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Water-soluble iron porphyrins, such as FeTPPS (5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato iron (III)),
FeTMPyP (5,10,15,20-tetrakis (N-methyl-4’-pyridyl) porphyrinato iron (III) chloride) and FeTBAP (5,10,15,20-
tetrakis (4-benzoic acid) porphyrinato iron (III)), are highly active catalysts for peroxynitrite decomposition and
thereby have been suggested as therapeutic agent for inflammatory diseases that implicate the involvement of
nitrotyrosine formation. Here, we systemically investigated catalytic properties of FeTPPS, FeTMPyP and
FeTBAP on protein nitration in the presence of hydrogen peroxide and nitrite. We showed that FeTPPS, FeTBAP
and FeTMPyP all exhibited higher peroxidase activity in compared with hemin. As to protein nitration, the
catalytic effect of FeTPPS and FeTBAP are effective in the presence of hydrogen peroxide and nitrite, while
negligible BSA nitration was observed in the case of FeTMPyP. Moreover, the underlying mechanism of the
oxidation of FeTPPS, FeTBAP and FeTMPyP was further studied. Collectively, our results suggest that, compound
I and II species are involved in as the key intermediates in FeTMPyP/H,0, system as similar as those in FeTPPS/
H,0, and FeTBAP/H,0, system. As compared to weak antioxidants, TPPS and TBAP, however, TMPyP sca-
venges oxo-Fe (IV) intermediates of FeTMPyP at a faster rate by significant self-degradation; results in the
shortest lifetimes of O=Fe'V-TMPyP and the lowest catalytic activity on oxidizing tyrosine and nitrite; and
therefore, attributes to inactivation of FeTMPyP in protein nitration. In addition, association of FeTMPyP to BSA
was found weak, while strong binding of FeTPPS and FeTBAP were observed. The weak binding keeps away of
target residue of BSA from the center of FeTMPyP where the RNS is generated, which might be attributed as
additional factors to the inactivation of FeTMPyP in protein nitration.

1. Introduction

Protein tyrosine nitration is an oxidative post-translational mod-
ification that affects protein structure and function and attributes to the
pathogenesis of many inflammatory diseases [1-4], such as neurode-
generative disease, cardiovascular disease, and diabetes [3,5-10].
Peroxynitrite-dependent route of nitrotyrosine formation have been
well demonstrated in vitro, therefore, the existence of tyrosine nitration
in tissues had once been taken as the footprint of peroxynitrite
[1,3,4,9]. To antagonize peroxynitrite induced injury, water-soluble
iron porphyrin, such as FeTPPS (5,10,15,20-tetrakis (4-sulfonato-
phenyl) porphyrinato iron (III)), FeTMPyP (5,10,15,20-tetrakis (N-me-
thyl-4’-pyridyl) porphyrinato iron (III) chloride) and FeTBAP
(5,10,15,20-tetrakis (4-benzoic acid) porphyrinato iron (III)) (Fig. 1),
are receiving increasing attention to function as highly active
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peroxynitrite decomposition catalysts at physiological pH and tem-
perature [11-15]. Evidences that FeTPPS, FeTMPyP and FeTBAP pro-
tect cells from either exogenously introduced or endogenously induced
peroxynitrite damage accompanied by a reduction of nitrotyrosine
formation have been established in various cellular systems [12,13].
Thus, FeTPPS, FeTMPyP and FeTBAP have been suggested as a unique
class of anti-inflammatory agent through reducing nitrotyrosine for-
mation [12-15].

However, under inflammatory conditions, it is most likely that
several nitrating pathways operate simultaneously [1,10,16,17], and a
preferred mechanism is determined by the presence of inflammatory
cells and compartmentalization of the various components of the re-
action [1]. For example, hemin (Ferriprotoporphyrin IX chloride) or
heme peroxidase/H»0,/NO,~ system is a preferred way to cause pro-
tein tyrosine nitration in hemolytic diseases and atherosclerotic plaque,
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Fig. 1. Chemical structures of iron porphyrins (FeTPPS, FeTMPyP and FeTBAP)
and corresponding porphin derivatives (TPPS, TMPyP and TBAP).

due to the abnormal release of free heme and ubiquitous NO,~ and
H,0, [16,18,19]. Recently, we found that FeTPPS, an analogue to
hemin, could effectively catalyze protein tyrosine nitration in vitro in
the presence of H,O, and NO, ™~ [20], which supports previous in vivo
result reported by Burgoyne et al. that FeTPPS dramatically enhanced
global protein nitration in LPS-treated rats [21]. Hence, it becomes
interesting to know whether other hemin water-soluble derivatives,
such as FeTMPyP and FeTBAP, possess the similar property. And the
finding will surely provide a great contribution in the designing of
balanced therapies for pharmacological intervention in peroxynitrite
related diseases.

2. Experimental and methods
2.1. Materials

Bovine serum albumin (BSA), rabbit polyclonal antibody against 3-
nitrotyrosine (3-NT), 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), 3,3’,5,5'-tetramethylbenzidine (TMB)
and Ferriprotoporphyrin IX (hemin) were purchased from Sigma.
5,10,15,20-tetrakis  (4-sulfonatophenyl) porphyrinato iron (III)
(FeTPPS), 5,10,15,20-tetrakis (N-methyl-4’-pyridyl) porphyrinato iron
(II1) chloride (FeTMPyP), 5,10,15,20-tetrakis (4-benzoic acid) por-
phyrinato iron (III) (FeTBAP) were purchased from Frontier Scientific
Inc. 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS),
5,10,15,20-tetrakis (4-benzoic acid)-porphyrin (TBAP) and 5,10,15,20-
tetrakis (N-methyl-4-pyridyl) -porphyrin (TMPyP) were purchased from
Shanghai Mackin Biochemical Co, Ltd. Tetrabutylammonium per-
chlorate were obtained from Aladdin. Horseradish peroxidase-con-
jugated goat anti-rabbit IgG were purchased from Pierce. All solvents
and other reagents were analytical purity and commercially available.

2.2. Measurement of peroxidase activity by UV-Visible method

The peroxidase activity of iron porphyrin was measured by mon-
itoring the increase of TMB oxidation product, which was indicated by
its UV-Visible absorbance at 652 nm. The reaction mixtures contained
TMB (0.42mM), iron porphyrin (0.4 uM) and H,0, (3 mM) in citric
acid buffer (50 mM, pH 5.0). Reaction was initiated by adding H,0, at
37 °C [22].

Another substrate, ABTS, was also used to assess the peroxidase
activity. The measurement was performed by monitoring the increase
of ABTS oxidation product indicated by its UV-Visible absorbance at
405 nm. The reaction mixtures contained ABTS (5 mM), iron porphyrin
(1 uM) and H,0, (3 mM) in phosphate buffer solution (PBS 100 mM, pH
6.0). Reaction was initiated by adding H,O, at 37 °C [22].

2.3. Detection of BSA nitration by dot blot

Iron porphyrin (hemin, FeTPPS, FeTMPyP or FeTBAP) catalyzed
BSA nitration: reaction mixture contained NaNO, (1 mM), H,O,
(1 mM), BSA (1 mg mL™ Y and catalysts (hemin, FeTPPS, FeTMPyP and
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FeTBAP, 10 uM), in phosphate buffer solution (100 mM, pH 6-8).

Also, effects of porphin derivatives, i.e. TPPS, TMPyP and TBAP on
hemin/H,0,/NO, "~ induced BSA nitration were examined. The reac-
tion mixtures contained NaNO, (1mM), H,0, (1mM), BSA
a mg~mL_1), hemin (10 uM) and porphin derivative (10 uM) in phos-
phate buffer solution (PBS 100 mM, pH 7.4).

Upon completion of the reaction, BSA nitration was detected as the
procedure described as followed. The reaction mixture was pre-in-
cubated at 37 °C for 30 min. Then 100 pL reaction mixture was mixed
with 25pL of 5 X loading buffer and heated at 100 °C for 3min as
loading sample. Afterwards, 3 uL loading samples were transferred to
nitrocellulose membranes. The nitrocellulose membranes were detected
by sequential incubation firstly with a rabbit polyclonal antibody
against 3-nitrotyrosine (3-NT) (1:1000) for 2h and then with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (1:4000) for 1h.
Chemiluminescence was used to identify specific proteins using the ECL
system (Pierce). The density is obtained with gel image system.

2.4. Detection of dityrosine by fluorescence method

The fluorescence spectroscopy (Shimadzu Co., Japan) was adapted
to quantify dityrosine as previously described [22]. Dityrosine fluor-
escence was excited at 325nm and scanned its emission from 350 to
500 nm with a 5 nm gap width. The fluorescence intensity of dityrosine
at 414 nm was recorded every 10s. Dityrosine formation from vL-tyr-
osine was measured upon the addition of 200 uM H,0, to 200 uM t-
tyrosine and 1 pM iron porphyrin in PBS (100 mM, pH 7.4) at room
temperature. Reactions were initiated by adding H,0,.

2.5. Detection of nitrate by HPLC

The reaction mixtures contained iron porphyrin (10uM), H,0,
(1 mM) and NO,~ (1 mM) in PBS (100 mM, pH = 7.4). H,O, was used
to initiate the reaction. After incubating for 30 min, the reaction mix-
tures were filtered by 0.22 um micro-pore filter. Nitrate was quantified
by high performance liquid chromatography (HPLC, Agilent, USA)
equipped with an ultraviolet diode array spectrophotometer. C18 re-
verse phase column was used. Solvent A contained 2.5mM tetra-
butylammonium perchlorate, 0.6 mM potassium dihydrogen phosphate
(KH,PO4) and 0.6mM disodium hydrogen phosphate (Na,HPO,).
Solvent B was methanol. The mobile phase consisted of 98% solvent A
and 2% solvent B. Column temperature was 25 °C and pump flow rate
kept at 1 mL-min ' [23].

2.6. Cyclic voltammetry (CV)

Cyclic voltammograms of FeTPPS, FeTMPyP, FeTBAP, TPPS, TMPyP
and TBAP were obtained using a CHI660D electrochemical workstation
(shanghai, china). A three-electrode cell system contained a glassy
carbon electrode as the working electrode, a saturated calomel elec-
trode as the reference electrode, and a platinum wire as the counter
electrode. Prior to each experiment, the glassy carbon electrode was
cleaned with alumina polishing power (0.05um), sonicated with
ethanol for 1.5 min, rinsed with distilled-deionized water, wiped with
tissue paper, and immersed in solution containing 40 uM iron porphyrin
or 80 uM porphin derivative in 100 mM PBS at pH = 7.4. Control ex-
periments were performed using 100 mM PBS at pH = 7.4. Before each
measurement, all solutions were bubbled with nitrogen gas for 20 min
to remove oxygen gas dissolved in solution. Scan rate was 10mVs™'.

2.7. Differential pulse voltammetry (DPV)

Differential pulse voltammograms of 40 uM iron porphyrin (FeTPPS,
FeTMPyP and FeTBAP) in 100 mM PBS at pH = 7.4 were recorded
using a CHI660D electrochemical workstation (shanghai, china). The
electrochemical cell consists of a three-electrode cell with glassy carbon
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electrode as the working electrode, a saturated calomel electrode as the
reference electrode, and a platinum wire as the counter electrode. DPV
parameters were as follows: amplitude 0.025 V; pulse period 0.5 s; and
pulse width 0.05s.

2.8. Detection of oxo-iron (IV) porphyrin by stopped flow method

For this experiment, the spectra of oxo-iron (IV) porphyrin were
observed using SX20 Stopped Flow Spectrometer (Applied Photophysics
Ltd, UK). Reactions between iron porphyrin and H,O, were single-
mixing experiments. After mixing, the solutions consisted of
250 uM H,0, and 5 pM iron porphyrin. The concentration exhibited in
the case was the final concentration after mixing.

2.9. Detection of degradation products by ESI-MS

To determine the degradation products, the mixtures were mea-
sured with eletro-spray ionization mass spectroscopy (ESI-MS, Agilent).
In the presence or absence of NO,~ (1 mM), iron porphyrin (100 pM)
was mixed with H,O, (1 mM) in PBS (100 mM, pH 7.4). After in-
cubating for 30 minat 37 °C, samples were detected with MS. The
parameters were as follows: capillary voltage 4.5kV; iron polarity,
negative.

2.10. The binding of iron porphyrin with BSA

UV-Visible spectrophotometer was applied to investigate the reac-
tion of iron porphyrin with BSA. 10 uM FeTPPS, FeTMPyP or FeTBAP
was mixed with 30 uM BSA in 100 mM PBS (pH = 7.4) at 37 °C for
15 min.

2.11. Statistical analysis

All data were expressed as the means + S.D. of three independent
experiments. Significance was assessed by using one-way ANOVA
(p < 0.05 as statistically significant).

3. Results
3.1. The peroxidase activity of iron porphyrins

Two classical substrates, TMB and ABTS were used to evaluate
peroxidase activity of FeTPPS, FeTMPyP and FeTBAP. As shown in
Fig. 2A, TMB was effectively oxidized by H>O, when hemin, FeTPPS,
FeTMPyP or FeTBAP was added. The increased amount of TMB oxi-
dation indicated that the peroxidase activity of FeTMPyP, FeTPPS and
FeTBAP are all higher than hemin. This result supports the previous
observation by Liu et al. [24] that hemin exhibited the lowest perox-
idase activity than FeTPPS and FeTMPyP under oxidation of homo-
vanillic acid with H0,.
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The peroxidase activity of iron porphyrins was also analyzed by
measuring oxidized ABTS in the presence of H,O, (Fig. 2B). The similar
conclusion was obtained. As shown in Fig. 2B, FeTBAP, FeTMPyP and
FeTPPS all have the higher peroxidase activity than hemin.

3.2. Iron porphyrin-induced BSA nitration

BSA was nitrated upon exposure to 10 pM hemin, 1 mM H,0, and
1 mM NaNO, at pH 7.4 (Fig. 3A), which was consistent with previous
studies [18,19,25]. As a comparison, similar nitration was also ob-
served upon the catalytic effect of FeTPPS and FeTBAP. However, no
nitration was observed in the case of FeTMPyP (Fig. 3A and B).

It has been previously reported that hemin or heme peroxidase-
catalyzed BSA nitration in the presence of H,O, and NO, ™~ was affected
by pH [25,26]. Acidic condition promoted protein tyrosine nitration
while basic condition inhibited protein tyrosine nitration. This phe-
nomenon was also found in FeTPPS/H,0,/NO, "~ catalyzed BSA nitra-
tion [20]. Yang et al. found that the reaction of a water-soluble iron
porphyrin complex with H,O, facilitated generation oxo-Fe (IV) por-
phyrin cation radical at low pH in aqueous solution [27]. Hence, the
BSA nitration was also performed at the pH range of 6-8 to examine its
pH dependence. As shown in Fig. 3C and D, BSA nitration was notice-
ably higher in pH lower than 7, in the case of hemin, FeTPPS as well as
FeTBAP, the nitration was rapidly decreased as pH increased, which
was consistent with previous reports [20,25,26]. On the contrary, no
BSA nitration was found when it treated by FeTMPyP in all the tested
pH condition (Fig. 3). It becomes interesting to further explore the
reasons that FeTMPyP did not effectively catalyze protein nitration as
FeTPPS and FeTBAP did, although they all showed high peroxidase
activity.

3.3. The mechanism of FeTMPyP in inhibiting BSA nitration

3.3.1. The catalytic activity of FeTMPyP, FeTPPS and FeTBAP on the
generation of -Tyr and -NO,

In the presence of H,0,, hemin or heme peroxidases are known to
catalyze oxidation of tyrosine to form tyrosyl radical (-Tyr), as indicated
by the production of the dimerization product dityrosine [10,17,22,28].
Similarly, the formation of dityrosine, which was indicated by its
fluorescence exhibited at 414 nm, was monitored to assess the catalytic
activity of FeTMPyP, FeTPPS or FeTBAP on the generation of -‘Tyr
(Fig. 4). It was observed that dityrosine was rapidly formed as soon as
the reaction was initiated and reached its maximum at about 100 s after
the reaction in both case of FeTPPS and FeTBAP. This result indicated
an excellent catalytic activity of FeTPPS and FeTBAP in oxidizing 1-
tyrosine to tyrosyl radical. However, no dityrosine was observed in the
case of FeTMPyP.

A further question is the evolution of NO,™ in the reaction. In
hemin or heme peroxidases/H,O,-catalyzed protein nitration, NO5~
has to be oxidized to NO, and then react with ‘Tyr to generate

Fig. 2. Peroxidase activity of hemin, FeTPPS,
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o —+— FeTPPS n 'L —+— FeTPP3 . . .
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Fig. 3. (A) BSA tyrosine nitration induced by

. hemin, FeTPPS, FeTMPyP or FeTBAP in the
. a . presence of H,O, and NO,~ at pH 7.4. (B) The
100+ densitometric analysis of BSA nitration. All the
Hemin £ values were normalized by the hemi 1
- - - - B y the hemin contro
GCD 75 group. (C) pH (6-8) profile of hemin, FeTPPS,
FeTPPS (m)] FeTMPyP or FeTBAP-catalyzed BSA nitration in
re = = + = = g 504 the presence of H,O, and NO, ™. (D) The den-
5 sitometric analysis of BSA nitration. For hemin
Fel MPyP - - - + - EJ 25 at different pHs, all the values were normalized
by the hemin control group (hemin at pH 6.0);
for FeTPPS at different pHs, all the values were
FeTBAP - T - - b 0- Control_Hemin  FeTPPS FeTMPyP FeTBAP normalized by the FeTPPS control group
(FeTPPS at pH 6.0); for FeTBAP at different pHs,
all the values were normalized by the FeTBAP
control group (FeTBAP at pH 6.0); The reaction
C D mixture contained NaNO, (1mM), H,0,
pH 60 65 70 75 8.0 1254 B Hemin (1 mM), BSA (1 mgmL~') and iron porphyrin
1 FeTPPS (10 uM) in PBS (100 mM, pH 6-8). Results were
Hemin . . . ¢ O o, 1001 - o [ ] FeTBAP presented as means * S.D. of three in-
’5 dependent experiments.
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Time (sec) Fig. 5. Detection of nitrate and nitrite by HPLC at 210 nm. Control was stan-

Fig. 4. Kinetics of dityrosine formation in iron porphyrin/H,02/Tyr system.
Fluorescence emitted from dityrosine was monitored upon addition of
200 uM H>05, to a solution of 1 uM iron porphyrin and 200 uM t-tyrosine in PBS
(100 mM, pH 7.4) at room temperature.

nitrotyrosine [1,10,17-19]. Meanwhile, the NO, will undergo dis-
proportion reaction to form nitrate (NO5; ™) [29,30]. Therefore, mea-
surement of NO3 ™~ level in the reaction media is an indirect marker to
assess the catalytic activity of different iron porphyrin/H,0, systems on
the oxidization of NO,~ to NO,. And the catalytic activity is essential to
trigger the catalytic reaction of protein nitration [17-20]. As shown in
Fig. 5, certain amount of NO3~ was observed in the systems of FeTPPS
and FeTBAP. But NO3;~ was barely observed in the FeTMPyP system,
indicating that FeTMPyP has the weakest catalytic efficacy in gen-
erating NO, among these three iron porphyrins.

3.3.2. The intermediates of oxo-iron (IV) porphyrin

Results of Figs. 4 and 5 suggest that the elucidation of the catalytic
activity on BSA nitration by heme peroxidase, as well as FeTPPS,
FeTMPyP and FeTBAP may depend on understanding their reactive
oxo-Fe-(IV) intermediates. Hence, the oxo-Fe-(IV) intermediates in the
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dard compounds containing nitrate (1 mM) and nitrite (1 mM); The reaction
mixtures contained iron porphyrin (10 uM), H,0, (1 mM) and NO,~ (1 mM) in
PBS (100 mM, pH = 7.4). Peak 1 indicates nitrite, and Peak 2 indicates nitrate.

oxidation of FeTPPS, FeTMPyP or FeTBAP were fully investigated in the
further experiments. Firstly, we used two direct electrochemical oxi-
dation methods, namely cyclic voltammetry (CV) (Fig. 6A, C and E) and
differential pulse voltammetry (DPV) (Fig. 6B, D and F), to oxidize
FeTPPS, FeTMPyP and FeTBAP. Then the stopped-flow method was
used to investigate the oxo-Fe-(IV) intermediates generated in the oxi-
dation of FeTPPS, FeTMPyP or FeTBAP by chemical oxidants (H»05)
(Fig. 7).

As shown in Fig. 6, similar metal-centered redox behavior was ob-
served in the two distinctive electrochemical analysis. Two separate
electro-oxidation peaks (peak 1 and 2) were observed for all FeTPPS,
FeTMPyP and FeTBAP, indicating two-step metal redox process
[30,32]. The first oxidation wave (peak 1) is proposed as that iron (III)
porphyrin (Fe™-Por) undergoes one-electron metal oxidation at 0.94 V
for FeTPPS (Figure 7A and B), 0.78 V for FeTMPyP (Figure 6C and D),
and 0.88 V for FeTBAP (Fig. 6E and F), to form O=Fe'V-Por species. The
second oxidation wave (peak 2) is proposed as one-electron oxidation of
O=Fe"V-Por species at 1.15V for FeTPPS (Figure 6A and B), 1.12V for
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Fig. 6. Cyclic voltammograms of 40 uM FeTPPS
(A), FeTMPyP (C) and FeTBPA (E) at a glass

carbon electrode in 100 mM PBS at pH = 7.4.
Scan rate 10 mV- s~ . Differential pulse voltam-
mograms of 40 uM FeTPPS (B), FeTMPyP (D)
and FeTBPA (F) at a glass carbon electrode in
100mM PBS at pH = 7.4. Pulse amplitude
25mV and pulse width 50 ms. Control experi-
ments were performed using 100 mM PBS at

pH = 7.4. Peak 1 indicates O=Fe'"-Por; Peak 2
indicates O=Fe'V-Por-*.
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FeTMPyP (Fig. 6C and D), and 1.2 V for FeTBAP (Fig. 6E and F), to form
O=Fe"V-Por-*. This result supports the previous report by Lei et al.
[30], which showed the formation of O=Fe'V-TMPyP and O=Fe'"-
TMPyP-* at 0.8 and 1.15 V, respectively, in 50 mM PBS (pH 7.4) using
an ITO electrode. In addition, this redox process was similar with a
previous study by Trofimova et al. [32], which reported two oxidation
waves of MnTMPyP in CV, are corresponding to one-electron redox
process to oxo-Mn (IV) and one-electron redox process to oxo-Mn (V),
respectively.

Most of non-faradic current is neglected in DPV, therefore, it is more
sensitive than classical CV [33]. In this work, close examination of the
peak between peak 1 and 2 was performed using DPV (Fig. 6B, D, and
F). DPV data showed a broad and un-splitting peak around 0.75 and
0.85V for FeTMPyP (Fig. 6D), and a splitting peak around 0.95 and
1.03 for FeTBAP (Fig. 6F). It represents the successive oxidation of the
porphin derivative by O=Fe'V-Por-* [30]. The oxidation potentials of
FeTMPyP and FeTBAP are about 0.8V and 1.0V, respectively. It sug-
gests that FeTMPyP is more prone to be oxidized than FeTBAP.

Using stopped-flow method, the generation of two intermediates of
FeTPPS, FeTMPyP and FeTBAP oxidized by H,O, were investigated.
Upon mixing H>O, with FeTPPS (Fig. 7A), the Soret band of FeTPPS
(Amax = 405nm) shifted to an oxidized iron porphyrin intermediate
(Amax = 409 nm) in 5 s without giving any spectral intermediate distinct
from the two species. It suggested the conversion of O=Fe'V-TPPS-*
(compound I) into O=Fe!V-TPPS (compound II) was accomplished
within 5s. It was consistent with earlier reports that rate constants for
compound I (O=Fe'V-Por-*) reactions are larger than those of com-
pound II (O=Fe-Por) reactions with the same substrate [29,34]. The
observed intermediate corresponds to the compound II intermediate
(O=Fe"-TPPS, Soret band at 409 nm (Fig. 7A, insert upper), visible
bands at 526 (Fig. 7A, insert below)), which was also consistent with
well-studied oxo-Fe (IV) porphyrin intermediates of other water-soluble
iron porphyrins [11,35]. This intermediate (compound II, O=Fe'"-
TPPS) slowly decayed, but not all restored to FeTPPS (Apax = 405 nm)
in 60 s after the reaction (Fig. 7A Insert upper). It suggests the lifetimes
of O=Fe'"V-TPPS over 60s. The similar result was observed in the re-
action of FeTBAP and H,O, (Fig. 7C). The Soret peak of FeTBAP
(Amax = 406 nm) shifted to longer wavelengths (412 nm) in 5s by the

0.8 1.0
Potential (V)
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addition of H,0,, without giving any spectral intermediate distinct
from the two species, indicating that O=Fe'V-TBAP (compound II) as a
dominant product appeared (Soret band at 412 nm, visible bands at
520), which is consistent with other heme peroxidase [11,34-36]. Al-
though this intermediate decayed with time, the spectrum of O=Fe'"-
TBAP was still observed and persisted over a period of 60s (Fig. 7C
Insert upper). On the contrary, the spectrum of FeTMPyP with H,0,
revealed different that the conversion of compound I (O=Fe'V-
TMPyP-*) into compound II (O=Fe'V-TMPyP), then decayed rapidly
back to FeTMPYP (Apax = 419 nm) within 1s (Fig. 7B). It suggests the
shortest lifetime of compound II of FeTMPyP (O=Fe'-TMPyP) by
comparing with O=Fe'V-TPPS and O=Fe'V-TBAP. The short lifetime of
O=Fe'V-TMPyP-* (compound I) is consistent with the study by Saha
et al. [34], which reported that O=Fe'V-TMPyP-" as an oxidative
product of FeTMPyP with H,0,, represented nearly 2% of FeTMPyP but
it did not accumulate in sufficient concentration to be detected because
its decay rate is too fast. The short lifetime of O=Fe''-TMPyP (com-
pound II) may closely relate to significant destruction of the porphyrin
chromophore (bleaching). Notably, only 39% of the FeTMPyP restored
in 60s after the reaction of FeTMPyP with H,O, (Fig. 7B), and the
broad and un-slipped peak around 0.8 and 0.95 V represented rapid and
successive oxidation of the porphin derivative by O=Fe'V-TMPyP-*
(Fig. 6D).

Taken together, these results suggest the short-lived intermediates
of FeTMPyP/H,0, is possibly attributed by that its porphin derivative
(TMPyP) rapidly scavenges oxo-Fe (IV) intermediates of FeTMPyP by
significant self-degradation.

3.3.3. The role of porphin derivative on hemin-induced tyrosine nitration

The total antioxidant capacity of TPPS (Fig. 8A), TMPyP (Fig. 8B)
and TBAP (Fig. 8C) were studied by cyclic voltammetry (CV) [37,38].
Two parameters, potential of the anodic peak and area of the anodic
peak curve, were used to describe the integrated antioxidant capacity
[33,371.

As shown in Fig. 8, the cyclic voltammograms showed an anodic
(negative) peak, which corresponds to the total oxidation potential of
TPPS, TMPyP and TBAP. Potential of anodic peak was observed at 0.8 V
for TPPS, 0.3V for TMPyP and 0.75V for TBAP. Correspondingly, the
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Fig. 7. Rapid-scanning stopped-flow spectra for the reaction of 5uM FeTPPS
(A), FeTMPyP (B) and FeTBAP (C) with 250 utM H,O, in 100 mM PBS at
pH = 7.4. Inset: the Soret (inset (upper)) and visible (inset (below)) spectra
observed at 1.2, 30 and 60s.

voltammetric peak area was also measured, and it was the largest of
TMPyP. Lower potential and larger peak area indicate higher anti-
oxidant activity [33,37-40]. Thus, the potential measured in the CV
revealed higher antioxidant activity of TMPyP than that of TPPS and
TBAP.

Many reports have demonstrated that antioxidants could effectively
inhibit hemin catalyzed tyrosine nitration in the presence of H;O, and
NO,~ [2]. Correspondingly, we also observed the similar inhibitory
effect on the hemin-catalyzed tyrosine nitration by the three porphin
derivatives (TPPS, TMPyP and TBAP), as shown in Fig. 9. Specifically,
TMPyP showed significant inhibitory effect (~75%), whereas in-
hibitory effect of TPPS and TBAP was only 40% and 20%, respectively
(Fig. 9B).

Lente et al. demonstrated that the oxidation products of FeTPPS by
H,0, were identified as the iron (III) complex of the biliverdin analogue
formed from TPPS and 4-sulfobenzoic acid [41]. Given this report, we
systemically investigated the oxidation products in the reaction of iron
porphyrin with H>O, Correspondingly, we observed the similar oxi-
dation products characterized by their m/z peaks (highlighted by red
color in Fig. 10 A, C and E). C;Hs05sS™ (m/z = 200.9) for FeTPPS;
C;H,0,NCl~ (m/z = 172) and C;H,ONCl~ (m/z = 156) for FeTMPyP,
and CgHs04~ (m/z = 165) for FeTBAP were found. It indicated that the
porphin derivatives, i.e. TPPS, TMPyP and TBAP, acted as substrates for
iron porphyrin/H,0,. However, upon pre-treatment with NO, ™, it was
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Fig. 8. Cyclic voltammograms of 80 uM TPPS(A), TMPyP (B) and TBAP (C) at
scan rate 10mVs~' in 100 mM PBS at pH = 7.4 by glass carbon electrode.
Control experiments were performed using 100 mM PBS at pH = 7.4.

observed that peaks of the characteristic oxidation products were dra-
matically reduced (Fig. 10B, D and F), indicating NO,™ as an alternative
substrate to be oxidized by oxo-Fe-(IV) [1,10,17-19].

Previously, modification of the heme protein has been reported
when HRP was incubated with H,O, and NO, ™~ at pH 7, suggesting that
NO, adds to the heme vinyl groups [42]. However, no nitration product
was found in any of FeTPPS (Fig. 10B), FeTMPyP (Fig. 10D) and
FeTBAP (Fig. 10F) system by ESI-MS in this work. It indicates that
oxidation of NO, ™~ by iron porphyrin/H,0, does not result in porphin
derivative nitration, that is, TPPS, TMPyP and TBAP do not have NO,
scavenging capacity.

3.3.4. The binding between iron porphyrin and BSA

It has received increasing attention that hemin bound to the target
protein and catalyzed the nitration of neighboring tyrosine residues in
the protein, and then affected its function [22,43]. Bathochromic shift
and an increased intensity of this band are typical markers that reflect
interactions of hemin-Fe with specific amino acid residues of protein
matrix [22,44-46].

In the binding assay between BSA and the three iron porphyrins, we
saw a shift in the Soret band from 406 nm (FeTPPS) to 417 nm (in-
cubation of FeTPPS and BSA) and an increased intensity of this band
(Fig. 11A). These features are indicators of a complex formation be-
tween BSA and FeTPPS. Similar result was obtained in FeTBAP.
Fig. 11C showed that FeTBAP bound BSA, which is indicated by a
clearly red-shift (Anax = 418 nm) and an increased intensity of this
band compared with that of free FeTBAP (An.x = 406 nm). However,
no bathochromic shift and no increased intensity of band were observed
between FeTMPyP and mixture of FeTMPyP with BSA, which showed
no bound between FeTMPyP and BSA (Fig. 11B). This result implies the



Nitric Oxide 91 (2019) 42-51

Fig. 9. (A) Effect of porphin derivatives (TPPS,
TMPyP or TBAP) on hemin/H,0,/NO,” in-
duced BSA nitration. (B) The densitometric
analysis of BSA nitration. All the values were
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greater distance between the target residue of BSA and the FeTMPyP
center where the RNS is generated.

4. Discussion

Water-soluble iron (III) porphyrins, such as FeTPPS, FeTMPyP and
FeTBAP, have been demonstrated to possess profound activity in de-
composing peroxynitrite and proposed as effective therapeutic agents in
peroxynitrite related disease models. The therapeutic effect is believed
to operate through reducing protein nitration under condition of in-
flammation [12,15]. However, it contradicts with the facts that hemin
or heme peroxidase/H>0,/NO, "~ system is potential to catalyze protein
tyrosine nitration, which is a commonly accepted pathway in vivo under
inflammatory conditions [1,5-10]. In this study, FeTPPS, FeTMPyP and
FeTBAP, as hemin analogues, all exhibited excellent peroxidase activity

normalized by the hemin control group; Data
was represented as mean *= S. D of three in-
dependent experiments. **p < 0.01 compared
with control value; **p < 0.01 compared with
TMPyP.

Hemin TPPS TMPyP TBAP

and even higher than the heme (Fig. 2). The high peroxidase activity
indicates them as potential catalysts for protein nitration as hemin. In
the study of protein nitration, we observed the pronounced BSA nitra-
tion by both FeTPPS and FeTBAP in the presence of H,O, and NO, ™,
and the catalytic nitration was revealed pH-dependent (Fig. 3). Inter-
estingly, similar catalytic activity was not observed in the case of
FeTMPyP either in acidic condition or basic condition (pH ranging from
6 to 8) (Fig. 3). This unconventional observation prompted us to ex-
plore the underlying mechanism that inhibited the catalytic activity of
FeTMPyP on protein nitration, and the results might provide an op-
portunity to develop novel catalysts with the high potential of cata-
lyzing ONOO™~ decomposition but with low capability on catalyzing
protein nitration in the presence of HyO, and NO, . This kind of
compounds could be safer candidates for anti-ONOO™ medicines and
more specific indicators for detection of ONOO™ existence in vivo.

Fig. 10. Measurement of degradation produc-
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Fig. 11. The binding of FeTPPS (A), FeTMPyP (B) and FeTBAP (C) with BSA.
10 uM iron porphyrin was added into 30 uM BSA in 100 mM PBS (pH = 7.4)
and incubated at 37 °C for 15 min for the binding.
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Fig. 12. The modification group of water-soluble iron (III) porphyrin plays an
important role in determining its catalytic effect on catalyzing BSA nitration in
the presence of H,O, and NO, .

It is known that hemin or heme peroxidase-dependent tyrosine ni-
tration is based on the generation of tyrosyl radicals (-Tyr) and nitrogen
dioxide (NO,) by one-electron reduction of compound I or compound II
intermediate in the presence of H,O, and NO, ™ [1,17-19]. Compound I
of the heme peroxidase has been described as an oxo-Fe(IV) porphyrin
cation radical (O=Fe'V-Por- "), while compound II has been described
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as an oxo-Fe-(IV) species (O=Fe'V-Por). Therefore, the early work es-
tablished that the catalysis tyrosine nitration normally proceeds via
reactions (1)—(4), where A~ is NO, ™~ or Tyr, and ‘A is ‘NO, or ‘Tyr.

Fe — Por + H,0, - O = Fe!Y — Por* + H,0 (@9
O =Fe!V — Por*+ A~ —» O =Fe!V — Por + -A 2)
O = FelV — Por + A~ + H* — Fell — Por + -A + H,0 3
O NH, O NH,
HOH—QOH + NO, —> H0>_§—Q70H )
' NO,
Compound | : O=Fe! -Por-* Compound Il : O=Fe!" -Por
@

Thus, the chain of the catalytic events must start from hemin or
heme peroxidase reacting with H>O, to generate high-valency oxo-iron
(IV) species, i.e. compound I or compound II [1,17-19]. To unveil the
mechanism of FeTPPS, FeTMPyP and FeTBAP on BSA nitration in the
presence of H,O, and NO, ™, we firstly began to identify the reactive
intermediates by the direct electrochemical oxidation of FeTPPS,
FeTMPyP and FeTBAP using conventional CV and DPV methods
(Fig. 6), with a view to avoid possible interference due to excess re-
actants or secondary products in chemical systems [31]. Both electro-
chemical techniques gave the similar metal-centered redox behaviors
for all FeTPPS, FeTMPyP and FeTBAP, two separate electro-oxidation
peaks indicated two-step metal redox process [30], which were
speculated as formation of compound II (O=Fe'"-Por) and compound I
(O=Fe"V-Por-*) intermediates. This result indicates that high-valence
oxo-iron (IV) intermediates are involved when these water-soluble iron
(III) porphyrins are directly oxidized, which is consistent with well-
studied oxo-Fe (IV) porphyrin intermediates of other water-soluble iron
porphyrins [27,34,37,42,47]. Furthermore, the reaction of iron por-
phyrin with H,O, was dynamically monitored using stopped-flow
method, in which involvement of compounds I and II intermediates was
also suggested (Fig. 7), and compound II was indicated as a dominant
product. These results were consistent with the previous observations in
heme peroxidase involved oxidation by H,O, [11,34-36]. However, the
kinetic scan in the stop-flow method showed a relatively short lifetime
of FeTMPyP-induced compound II, which was less than 1s by com-
paring to O=Fe"V-TPPS and O=Fe'V-TBAP that persisted over a period
of 60s (Fig. 7). Activity of oxo-Fe (IV) intermediates is very important
in the catalytic cycle [1,17,19]. We found that FeTMPyP/HSOs "~ /NO, "~
induced BSA nitration can be observed (Support Information, Fig. S1),
because the activity and concentration of oxo-Fe (IV) intermediates
from HSOs ™~ oxidation is higher than that from H,O, as oxidant [41].
For this reason, we speculated that the weakest catalytic activity of
FeTMPyP/H,0, in oxidizing 1-tyrosine to ‘Tyr (Fig. 4) and NO,~ to NO,
(Fig. 5) can be attributed to shorter lifetime of O=FeIV—TMPyP, which
results in FeTMPyP lacking the ability to catalyze BSA nitration in the
presence of H,O, and NO, ™~ (Fig. 3).

Due to the rather short-lived nature of most nitrating species, it is
conceivable that the site of generation of a nitrating agent with respect
to the target protein plays a role in determining which proteins become
nitrated and possibly also in defining the primary nitration sites [1,43].
In several disease models, nitrated proteins have been detected at the
site of injury or within specific cell types, which are known to generate
nitrating species [1]. We also observed that FeTMPyP showed no bound
with BSA protein while a strong binding was indicated between BSA
and the other two iron porphyrins, FeTPPS and FeTBAP (Fig. 11). The
fluorescence quenching experiment also demonstrated that FeTMPyP
exhibited a very weak association with BSA (K, 2.3 x 10°M™1).
However, the binding constants of FeTPPS and FeTBAP were
2.8 x 10’M ™! and 3.5 x 10" M™%, respectively (Support Information,
Fig. S2), which are of the same order of magnitude as that of heme to
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human albumin (K, 7.9 x 10’ M~ 1) [44]. Therefore, the greater dis-
tance between the target residue of BSA and the FeTMPyP center where
the RNS is generated, may be another possible reason for FeTMPyP
lacking the ability to catalyze BSA nitration in the presence of HO, and
NO; ™.

The unstable compound II and unbound with targeted protein
seemed attributed to the weak catalytic activity of FeTMPyP on protein
nitration. However, it remained unclear how the relatively short life-
time of FeTMPyP-induced compound II was achieved. There was an
interesting report from Lente et al. that the oxidized product of FeTPPS
by H,0, was found to be the collapse of porphin derivative. It suggested
the porphin derivative of FeTPPS, TPPS, as a substrate that was oxi-
dized by the oxo-Fe (IV) intermediates in the reaction [41]. This phe-
nomenon was also observed when FeTPPS, FeTMPyP or FeTBAP was
mixed with HyO,. The Soret band of the iron porphyrin disappears
quickly (Support Information, Fig. S3 (A)), and the Soret band of
FeTMPyP disappears more quickly than that of FeTPPS and FeTBAP
(Fig. 7). In the presence of NO5 ~, the Soret band of the iron porphyrin
decayed slower in all tested iron porphyrins (Support Information, Fig.
S3 (B and C)), suggesting that NO,~ competed with corresponding
porphin derivative (TPPS, TMPyP or TBAP) for oxidation by iron por-
phyrin/H,0,. Given these evidences, we speculated that the lower
stability of intermediates of FeTMPyP may be partially attributed to the
electrochemical capacity of its porphin derivative (TMPyP). It rapidly
reduced high-valence oxo-iron (IV) intermediates; inhibited NO,~ or
tyrosine oxidation; and thereby, resulted in negligible BSA nitration in
FeTMPyP/H;0,/NO, ™~ system.

Blasco et al. distinguished antioxidants with high (E < 0.3 V) and
medium power (E = 0.5V) [39]. According to this criterion, Fig. 8 re-
sult suggested that TMPyP possessed stronger antioxidant capacity
(E=0.3V) by comparing with TPPS (E=0.8V) and TBAP
(E = 0.75V). By using dot blot, we also clearly demonstrated that
TMPyP exhibited higher capacity in competitive inhibiting NO,~ and
tyrosine oxidation by hemin/H,0,/NO,~ (Fig. 9). Moreover, oxidized
products from porphin derivatives were also found in the reaction of
iron porphyrin with H,O, (Fig. 10). These results suggested that TMPyP
reacted easily with oxo-Fe (IV), and the fast reaction of TMPyP with the
oxo-Fe (IV) intermediate accounted for the short lifetime of oxo-Fe (IV)
intermediate in the FeTMPyP oxidation reaction. The competition re-
action of TMPyP surely inhibited oxidation of tyrosine and NO,~ and
thus dramatically reduced the protein nitration. Worth noting is that
the proximity of porphin derivative to the site generating the nitrating
species (NO,) may scavenges NO, by competitive nitrating porphin
derivative [36], which might be another possible mechanism for the
antioxidative activity of TMPyP in inactivating FeTMPyP induced BSA
nitration. In the presence of H>O, and NO, ™, the oxidation products for
porphin derivatives were found (Fig. 10), but no nitrated ligand pro-
ducts were found in any of FeTPPS, FeTMPyP and FeTBAP system
(Fig. 10B, D, and F). These results indicated that inhibiting tyrosine
nitration of FeTMPyP was not realized through direct scavenging NO,
by its ligand (TMPyP) (Fig. 10D), but operated by oxidizing its porphin
derivative to irreversibly destructive products, such as C,H;O,NCl™
(m/z = 172) and C,;H,ONCl~ (m/z = 156) (Fig. 10C).

At mildly acidic pH, NO,~ directly reacts with H,O5 to form per-
oxynitrous acid (ONOOH), which causes aromatic nitration [48]. Sev-
eral reports also suggested that both the classical peroxidase pathway
and peroxynitrite mechanism are operative in hemin or heme perox-
idase-dependent nitration system [49,50]. However, our result showed
no peroxynitrite formation in mixtures of H,O, (1 mM) and NO,~
(1 mM) in PBS (100 mM, pH = 7.4) (Support Information, Fig. S4),
indicating that inactivation FeTMPyP-induced BSA nitration in the
presence of H;O, and NO, ~ under the experimental condition must not
be ascribed to that FeTMPyP acting as a highly active peroxynitrite
decomposition catalyst.
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5. Conclusion

We showed that the three water-soluble iron porphyrins, FeTPPS,
FeTBAP and FeTMPyP as analogues to hemin, all exhibited excellent
peroxidase activity and even higher compared with hemin. In the pre-
sence of H,O, and NO, , mechanism of the water-soluble iron (III)
porphyrin-dependent tyrosine nitration is similar as that of hemin or
heme peroxidase-dependent, and compound I and compound II species
are involved in as the key intermediates. However, FeTMPyP seemed no
effect on catalyzing protein nitration while the other two analogues,
FeTPPS and FeTBAP, preserved the conventional catalytic activity of
heme peroxidase on protein nitration (Fig. 12). Further study on the
underlying mechanism revealed a different reaction behavior of
FeTMPyP in the protein nitration in the comparison with FeTPPS and
FeTBAP. Generally, FeTMPyP inactivation on catalyzing protein tyr-
osine nitration in this system can be mainly attributed to the activity of
its porphin derivative, TMPyP, which reacted strongly with the oxo-Fe
(IV) intermediate of FeTMPyP that resulted in short lifetime of the in-
termediates. As TMPyP competes strongly with tyrosine and NO, ™~ in
the oxidation reaction, oxidized tyrosine and NO,~ was dramatically
inhibited, leading to the pronounced reduction of final protein nitra-
tion. Besides, the greater distance between the target residue of BSA
and the FeTMPyP center (Fig. 11 and Support Information, Fig. S2)
further blocks the possible formation of nitrotyrosine (due to the facts
that FeTMPyP/HSOs/NO, "~ induced BSA nitration can be observed, in
Support Information, Fig. S1), which is a minor factor on FeTMPyP
inactivation. Finally, FeTMPyP failed in catalyzing protein tyrosine
nitration described here must not be attributed to TMPyP as NO,, sca-
venger (Fig. 10D) or FeTMPyP is a highly active peroxynitrite decom-
position catalyst (Support Information, Fig. S4). Since a better perox-
ynitrite decomposition catalyst should be with lower capacity in
catalyzing protein tyrosine nitration in the presence of HO, and NO, ",
the dissection of the mechanism of FeTMPyP inactivation on catalyzing
protein tyrosine nitration, in the presence of H,O, and NO, , may
provide an instructive model for designing of balanced compounds for
pharmacological intervention in peroxynitrite related diseases.
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