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The nitration of free tyrosine or protein tyrosine res- 
idues generates 3-nitrotyrosine the detection of which 
has been utilised as a footprint for the in vivo forma- 
tion of peroxynitrite and other reactive nitrogen spe- 
cies. The detection of 3-nitrotyrosine by analytical and 
immunological techniques has established that tyro- 
sine nitration occurs under physiological conditions 
and levels increase in most disease states. This review 
provides an updated, comprehensive and detailed 
summary of the tissue, cellular and specific protein 
localisation of 3-nitrotyrosine and its quantification. 
The potential consequences of nitration to protein 
function and the pathogenesis of disease are also exam- 
ined together with the possible effects of protein 
nitration on signal transduction pathways and on the 
metabolism of proteins. 

Keywords: 3-nitrotyrosine, protein nitration, peroxynitrite, 
reactive nitrogen species 

INTRODUCTION 

In spite of its relatively simple structure, the dia- 
tomic free radical nitric oxide (nitrogen monox-  
ide) (NO')  has been identified as an important  
messenger  molecule with diverse and complex 
multifunctional actions within biological systems. 
Generally, direct interactions between NO" and 
target proteins such as guanylate cyclase account 
for its physiological properties,  whilst its indirect 
actions via secondary reactions with reactive oxy- 
gen species, forming reactive nitrogen species, are 
likely to account for the participation of NO" in 
pathology. The specific reactions of NO" and its 
secondary reaction intermediates with protein 

* Corresponding author. Tel.: (215) 590-5320. Fax: (215) 5904267. E-mail: ischirop@mail.med.upenn.edu. 

541 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



542 S.A.B. GREENACRE AND H. ISCHIROPOULOS 

tyrosyl or tyrosine residues to form nitrated 
proteins are the subject of this review. We 
will examine the tissue and cellular localisation 
of 3-nitrotyrosine, its quantification in normal 
and diseased tissues and body fluids, and the 
consequences of protein nitration in relation to 
specific protein function, metabolism, and modu- 
lation of signal transduction mechanisms. 

DETECTION OF 3-NITROTYROSINE 

respiratory distress syndrome. I71 In that same 
year Barry Halliwell's group were the first to 
employ an analytial technique, high performance 
liquid chromatography with ultraviolet detec- 
tion (HPLC-UV), to quantify levels of free 3- 
nitrotyrosine in serum and synovial fluid of 
patients with rheumatoid arthritis. I81 Since then 
3-nitrotyrosine in either the free or protein asso- 
ciated form has been detected in at least 50 human 
diseases and more than 80 animal models or cell 
culture systems (Tables I-U). 

Using "nitrotyrosine" as the search term on the 
National library of Medicine "PubMed" (ht tp: / /  
www.ncbi.nlm.nih.gov/entrez / query.fcgi) data- 
base provided over 650 references dating from 
1965 to May 2000 with just over 60% in the last 3 
years. Prior to 1992 research related to tyrosine 
nitration involved chemical modification of pro- 
tein tyrosines, often using tetranitromethane 
(TNM), as a tool to investigate the importance 
of individual tyrosine residues in protein 
(mainly enzyme) structure/function relation- 
ships (lists of proteins modified by TNM can be 
found in referenceIll). Ohshima and co-workers 
in 1990 provided the first demonstration that 
metabolites of 3-nitrotyrosine, 3-nitro-hydroxy- 
phenylacetic acid and 3-nitro-hydroxyphenyl- 
lactic acid are present in human urine. I21 
However, in the absence of an endogenous 
source of nitrating agents, this pioneering obser- 
vation was left unexplored for a further 2 years. 
The majority of research into protein tyrosine 
nitration (90% of the cited articles) was initiated 
by the proposal in 1992 by Joseph Beckman and 
colleagues that peroxynitrite, the reaction prod- 
uct of NO" and superoxide (O~-) could nitrate 
tyrosine residues in proteins such as Cu, Zn 
superoxide dismutase. [3"41 By 1994 the Beckman 
laboratory had developed a rabbit polyclonal 
and mouse monoclonal antibodies that recog- 
nised nitrated proteins (see [5] for review) and 
demonstrated for the first time the presence of 
nitrated protein in human atherosclerotic le- 
sions [6] and lung tissue from patients with adult 

METHODS FOR MEASURING 
3-NITROTYROSINE 

There are several methods that can be utilised 
for the detection of 3-nitrotyrosine. The simplest 
is spectrophotometric measurement since 3-nitro- 
tyrosine has a peak absorbance at 350-450nm 
depending on the pH of the sample. The con- 
centration of 3-nitrotyrosine can be determined 
by measuring a sample at pH 9 or above (which 
shifts the peak absorbance to approximately 
430nm wavelength) and using the extinction 
co-efficient, E430 = 4 4 0 0  M lcm-1.[345]  Spectro- 
photometric analysis is only reliable for quanti- 
fying 3-nitrotyrosine as the free amino acid or 
protein 3-nitrotyrosine if the sample is relatively 
pure. [346] Indeed when nitrating a particular pro- 
tein with micromolar or millimolar concentra- 
tions of peroxynitrite or TNM (e.g. to investigate 
the importance of tyrosine residues in protein 
structure/function relationships), one can 
satisfactorily determine the degree of protein 
nitration using this method. However, for deter- 
mining levels of 3-nitrotyrosine in vivo alternat- 
ive techniques must be employed, including 
HPLC with either UV or electrochemical (EC) 
detection, or gas chromatography-mass spectro- 
metry (GC-MS) or immunological techniques such 
as immunohistochemistry, immunoprecipitation, 
western blot or ELISA. 

The qualitative techniques using antibodies 
are confined to the detection of protein 3-nitro- 
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tyrosine, but provide a means to localise nitrated 
proteins within tissues and also aid the identi- 
fication of specific nitrated proteins. By compar- 
ison ELISA allows simple semi-quantitative 
measurement of nitrated protein in body fluids 
or tissue homogenates with a higher throughput 
than HPLC or GC-MS. The analytical techniques 
are required to allow true quantitative measure- 
ment of nitrated tyrosine in the free or proteIn 
form. However, determining levels of protein 
nitration by HPLC and GC-MS methodologies 
requires protein hydrolysis, which is generally 
carried out under acid conditions. This may cause 
complications as Shigenaga and co-workers 
(1997) showed that artefactual 3-nitrotyrosine is 
generated from the acid hydrolysis of proteins 
when nitrite is present in samples. [2°2! Since NO" 
and other RNS are eventually oxidised to nitrite, 
samples that may contain 3-nitrotyrosine may 
also be likely to have high levels of nitrite pre- 
sent. To overcome the potential hazards of arti- 
ficial nitration, alkaline rather than acid 
hydrolysis can be employed. [3471 

Of the 285 references cited in Table I the 
majority (66%) employed immunohistochem- 
istry to detect 3-nitrotyrosine with 13% using 
western blot, 3% ELISA, 2% immunoprecipita- 
tion followed by western blot, 11% HPLC-EC, 
3% HPLC-UV, 2% GC-MS and 4% used a com- 
bination of both immunological and analytical 
techniques. Of the immunological techniques 
65% utilised the polyclonal antibody, 25% used 
the monoclonal and 4% used both, whereas 6% 
did not specify. Of those studies that 
employed both analytical and immunological 
techniques [15'36"52'59'62"64'81'121"168'169'172"2311 there 

were some apparent discrepancies in the detec- 
tion of nitrated protein by the different methods. 
For example, Sakurai et al. (1998) using HPLC- 
EC showed that after spinal cord ischaemia there 
was a transient increase in nitrated protein 
detected around 8 hours post reperfusion in the 
ventral part of the spinal cord, whilst immuno- 
histochemistry of the same area of spinal cord 
showed that nitrated proteins were generated 

after 8 hours but persisted for as long as 7 days 
after reperfusion. I36! These apparent conflicts 
may reflect the differences in the sensitivity 
and selectivity of the methodologies. Nonethe- 
less, the utilisation of both immunological and 
analytical techniques may be the best approach 
as the two methods compliment each other by 
providing information on the location, specific 
protein and magnitude of nitration. There have 
been some problems, both reported and unpub- 
lished, with using the monoclonal antibody for 
some of the immunological techniques I34s1 since 
it does not always work well for western blots or 
immunoprecipitation. This may be due to the 
fact that the antibody was raised against nitrated 
keyhole limpet hemocyanin (KLH) with clones 
screened with nitrated BSA and hence it recog- 
nises only few particular nitrotyrosine epitopes 
on a globular protein very well, but has a narrow 
binding affinity for other nitrotyrosine epitopes. 
The polyclonal antibodies, which by their nature 
recognise several epitopes, have been used with 
more success, as is demonstrated by their use in 
the majority of studies that report the detection 
of nitrated proteins. However, with its broader 
specificity it may, in addition to nitrated tyro- 
sine, recognise with lesser affinity other similar 
protein modifications such as o-tyrosine. The 
specificity of the antibodies therefore lies with 
the use of appropriate controls such as reduction 
with dithionite (the antibody does not react with 
aminotyrosine) or competition with 3-nitrotyro- 
sine. Moreover, future approaches will probably 
include the development of monoclonal antibod- 
ies to specific nitrated proteins of interest as has 
been recently accomplished f o r  o~-synuclein. [349] 

N I T R A T I O N  U N D E R  B A S A L  C O N D I T I O N S  

In addition to the diseases outlined in Table I, 3- 
nitrotyrosine has been detected during apparently 
normal physiological conditions. This phenomenon 
has become apparent, as detection techniques have 
become more sensitive. Indeed both analytical 
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556 S.A.B. GREENACRE AND H. ISCHIROPOULOS 

TABLE III Detection of nitrated proteins under physiological conditions 

Sys~m Specks Location De~ct ion~chnique Ref. 

CNS 

Human 

Rat 

Spinal cord (Neurofilament L) 

Purkinje cells of cerebellum, choroid 
plexus, cortical neurons 

Somata and dendrites of intemeurons and spiny 
neurons of caudate-putamen nucleus, outer 
mitochondrial membranes, near plasma 
membranes in dendrites and within asymmetric 
synapses on dendritic spines, globus pallidus, 
astrocytes, small axons and synaptic vesicles 
in axon terminals 

Immunoblot 14 

Immunohistochemistry 350 

Immunohistochemistry 351 
EM 

Murine Spinal cord (Neurofilament L, Glial Immunohistochemistry 59 
fibrillary acidic protein) Immunoblot 

Human Plasma (Albumin, 58 kDa protein) ELISA, Immunoblot 352 
CVS Rat Mesenteric artery (60-65 kDa protein) Immunoblot 353 

GIT Human Basal cells of oral mucosa [mmunohistochemistry 191 

Immune Murine Cortico-medullary junction & medulla Immunohistochemistry 354 
of thymus 

PNS Rat Sciatic nerve (Glial fibrillary acidic protein) Immunoblot 87 

Human Distal tubules, collecting ducts Immunohistochemistry 230 

Rat Proximal & convoluted tubules, endothelial cells Immunohistochemistry 129 
Renal of vas recta (40, 47, 58, 74, 80, 89, 102 kDa Immunoblot 234 

proteins) 
Murine Kidney Immunoblot 239 

(66 kDa protein) 
Reproductive Quail Ovarian atretic follicles & post-ovulatory follicles Immunohistochemistry 355 

Respiratory Rat fll-subunit of Na+/K+-adenosine triphosphatase Immunoprecipitation 165 
Immunoblot 

Skeletal muscle Rat Diaphragm (50, 42 kDa proteins) Immunohistochemistry 263 
Immunoblot 

and immunological techniques show basal levels 
of nitrated proteins (Tables III-IV) in nervous 
tissue (brain, spinal cord, peripheral neffce), blood 
vessels, heart, lung, liver, kidney, pancreas, 
skeletal muscle, skin, oral mucosa, thymus, ovaries 
and body fluids such as plasma and CSF. 

The quantities of 3-nitrotyrosine measured 
under normal conditions vary, depending on 
species, or the type of tissue or body fluid (Table 
IV). Generally levels of free 3-nitrotyrosine are 
higher (as a molar percentage of tyrosine) than 
protein 3-nitrotyrosine levels. This may reflect 
that protein tyrosine nitration is a more selective 
process since particular tyrosines are protected 
from nitration because of the tertiary structure of 

the protein or the hydrophobicity of particular 
domains, preventing access to nitrating agents 
such as peroxyni~ite. [36°] For example studies 
using GC-MS and HPLC-EC techniques report 
plasma levels of free 3-nitrotyrosine at least 30 
times higher than protein 3-nitrotyrosine (ran- 
ging from 930 to 1000 ~tmol/mol tyrosine com- 
pared to 1-36 ~tmol/mol tyrosine respectively). 
In addition to differences between free and pro- 
tein levels of 3-nitrotyrosine, variations of each 
form exist between tissues and in the case of the 
central nervous system between specific regions 
of brain or spinal cord. 

At the cellular level, under basal conditions 
in vivo, nitrated proteins have been localised 
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immunologically in  neu rons ,  [35°'351] astrocytes, I351] 
endothelial and epithelial cells ,  [129"230"2341 and 
analytically quantified in plate]ets. [3121 Electron 
microscopy with immunogold complexes has 
recently shown the subcellular localisation of 
nitrated proteins in the cell bodies and axons 
of neurons from the caudate putamen nucleus 
and globus pallidus. [3511 In this study nitrated 
proteins were associated with, or close to, 
organelles including the nuclear membrane, the 
nucleolus, the outer mitochondria membrane, 
microtubules, tubovesicles or synaptic vesicles, 
and at the plasma membrane where synaptic 
input is received from dendritic processes. [3511 
The protein nitration appeared to be confined 
to particular organelles and this varied depend- 
ing on nerve type suggesting that nitration may 
play a role in specific organellular functions. 
These may include modulation of gene expres- 
sion, axonal transport or synaptic transmission/ 
integration with the degree of nitration correlat- 
ing with the type or function of the cell. In 
addition to normal brain function nitration may 
also be important in ovulation as indicated by 
the finding of nitrated proteins in atretic and 
post-ovulatory follicles. [3551 

In addition to the tissue, cellular and organel- 
lular distribution of nitrated proteins at least 
three specific nitrated proteins have been identi- 
fied under normal conditions including neuro- 
filament L, [14~591 glial fibrillary acidic protein [59"87] 
and the Na+/K + ATPase pump. [165] Another 10 
proteins with molecular masses between 40 and 
100 kDa have shown to be nitrated but  their 
identities are still to be determined. 

T Y R O S I N E  N I T R A T I O N  IN D I S E A S E  

Depending on the disease and tissue, a 2-10 fold 
increase in the magnitude of protein 3-nitrotyr- 
osine and a quite consistent 1.5-2 fold increase in 
the nitration of free tyrosine has been reported. 
Some reports that measure both free and protein 
3-nitrotyrosine also suggest that in certain dis- 

eases, for example in rheumatoid arthritis, [81 
(S. Greenacre and M. Frost, unpublished obser- 
vations), or a murine model of ALS [59] there are 
elevations in free levels but  no changes in pro- 
tein levels of 3-nitrotyrosine, again suggesting 
that protein nitration is a selective process. 

There are several disagreements in the literat- 
ure where some have detected elevated levels of 
3-nitrotyrosine in a particular condition whilst 
others have not. These include diseases or con- 
ditions such as atherosclerosis, [3611 AIDS demen- 
tia complex, [362] aged skeletal muscle, [3591 spinal 
cord ischaemia, [363] hyperoxic lung injury [3641 
and NO" inhalation therapy for premature 
infants .  [365"366] Differing sensitivities of detection 
techniques may account for the differences in 
some but not necessarily all of these examples. 

Elevation of nitrated proteins during disease 
has been detected in tissues of all the major 
organs and within most cells types in vivo (Table 
I) including inflammatory cells (neutrophils, 
eosinophils, mast cells, lymphocytes, macro- 
phages, monocytes, Kupffer cells, astrocytes), 
vascular cells (endothelial cells, smooth muscle 
cells) and parenchymal cells (neurons, Schwann 
cells, myocytes, fibroblasts, chondrocytes, hepa- 
tocytes, melanocytes, epithelial cells). Immuno- 
histochemical studies show that during disease 
processes protein nitration occurs in specific cell 
types depending on the tissue or type of patho- 
logy. In some diseases only parenchymal, or only 
inflammatory, or only vascular cell proteins are 
nitrated, yet in other diseases, protein nitration 
occurs within several cell types. These observa- 
tions allow us to propose that the site of nitrating 
agent(s) generation may determine the cell 
type and specific protein(s) that is modified 
by nitration. For example we argued that sites 
of O~ production could provide grounds for 
peroxynitrite formation whereas the presence 
of inflammatory cells will provide enzymatic 
catalysts such as peroxidases. The list of specific 
proteins that are post-translationally modified 
by nitration is growing and clearly indicate a 
biological selectivity. Mn superoxide dismut- 
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TYROSINE NITRATION IN PHYSIOLOGY AND DISEASE 561 

ase, [1°'231] neurofilament L, [14] a-synuclein, [349] 
ceruloplasmin, transferrin, al-anti-chymotrypsin, 
al-protease inhibitor, t-chain of fibrinogen [296] 
and c-Src tyrosine kinase [194] have been found 
nitrated in human pathologies. Furthermore, 
tyrosine hydroxylase, [s°] neurofilament L, [59] 
glial fibrillary acidic protein, [591 LDL, Igs] PGI2 
synthase, El1°1 sarcoplasmic reticulum calcium 
ATPase, [26°-262] fll subunit of Na+/K+-adeno - 
sine triphosphatase I1651 and albumin [269] are pro- 
teins found nitrated in animal models of disease. 

In cellular models of disease (Table II) nitrated 
proteins have also been detected when specific 
cell types were deprived of glucose, trophic 
factors or L-arginine [297'3°3'3°4'332] or exposed 

to proteins such as cytokines (IL-lfl, TNFa, 
IFX,~), [299"300'317'320'322"326"331'336] collagen, [311] amyl- 

oid fl-peptide, [3m'3°71 LDL, [31°1 or drugs such as 
methamphetamine I72] or the calcium ionophore 
A23187, I337! or biological extracts from sea weed 
(carrageenan), [319] yeast (zymosan) [2°21 or bac- 
teria (LPS). [316'335'339'340] Protein nitration is also 
induced in certain cells exposed to CO, [323'324] 
GSNO, [334] hyperoxia, [31s] hydrogen peroxide, [33°1 
asbestos fibres [32°] or bile salts. [327] Specific 
nitrated proteins identified within cellular models 
of disease includes; glyceraldehyde-3-phosphate 
dehydrogenase (astrocytes), [29s1 PGI2 synthase 
(endothelial [3°91 and mesangial cells[3311), focal 
adhesion protein p130cas (neuroblastoma 
cells), [3°61 vasodilator-stimulated phosphopro- 
tein I311] and cycloxygenase [313] in platelets, 
a-tubulin, (epithelial cells), [3141 c-Src tyrosine 
kinase [194] and tumour suppressor p53 [3341 in 
tumour cells, and cytochrome c [338] and phospha- 
tidylinositol 3-kinase p85 [341] in macrophages. 

N I T R A T I N G  A G E N T S  

Several mechanisms have been proposed for 
protein nitration in vivo and evidence supporting 
or contradicting the roles of specific reactive 
nitrogen species has been examined previ- 
ously. [367] These mechanisms have been invest- 

igated mainly in vitro with BSA or free tyrosine. 
It is likely that nitration mechanisms are totally 
dependent on a source of enzymatic NO" and its 
reactions with oxygen or reactive oxygen species 
(Figure 1). 

Nitric oxide (NO') Nitric oxide can react with 
the tyrosyl radical to form 3-nitrotyrosine. This 
reaction has been proposed for the in vitro nitra- 
tion of prostaglandin H synthase-2 (PGH-2 or 
cyclooxygenase) in the presence of arachidonic 
acid and the NO" donor DEA/NO. [36s'3691 This 
nitration has been reported during normal activ- 
ity of the enzyme for eicosanoid generation. 

Peroxynitrite (ONOO-) Peroxynitrite is an 
effective nitrating agent and the yield of per- 
oxynitrite-mediated nitration is increased upon 
catalysis by transition metals, [37°1 CO2 [371] and 
myeloperoxidase. I3721 Despite previous reports, 
it is clear now that the in situ generation of 
peroxynitrite by the simultaneous generation 
of NO" and O~ generates the same yield of 
tyrosine nitration as the bolus addition of chem- 
ically synthesised peroxynitrite. [373"3741 

Nitrite (NO 2) Nitrite is the major stable end 
product of nitric oxide metabolism. Several 
interactions between NO 2 and other reactants 
can lead to the formation of nitrating agents. 
Acidification of NO 2 forms HNO2 (nitrous acid), 
which has been shown over a 24-48 h period to 
nitrate ovalbumin and casein. [3751 In addition to 
acidification, NO 2 can be oxidised by  myeloper- 
oxidase (MPO) - derived hypochlorous acid 
(HOC1) to form nitryl chloride (NO2C1), which 
is also capable of nitrating tyrosine residues in 
BSA [3761 and LDL. [3771 However  other studies 
report very low yields or no nitration when 
HOC1 and nitrite are co-incubated with plasma 
proteins, [37s] heart homogenate proteins I379] or 
pure ribonuclease A. [36°] Alternatively, protein 
nitration by the oxidation of NO 2 by hydrogen 
peroxide (H202) can occur via the formation of 
peroxynitrous acid, but  requiring concentrations 
of H202 in excess of that likely to be produced 
in vivo. Finally it has been shown that per- 
oxidase enzymes (myelo-, eosinophil-, horse 
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Tyr" 

\, 

FIGURE 1 Schematic illustration of potential nitrating agents. 

radish- peroxidase) in the presence of NO 2 and 
H202 can nitrate proteins in heart homogenates I3791 
or pure proteins such as BSA, [379-382] ribonuclease 
A, phospholipase A2, lysozyme ~36°1 or LDL. ~3s3~ 

SELECTIVITY OF P R O T E I N  T Y R O S I N E  
N I T R A T I O N  

As previously mentioned several nitrated pro- 
teins have been identified in vivo both under 
physiological and pathological conditions. These 
studies indicate that protein tyrosine nitration is 
a selective process. The selectivity appears to be 

a function of the structure of the protein and is 
independent of the nature of the proximal nitrat- 
ing agent, the abundance of the protein and the 
number of tyrosine residues. [36°1 Berlett et al. 

(1996) first suggested that the surface exposure 
of certain tyrosine residues is a requirement 
but  not essential for nitration of tyrosine resi- 
dues in glutamine synthase. [384] Similarly Rior- 
dan et al. (1967) had indicated the existence of 
environmentally sensitive tyrosine residues in 
proteins nitrated by TNM. [385] Following these 
observations we provided evidence that irre- 
spective of the nature of the nitrating agent, 
certain tyrosine residues are exquisitely suscep- 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TYROSINE NITRATION IN PHYSIOLOGY AND DISEASE 

TABLE V Post-translational modifications of protein tyrosine residues 

563 

Post-translational Enzyme Consensus Sequence Reversibility Function 
modification 

Phosphorylation Tyrosine Kinases [Lys-Arg]-X-X-X-[Glu-Asp]- Tyrosine Phosphatases Signal transduction 
X-X-X-Tyr [3871 

Sulfation Tyrosylprotein None, but certain structural Irreversible, resistant to 
sulfotransferase requirements have been  Chymotrypsin [386] 

identified [386] 
MPO/EPO and Not known Degradation by 20S 
non-enzymatic Proteasome [388] 

Oxidation 
Chlorination 
Bromination 

Nitration Non-enzymatic 
MPO/EPO 

None, but certain structural 
requirements have been 
identified [360, 389] 

Potential "denitrase" [390] 
Degradation by proteasome, 
Chymotrypsin sensitive [391] 

Protein targeting/ 
processing 

Covalent 
cross linking 
Alterations in 
function 
Alterations in 
function 
Signal transduction? 

tible to nitration. Examination of the factors that 
may explain this sensitivity revealed similarities 
between nitration and other post translational 
modifications of protein tyrosine residues 
namely sulfation and phosphorylation, which 
are reviewed below and in Table V. 

EFFECTS ON SIGNAL TRANSDUCTION 

Tyrosine phosphorylation is one of the most 
recognized signal transduction events in bio- 
logy. Tyrosine kinases catalyze the transfer of 
phosphate to the hydroxyl group of tyrosine 
residues and phosphatases are responsible for 
executing the reverse reaction. Sulfation takes 
place at the same ipso hydroxyl group of tyro- 
sine and is catalyzed by the tyrosyl protein sul- 
fotransferase. [3s61 In contrast to phosphorylation, 
sulfation is not reversible and sulfated proteins 
are resistant to chymotrypsin. I386! The specificity 
in tyrosine phosphorylation is derived by the 
recognition of a [Lys or Arg]-X-X-X-[Asp or 
Glu]-X-X-X-Tyr sequence (X indicates any other 
amino acid) motif on the target protein. [387] 
Without this motif and proper folding tyrosine 
kinases will not phosphorylate tyrosine residues 
in proteins. The tyrosyl protein sulfotransferase 
does not require a specific motif but it largely is 

dependent upon the folding of the protein and 
the following structural requirements: (1) the 
presence of a nearby negative charge (usually 
in position -1 before the tyrosine residue or sev- 
eral acidic residues within 5 residues on either 
side of the tyrosine), (2) the presence of turn 
inducing amino acids within the -5  +5 residues 
of the tyrosine, and (3) absence of steric hin- 
drances. I3861 Indeed data suggests that nitration 
of tyrosine residues may share similar require- 
ments as phosphorylation and sulfation. Our 
work, as well as Crow et al. (1998) suggests that 
protein tyrosine nitration is effective when acidic 
residues (mostly glutamate) are in the -1  posi- 
tion. 1389] An extensive search and alignment of 
nitrated sequences of different proteins failed to 
produce a specific peptide motif. However, in 
the majority of the cases a negative charge can 
be found within 2-3 • of the site of nitration. 
Similar to sulfation, the folding of the protein, 
the surface exposure, the paucity of cysteine and 
methionine residues, and the presence of turn 
inducing residues appear to constitute require- 
ments for the selectivity of tyrosine nitration. 

The magnitude of protein tyrosine nitration 
appears to be in the same order as tyrosine 
phosphorylation (0.01-0.1mole%), which sug- 
gests that the levels of 3-nitrotyrosine in vivo 

are sufficient to satisfy a role for signal transduc- 
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tion. However, before accepting this hypothesis, 
conclusive evidence that protein tyrosine nitra- 
tion is physiologically reversible must be 
obtained. Tantalising and stimulating preliminary 
reports [39°'392"393] of a putative tyrosine nitrase or 
"denitrase" have been published, opening an 
area of research that may provide important 
clues for the potential role of this biological 
process in signal transduction and in the turn- 
over of nitrated proteins. 

T U R N O V E R  A N D  M E T A B O L I S M  OF 
N I T R A T E D  PROTEINS 

In several animal models of disease the 
dynamics or half-life of either free or 
protein 3-nitrotyrosine has been investig- 
ated. I36"40"42"50"85"132'269"270'394] For example we 

have shown that albumin is a major protein 
target for nitration by peroxynitrite in rat skin 
and that mechanisms exist for its removal. [2691 
This was biphasic with a rapid initial loss 
( t l /a=2h)  and a slower loss ( t l /a=22h).  A 
similar half-life of 2h was shown for 3-nitro- 
tyrosine in rat brain during ischemia-reper- 
fusion injury I4°l and a half life of 1-2h has 
also been reported for free 3-nitrotyrosine in 
plasma. [132"3941 In the majority of animal models 
the presence of 3-nitrotyrosine is transient and 
persists for hours rather than days or weeks. 
Inflammation of skin or joints induced by zy- 
mosan causes transient elevations in levels of 
nitrated proteins within 3-8 h of insult, which 
return to baselines levels within 24 h (S. Green- 
acre and S. Brain, unpublished observations). 
This relatively rapid removal of 3-nitrotyrosine 
may be significant in modulating the effects of 
nitration in normal physiology or in disease and 
may be due to protein degradation, repair or 
clearance, or a combination of these mechanisms. 
In addition it has also been shown that 3-nitro- 
tyrosine is lost when nitrated proteins or free 
3-nitrotyrosine are exposed to reactive species 
such as neutrophil-derived hypochlorous acid. [3951 

Evidence also exists to suggest that nitration 
is a reversible process. Published data has sug- 
gested the existence of a repair mechanism 
for nitrated proteins without apparent protein 
degradation. I39°1 It is critical to point out that 
degradative pathways such as the proteasome 
will accelerate the degradation of some but  not 
all nitrated proteins. Indeed the susceptibility of 
proteins modified by nitrating agents such as 
peroxynitrite to degradation by the proteosome 
varies on the degree of protein modification. [396] 
While proteins that have been "mildly" modified 
are more susceptible to degradation by  the pro- 
teosome, "extensively" modified proteins are 
poor substrates for proteases being less suscept- 
ible to degradation by the proteosome than the 
unmodified protein. Moreover, in contrast to 
sulfated tyrosine residues, nitrated residues can 
be cleaved by chymotrypsin but  at a signific- 
antly slower rate than tyrosine. I391] Nonetheless 
the putative tyrosine nitrase appears to be pre- 
sent in a number of tissues and in particular 
lung and spleen and in one study the activity is 
induced by endotoxin. I39°1 This activity appears 
to be heat and trypsin sensitive, does not utilize 
free 3-nitrotyrosine as a substrate and exhibits 
different kinetic profiles towards different 
nitrated protein substrates. ([390], unpublished 
observations). Clearly the need for purification 
and further characterization of this activity is 
important in order to establish its role in protein 
nitration. Recently we have devised an altemat- 
ive ELISA based method in an attempt to valid- 
ate and facilitate further characterization of this 
tyrosine nitrase activity. [397] 

The metabolic processing of free 3-nitrotyro- 
sine is also unknown. Ohshima et al. (1991) has 
measured nitrated metabolites of nitrotyrosine 
in human urine, which indicated that deamina- 
tion and decarboxylation of free 3-nitrotyrosine 
has taken place. [398] This may be of importance, 
avoiding the inappropriate utilisation of the 
covalently modified amino acid in transtyrosin- 
ase function as reported for tubulin. [3141 More- 
over, neither free 3-nitrotyrosine nor protein 
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nitrotyrosine are reduced by bacterial and other 
mammalian nitroreductases. [3991 These data 
suggest that the protein tyrosine nitrase and the 
deamination/decarboxylation of free 3-nitrotyro- 
sine are unique specialised pathways that 
handle this protein and amino acid modification. 

C O N C L U S I O N S  A N D  FUTURE 
D I R E C T I O N S  

Certainly there are many unanswered questions 
and gaps that can benefit from future research. 
One area is the role of tyrosine nitration in 
immunological responses. For example, before 
KLH was utilised to increase immune response 
to antigens, 2,4 dinitrophenol was coupled to 
antigens to boost the immune response of other- 
wise non-antigenic proteins and peptides. Rais- 
ing antibodies to nitrated proteins has been 
feasible and relatively easy. Therefore, it is likely 
that circulating antibodies to nitrated proteins 
exist, and preliminary data supporting this has 
been found in our laboratory. A large number of 
studies cited in Table I (~20%) have reported 
that macrophages contain large amounts of 
nitrated proteins. This can be due to generation 
of nitrating agents by  macrophages but  more 
importantly could signify active phagocytosis 
of nitrated proteins in an effort to remove them 
from sites of inflammation. Moreover, in vitro 
studies have recently suggested that nitration 
of cytokines such as IL-5 or IL-8 alter immune 
responses. [4°°-4°31 The discovery and sound 
demonstration of an enzymatic tyrosine nitrase 
is needed. Indeed the presence of such enzymatic 
activity will clearly satisfy the role of nitration in 
signal transduction events where putative nitrat- 
ing agents such as peroxynitrite have been 
shown to play a significant role. I4°41 A better 
understanding of the effect of nitration in the 
function of proteins and its relationship to phe- 
notypic expression is needed. This will require 
the identification of specific proteins that are 
modified by nitration and a comprehensive ex- 

amination of the protein function and turnover 
rate. Two issues need to be considered when one 
attempts to associate protein nitration with the 
expression of a pathological phenotype. Firstly, 
it is possible that tyrosine nitration will not alter 
the activity of the protein, as has been shown for 
transferrin and al-anti-chymotrypsin and the 
trypsin activity of c~l-protease activity. [296] 
Secondly, care must be taken to investigate the 
existence of other amino acid modifications that 
may also participate in altering the function of 
the protein. The discovery of specific proteins 
with known crystal structures will also facilitate 
the precise identification of the structural and 
other requirements that facilitate the nitration 
of specific tyrosine residues and specific 
proteins. Overall, nitration of free tyrosine and 
protein tyrosine residues is a biological process 
that is derived from the biological chemistry of 
nitric oxide and although it is associated mostly 
with disease states it may also play a significant 
yet unrecognised role in signal transduction, 
immune response and protein metabolism. 
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