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Abstract

Nitration of tyrosine residues in proteins represents a pathological event that is associated with several human and animal diseases. Besides
the classical pathways of formation of reactive nitrogen species (RNS) by NO oxidation, several studies show that heme peroxidases also play an
important role in RNS generation. The mechanism of generation of these species has been studied in detail focusing on the nitration of several
tyrosine and tryptophan derivatives. Also the O,-storage and O,-carrier heme proteins, myoglobin and hemoglobin, can induce RNS formation
and promote self-nitration and oxidation. These reactions bear biological relevance and, therefore, the identification of the sites of endogenous

modification of these proteins has been carried out by proteomic analysis.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The small free radical species NO has been implicated in
a variety of biological functions, including respiration, nerve
transmission, apoptosis, modulation of vascular tone and home-
ostasis [1]. It can undergo oxidation or reduction reactions,
leading to nitrosonium (NO™*) or nitroxyl (NO™) ions, respec-
tively [2,3]. NO™" is responsible for a number of electrophilic
reactions [4] but is too reactive to exist in aqueous solution
where it immediately forms nitrous acid. On the other hand,
NO™ results from the ionization of HNO [5], that might occur in

Abbreviations: Hb, human hemoglobin; hhMb, horse heart myoglobin;
HMb, human myoglobin; HRP, horseradish peroxidase; LPO, lactoperoxidase;
RNS, reactive nitrogen species; ROS, reactive oxygen species
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cells [6-8]. In addition, in analogy with protein phosphorylation,
NO induces S-nitrosation of protein sulfhydryls as a widely used
mode of transmitting cellular signals [9]. Evidence for the activ-
ity of NO as a modulator of protein functions has been amply
reported in the literature for caspases (a family of proteolytic
enzymes that execute programmed cellular death), transcription
factors, matrix metalloproteases (implicated in the pathogene-
sis of stroke, neurodegenerative disease and cellular metastasis)
and viral proteins [9]. On the other hand, overproduction of NO
appears to contribute to tissue injury and inflammatory states,
and collective evidence from in vitro and in vivo studies indi-
cates that in these conditions several reactive species can be
formed, either simultaneously or at different times, depending
on cell type and the stimulus [10—-12]. These species can be gen-
erated directly from NO or from nitrite, the major product of
NO oxidative metabolism, which is more stable and thus longer
lasting than NO [13].
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Protein nitration is an easily detectable post-translational
modification occurring in the pathogenesis of numerous dis-
eases, including chronic inflammation, cardiovascular patholo-
gies and neurodegenerative diseases [14—16]. This modifica-
tion is a consequence of intense production of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS), when
this overwhelms the compensatory antioxidant capacity of the
cells. Nitrogen dioxide (NO3) and peroxynitrite (ONOO™) are
powerful cytotoxic RNS that can be derived directly from NO
[17,18]; they can trigger nitration or oxidation of aromatic or
sulfur containing amino acid residues [19-21], DNA damage
[22] and initiate lipid peroxidation [23]. An alternative path-
way for the production of RNS which is receiving increasing
attention is that dependent on peroxidases. This is typically asso-
ciated with inflammatory processes, where activation of heme
peroxidases represents the most important defense mechanism
towards the infiltrated phagocytes [14], but recently the pres-
ence of peroxidase-like activity has been established also in the
brain substantia nigra, where an enzyme apparently similar to
lactoperoxidase seems to be involved [24,25]. Therefore, the
general properties of peroxidases as well as their presence in a
wide variety of cells and tissues [14,24] suggest a pivotal role
for these enzymes in oxidative reactions and in the generation of
RNS [17,26-29]. The key substrate for peroxidases in the gener-
ation of RNS is nitrite, the major product of NO metabolism, that
has long been considered inert under physiological conditions
[30,31]. The main targets of peroxidase dependent nitrations are
tyrosine and tryptophan derivatives, including those contained in
proteins [17,26,29]. Addition of a nitro group to tyrosine lowers
the pKj of its phenolic group by 2-3 units and adds a bulky sub-
stituent; when this occurs in relevant tyrosines, nitration can alter
protein function and conformation, impose steric restrictions and
also inhibit tyrosine phosphorylation [27]. Even though nitroty-
rosine formation is a well accepted footprint of the presence
of NO-derived oxidants, a few proteins are currently known to
acquire different functions after exposure to RNS. Among these,
cytochrome ¢ gains a strong peroxidase activity after nitration
[32], nitrated fibrinogen accelerates clot formation [33] and pro-
tein kinase Ce becomes activated and translocates on nitration
[34].

Nitration of tryptophan will likely have biological impli-
cations. In the first place, nitrotryptophan formation can
inhibit generation of tryptophan-derived neurotransmitters (i.e.
serotonin) or interfere with their action. Secondly, nitration of
critical tryptophan residues in proteins may alter their function
[35]. Loss of tryptophan residues in proteins incubated with
RNS has also been shown to occur, by the disappearance of tryp-
tophan fluorescence [36-38], amino acid analysis [39,40] and,
more recently, by HPLC-MS measurements [41]. Yakamura et
al. [40] reported that a partial inactivation of human recombinant
Cu,Zn-superoxide dismutase in vitro is caused by modification
of the single Trp32 residue by peroxynitrite in the presence of
bicarbonate, although the reaction product was not identified.
It has been suggested that nitrated free or protein-bound
tryptophan may be able to propagate RNS damage, through a
radical mechanism capable of inducing further oxidative stress
[42].

Besides peroxidases, other metalloproteins are able to gen-
erate RNS and, in general, the same proteins producing RNS
are potential targets for these species in the absence of scaveng-
ing substrates. Among others, Mb and Hb must be taken into
account because of their abundance in tissues [43] and in the
vasculature [44], respectively. Both proteins have considerable
prooxidant activity, since they easily react with HyO, [45,46]
and NO, ™ [46-49] promoting reactions that can be represented
in a peroxidase-like cycle. For instance, following a period
of ischemia, reperfusing cardiac tissue with oxygenated blood
results in a damaging burst of oxidative stress [50]. The resulting
myocardial injury is characterized by depletion of endogenous
antioxidants and release of cardiac enzymes, proteins, includ-
ing Mb, ROS and RNS into circulation [51]. Actually, recent
studies have shown that both Mb and Hb play important roles in
the pathology of certain disease states linked to the interaction
of peroxides and reactive nitrogen species with heme proteins
[46,52—-54]. The discovery of heme to protein cross-linked forms
of Mb and Hb in vivo are definitive markers of the participation
of these proteins in oxidative reactions [46].

Here, we will give an overview of the mechanisms of the
peroxidase catalyzed nitration of tyrosine and tryptophan deriva-
tives focusing on our contribution to the field. We will also
describe the covalent modifications of amino acid side chains
and the heme prosthetic group of Mb and Hb induced by RNS
under oxidative and nitrative stress conditions.

2. Mechanism of formation of RNS by peroxidases

Collectively, the in vitro and in vivo studies indicate that
several nitrating species can be formed under nitrative stress
conditions [10-12]. One of the mechanisms by which NO trig-
gers its toxicity is its nearly diffusion-controlled reaction with
superoxide anion to give peroxynitrite, ONOO™ [55,56]. Alter-
natively, NO can be easily oxidized to nitrogen dioxide, e.g.
by dioxygen, through N>Oj3. A third pathway includes nitrous
acid formation from nitrite at acidic pH. However, recent studies
have revealed that nitration pathways involving heme proteins
are relevant in vivo [57-59]. In fact, both heme peroxidases
[26,60,61], metMb [47,48] and metHb [62] have been shown
to be able to oxidize nitrite in the presence of hydrogen per-
oxide to give RNS that, in turn, promote nitration of phenolic
compounds and tyrosyl residues of proteins [26,47,48,61,62].
The most common mechanism of peroxidase dependent nitra-
tion occurs through the one-electron oxidation of nitrite by the
classical enzyme intermediates known as compounds I and II
to nitrogen dioxide (Fig. 1, pathway A). However, the results
presented by Dunford and co-worker [60] and recently by us
using a group of substrates derived from tyrosine [26,47,48,61]
are incompatible with the classical peroxidase mechanism pro-
ceeding through nitrogen dioxide. Using the two molecules of
p-cyanophenol and phenylacetic acid as mechanistic probes,
we could show that two competing mechanisms are operative,
depending on nitrite concentration. Phenylacetic acid is unreac-
tive both towards NO» and the peroxidase/H,O2/NO;, ™ system
when the concentration of nitrite is low; though, it is easily
nitrated (and oxidized) by chemically generated peroxynitrite
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Fig. 1. Catalytic pathways in heme-protein induced nitration. (A) The classical peroxidase cycle including the ferric form and the compounds I and II intermediates.
(B) Nitrite binds to the heme, and the resulting nitrite adduct reacts with HyO, generating an unprecedented Fe(IIT)-N(O)OO™ intermediate with unique spectroscopic

and reactivity features.

and by the enzymatic system when the amount of nitrite is
increased [61]. In contrast, p-cyanophenol is a poor substrate for
chemically generated peroxynitrite whereas its nitration occurs
during the enzymatic reaction promoted by peroxidases, even at
low concentration of nitrite. Interestingly, the reaction is almost
completely inhibited when the concentration of nitrite becomes
very high (0.5 M). These observations suggest that nitration of
p-cyanophenol can only occur by a radical coupling mechanism
involving nitrogen dioxide [61]. Thus, the dominant mechanism
for the enzymatic nitration of phenolic substrates is the classical
peroxidase pathway, involving nitrogen dioxide, at low nitrite
concentration (Fig. 1, pathway A), but it changes to another
mechanism when the concentration of nitrite is higher. The lat-
ter mechanism involves an active species with reactivity similar
to that of peroxynitrite (Fig. 1, pathway B). Interestingly, the
range of nitrite concentrations where the change of mechanism
occurs depends strongly on the nature of the enzyme: with the
mammalian enzyme LPO, pathway B is dominating except at
very low (e.g. below 1 mM) nitrite concentration, while with the
plant enzyme HRP pathway A is dominating except at very high
(e.g. above 0.1 M) nitrite concentration.

To gain information on the mechanism of enzymatic nitration,
we tried to trap intermediates that are elusive at room tempera-
ture by studying the reaction of HRP in a mixed aqueous-organic
solvent at —12 °C under turnover conditions [63]. At low nitrite
concentration (<20 mM), both in the presence or absence of
a phenolic substrate, upon addition of hydrogen peroxide, the
spectrum of HRP corresponds to that of the compound II inter-
mediate (Soret band at 418 nm, visible bands at 526 and 564 nm).
At higher nitrite concentration (200 mM), HRP behaves differ-
ently if a phenol is present in solution or not. When only nitrite

is present, the addition of hydrogen peroxide produces the typ-
ical compound II spectrum, but when also a phenol is present,
the spectrum of an intermediate species that corresponds nei-
ther to compound I nor to compound II is produced, with Soret
band at 419 nm (sharper and more intense with respect to com-
pound II), visible bands at 536 and 568 nm [63]. This spectrum
is very similar to that of the Fe(III)-NO, ™ adduct of the enzyme
(see Table 1) and, therefore, we attribute it to the intermediate
species Fe(II)-N(O)OO™, i.e. a N-bound peroxynitrite adduct,
that presumably is a powerful nitrating agent.

3. Nitration of tyrosine and tryptophan derivatives

The main targets of RNS are lipids [23], DNA [22] and pro-
teins [19-21]. Among the amino acids, RNS react promptly
with tyrosine, cysteine, triptophan and methionine residues (see
Fig. 2). We investigated in detail the kinetics of nitration of a
series of tyrosine derivatives by HRP and LPO in the presence
of nitrite and hydrogen peroxide [61]. These studies show that
the reaction rates follow saturation behavior both with respect
to phenol and nitrite, thus indicating that the reaction proceeds
through a ternary complex between enzyme, nitrating species

Table 1
UV-Visible spectra of HRP derivatives in a solvent mixture of 10 mM phosphate
buffer pH 7.5 and methanol (1:1) at —12°C

Derivative Soret band (nm) Visible bands (nm)
Compound 1T 418 526, 564
HRP Fe(IIT)-N(O)OO~ 419 536, 568
HRP Fe(III)-NO,~ 418 534,568
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Fig. 2. Covalent modification of tyrosine, tryptophan and cysteine residues induced by RNS.

and the phenol. The nitration reaction is in competition with the
classical peroxidase phenol coupling reaction, but the impor-
tance of the latter reaction decreases upon increasing nitrite
concentration. The competition arises because the phenolic sub-
strates undergo one-electron oxidation to phenoxy radicals by
the peroxidase active species, according to the reaction scheme
in Fig. 1, pathway A. The same enzyme intermediates oxidize
nitrite to nitrogen dioxide and, therefore, phenoxy radicals can
give coupling reaction to dimeric products or react with nitro-
gen dioxide to form nitrophenol, but NO» can also directly react
with the phenol to extract a hydrogen atom and generate a phe-
noxy radical (Fig. 3). In the peroxynitrite pathway B, nitrophenol
formation occurs by direct attack of the Fe(III)-N(O)OO™ inter-
mediate on the phenol, without generation of radical species.
Interestingly, the Kj; values for the phenolic substrates in the
nitration reactions are one to two orders of magnitude smaller
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Fig. 3. Coupling between NO; and tyrsosyl radical leading to 3-nitrotyrosine;
NO; can also directly extract a hydrogen atom from tyrosine and generate a
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than the Ky parameters of the same substrates in the classical
peroxidase-catalyzed phenol coupling reactions [64,65]. This
indicates that the enzymatic reactions occur with the substrate
bound at different protein sites in the two cases, and in partic-
ular that the phenol must bind close to the heme in the normal
peroxidase reaction, but not necessarily so in the nitration pro-
cess, where enzyme-generated RNS can diffuse and react with
the phenol bound near or at the protein surface.

Nitration of tyrosine derivatives by nitrite and hydrogen per-
oxide has been studied also using horse heart Mb [47], human
Mb [48] and human Hb [62]. In general, the efficiency of the O,
binding proteins in the catalytic reactions is much lower than
that of peroxidases, and in this case the Ky values are similar to
those found for the corresponding catalytic oxidation of phenols
to phenol dimers. This indicates that the same binding site for
the phenol is maintained in the two types of processes. However,
it is worth noting that the k4 values for phenol nitration are one
order of magnitude larger than those for phenol oxidation [45].

The nitration of tryptophan derivatives is more complicated
than that of tyrosine under many respects [66]. Due to its higher
redox potential, tryptophan is less reactive than tyrosine towards
RNS. Moreover, unlike tyrosine, the reaction of RNS with tryp-
tophan produces nitrated isomers at various positions of the

R. Roncone et al. / Coordination Chemistry Reviews 250 (2006) 1286—1293

indole ring, and also nitrosation at the nitrogen atom and oxida-
tive opening of the indole ring can occur. The enzymatic nitration
of tryptophan derivatives performed with LPO or HRP in the
presence of NO,~ and HyO, showed that nitration occurs at
positions 4-, 6-, 7- and N! of the indole ring, and that nitrosa-
tion occurs at the indole nitrogen atom (Fig. 4). Positions 2 and
5 of the indole nucleus appear to be unaffected. In these reac-
tions, the product composition was found to change as a function
of nitrite concentration. The nitrated isomer at position 6 was
always the most abundant, but it is interesting that the amount
of N'-NO derivative was found to increase in the product mix-
ture on increasing nitrite concentration. Two mechanisms could
be hypothesized to account for the production of N'-NO. The
first one depends on the faster dimerization of NO, to N, O4 at
high nitrite concentration, which is known to react with amines
producing nitrosated and nitrated products [67]. The alterna-
tive pathway is the direct nucleophilic nitrosation of the N-H
group by the enzyme generated peroxynitrite species [66]. A
similar reaction has been observed for free peroxynitrite with
secondary amines [67] and gluthatione [68]. In the enzymatic
reactions, we found no evidence for other oxidation products,
such as N-formylkynurenine, which has been often reported as
one of the products of the tryptophan reaction with RNS [69].
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Fig. 4. Structure of the nitrotryptophan and nitrosotryptophan derivatives obtained in the peroxidase-catalyzed reaction. The percent yield of the products generated

by HRP/H,0,2/NO; ™ at various nitrite concentrations is schematically indicated.
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4. Nitration and oxidation of proteins by RNS

In the absence of an exogenous substrate, all the proteins
generating RNS undergo self nitration and possibly oxidation at
polar amino acid residues. Several factors influence the amount
and the selectivity of the modification: (1) the proximity to the
site of generation of the nitrating species; (2) the localization of
the protein; (3) the abundance of tyrosine, cysteine and trypto-
phan residues in the amino acid sequence; (4) the presence of
specific residues in the primary sequence that can assist forma-
tion of RNS [11]. We have investigated in detail the reactions
undergone by the met forms of hhMb [47], HMb [48] and Hb
[62] in the presence of nitrite and hydrogen peroxide. Myo-
globins contain in their primary sequence at least four amino
acid residues which can be target for RNS: Tyr103, Tyr146,
Trp7 and Trpl14. In addition, HMb contains a cysteine residue,
Cys110, that could also undergo modification.

The experiments carried out in our group on hhMb showed
that the tyrosine closest to the heme and more exposed to the
surface, Tyr103, remains unaffected, while both the porphyrin
and Tyr146, which is an inner residue farther from the heme,
undergo nitration [47]. Tyr146 is located in the proximity of one
of the four conserved cavities of Mb, the so called Xel cav-
ity [70,71], where the nitrating species (i.e. NO or ONOO™),
once produced by the heme, is able to diffuse, accumulate and
suitably orient to perform the reaction leading to nitrotyrosine.
Different results were obtained with HMb [48]. The human pro-
tein is much more prone to oxidation with respect to hhMb. Here
the protein induced RNS promotes derivatization at the protein
residues nearest to the heme, Tyr103 and Cys110, leading to
nitrotyrosine and sulfinic acid formation, respectively (Fig. 5).
Only when the nitrative conditions become more severe, both
the heme prosthetic group and Tyr146 also undergo nitration. In
analogy with hhMb, we have no evidence for tryptophan mod-
ification in the protein. In order to draw a comparison between
hhMb and HMb (see Table 2), we have to take into account
the presence of the unique Cys110 residue in the heme envi-
ronment of HMb, that is able to capture the RNS and prevent
its reaction with the porphyrin or diffusion to further sites of
the protein [48]. Therefore, conversion of the heme cofactor to
nitrated heme amounted to 50% of the starting protein for hhMb,
while heme nitration occurs only to the extent of 8% in HMb
under the same harsh conditions [47,48]. Nitrogen dioxide and
peroxynitrite are so effective in the nitration and oxidation of
tyrosine and cysteine in HMb that any possible intermolecular
dityrosine or dicysteine cross-linking is prevented.

Fig. 5. Computer simulated three-dimensional structure of the K45R/C110A
HMb mutant in which the alanine at position 110 has been replaced with a
cysteine residue by the Swiss-PdbViewer Version 3.7 programme. The disposi-
tion of the side chains of Tyr103, Cys110 and Tyr146, representing the situation
presumably present in native HMb, is shown.

The situation is completely different with Hb [62]. The reac-
tion of the protein with nitrite and hydrogen peroxide gives rise
to tyrosyl radicals which have sufficient lifetime to couple and
generate dityrosine cross-linked dimers. The Tyr residues linked
in these protein dimers have not been identified yet, but Edman
analysis shows that the dimer is formed by coupling of the o and
B subunits. No evidence for the presence of ax or B3 dimers
has been obtained. In addition, RNS mediate nitration at Tyr
residues of the a3 dimer, as confirmed by Western blot analy-
sis, as well as at the other o and 3 subunits, and at the heme
cofactors. According to MS data, nitration occurs at a single
Tyr residue of the a-chain and at two Tyr residues of the [3-
chain. The modified residues have been identified as a-Tyr42,
B-Tyr130 and B-Tyr145 (Fig. 6). Examination of the crystal
structure of the protein reveals that a-Tyr42 is closest to the
a-heme (~4 A), while both B-Tyr130 and B-Tyr145 are farther
from B-heme, at about 10.5 and 8.6 A distance, respectively.
However, both tyrosines seem to lie in a suitable environment
to undergo derivatization. In particular, among the residues in
the neighbors of 3-heme, B-Phe71 is part of an “hydrophobic
tunnel” of Phe71-Trp15-Tyr130 which can possibly be involved
in mediating RNS attack to B-Tyr145. Interestingly, none of the
three tryptophan residues (a-Trp14, B-Trp15 and B-Trp37) has
been nitrated, and no cysteine (a-Cys104, 3-Cys93, 3-Cys112)

Table 2

Endogenous protein targets for RNS in Mbs and Hb in the presence of nitrite and hydrogen peroxide

Protein NO,-heme NO,-Tyr Cys-SOH
hhMb, harsh conditions (0.8 M NO, ™, 1 mM H;0,) (50) Y146 (6) a

HMD, mild conditions (0.1 mM NO;~, I mM H,03) 0) Y103 (44) C110 (76)
HMBD, harsh conditions (0.8 M NO, ™, 1 mM H,0;) ®) Y103 (54), Y146 (10-20) C110 (95)
a-HHb (~50% total) Y42 (30) Not found
B-HHb Y130 (4), Y145 (63) Not found

Note that no nitrotryptophan has been detected under the conditions employed. The data in parenthesis refer to the percent modification relative to the total protein.

2 hhMb does not contain cysteine residues.
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o-subunit

B-subunit

Fig. 6. Spatial arrangement of the tyrosine residues that undergo nitration in human Hb upon treatment with nitrite and hydrogen peroxide.

has been oxidized. But in Hb no cysteine occurs so close to the
heme as it is in HMb.

It is worth noting that our data differ from those reported for
the nitration reactions of Mb [72,73] and Hb [74] with chemi-
cally generated peroxynitrite. These differences may be ascribed
to the fact that free peroxynitrite would primarily attack the outer,
more exposed residues on the protein surface. In contrast, in our
experiments the RNS (NO; or ONOO™) are generated within
the protein active site, in an inner pocket, and consequently the
pattern of nitration is completely different.

5. Concluding remarks

In this review we summarized our contribution to the search
of new reactivities by heme proteins in the presence of nitrite.
Albeit with different efficiency, peroxidases, Mb and Hb pro-
mote nitrite oxidation to NO; and ONOO™ in the presence of
hydrogen peroxide. Exogenous tyrosine and tryptophan deriva-
tives undergo nitration, and eventually nitrosation, with high

yields. Moreover, heme proteins are, at the same time, poten-
tial sources and potential targets of the generated RNS. We
have identified the sites of endogenous nitration or oxidation
undergone by Mb and Hb by proteomic analysis. The differ-
ent behavior of these proteins is determined by several factors,
including: (i) the solvent exposure of tyrosine residues, (ii) the
distance between the target residue and the heme center where
the RNS is generated and (iii) the ability to convey oxidizing
equivalents from the heme to nearby amino acid residues such
as cysteine or tyrosines and from these residues to other tar-
gets, the latter processes involving long-range electron transfer
or electron tunnelling.
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