Ca-ATPase have been identified
nitrotyrosines, i.e., TYf and Tyf% (Table 1). This protein  (i.e., ALKEY'EPEM, GKVYRQDR, RGAIY?*4Y 2FKIA,
activates TH by binding and stabilizing its $ephospho- ~ RKSMSVY#"CTPN, NFIKYSETNL, GRAIYSNNMK,
rylated form. TH inactivation is mediated by the phosphatase, and VARNY®*9LEPG); these all include proximal basic
PP2a, which, in turn, is activated by interaction with amino acids§). The extent of SERCAZ2a nitration at selected
o-synuclein 66). The previously documented MPTP-induced sites increases in an age-dependent manner and correlates
nitration of both TH andx-synuclein, in combination with  with diminished transport functior7g). Similar dependencies
the endogenous nitration of the TH activation protein are apparent from prior in vitro measurements using per-
identified in this study, suggests a foci of sensitivity to oxynitrite. In the case of the calcium regulatory protein
nitration that may explain the early loss of dopamine calmodulin, there are two surface-exposed tyrosines. How-
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ever, while TyP® within the KDGNGY*ISAA sequence is
almost stoichiometrically nitrated, T in the GQVNY-
EEFV sequence is not a target of nitratiat8); Likewise,

of 13 nitration sites in seven different proteins, the proximal
location of a basic amino acid is observed in nine instances

(Table 4 in ref49).

The strong preference for basic amino acids in the
immediate vicinity of nitrated tyrosines has important
implications and suggests the involvement of electrostatic
attraction of nitrating anions, such as nitrosoperoxocarbonate

or its related carbonate radical anion (£ which oxidizes
tyrosine to tyrosyl radical for recombination with nitrogen
dioxide to produce nitrotyrosiner9). Thus, targeted sites

for nitration may be predicted from a visual inspection of
the primary sequence and, more importantly, represent a
design feature that can alter the sensitivity of a protein to
oxidative and nitrative stress. The persistence of a nitration
site under mild conditions of oxidative stress (i.e., in a young
nonstressed animal) suggests that endogenously nitrated
proteins may function as sensors that detect oxidative stress

to regulate cell functionq8). Consistent with this suggestion,

it is apparent that many of the nitration-sensitive tyrosines
under basal conditions are targeted for additional nitration
following exposure to MPTP. Furthermore, nitrotyrosine
formation has been suggested to mimic phosphotyrosine side 19,
chains in promoting protein associations and signaling; for
example, nitration has been suggested to modulate the
activation of tyrosine kinases involving the EGF receptor to
promote selected protein associations involving complex

formation (7, 80). Consistent with a possible relationship

between tyrosine nitration and normal tyrosine kinase signal-

ing pathways, 11 of the 31 sites of nitration involve sites

that are predicted to be phosphorylated (Table 1). Moreover,
from the Phospho.Elm database of experimentally verified 13-
eukaryotic protein phosphorylation sites, 69 of 825 phos-
photyrosine sequences contain at least one proximal arginine

or lysine, suggesting that a subset of phosphotyrosine 14.
signaling events can be modulated by nitrating conditions

(59, 60).
ConclusionsBoth the sensitivity of the identified proteins

to nitration and their importance for normal neuronal function
suggest that nitrotyrosine modification should be considered

as a causal factor in neurodegenerative disease. Coupled with1s,
the observation that sites of nitration are sequence-dependent
and are frequently expected to be sites of phosphorylation,
these results further suggest that nitration may function under ¢
normal conditions as part of an adaptive cellular response
that has the potential to lead to cellular neuropathology and
diminished brain function under chronic inflammatory condi-
tions. Future studies should extend these proteomic measure-
ments to consider the relationship between protein nitration
and specific neurodegenerative diseases as well as tyrosine

kinase signaling pathways.
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