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Abstract: Metmyoglobin catalyzes the
nitration of various phenolic com-
pounds in the presence of nitrite and
hydrogen peroxide. The reaction rate
depends on the reactant concentrations
and shows saturation behavior. Two
competing paths are responsible for
the reaction. In the first, myoglobin
reacts according to a peroxidase-like
cycle forming two active intermediates,
which can induce one-electron oxida-
tion of the substrates. The MbFe" =

intermediate oxidizes nitrite to nitro-
gen dioxide, which, after reaction with
the phenol or with a phenoxy radical,
yields the nitrophenol. In the second
mechanism, hydrogen peroxide reacts

active nitrating species, which we
assume to be a protein-bound peroxy-
nitrite species, MbFe™-N(O)OO. The
high nitrating power of the active spe-
cies is shown by the fact that the cata-
lytic rate constant is essentially inde-
pendent of the redox properties of the
phenol. The occurrence of one or other
of these mechanisms depends on the
nitrite concentration: at low [NO,™] the
nitrating agent is nitrogen dioxide,
whereas at high [NO, ] the peroxyni-
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trite path is dominant. The myoglobin
derivative that accumulates during
turnover depends on the mechanism.
When the path involving NO," is domi-
nant, the spectrum of the MbFe"V=
intermediate is observed. At high ni-
trite concentration, the Soret band ap-
pears at 416 nm, which we attribute to
an iron-peroxynitrite species. The
metMb/NO, /H,0, system competi-
tively nitrates the heme and the endog-
enous tyrosine at position 146 of the
protein. Phenolic substrates protect
Tyrl46 from nitration by scavenging
the active nitrating species. The ex-
posed Tyrl03 residue is not nitrated
under the same conditions.

with iron-bound nitrite to produce an

Introduction

Myoglobin (Mb) is a small monomeric heme protein that is
present in high concentration in red muscles.!! It has been
the subject of extensive studies, which have also been per-
formed on Mb site-directed mutants, aimed at gaining infor-
mation on structure—function relationships of heme proteins
in general, as well as at elucidating its actual function(s) in
vivo. Mb is usually cited as a protein involved in dioxygen
storage and transport in cells,”) but recently other activities
have been found. In particular, the protein is active in oxi-
dative phosphorylation,”! it shows some peroxidase- and P-
450-like catalytic activity, and protects cells against oxida-
tive damage.™® In its reduced form, Mb strongly binds
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carbon monoxide and nitrogen monoxide,* whereas in its
oxy form it reacts efficiently with nitrogen monoxide to pro-
duce a transient intermediate with a bound peroxynitrite
moiety.”!”! Since nitrogen monoxide acts as an inhibitor of
cellular respiration through its reaction with cytochrome ¢
oxidase, the scavenging effect of Mb for NO* protects the
cell from respiratory inhibition.""'? The reaction of NO
with oxyMb produces peroxynitrite; there is controversy as
to whether bound ONOO™ produced by this reaction is ca-
pable of nitrating an endogenous protein Tyr residue under
physiological conditions."*'* A similar controversy concerns
the ability of exogenously supplied peroxynitrite to nitrate
proteins, since Bourassa et al.'*l and Witting et al."¥ report-
ed that metMb (from horse heart and human source, respec-
tively) is nitrated at Tyr103 leaving Tyr146 unaffected, whilst
Herold et al. reported no significant nitration with metMb
and the formation of nitro-Tyr146 with apoMb from horse
heart.™™ On the other hand, in the presence of hydrogen
peroxide and nitrite, metMb nitrates exogenous tyrosine res-
idues, although no mechanistic detail concerning the active
species involved in these reactions is known.®!¢¥ These
reactions are of great interest because the presence of ni-
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trated proteins is often observed under pathophysiological
conditions.'”?2 A few potential nitrating agents have been
recognized in vivo,'” but the delineation of other biochemi-
cal pathways responsible for biological nitration and the
identification of specific protein targets for nitration are es-
sential for a full understanding of the mechanisms of NO*-
derived pathologies.™ Since during inflammatory diseases
the levels of hydrogen peroxide and nitrite are markedly in-
creased in cells,* 2! heme proteins can use these compo-
nents to produce nitrating agents. The ability of peroxidases
to promote these reactions is well known.'%?" In view of
the much larger amount of Mb in the body, it is important
to assess the possible role and significance of the nitrating
activity of myoglobin in the presence of NO, /H,0, We
have found that the metMb/NO, /H,O, system serves to ni-
trate exogenous phenolic compounds according to two limit-
ing mechanisms, depending on nitrite concentration. The
substrates are nitrated when they are bound to the protein,
but the endogenous tyrosine residue (Tyr146) located in the
proximal side of the protein is also competitively nitrated.
This study provides an additional contribution to our under-
standing of the toxicity associated with increased expression
and/or activity of NO synthases. The tyrosine derivatives 1-
3 were chosen as representative substrates in the present in-
vestigation.

NH,+
E “NH,* E ~COO- E ~COO-
OH OH OH
1 2 3

Results

Binding of nitrite to metMb: Upon addition of nitrite, the
Soret band of metMb shifts from 410 nm to 412 nm, charac-
teristic of the MbFe"-NO,~ complex,'”) in which the nitrite
anion binds to the iron as a nitro group through the nitrogen
atom. From the dependence of the absorbance changes on
the ligand concentration, the binding constant Kz = (51+
5)m™! was obtained. The binding experiments were per-
formed with short incubation times for the anion, since in
the presence of high nitrite concentrations the Mb solution
slowly turns a brownish-green color due to a modification of
the heme.” The value of the binding constant obtained
here is consistent with those extrapolated from kinetic stud-
ies (Ky = Kp™' = 81m' obtained at 20°C in phosphate
buffer at pH 7.5;" K; = 60m™' obtained at 20°C in Tris
buffer at pH 7.4)."

Phenol nitration catalyzed by Mb: In the presence of hydro-
gen peroxide, metMb catalyzes the oxidative dimerization of
phenols in a peroxidase-like reaction® ! involving the for-
mation of phenoxy radicals. If the solution contains nitrite,
nitrophenols are also produced.'®"®! The mechanism of this
reaction was investigated by studying the nitration of sub-
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strates 1-3 by the metMb/H,0,/NO," system. At pH 7.5, the
nitrophenols are partially deprotonated and absorb at
around 420 nm. To reduce the interference from the protein
absorption during the kinetic experiments, the nitration re-
actions were followed by monitoring the increase of absorb-
ance at 450 nm. In preliminary experiments, the rate of
phenol nitration was studied as a function of metMb con-
centration, as well as by varying the NO,”, H,0,, and
phenol concentrations to assess whether the nitration reac-
tion in the absence of metMb, which can occur under acidic
conditions,”? would be likely to affect the kinetic data at
pH 7.5. Since at a protein concentration of 1 um the noncata-
Iytic reaction could always be neglected, the kinetic experi-
ments were performed with [metMb] fixed at this value.
Each reactant was found to affect the observed rates in a
manner dependent on the concentrations of the others. To
simplify the analysis, it was found convenient to vary the
concentration of one reagent while keeping the concentra-
tions of the others fixed at the values found to maximize the
rate. Plots of rate versus substrate concentration and of rate
versus nitrite concentration showed saturation behavior,
suggesting that both reactants have to interact with the pro-
tein. Figure 1 shows the dependence of the nitration rate of
phenol 1 on [PhOH] (Figure 1 A; where PhOH denotes in
this contribution the appropriately substituted phenol) and
[NO,™] (Figure 1B).

Nitration of the phenol can occur through several path-
ways. By reaction with hydrogen peroxide, metMb (simply
indicated as Mb in the equations) forms an active species,
‘MbFeV=0, similar to the peroxidase compound I, with a
radical localized on the protein backbone, which bears tyro-
sine and tryptophan residues.® This intermediate, either by
spontaneous decay or after reaction with a substrate mole-
cule, is transformed into an MbFe™V=0 derivative similar to
the peroxidase compound II. Both intermediates are able to
react with nitrite, producing NO,, or with phenols, produc-
ing a phenoxy radical (PhO), by one-electron oxidation.
The phenoxy radical and NO," can undergo a fast recombi-
nation reaction producing the nitrophenol. On the other
hand, PhOr can also be produced by reaction of nitrogen di-
oxide with the phenol. If PhO* accumulates in solution,
phenol coupling dimers can be produced.” ! This whole
mechanism, denoted herein as path a, thus consists of the re-
actions (1)—(12).

Mb + H,0, — ‘MbFeV=0 + H,0 1)
‘MbFeV =0 + NO; = [MbFeV=0/NO, ] )
[MbFe"=0/NO;| — MbFe"V =0 + NO, 3)
‘MbFe'V=0 + PhOH = [MbFe"Y=0/PhOH] (4)
[MbFe¥=0/PhOH] — MbFe"V=0 + PhO' (5)
MbFe'V =0 + NO, = [MbFe'V=0/NO; ]| (6)
[MbFeV=0/NO;] +2H" — Mb + NO, + H,0 (7)

www.chemeurj.org  Chem. Eur. J. 2004, 10, 22812290


www.chemeurj.org

Metmyoglobin-Catalyzed Tyrosine Nitration

2281-2290

—_—

-1

rate/s

0.0 0.5 1.0 1.5 2.0 25 3.0

[f1/mmMm —»

B) 1.50 -

1.25

1.00

e
[ ]
[ ]

0.75

rate/s™

0.50

0.25

0.00 T T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50

[NO,T/M ———>

Figure 1. Dependence of the nitration rate of 1 on: A) phenol concentra-
tion, with [NO,”] = 1.33M, and B) nitrite concentration, with [1] =
2.0mm, at 25°C in 0.2m phosphate buffer, pH 7.5. The concentrations
[metMb] = 1pum and [H,0,] = 0.37m were used.

MbFe!Y=0 + PhOH = [MbFe!V=0/PhOH] 8)
[MbFe'V=0/PhOH] + 2H" — Mb + PhO" + H,O 9)
NO, + PhOH — PhO’ + NO; (10)
NO, +PhO — O,N-C¢H,—OH (11)
2PhO — dimers (12)

Here, ['MbFeV=0/NO, ], [MbFe"=0/PhOH], [MbFe"=
O/NO, ], and [MbFe"V=0/PhOH] represent the complexes
between nitrite or the phenol and the Mb active species, and
O,N-C¢H,—OH is the ortho-nitrophenol product. These pro-
tein complexes are believed to involve noncovalent interac-
tions between nitrite or the phenol and the Mb derivative.
In the case of metMb/PhOH complexes, the binding site of
the phenol has been located near the heme periphery by
NMR methods.F! ‘MbFe!Y=0 can then react according to
reactions (2)/(3) or (4)/(5) depending on [NO, ], [PhOH],
and the relative rate constants for the two processes; the
same holds true for MbFe™V=0, which can react through re-
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actions (6)/(7) or (8)/(9). In any case, the nitrating agent in
path a is assumed to be NO,".

In a different path, denoted herein as path b, it is consid-
ered that nitrite can bind directly to the iron(i) center of
metMb. This complex then reacts with hydrogen peroxide
producing a nitrating species that is able to nitrate a mole-
cule of protein-bound phenol. Pathb involves reac-
tions (13)—(16):

Mb + NO; = Mb—NO; (13)
Mb—NO; + H,0, — Mb,, + H,0 (14)
Mb,, + PhOH = [Mb,;,/PhOH] (15)
[Mb,;,/PhOH] — Mb + O,N—C,H,—OH (16)

Here, Mb—NO," is the nitrite complex of metmyoglobin,
Mb,,;,, represents an active nitrating form of the protein,
which we assume to contain an iron-bound peroxynitrite,
and [Mb,;,/PhOH] is the complex between the latter species
and the phenol. Path b differs from path a in that it is as-
sumed that the mechanism does not involve peroxidase-like
intermediates and nitrogen dioxide.

A detailed kinetic study of the nitration process is compli-
cated by the number of steps and, therefore, the large
number of binding constants and rate constants involved.
Moreover, pathsa and b could both be operative at the
same time, thus implying several protein forms being simul-
taneously present in solution and the need to consider all of
the reactions (1)-(16). A simplified analysis can be carried
out by employing conditions under which one path predomi-
nates, assuming that the binding and dissociation processes
are fast, and with a saturating hydrogen peroxide concentra-
tion. With these approximations, both the paths lead to the
following initial rate equation (17),

Ko [Mb]
KM Kphon (17)

nitrite
1+No,) t ProOH]

rate =

where [Mb] is the total Mb concentration and k., represents
the maximum turnover number of the protein. The mean-
ings of KM . and KM ., relate to the mechanism involved,
and give an indication of the dissociation constants for loss
of NO,” and PhOH, respectively, from the complexes with
the Mb form that are involved in each path. Equation (17)
can be further simplified by operating under saturating con-
ditions in terms of one of the two substrates; at high nitrite

concentration, Equation (17) is reduced to Equation (18).

kcat [Mb] [PhOH]

rate = ———————
KM o + [PhOH]

(18)

At high phenol concentration, Equation (19) is obtained.

ke [MB][NO; |
K} o + INO; |

nitrite

rate = (19)
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The rate dependence on substrate concentration for phe-
nols 1-3 (at high peroxide and nitrite concentrations) was
found to be well interpolated by Equation (18). The values
of ke Khom and k. /KM o, thus obtained are reported in
Table 1. The rate dependence on nitrite concentration for

Table 1. Steady-state kinetic parameters for the metmyoglobin-dependent phenol nitration by NO, /H,0, in

0.2m phosphate buffer pH 7.5 at 25°C.

Inhibition effect of nitrite: A discriminating feature between
path a and path b is the nitrite binding step. According to
path a, the anion interacts with the protein after the reaction
of metMb with the peroxide has taken place (reactions (2)
and (6)). Coordination of NO,™ to the metal would there-
fore reduce the rate of forma-
tion of the active species by
competing with peroxide. The

Phenol Kon Keat
[mm] [s™]

kel Kion KM

nitrite

's™] [M]

effect of nitrite can be easily

keat kel K3 . .
studied at low peroxide concen-

nitrite

s pi's ]

1 0.6240.05 1.47+0.04
0.1440.03 0.76+0.03
3 0.214+0.02 0.69+0.04

2400+100 ~0.6
53004800
3300£200

(8]

0.14+0.03
0.08+£0.02

tration, conditions under which
a reduction of the rate is to be
expected on increasing the ni-

~1.2 ~2
0.940.1 6.94+0.9
0.43+£0.04 5+1

substrates 1-3 (at high peroxide and phenol concentrations)
was interpolated by Equation (19). While for phenols 2 and
3 the interpolation was in good agreement with the experi-
mental data, with tyramine (1) a biphasic behavior was ob-
served (Figure 1B) since at low nitrite concentration the ni-
tration rate was lower than the interpolated value. The
values of k., KM ., and k. /KM .. obtained are reported in
Table 1; in the case of tyramine the reported values were
obtained neglecting the data at low [NO,™].

Stopped-flow experiments: Several protein intermediates
are involved in the phenol nitration reaction with the
metMb/NO, /H,0, system. The prevalent protein species in
solution depends on several factors, in particular on the ki-
netic parameters of the various reaction steps and the con-
centrations of the substrates. In the presence of 25 mwm nitrite
(a sub-saturating concentration for the turnover measure-
ments, see Table 1), the Mb Soret band was slightly shifted
from that of metMb (410 nm) due to partial coordination of
the nitrite. Upon addition of 0.25m peroxide (in the pres-
ence or absence of phenol 2) the Soret band shifted to
424 nm (Figure 2, trace c), producing the same spectrum as
that obtained on mixing metMb and peroxide. This indicates
that the compound II-like intermediate was formed. In the
presence of excess 2, the nitrophenol optical band devel-
oped with time.

When the same experiments as above were performed in
the presence of a higher nitrite concentration (250mm; an
almost saturating concentration for the turnover measure-
ments, see Table 1), a different behavior was observed. In
the absence of peroxide and 2, the Mb Soret band appears
at 412 nm (Figure 2, trace a), characteristic of the nitro com-
plex of the protein. Upon addition of 0.25m peroxide, the
band shifts to 416 nm (Figure 2, trace b), while in the visible
region optical absorptions are observed at 506, 538, 582 (sh),
and 630 nm (sh) (Figure 2, trace d), with a pattern that dif-
fers significantly from both that of the Mb—NO,~ complex
and that of the MbFeV=0 intermediate. The spectrum re-
mains similar on increasing the peroxide concentration (up
to 0.5M), indicating that the 416 nm band does not result
from an overlap of the bands due to two species. When the
experiment was repeated in the presence of 2, the same
band at 416 nm was observed, the only difference being that
the absorption of the nitrophenol produced by the reaction
developed rapidly with time.
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Figure 2. UV/Vis spectra of Mb forms observed in the stopped-flow ex-
periments in the presence of various reagents, in 0.2M phosphate buffer,
pH 7.5, at 25°C: A) trace a: Mb—NO,; trace b: MbFe"'-N(0O)OO; trace
c: MbFe"V=0. The concentration of metMb was 2.5um in all these experi-
ments; those of the other reagents were as follows: a) [NO, ] = 250mm,
[2] = 03mm; b) [NO,7] = 250mwm, [2] = 03mm, [H0,] = 0.25m;
¢) [NO, ] = 25mwm, [2] = 0.3mm, [H,0,] = 0.25M. The high nitrite con-
centration hinders the observation of the spectral range below 390 nm
for traces a and b. B) trace d: MbFe"-N(O)OO; trace e: Mb—NO, . The
concentration of metMb was 25 um; those of the other reagents were as
follows: d) [NO, ] = 250mm, [2] = 0.3 mMm, [H,0,] = 0.25m; e) [NO, ]
= 250mwm, [2] = 0.3mm. Blank spectra were obtained from mixtures of
all the reagents with the exclusion of metMb. In all the experiments car-
ried out in the presence of hydrogen peroxide, intense absorptions due to
the phenol nitration products developed within a few seconds after
mixing of the reagents. The reported spectra were therefore obtained
within 1s.
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trite concentration. In path b, binding of NO,  to the iron
precedes the reaction with peroxide. Therefore, at low per-
oxide concentration (when reaction according to Equa-
tion (14) is a slow step) an increase of nitrite concentration
should enhance the rate according to the pre-equilibrium
step [Eq. (13)].

Experiments aimed at investigating the effect of NO,~
were carried out by varying the nitrite concentration (from
0.03 to 1.0m) with a saturating concentration of 2 and keep-
ing the peroxide concentration fixed at 4mwm. This value was
chosen because the reaction rates depend linearly on [H,O,]
in the 0-5mwm range, indicating that in this range the reac-
tion with the oxidant is the slow step of the cycle. The ob-
served rates are plotted against [NO,™] in Figure 3. The plot

0.150
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rate /s~
.
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0.000 T T T T 1
0.00 0.15 0.30 0.45 0.60 0.75
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Figure 3. Dependence of the nitration rate of 2 on nitrite concentration
at 25°C in 0.2M phosphate buffer, pH 7.5, with [metMb] = 1um, [2] =
1mm, and [H,0,] = 4mm.

shows an initial increase at very low nitrite concentrations,
which is consistent with both the paths since nitrite is neces-
sary for the reaction. When the anion concentration exceeds
0.1Mm, a reduction of the rate occurs, but the nitrophenol for-
mation is not blocked even at [NO, ] up to the molar range.
This residual activity is not due to the noncatalytic reaction,
because in the absence of metMb the rate is negligible.
These observations imply that path a cannot be the only
mechanism of the reaction, and are consistent with the in-
volvement of path b.

Reaction of MbFe" =0 with nitrite and phenols: The reduc-
tion of MbFe'Y=0O by nitrite, 1, or 2 was followed spectro-
photometrically through monitoring the shift of the Soret
band from 420 to 410-412 nm under pseudo-first-order con-
ditions. In the case of nitrite, the observed first-order rate
constants were found to be linearly dependent on nitrite
concentration (Figure 4) according to Equation (20),

knbs = knitrite [NO;} + B (20)

where the rate constant k. probably consists of binding
and reaction constants, since the overall process involves
both reactions (6) and (7). The non-zero value of the inter-
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Figure 4. Dependence of the pseudo-first-order rate constant for reduc-
tion of MbFe'Y=0 by nitrite on the concentration of this anion in 0.2m
phosphate buffer, pH 7.5, at 25°C.

cept on the y axis is probably due to self-reduction of
MbFe™=0 to the met form or to heme-protein cross-linked
forms.I'"” Fitting of the experimental data to Equation (20)
gave Kynie = (18.6+£0.6)M~'s™!, in good agreement with the
data reported by Herold and Rehmann (16+1m 's™!, ob-
tained at 20°C).1"

The spectral changes accompanying the reduction of
MbFe=0 with an excess of phenol 1 of phenol 2 also fol-
lowed a first-order behavior with time (data not shown).
The observed first-order rate constants depend on the sub-
strate concentration with a saturating behavior (Figure 5),
which can be described by Equation (21),

kcal,S [PhOH}

Ko = Kys 4+ [PhOH]

+C (1)

where Ky s represents the dissociation constant of the
MbFe"V=0/PhOH complex, and kg is the first-order rate
constant for decay of the complex to the iron(im) form. To
take into account the self-decay of the compound II-like in-

0.025 o
2
0.020

0.015 1

0.010 1

Kps 8™

0.005

0.000 T T T T 1

[Ph-OH]/mM ——

Figure 5. Dependence of the pseudo-first-order rate constants for reduc-
tion of MbFe'Y=0 by 1 and 2 on the concentrations of these phenols in
0.2M phosphate buffer, pH 7.5, at 25°C.
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termediate, the constant C has to be introduced into Equa-
tion (21). Fitting of the data plotted in Figure 5 with Equa-
tion (21) gave the kinetic parameters reported in Table 2.

Nitration of myoglobin: The nitrating species produced in
the metMb/NO, /H,0, system could, in principle, react with
endogenous tyrosine and tryptophan residues as well. The

Table 2. Kinetic parameters for MbFe'Y=0 reduction by 1 and 2 in 0.2m
phosphate buffer at pH 7.5 at 25°C.

Phenol Kys Kears keas/Kns

[mm] [s7] M's]
1 1.7+0.1 0.020 4 0.001 11.6+0.6
2 2.1+0.3 0.026 +0.001 13+1

porphyrin could also undergo nitration, and in fact it has
been shown that upon treating the protein at pH 5.5 with a
large excess nitrite, nitration of the heme vinyl groups
occurs.” To assess whether metMb/NO, /H,0O, can modify
protein residues, HPLC/MS studies were carried out. A
blank experiment was conducted with a small amount of
metMb solution in 50mm phosphate buffer, pH 7.5, which
was directly injected into the HPLC/MS instrument. In view
of the strong absorption of the heme near 410 nm, this was
chosen as the working wavelength for UV detection. The re-
sulting HPLC-UV chromatogram showed a peak at 42.5 min
(data not shown), with a corresponding MS peak at m/z 616
attributable to free hemin. It would thus appear that the in-
jected Mb is denatured in the HPLC column, and that
hemin is released and separated from the apoprotein. In a
separate experiment, metMb was treated under similar con-
ditions as above, but with excess nitrite and hydrogen perox-
ide at 20°C for 10 min, during which the color of the solu-
tion turned to greenish-brown and the Soret band was red-
shifted. The solution was then dialyzed to remove excess
peroxide and nitrite, and injected into the HPLC/MS instru-
ment. The new chromatogram (Figure 6 A) showed, besides
the peak due to free hemin, a new peak at around 40.3 min,
resulting from hemin nitration. The corresponding mass
spectrum at this retention time gave an ion at m/z 661, 45
mass units above that of hemin and corresponding to the re-
placement of a proton in the porphyrin by NO,. Assuming
an equal sensitivity of the method for detection of the two
porphyrins, integration of the peaks indicated that the nitra-
tion had occurred to an extent of nearly 33%. When the
same experiment was repeated with a higher hydrogen per-
oxide concentration (1 mm) added to the initial metMb solu-
tion containing nitrite, the production of nitrated hemin in-
creased to about 50% (Figure 6B). This indicates that the
extent of nitration depends on the amount of oxidant added
to the reaction mixture. Finally, Mb nitration was studied
under the latter conditions (1 mm H,0,), but in the presence
of 1mm phenol 2. The HPLC peak at 40.3 min also appeared
in the presence of this phenol (Figure 6C), but the amount
of nitrated hemin dropped to 14 %.

The possibility of nitration of protein residues by metMb/
NO, /H,0, was assessed by subjecting a sample of the pro-
tein, previously incubated with 0.8mM NO,™ and 1mwm H,O,,
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Figure 6. HPLC chromatograms, with detection at 410 nm, of metMb in-
cubated in 50mm phosphate buffer, pH 7.5, at 25°C with 0.8 M nitrite and
the following reagents: A)[H,0,] = 0.lmm; B)[H,0,] = 1mm;
C) [H,0,] = 1mm and [2] = 1mm.

to a standard hydrochloric acid/2-butanone treatment. The
apoprotein was isolated and subsequently digested by tryp-
sin. The location of the nitration site was established by
HPLC-MS/MS analysis of the tryptic fragments of the pro-
tein, by comparison with those obtained from digestion of
untreated metMb under the same conditions. Data-depend-
ent scan analysis was performed and the resulting data were
treated with TurboSEQUEST for protein identification. Tur-
boSEQUEST recognized Mb as the main protein present in
the injected solution. A very high score was obtained and,
with both native and modified (i.e. nitrated) myoglobin, all
the peptides corresponding to the non-nitrated form of the
protein were found in the chromatographic run.

Myoglobin contains four target amino acids for nitration
(Tyr103, Tyrld6, Trp7, and Trpl4). The tryptic fragments
containing such amino acids correspond to residues 1-16,
103-118, and 146-153 (the last one generated by a missing
cleavage). Under the same conditions as used for the heme
analysis, the elution times of the three unmodified peptides
were 31.2, 36.7, and 20.6 min, respectively. For the metMb
sample treated with H,O,/NO,” we analyzed the single-ion
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currents of both the nitrated and standard peptides. In addi-
tion to the peaks due to non-nitrated fragments, the chroma-
togram showed a new peak with an elution time of 23.1 min
corresponding to m/z 986. This molecular mass corresponds
to that of the protein fragment 146-153 increased by 45
mass units, which corresponds exactly to the replacement of
a proton by an NO, group. To confirm that this peak corre-
sponds to nitration of a tyrosine residue, the MS/MS spec-
trum obtained was compared with the MS/MS spectrum of
standard residue 146-153 (data not shown). The sequence of
peptide 146-153 is YKELGFQG, with tyrosine as the N-ter-
minal amino acid. A shift of 45 mass units was noted for all
the ions containing the (N-terminal) Tyr residue, while the
ions that first lost the (C-terminal) tyrosine were unchanged.
This unambiguously identifies the nitration site as the aro-
matic ring of Tyr146.

To quantify the amount of nitrated tyrosine, a selected ion
monitoring experiment was performed on the ions with m/z
941 and m/z 986. The single-ion chromatograms of the two
characteristic ions allowed calculation of the area ratio of
the two peaks. This indicated that the nitration of Tyr146
had occurred to an extent of about 6 %. No detectable nitra-
tion peaks were found corresponding to Mb residues
Tyr103, Trp7, and Trpl4 in the fragments of the nitrated
sample.

Discussion

In several diseases, particularly those connected with oxida-
tive stress, an increased level of 3-nitrotyrosine is found.!'”)
A few mechanisms and nitrating agents have been proposed
as being responsible for nitration. Nitration of tyrosine can
occur through coupling of a tyrosyl radical with NO-, fol-
lowed by oxidation of the resulting nitrosotyrosine. The ni-
trating agent can also be NO,, generated by oxidation of ni-
trogen monoxide or produced according to reactions (3) and
(7). Other nitrating agents are nitrous acid, produced from
nitrite at acidic pH, and peroxynitrite. The latter species, a
strong nitrating agent, has a very short lifetime but is contin-
uously produced in vivo by the reaction of NO* with super-
oxide anion.P®¥ Further nitrating species can be produced
by the oxidation of nitrite with hydrogen peroxide, although
this reaction is usually negligible when the reagents are
present at physiological concentrations. Peroxidases can cat-
alyze the latter process, since they can produce both nitro-
gen dioxide and tyrosyl radicals, and these species can then
couple to form nitrotyrosine.”® The relative importance of
the various pathways depends on the concentration of the
enzymes and the NOrderived species in the physiological
fluids, particularly under oxidative stress conditions, under
which hydrogen peroxide can be accumulated.”

Myoglobin is particularly abundant in tissues, where it can
be present at concentrations of up to 0.2mm.!"! It has been
shown that MbO, can react with NO* producing a protein-
bound peroxynitrite,’] and that MbFe!Y=0 is able to oxidize
nitrite to NO,", and phenols to phenoxy radicals. Thus, Mb is
a potential source of nitrotyrosine in the body, especially
when the levels of nitrite and hydrogen peroxide are high.
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In spite of the level of importance that these processes may
assume in vivo, no detailed investigation has been reported
on the metMb/H,0,/NO,~ system. Herold et al."” suggested
that phenol nitration induced by the latter system is due to
nitrogen dioxide formed by the reaction of ‘MbFeV=0 and
MbFe™=O0 species with nitrite. A different mechanism may,
however, also be operative. In fact, it is known that nitrite
in the protonated form readily reacts with hydrogen perox-
ide producing peroxynitrite.*’! In a similar manner, coordi-
nation of nitrite to the iron(mr) center of metMb could also
promote its reactivity towards H,O,, facilitating the forma-
tion of a bound peroxynitrite species.

We have considered the possible operation of two nitra-
tion mechanisms, indicated as patha (reactions (1)-(12))
and path b (reactions (13)—(16)), which differ in terms of the
active species involved, namely NO," and a protein-bound
peroxynitrite, respectively. The analysis of the process is fa-
cilitated by monitoring the predominant form of the protein
present in solution during turnover because this is related to
the slow step of the catalytic cycle. According to path a, op-
erating under saturating peroxide concentration (fast reac-
tion with H,0,) and considering that ‘MbFe™¥=0 is a highly
reactive species, the protein species accumulated during
turnover should be MbFe'Y=0. With path b, under the same
conditions, however, the predominant protein species should
be the active nitrating species (Mb,,). The spectra of the
protein intermediates recorded under various reaction con-
ditions revealed the presence of different species depending
on the nitrite concentration. At low nitrite concentration,
the MbFe™V=0 intermediate (,,,, = 424 nm) was observed,
whereas at high nitrite concentration, a species with 4., =
416 nm was observed. The spectrum of the latter differs
from that of Mb—NO, , and we suggest that it is due to
heme-bound peroxynitrite. The spectrum of this species also
differs from that of the peroxynitrite complex of Mb ob-
tained from MbO, and NO* (for which the Soret band is at
410 nm, and the pattern of bands in the visible region is also
appreciably different).'”! This suggests that peroxynitrite is
bound to the iron in different modes in the two complexes:
through the peroxide oxygen, MbFe""-OONO, when gener-
ated from MbO,, and through the nitrogen atom,
MbFe™-N(0)OO, in the present case, where it is generated
from Mb—NO, . Arnold and Bohle!! reported a UV/Vis
spectrum, attributed to an intermediate MbFe™-N(O)OO
species, which was predicted from kinetic calculations on
the singular value decomposition based on the spectral data
obtained during the transformation of MbFeNO into
metMb upon reaction with molecular oxygen. The absorp-
tion maxima resulting from those calculations differ from
those obtained experimentally in this work; however, a
closer look at the calculated spectrum reported by Arnold
and Bohle shows that the intermediate is actually character-
ized by a broad Soret band with a maximum at 410 nm and
a pronounced shoulder at low energy,*!! suggesting that the
spectral features attributed to MbN(O)OO are mixed with
those of the metMb form of the protein. The visible part of
the spectrum for the proposed MbN(O)OO species reported
by Arnold and Bohle also supports this hypothesis, since it
shows only minor differences with respect to the metMb
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spectrum!!! in the same region (between 520 and 600 nm);
the MbN(O)OO spectrum obtained here differs strongly
from that of metMb in this region (Figure 2).

The inhibition effect of nitrite at low peroxide concentra-
tion (Figure 3) confirms that NO," cannot be the only nitrat-
ing species, since the reaction rates are not reduced to zero
even at very high NO,™ concentration, at which this anion
might be expected to effectively compete with H,O, for the
binding sites at iron. The complex behavior revealed by the
rate versus nitrite concentration plot is due to the fact that
changing [NO,™] has two effects: it changes the fraction of
the protein bound to the ligand, and also the relative impor-
tance of paths a and b. This accounts for the differences in
KX ... values obtained for the different substrates. Path b is
predominant at high [NO,7]; thus, k., represents the turn-
over number of the protein along this path. The similarity in
k., values for reactions with phenols with different redox
properties? indicates the high redox potential of the nitrat-
ing agent, as expected for a peroxynitrite-type active species.
The keo/ Ko and KN 0., parameters (obtained at saturating
nitrite concentration) also relate to path b. In contrast, k.,/
KM .. (the second-order rate constant for the reaction of ni-
trite with the MbFe'Y=0) gives the dependence of the reac-
tion rates on nitrite at low anion concentration, conditions
under which path a is dominant. The rate constants obtained
for the reduction of MbFe¥=0O by NO,™ or the phenolic
substrates indicate that at the concentrations of the reac-
tants used in the turnover experiments, the MbFeV=0 inter-
mediate invariably reacts with nitrite in preference to the
phenol. Thus, reactions (6) and (7) are important steps in
path a. Moreover, considering that ‘MbFeV=0 is more reac-
tive than MbFe'Y=0, the dependence of the turnover rate
on nitrite in Equation (19) can be ascribed to reactions (6)
and (7). According to this observation, k./KM .. can be
compared with the second-order rate constant, k., from
Equation (20). The data in Table 1 show that the values of
ke KN o and K. (18.6£0.6M's™") are of the same order;
the smaller values of the former parameter for all the sub-
strates can be ascribed to the fact that a fraction of the pro-
tein is engaged in nonproductive nitrate formation.

To obtain an appreciation of the physiological relevance
of paths a and b, the reactivity of metMb according to the
two paths needs to be evaluated considering the concentra-
tion of the various species in the body, in particular during
inflammatory processes whereby increased levels of H,O,
and nitrite are observed. Under such conditions, the hydro-
gen peroxide concentration can be of the order of 30um
while that of nitrite can be up to 100 um.® The latter value
indicates that in vivo metMb is prevalently not coordinated
by nitrite and this limits the contribution of the peroxyni-
trite mechanism. Nevertheless, during oxidative stress an in-
creased concentration of nitrogen monoxide is produced in
cells; under these conditions MbFe¥=O reacts with NO" at a
rate (k = (17.9+0.5)x10°m's™! at pH 7.5 which is
much faster than the production of NO, by reaction of
MbFeV=0 with nitrite (kyue = (18.6£0.6)M 's™! at
pH 7.5). Therefore, in vivo, patha is quenched and the
metMb/H,0,/NO,~ system contributes to phenol nitration
only through path b.

2288
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The high intracellular Mb concentration"!! makes this pro-
tein a putative source of multiple nitrating species in the
body. In its oxy form, Mb reacts with NO* generating an
Mb-bound peroxynitrite; in the ‘MbFeV=0 and MbFe'" =
forms it reacts with nitrite producing NO,’; and in the met
form it reacts with nitrite and hydrogen peroxide generating
a highly reactive nitrating agent (peroxynitrite).

The nitrating species produced by the metMb/H,0,/NO,"
system can also react with endogenous residues, in particular
the heme prosthetic group, and the Tyrl03, Tyr146, Trp7,
and Trpl4 residues. Our experiments indicate that both the
porphyrin and Tyr146 undergo nitration. The extent of the
modification increases with increasing peroxide concentra-
tion. Phenolic substrates protect the Mb from self-nitration.
This last observation allows us to assume that our kinetic
data are only related to the native protein and are not influ-
enced by the fraction of Mb that may be competitively
modified during catalysis, particularly since initial rates are
considered. It is important to note that there is evidence of
nitration only at Tyr146, while Tyr103 remains unaffected.
This is somewhat surprising considering that the latter resi-
due is exposed to solvent and the former is an internal resi-
due (Figure 7). Therefore, the nitrating agent responsible for

Figure 7. Structure of Mb showing the disposition of the side chains of
Tyr103 and Tyr146.

self-nitration of Mb does not come from outside of the pro-
tein, but rather the reaction is intramolecular. This result is
in keeping with the mechanisms of nitration of 1-3, which
show that only the protein-bound substrate is efficiently ni-
trated by the metMb/H,0,/NO,~ system. It can be noted
that Tyr146 is located in proximity to the Xel cavity of myo-
globin;*** this suggests that once the nitrating species (i.e.
NO, or ONOO™) is produced close to the heme, it diffuses
to the Xel cavity, where it performs the reaction on the
Tyr146 residue. Our data differ from the results of Bourassa
et al.,”™ who found that direct treatment of metMb with
peroxynitrite led to nitration only at Tyr103. This difference
may be due to the fact that in the experiment of Bourassa
et al.'™¥ nitration of the exposed tyrosine occurs by reaction
with free peroxynitrite or, perhaps less probably, that migra-
tion of the negatively charged ONOO™ species to the Xel
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cavity is hindered. Interestingly, Herold et al.™® reported
that free peroxynitrite is scavenged by metMb whilst apoMb
is nitrated only at Tyr146; this seems to indicate that exoge-
nously supplied peroxynitrite is able to react at Tyr146 only
where this residue is likely to be more exposed.

Experimental Section

Materials: Horse heart Mb was obtained from Sigma as a lyophilized
sample and purified by gel permeation chromatography on a Sephadex
G25 column with 100mm phosphate buffer, pH 7.5, as eluent. Hydrogen
peroxide (30% (w/w) solution in water), tyramine (1), 3-(4-hydroxyphe-
nyl)propionic acid (2), and L-tyrosine (3) were obtained from Aldrich.
The other reagents were obtained at the best grade available. All buffer
solutions were prepared by using doubly distilled deionized water. The
concentrations of hydrogen peroxide solutions were determined by moni-
toring the formation of the ABTS radical cation according to a standard
method.”! The concentrations of myoglobin solutions were determined
on the basis of the extinction coefficient of metMb, 1.88x10°mM~'cm™, at
408 nm in 100mm phosphate buffer, pH 6.0.'! UV/Vis spectra were re-
corded on a Hewlett Packard HP 8452 A diode-array spectrophotometer.

Binding of nitrite: A concentrated nitrite solution in 200mm phosphate
buffer, pH 7.5, was added incrementally to a solution of metMb (3 pum,
1600 uL) in the same buffer (final concentration from 0.012 to 0.31m)
thermostatted at 25.0+£0.1°C in a quartz cuvette with optical pathlength
1 cm, and UV/Vis spectra were recorded after each addition. Blank spec-
tra were recorded in the same way but in the absence of the protein.
After subtracting the corresponding blank from each spectrum, the re-
sulting spectra were corrected for dilution and then transformed into dif-
ference spectra by subtracting the native protein spectrum. The absorb-
ance changes at 422 nm, the wavelength of maximum change in the dif-
ference spectra, were then plotted against the ligand concentration. The
binding constant, K, was obtained by interpolation of the absorbance
data with the binding isotherm for low affinity binding of a single ligand:
AA = AA_K[NO, |o/(14 Kz x[NO, |,o), Where [NO, ], represents the
total nitrite concentration in the optical cell.

Kinetic studies: All kinetic experiments were carried out by spectropho-
tometric monitoring of solutions in 200mMm phosphate buffer at pH 7.5 in
a quartz cuvette of pathlength 1cm, thermostatted at 25.0+0.1°C and
equipped with a magnetic stirrer.

Phenol nitration catalyzed by metMb: The reactions were studied by
monitoring the absorbance change at 450 nm during the first 10-15s
after adding an H,O, solution to a metMb/substrate/nitrite solution (final
volume 1600 pL), obtained by mixing concentrated solutions of the reac-
tants in 200mm phosphate buffer at pH 7.5. The pH values of the mother
nitrite and phenol solutions in the buffer were adjusted to the above
value by adding sodium hydroxide or phosphoric acid. The rate data
were transformed from absorbance s™! into [nitrophenol],,oqucea s~! on the
basis of the extinction coefficients of the nitrophenols at 450 nm obtained
from their absorbance spectral* in phosphate buffer at pH 7.5: for 1,
€450 om = 2300; for 2, £450 ym = 3350; for 3, €450 ym = 3100M~'cm~". Kinetic
parameters were obtained from fitting of the experimental rates at differ-
ent substrate/nitrite concentrations to the appropriate equations.

For each substrate, the rate dependence on the various reactant concen-
trations was studied by applying the following series of steps: 1) determi-
nation of the peroxide concentration that maximizes the reaction rate
with saturating substrate and nitrite concentrations (typically starting
from [phenol] = 1mm and [NO, ] = 0.3m); 2) study of the dependence
of the rate on the substrate concentration while maintaining [H,O,] as
optimized in the previous step and [NO, | saturating; 3) study of the de-
pendence of the rate on the nitrite concentration, maintaining [H,O,] as
found in step 2 and [PhOH] saturating; 4) if the substrate and nitrite con-
centrations that maximize the rate did not fit with those used in step 1,
the whole procedure was repeated starting with different [NO, ] and
[phenol] in an iterative way. The metMb concentration was kept at 1um
in all the reactions and the concentrations of the other reactants used in
the kinetic studies were as follows: 1) for optimization of the peroxide
concentration, substrate 1: [PhOH] = 1.0mm, [NO, | = 1.33m, [H,0,]
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= 0.05-0.6M; substrate 2: [PhOH] = 0.31mm, [NO,"] = 0.30M, [H,0,]
0.05-0.3™; substrate 3: [PhOH] = 0.55 mm, [NO, | = 0.30M, [H,0,]
= 0.03-0.2M; 2) dependence of the rate on the phenol concentration:
substrate 1: [H,0,] = 0.37m, [NO, | = 1.33m, [PhOH] = 0.016-2.8 mm;
substrate 2: [H,0,] = 0.30M, [NO,”] = 0.3Mm, [PhOH] = 0.031-1.4mm;
substrate 3: [H,0,] = 0.16M, [NO, | = 0.30m, [PhOH] = 0.007-0.7 mm;
3) dependence of the rate on the nitrite concentration: substrate 1:
[H,0,] = 0.37m, [PhOH] = 2.00mm, [NO, ] = 0.063-1.3 M; substrate 2:
[H,O,] = 0.30M, [PhOH] = 0.78mMm, [NO, | = 0.062-0.63M; substrate
3: [H,0,] = 0.16m, [PhOH] = 0.78mMm, [NO, | = 0.012-0.19Mm.
Dependence of the nitration rate of 2 on the nitrite concentration at low
oxidant concentration: Kinetic experiments were carried out by standard
methods with low [H,0,], saturating [PhOH], and varying [NO, ]. The
peroxide concentration was selected by studying the dependence of the
reaction rate on [H,0,]; the concentrations of the reagents were as fol-
lows: [metMb] = 1um, [PhOH] = 1mm, [NO, | = 0.1M, and [H,0,] =
from 0.5 to 5.0mM. The dependence of the nitration rate on the nitrite
concentration was studied with the following reactant concentrations:
[metMb] = 1pm, [PhOH] = 1mmM, [H,0,] = 4mm, [NO, ] = 0.03-1.0m.
Stopped-flow experiments: The stopped-flow experiments were per-
formed on a thermostatted Applied Photophysics RX-1000 instrument,
with a dead time of 1 ms, equipped with two syringes (A and B) connect-
ed to a cuvette (optical pathlength 1 cm). Syringe A was filled with a sol-
ution of the protein, nitrite and, in some of the experiments, substrate 2,
in 200mm phosphate buffer at pH 7.5, 25.0+0.1°C; syringe B was filled
with an H,O, solution in water or just water. Mixing of the solutions in
the cuvette thus halved the reactant concentrations. Final concentrations
of the reactants were: [metMb] = 2.5pm, [NO, | = 25mM in the low ni-
trite concentration experiments and [NO, ] = 250mu in the high nitrite
concentration experiments, [PhOH] = 0.3mm, and [H,0,] = 0.25m.
Spectra were recorded in the visible region as above but using [metMb]
= 25um. Absorbance spectra were recorded every 0.2 seconds for a total
time of 10 seconds; blanks were recorded with nitrite solutions at the
same concentrations as used in each experiment.

Reactions of MbFe'Y=0: The Mb compound II-like intermediate was
prepared by incubating metMb (4 um) with two equivalents of H,O, for
about 10 min, until the Soret band shifted from 410 nm to 420 nm and
stabilized at this wavelength. Here, the incubation time should not be
prolonged, because cross-linking of the protein can occur.“”! The reduc-
tion of MbFe'Y=0 to metMb after the addition of nitrite (0.04-0.9mm),
phenol 1 (0.08-7.2mm) or phenol 2 (0.07-9.4mwm) solutions was followed
spectrophotometrically by recording the absorbance changes at 410 and
428 nm.

Nitration of Mb and analysis of protein fragments: Two samples of nitrat-
ed Mb were prepared by adding sodium nitrite (final concentration 0.8 M)
and hydrogen peroxide (final concentration 0.1mmM or 1mm) to metMb
(10 mg) dissolved in 50mm phosphate buffer at pH 7.5 (6 mL). The mix-
tures were allowed to react at 20°C for 10 min; excess nitrite and oxidant
were removed by transferring the samples into a dialysis membrane kept
in a large vessel containing 10mm phosphate buffer at pH 7.5 (500 mL)
under slow stirring at 4°C. Dialysis was continued overnight under these
conditions with several changes of the buffer. Then, UV/Vis spectra of
the nitrated myoglobins were recorded, and both samples were analyzed
by HPLC/MS.

A portion of each sample was transformed into apoMb by standard hy-
drochloric acid/2-butanone treatment'!! and subsequently hydrolyzed by
protease. Digestion was performed with 1:50 (w/w) trypsin at 36°C for
2 h in 50mm phosphate buffer at pH 7.5. The samples were then analyzed
by HPLC/MS.

Protein nitration in the presence of a phenolic substrate was performed
by adding nitrite (0.8 M), hydrogen peroxide (1 mm), and 2 (final concen-
tration 1mm) to metMb (10 mg) dissolved in the same buffer as above
(6 mL); the sample was then treated according to the same procedure as
described above.

An LCQ-DECA ion-trap mass spectrometer (Thermo-Finnigan) equip-
ped with an electrospray ionization source was used to obtain the LC-MS
and LC-MS/MS data. The ESI conditions were as follows: capillary tem-
perature 250°C, tube lens —25V, source voltage +4.9 kV. The HPLC
pump was a Spectra System P4000 and the UV/Vis detector was a Spec-
tra System UV2000 working in double-wavelength mode (230 and
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410 nm). HPLC analysis was carried out with a Hypersil Elite C18
column (250x4.6 mm, 5 um). The solvents used were: solvent A: 0.1%
trifluoroacetic acid (TFA) in distilled water, and solvent B: 0.1% TFA in
CH;CN; gradient runs were performed with a flow rate of 0.8 mLmin".
The elution was performed by running for 2 min with 5% B, then with a
gradient to 40% B over 48 min, and finally with a gradient to 0% B over
10 min. Nitrated residues were identified with the aid of TurboSEQUEST
(from Thermo-Finnigan, San Jose, CA)*! software, which allows the au-
tomatic identification of proteins by comparing tandem (MS/MS) mass
spectra of the peptides obtained by tryptic degradation of Mb with pre-
dicted MS/MS spectra from a sequence database. Data-dependent scan
analysis was coupled with the use of TurboSEQUEST. The procedure in-
volves experiments in which the instrument repetitively records ESI-MS
spectra in a chromatographic run and switches to MS/MS mode when a
component elutes into the mass spectrometer. The system is capable of
identifying the molecular ion and, in the following scan cycle, through
MS/MS experiment, of detecting the fragmentation pattern of the select-
ed ion.
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