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decomposition of peroxynitrite by the amphipolar 

iron(III) corrole 1-Fe. 
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*  

ABSTRACT: The amphipolar iron(III) corrole 1-Fe is one of the most efficient catalysts for the 

decomposition of peroxynitrite, the toxin involved in numerous diseases.. This research focused on the 

mechanism of that reaction at physiological pH, where peroxynitrite is in equilibrium with its much 

more reactive conjugated acid, by focusing on the elementary steps involved in the catalytic cycle. 

Kinetic investigations uncovered the formation of a reaction intermediate in a process that is complete 

within a few milliseconds (k1 ~ 3x10
7
M

-1
s

-1
 at 5 ˚C, about 7 orders of magnitude larger than the first order 

rate constant for the non-catalyzed process). Multiple evidence points towards iron-catalyzed homolytic 

O-O bond cleavage to form nitrogen dioxide and hydroxo- or oxo-iron(IV) corrole. The iron(IV) 

intermediate was found to decay via multiple pathways that proceed at similar rates (k2 about 10
6
M

-1
s

-1
): 

reaction with nitrogen dioxide to form nitrate, nitration of the corrole macrocyclic, and dimerization to 

binuclear iron(IV) corrole. Catalysis in the presence of substrates affects the decay of the iron 

intermediate by either oxidative nitration (phenolic substrates) or reduction (ascorbate). A large enough 

excess of ascorbate accelerates the catalytic decomposition of PN by 1- Fe by orders of magnitude, 

prevents other decay routes of the iron intermediate, and eliminates nitration products as well. This 

suggests that the beneficial effect of the iron corrole under the reducing conditions present in most 

biological media might be even larger than in purely chemical system. The acquired mechanistic insight 

is of prime importance for the design of optimally acting catalysts for the fast and safe decomposition 

of reactive oxygen and nitrogen species. 

INTRODUCTION 

The last decades have evidenced a tremendously increased 

appreciation regarding the detrimental effects of reactive 

oxygen and nitrogen species (ROS and RNS, respectively) on 

human health.1-3 One consequence of the raising awareness to 

the importance of healthy lifestyle is the increased popularity of 

dietary antioxidants, whose effectiveness on the attenuation of 

various diseases is constantly screened.4 Despite of some 

discouraging results obtained with several common diet 

supplements,5-6 it is still clear that an imbalance between the 

minute amounts of ROS/RNS required for proper function and 

the ability of the natural defence systems to deal with excessive 

amounts of it is involved in truly numerous medical disorders 

and the aging process.7-8  
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Electronic Supplementary Information (ESI) available: Figure S1 and 
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DOI: 10.1039/b000000x/ 

The common primary ROS is superoxide anion radical (O2
-.), 

which is catalytically decomposed by superoxide dismutase 

enzymes (SOD’s) to molecular oxygen and hydrogen peroxide.9 

Catalase enzymes (CAT) must be coupled to SOD’s for 

disarming hydrogen peroxide via its disproportionation to 

molecular oxygen and water.10 Uncoupling of these two 

enzymes leads to excess hydrogen peroxide (which is also 

formed spontaneously from O2
-. if not decomposed by SOD’s), 

which undergoes metal-catalyzed cleavage to the most 

damaging ROS, hydroxyl radical.11 The SOD’s are quite fragile 

and loose much of their activity under conditions of 

oxidative/nitrative stress (excess of ROS/RNS) and their 

expression is lowered with age.12-13 Another severe problem 

with inefficient neutralization of O2
-. is that it reacts extremely 

fast with nitric oxide (NO) as to form the peroxynitrite anion,14-

15 which is followed by immediate protonation to peroxynitrous 

acid (HOONO, abbreviated PN in this work) at physiological 

pH. Ever since JS Beckman and co-workers have described the 

toxicity of peroxynitrite,16 its involvement in numerous diseases 

has been increasingly recognized. PN decays by a relatively 
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slow process, during which it isomerizes to nitric acid and also 

undergoes homolytic cleavage of the O-O bond (Scheme 1: 

pathways a and b, respectively).17 PN also reacts very fast with 

CO2; and the corresponding adduct ONOOCO2
- is a source of 

carbonate radical and NO2.
18-19 

 
Scheme 1 

 

The hydroxyl, carbonate, and nitrogen dioxide radicals that are 

formed via these routes cause oxidation, nitration, and 

nitrosylation of vital biomolecules that either induce or directly 

affect the unfortunate outcomes leading to abnormal biological 

functions. A major problem with PN is that, in contrast with O2
-

.and H2O2, there is no efficient enzymatic system for its fast and 

safe decomposition to biologically benign species. Non-

catalytic antioxidants (including natural, diet-supplied and 

drugs such as statins) are of quite limited utility as well: they do 

not react with PN fast enough as to prevent the oxidation and/or 

nitration of the vital biomolecules (lipoproteins, enzymes, 

DNA, cellular components and more) by its decomposition 

products.20 It may hence be of no surprise that the number and 

variety of medical disorders where PN is involved is 

exceedingly large, ranging from cancer to diabetes and 

cardiovascular diseases to the most severe neurodegenerative 

diseases such as Alzheimer’s, Parkinson’s, and ALS.21 

The last two decades have evidenced an impressive progress in 

the development of synthetic catalysts that may neutralize 

excessive amounts of SOR under pathological conditions.22 The 

acquired mechanistic knowledge of the reaction pathway was 

efficiently used for the design of complexes that perform 

almost as well as natural SOD.23-24 The extremely fast acting 

manganese(III) complexes of 5,10,15,20-tetra(ortho-

pyridinium)porphyrin were further optimized in terms of their 

lipophilicity for addressing issues of bio-distribution and 

bioavailability.25 Successful therapeutic applications of SOD 

mimics include attenuation of fibroproliferative responses in 

the lung of animals and humans, protection of 

isocitratedehydrogenases activity in the heart of diabetic rats, 

and beneficial effects on central nervous system trauma.26-27 

The shift towards a focus on complexes that may decompose 

PN started later, when the large potential of manganese(III) and 

iron(III) porphyrins were gradually disclosed.28-30 Both react 

very fast with PN as to form (oxo)metal(IV) intermediates, but 

the manganese(III) complexes complete a full catalytic cycle 

only in the presence of reducing agents.31 A feature common to 

both cases is the formation of nitrous dioxide, which suggests 

that these complexes might not be efficient for arresting 

nitration of substrates. Nevertheless, iron(III) porphyrins have 

been demonstrated to have highly beneficial effects in many in 

vivo investigations;32-34 and the levels of nitrotyrosine, the 

biomarker of peroxynitrite, are often much lower in treated than 

in non-treated animals.35 

We have recently introduced the iron(III) and manganese(III) 

complexes of the amphipolar and water-soluble corrole1 

(Scheme 1) as new catalysts for decomposition of hydrogen 

peroxide,36 O2
-.,37 and PN.38 And, investigations of the 

therapeutic potential of metallocorroles have already disclosed 

several advantages relative to other synthetic catalysts.39-41 In 

purely chemical systems,38 1-Fe catalyses the isomerization of 

PN to nitrate (pathway a in Scheme 1) faster than any other 

complex that carries negatively-charged head groups. The 

slower acting 1-Mn displays two unique characteristics: a) it is 

the only manganese complex (except of a another 

manganese(III) corrole with positively-charged substituents)42-

43 capable of decomposing PN in the absence of reducing 

agents; b) it does so via the unique disproportionation 

mechanism (pathway c in Scheme 1) that is avoid of potentially 

nitrating species. The sulfonic acid head groups that are located 

on two adjacent pyrrole groups in corrole 1 induce not only 

water-solubility but also amphipolarity, which is responsible for 

the extremely strong affinity of the corresponding metal 

complexes to a variety of proteins: serum albumins,44 

transferrin,45 lipoproteins,46 and non-natural proteins as well.47 

This feature is of prime importance for addressing and 

eventually controlling the bio-distribution of these corroles, as 

may be appreciated by the following recent disclosures: a) the 

in vitro tumor-cell killing properties of the gallium(III) corrole 

1-Ga were used for in vivo imaging of tumors (1-Ga is highly 

fluorescent), as well as for stopping their growth, via the 

utilization of a breast cancer specific carrier protein that binds 

the corrole very efficiently;48-49 b) The preferred binding of 1-

Fe and 1-Mn to lipoproteins and the rescue of the latter from 

oxidative damage in the presence of the former were 

demonstrated to be highly beneficial in a murine model of 

atherosclerosis;50 c) the above complexes were quite efficient 

for arresting intracellular nitration and subsequent death of 

insulin producing beta cells, a cellular model of diabetes.41 In 

light of these findings, it appeared important to reveal the 

reaction mechanism by which the iron(III) corrole 1-Fe 

decomposes PN, a task that is described in this study. The 

investigations included fast kinetic measurements for possible 

detection of reaction intermediates and the effects of 

biologically relevant additives on reaction rates and pathways. 

Another focus was on attenuation of nitration by PN and this 

part also includes some comparisons with the manganese(III) 
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corrole 1-Mn and the water soluble iron(III) complex of 

5,10,15,20-tetra(4-sulfonatophenyl)porphyrin Fe(TPPS). 

RESULTS AND DISSCUSION 

I. Kinetics of peroxynitrite decomposition.  

 

PN has a characteristic absorption at 302 nm, which is very 

useful for determining its time-dependent disappearance. 

Consistent with literature data, tracing at that wavelength 

reveals a first order decay of PN with a lifetime of about 2 sec 

at 25 ˚C in the absence of catalyst28-30, 51-52. The values of kcat, 

kobs/[1-Fe], obtained from examining the decomposition of PN 

at various concentrations of 1-Fe (Fig. 1) were determined as a 

function of temperature, which revealed rate constants that 

varied from 5.16.106 M-1sec-1 at 37 ˚C to 7.08.105 M-1sec-1 at 5 

˚C (Table 1, 2nd column). This data could in principle be used 

for the elucidation of activation parameters, but several points 

of evidence show that this is impossible for the current case. 

Construction of an Eyring plot revealed that the linearity is not 

perfect, as the corresponding correlation coefficient is 0.9812 

(Figure 1A), and the obtained activation parameters (∆H# = 9.9 

± 5.4 kcal/mol; ∆S# = 3.7 ± 17.7eu) could hence not be trusted 

with sufficient confidence. 

 

 

 

 

 

 

 

 

   

 

 

 Fig. 1 Linear (A) and curved (B) presentations of Eyring plots obtained from the 

data of Table 1, the temperature-depended catalytic rate constants for 

decomposition of peroxynitrite (385 µM, 0.15 M phosphate buffer at pH 7.4) by 

1-Fe.  

Table 1. Catalytic rate constants (kcat) for decomposition of peroxynitrite by 
1-Fe at various temperatures and the corresponding activation parameters 

deduced from that data.a 

 

T 

(⁰K) 

kcat 

(M-1s-1) 

∆H‡ 

(kcal/mol) 

∆S‡ 

(eu) 

Activation parameters 

obtained from: 

310 5.16E+06 12.5 12.6 310 & 304 ˚K 

304 3.38E+06 15.2 21.4 304 & 298 °K 

298 2.00E+06 7.4 -4.8 298 & 288 °K 

288 1.25E+06 8.5 -1.1 288 & 278 °K 

278 7.08E+05    

 

a. Reaction conditions:  385 µM, 0.15 M phosphate buffer, pH 7.4. 

A less biased test was performed by calculating the parameters 

from several couples of temperatures (Table 1, 3rd and 4th 

columns), which revealed unacceptable variations of 15.2 – 7.4 

kcal/mol in ∆H# and 21.4 - -4.8 eu in ∆S#. Taken together, the 

results are better described by a curved Eyring plot (Figure 1B), 

which in turn suggests changes in reaction mechanism within 

the quite small range of examined temperatures. A meaningful 

analysis of this possibility requires, however, information about 

the elementary steps involved in the catalytic cycle.  

 

II. Identification of reaction pathways.  

Different sets of kinetic examinations were performed with 

focus on possible changes in the catalyst’s structure during the 

multi-step catalytic cycle. The results obtained by measuring 

full spectra at as short as possible intervals (2 msec) were 

highly revealing indeed (Fig. 2). Spectra recorded immediately 

after the mixing time limit of the stopped-flow instrument (2 

msec) showed that the catalyst (1-Fe, λmax = 402 nm, blue trace 

of Figure 2C) was almost fully converted to a new species (RI) 

with two main characteristics (red trace of Figure 2C): a red 

shifted and very broad Soret band (λmax = 426 nm) and no Q 

bands (the 554 nm band disappeared almost completely). In 

addition, the spectrum obtained at the end of catalysis was 

different from that of both 1-Fe and RI, as it displays a blue-

shifted Soret band at 386 nm (green trace of Figure 2C). 

Significant efforts were devoted to determine the rate of 

disappearance of the original Q band of 1-Fe, but the number of 

experimental points that could be accumulated before the 

process was complete was too small. The most extreme 

experimental conditions included the utilization of 15 µM 

catalyst and 385 µM PN at a reaction temperature of 5 ˚C. 

However, the formation of RI was still complete within 6-7 

msec, as demonstrated in Figure 2D. Using 6 msec as 

representing 4 half lifetime leads to a pseudo first order rate 

constant of 466 s-1, which with 15 µM catalyst translates to a 

second order constant of 3.1.107 M-1s-1. This value is almost 

two orders of magnitude larger than the kcat obtained at the 

same temperature (7.105 M-1s-1), clearly evidencing that 

transformation of 1-Fe to the new complex (RI) is a much 

faster process that the return of the latter to the former for 

completing the catalytic cycle. This is depicted in equations 1 

and 2, where RI stands for the very fast formed complex, PN 

for peroxynitrous acid, and X and Y represent other molecules 

or ions that are or may be involved in the process (note that X 

and Y could be either identical or different from each other). 

 

1-Fe + PN � RI (+X)                 (1) 

RI (+Y) � 1-Fe                                   (2) 

 

Prior to discussing possible structures for RI, it is important to 

realize that since the step(s) leading to its formation is (are) so 

fast relative to the overall catalytic rate, RI may be expected to 

be at a steady state concentration during most of the duration of 

the catalytic reaction. This issue was addressed by looking at 

time-dependent changes at different wavelengths: 302 nm for 
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the decay of PN, 386 nm for formation of the final complex, 

and 554 and 426 nm for the formation of RI (Fig. 2B). 

 

 

 

 

 

 

 

Fig. 2 (A) Changes in absorbance during the reaction of 1-Fe with PN, 2 ms 

repetitive scans over 0.4 s (40 ms repeat scans shown). (B) Time dependent 

changes at selected wavelengths, for monitoring the following species: 302 nm 

for PN, 386 nm for the final complex, 554 nm for 1-Fe, and 426 nm for RI. (C) 

Spectra of 20 µM 1-Fe (t = 0) and those obtained at selected times during the 

reaction. Reaction condition (A-C): 20 µM 1-Fe and 385 µM PN, 0.15 M 

phosphate buffer, pH = 7.4 at 25 ˚C. (D) First 14 ms of the reaction of 0.15 µM 1-

Fe with 385 µM PN, 0.15 M phosphate buffer, pH = 7.4, at 5 °C. 

 

The following conclusions were deduced from the reaction of 

20 µM 1-Fe with 385 µM PN at 25 ˚C: a) the half lifetime for 

the decomposition of PN (monitored at 302 nm) was 56 msec; 

b) the 554 nm absorbance remained constant at its superfast 

achieved low intensity for about 2 half lifetimes, which is 

equivalent to about 14 catalytic turnovers of PN; c) eventually, 

the 554 nm absorbance gradually increased to about 23 % of 

the original intensity in 1-Fe. Analysis of the other traces of 

Fig. 2B shows that the reaction scenario is nevertheless not as 

perfect as suggested by equations 1-2: a) the absorbance at 426 

nm (characteristic of complex RI) does not remain constant at 

any stage and it keeps decaying even after all the PN was 

consumed (0.2 sec), and b) a similar phenomenon is noted for 

the absorbance at 386 nm, which signals the formation of the 

final complex. Taken together, this data clearly shows that there 

are multiple pathways for the decay of RI that apparently take 

place with similar rates. Fortunately, two of these could be 

identified with confidence as dimerization and nitration 

processes of the iron corrole by the following analyses.  

The final spectrum obtained after treatment with PN, with a 

Soret band at 386 nm and no Q band, resembles that of 

lipophilic µ-oxo-iron(IV) corroles. Another independent 

indication of the formation of (1Fe)2O at the end of the reaction 

of 1-Fe with PN was that a spectrum with the same features 

was obtained by treating 1-Fe with H2O2 instead of PN (Fig. 3). 

A complimentary result that provides further support for the 

formation of (1Fe)2O is that addition of ascorbate fully restored 

the original spectrum of 1-Fe, consistent with reduction of 

binuclear iron(IV) to mononuclear iron(III) corrole. 

Importantly, bleaching and consequential loss of catalytic 

activity is not a serious problem in the PN decomposition 

catalysis by 1-Fe. This conclusion was reached by examining 

material (25 µM 1-Fe) that was already treated with 2000 µM 

PN (80 catalytic turnovers) for catalyzing the decomposition of 

another 385 µM PN. Despite of the fact that most of the starting 

material was present as (1Fe)2O rather than 1-Fe, the catalytic 

rate constant decreased by only one order of magnitude. 

Evidence for an additional (undesired) pathway for the decay of 

RI was obtained by MS analysis of 25 µM 1-Fe that was 

treated with 1400 µM PN (Fig. 4). The addition of 45 and 90 

mass units (appearing as 22.5 and 45 in the ESI spectrum, 

respectively, due to the two negative charges of the sulfonate 

groups) clearly indicate that nitration of the corrole macrocycle 

occurred during catalysis, a phenomenon that has previously 

reported for iron porphyrins and hemes.28 Taken together, we 

may safely conclude that: a) treatment of 1-Fe with excess PN 

leads to oxidative dimerization and nitration of the corrole 

macrocycle, and b) even the modified iron corrole is still quite 

active regarding the catalytic decomposition of PN. 
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Fig. 3 Spectral changes of 25 µΜ 1-Fe in 0.15 M phosphate buffer, pH = 7.4, 

before (blue) and after (red) its reaction with 645 µΜ H2O2. 

 

Fig. 4 ESI- spectrum of the product isolated from the reaction of 25 µΜ 1-Fe with 

1400 µΜ PN, in 0.15 M phosphate buffer, pH = 7.4. 

 

III. Catalysis in the presence of a co-reductant.  

It is well known that the performance of ROS/RNS 

decomposition catalysts strongly depends on the presence of 

other reducing molecules. The best know demonstration is that 

of manganese(III) porphyrins: they react very fast with PN as to 

form a long-lived (oxo)manganese(IV) intermediate, which is 

only recycled to manganese(III) for completing a full catalytic 

cycle in the presence of other reducing agents like ascorbate.30 

We have hence performed kinetic experiment that focused on 

the effect of ascorbate on PN decomposition catalysis by 1-Fe. 

Consistent with many earlier investigations,31, 42, 53-54 ascorbate 

by its own had no significant effect on accelerating the 

spontaneous decomposition of PN (Fig. 5A). On the other hand, 

it had a pronounced effect on the 1-Fe catalyzed reaction (Fig. 

5B): kcat increased from 1.36x106 sec-1 with 10 µM 1-Fe and no 

ascorbate to up to 1.1x107 sec-1 with the same concentration of 

catalyst and 1000 µM of ascorbate. 

 

 

 

Fig. 5 Decomposition of 385 µΜ PN in the presence of various concentration of 

sodium ascorbate. (A) Non catalyzed process. (B) 1-Fe catalyzed process. (C) 

Spectral changes during the reaction of 25 µΜ 1-Fe and 385 µΜ PN in the 

presence of 1000 µΜ ascorbate, at 0.15 M phosphate buffer, pH = 7.4, 25 °C. 1 

ms repetitive scans over 0.5 s (45 ms repeat scans shown). 

What is more, there were no spectral changes during catalysis 

in the presence of ascorbate (Fig. 5C), i.e., complex RI did not 

accumulate to any extent under these reaction conditions. 

Taken together, these results clearly testify that the rate limiting 

step in the presence of ascorbate changed from the decay of RI 

to its formation. In other words, the effect of ascorbate was to 

accelerate the reaction described in equation 2 (where Y stands 

for ascorbate now) to such an extent that the reaction described 

in equation 1 becomes rate limiting. The reaction in the 

presence of ascorbate is very much simplified indeed, which is 

reflected in the full conservation of the spectral features of 1-Fe 

(Soret and Q bands at 402 nm and at 554 nm, respectively) 

during catalysis. Ascorbate apparently reacts much faster with 

RI than all other species present in solution, thus affecting the 

overall catalytic rate constant and also preventing the formation 

of the earlier mentioned side products. These features also 
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provide a clue about the structure of RI: since ascorbate is a 

reducing agent, RI is most likely a high valent iron corrole such 

as iron(IV), iron(V), or a corrole radical. This issue, as well as 

the identity of X in equation 1, was addressed by examining the 

reaction of PN with substrate and the effect of several variables 

on the outcome. 

  

IV. The effect of 1-Fe on the nitration of fluorescein by PN. 

 

Fluorescein, previously used for similar mechanistic 

investigations by JT Groves,55 was selected as substrate for 

investigating its reactions with PN under various conditions for 

the following reasons. It allows for a focus on the most 

characteristic reaction of PN, which is the nitration of vital 

biomolecules and subsequent malfunctions that lead to or 

initiate many diseases. Different from tyrosine and other amino 

acid side chains that are affected by PN, fluorescein undergoes 

only nitration, while it still forms two nitrated isomers (Scheme 

2) and the aspect of regioselectivity may hence be 

investigated.56 In addition, fluorescein is water-soluble and its 

structure resembles that of polyphenols with quite pronounced 

antioxidant properties. The first addressed issue was to check if 

fluorescein reacts directly with PN, by examining the kinetics 

of the decay of 300 µM PN with and without of up to 30 µM 

fluorescein. These investigations appeared, however, to be very 

problematic because of the relatively strong absorbencies of 

fluorescein and nitrofluorescein at 302 nm and also because the 

electronic spectra of these two molecules do not differ very 

much. Within the above limitations, it still became apparent 

that fluorescein had no accelerating effect on the spontaneous 

or the 1-Fe catalyzed decomposition of PN and that 

nitrofluorescein was formed at about the same rate that PN has 

decayed. This is consistent with the quite accepted mechanism 

of phenol nitration by PN, one electron oxidation by the PN-

released hydroxyl radical and subsequent reaction with NO2 

(equation 3, Scheme 3).55, 57-58 

O

CO2H

OHO

PN

O

CO2H

OHO O

CO2H

OHO

NO2

O2N

1:1

 
 Scheme 2. 

 

The effect of 1-Fe on the yield of nitrofluorescein was 

examined by treating a solution of 100 µM fluorescein (in 0.2 

M phosphate buffer, pH 7.4, 23 ˚C) with 100-1000 µM PN in 

both the absence and presence of 1 µM catalyst (Figure 6, 

which also includes results obtained in the presence of 1-Mn 

that are described later). Surprisingly, the yield of 

nitrofluorescein was up to twice as large in the presence of 1-

Fe than in its absence. The ratio of the two isomers of 

nitrofluorescein was examined and found to be 1:1 in all cases. 

This points towards an identical nitrating species in the 

presence and absence of catalyst. Additional clues for deducing 

a plausible mechanism were obtained by examining the effect 

of ascorbate on the above reaction (Fig. 7). Despite of the fact 

that ascorbate does not affect the rate of PN decomposition 

(vide supra), nitration was completely suppressed at equimolar 

concentrations of PN and ascorbate. This may be attributed to 

the neutralization of the PN-originating hydroxyl radical, which 

in combination of nitric oxide leads to nitration. The novel 

result is that nitration prevention by limited amounts of 

ascorbate was actually lower rather than higher in the presence 

of the PN-decomposing catalyst 1-Fe. For example, a tenfold 

excess of PN relative to fluorescein led to 52% and 93% of 

nitrofluorescein in the absence and presence of 1-Fe, 

respectively.  

 

 
Fig. 6 Influence of increasing concentration of peroxynitrite on the yield of 

fluorescein nitration. Reaction conditions: 100 µM fluorescein in 0.2 M 

phosphate buffer at pH=7.4, with either no catalyst (◊), or 1 µM 1-Fe (), or 1 µM 

1-Mn (Δ). 

 

 

Fig. 7 The effect of ascorbate on the nitration yields of fluorescein. Reaction 

conditions: 1 µM 1-Fe, 100 µM fluorescein, 1000 µM peroxynitrite in 0.2 M 

phosphate buffer, pH=7.4. 

All these findings are consistent with the mechanistic pathways 

shown in Scheme 3. The slow non-catalyzed decomposition of 

PN is known proceed by two fashions (equation 1): 

isomerization to nitrate (major pathway) and homolytic 

cleavage (minor pathway) to hydroxyl and nitrogen dioxide 

radicals. The much faster 1-Fe-catalyzed decomposition of PN 

also releases nitrogen dioxide, but accompanied by an iron(IV) 
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reaction intermediate rather than hydroxyl radical (equation 2). 

The nitration of the phenolic compound fluorescein then 

proceeds by one electron oxidation of the substrate by either 

hydroxyl radical or iron(IV), formed in the spontaneous the 1-

Fe-catalzed reaction decomposition of PN, respectively, 

followed by reaction of that product with nitrogen dioxide 

(equation 3). The identical isomer ratio of nitrofluorescein 

under all reaction conditions is consistent with the proposed 

mechanism, and also suggests that the plausible complex 

formed between 1-Fe and PN is not a nitrating species. The 

differences in nitrofluorescein yield evidently reflect the 

amount of iron(IV) in the presence of 1-Fe vs. hydroxyl radical 

in the absence of catalyst. While only about 30% of PN’s 

spontaneous decay proceeds in a homolytic fashion, the 1-Fe 

catalysed decomposition of PN is much more selective. Since 

more fluorescein-oxidizing species are formed in the presence 

than in the absence of 1-Fe, the yield of nitrofluorescein is 

larger and the attenuation efficacy of ascorbate is smaller in the 

latter case. These conclusions are reminiscent of the 

investigations by Su and Groves, who found that PN reacts with 

ferric myoglobin to produce the ferryl intermediate and NO2, 

and that the initial nitration rate of fluorescein by PN increases 

with added ferric myoglobin.54 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. 

 

V. Attenuation of nitration by other ROS/RNS decomposition 

catalysts.  

The earlier presented Fig. 6 demonstrates that the homolysis of 

PN is heavily suppressed by 1-Mn, the manganese(III) analog 

of 1-Fe. This is perfectly consistent with previous results 

obtained for 1-Mn: a) it initiates heterolytic bond cleavage to 

nitrite and (oxo)manganese(V) (equation 4, scheme 3);38 b) it 

completes a full catalytic cycle even in the absence of co-

reductants, since the (oxo)manganese(V) intermediate reacts 

with another equivalent of PN as to form molecular oxygen, 

another equivalent of nitrite, and manganese(III);38 c) it (and 

other manganese(III) corroles) attenuates intracellular  nitration 

of tyrosine residues much more efficiently than 1-Fe, as well as 

manganese(III) and iron(III) porphyrins.33-35, 41, 43, 59 

Nevertheless, the levels of nitrotyrosine in cellular- and animal-

based disease models is still often lowered upon treatment with 

iron porphyrins.33-35 This suggests that the effect of reducing 

species on the catalytic activity of PN decomposition catalysts 

is much more far-reaching than the fundamental research 

described here for 1-Fe. It is well know that the redox status of 

biological environments varies very much, which may be one 

reason for dissimilar efficiencies of ROS/RNS decomposition 

catalysts in different tissues, cells, and/or diseases. Because of 

that, the effect of ascorbate (limited amounts) on the nitration 

of fluorescein was studied for other corrole and porphyrin metal 

complexes as well. These examinations (Fig. 8) revealed that 

relative to the control reactions without catalyst: a) both 

iron(III) and manganese(III) porphyrins increased nitration, 

with no and little effect of ascorbate in the former and latter 

cases, respectively; b) attenuation of nitration by 

manganese(III) corroles is much more efficient than by iron(III) 

corroles; c) ascorbate is beneficial for all metallocorroles; d) 

metal complexes of somewhat less electron-poor corroles (Fe-

pOMe and Mn-pOMe, which were obtained by replacing the 

para-F atoms in the three C6F5 rings by methoxide) are the 

most efficient nitration-attenuating catalysts.57 

 

 
Fig. 8 Effects of various catalysts (1 µM) on the nitration yield of fluorescein (100 

µM) by peroxynitrite (1000 µM) in solutions without or with ascorbate (250 µM), 

in 0.2 M phosphate buffer, pH=7.4. 

 

SUMMARY AND CONCLUSIONS 

The amphipolar iron(III) corrole 1-Fe is a very efficient 

ROS/RNS decomposition catalyst that has been successfully 

utilized in a variety of disease models where oxidative stress is 

heavily involved.60 Earlier investigations have revealed that the 

catalytic rate for decomposition of PN by 1-Fe is 2x106 M-1s-1, 

and that the main reaction product is nitrate. The current 

research has focused on the reaction mechanism of the process, 

both in the absence and the presence of two substrates: 

ascorbate and fluorescein, as representatives of reducing and 
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easily nitrated molecules, respectively. The main findings of the 

investigations are summarized in Scheme 4. 
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Scheme 4. 

Spectral changes during the reaction of 1- Fe with PN were 

monitored in order to identify elementary steps in the catalytic 

cycle. The results revealed the formation of a new species, in a 

process that is complete within a few milliseconds. The second 

order constant (k1 in Scheme 4) was determined to be about 

3x107M-1s-1 at 5 ˚C, 7 orders of magnitude larger than the first 

order decay of PN. Indirect evidence served to indicate that 

nitrogen dioxide and either (hydroxo)iron(IV) corrole or the 

deprotonated [(cor)Fe(O)]- form [note that its spectroscopic 

features are very different from the recently described 

(oxo)iron(IV) corrolazine radical]61 are the products of that 

reaction. Decay of the iron(IV) corrole intermediate was found 

to be rate limiting in the absence of other substrates; and to 

consist of multiple pathways that proceed at comparable rates 

(estimated as about 106M-1s-1): a) reaction with nitrogen dioxide 

as to form nitrate; b) dimerization to binuclear iron(IV) corrole; 

and c) nitration of the corrole macrocycle. The modified corrole 

complexes formed under large access of PN still served quite 

well for decomposition of PN, with a catalytic rate constant (k1’ 

in Scheme 4) of 2x105 M-1s-1. Catalysis in the presence of 

substrates had no effect on k1, but affected the decay of the 

reaction intermediate via either oxidative nitration (of phenolic 

substrates such as fluorescein) or reduction (by ascorbate). 

Large enough excess of ascorbate accelerated the 1- Fe 

catalyzed decomposition of PN by a factor of 10, but had no 

effect on the spontaneous decay of PN. This is attributed to the 

fast reduction of the iron(IV) intermediate, leading to a 

situation where the first step of catalysis (k1) becomes the rate-

limiting step. Consistent with this conclusion is that the 

catalytic rate (kcat) in the presence of excess ascorbate was 

determined as 107 M-1s-1, similar to the independently deduced 

rate constant for k1 in the earlier described experiments. There 

was also no accumulation of reaction intermediates under these 

conditions, and all other processes described in Scheme 2 

(dimerization/nitration of 1- Fe and substrate nitration) were 

prevented.  

According to the deduced mechanism for the catalytic 

decomposition of peroxynitrite by 1-Fe, the ultrafast first step is 

homolytic cleavage of PN’s O-O bond to produce a high valent 

iron intermediate and nitrogen dioxide. This part is sufficient 

for preventing the damaging effects of the highly reactive 

hydroxyl radical formed in the spontaneous decay of PN, but 

not for attenuating the nitration of reactive substrates. The 

combination of (hydroxo)iron(IV) and nitrogen dioxide is 

apparently still capable of performing the oxidative nitration of 

fluorescein, even more efficiently than PN itself. This is 

consistent with the commonly proposed nitration mechanism 

for the nitration of phenols by the products of the non-catalyzed 

PN decomposition: one electron oxidation by hydroxyl radical 

followed by the addition of nitrogen dioxide. The main 

difference is that that a larger fraction of PN is diverted into the 

nitration-inducing combination of nitrogen dioxide plus oxidant 

(hydroxyl radical vs. (hydroxo)iron(IV) corrole in the non-

catalyzed and catalyzed pathways, respectively). It may also 

safely be assumed that the (hydroxo)iron(IV) intermediate has a 

longer lifetime and hence a larger selectivity than the hydroxyl 

radical for oxidation of fluorescein. The common reaction 

mechanism is further supported by the identical isomer ratio 

obtained with and without the catalyst. 

An important outcome of the elucidated reaction mechanism is 

that while the iron corrole increases the nitration yield of 

fluorescein in purely chemical systems, this situation might be 

completely different in biological media that are rich in mild 

reducing agents. These reagents and also most sacrificial agents 

with antioxidant activity, such as the polyphenols present in red 

wine and pomegranate juice, react much too slow with PN as to 

be effective in its direct elimination. On the other hand, they 

apparently react very fast with the high valent iron intermediate 

and serve well for increasing the catalytic rate by affecting the 

rate-limiting step of catalysis and by rescuing the catalyst from 

activity-deceasing modifications. The relevance of the 

conclusions obtained from this work has been briefly illustrated 

for some other iron- and manganese-based catalytic 

antioxidants, which serves to demonstrate their utility for the 

design of optimal decomposition catalysts of ROS and RNS. 

EXPERIMENTAL SECTION: 

General Procedures. All chemical reagents were purchased 

from commercial sources and were used without further 

purification. The iron and manganese porphyrins were 

purchased from Frontier Scientific. All catalysts were prepared 

according to published procedures.62-64 Double distilled water 

was used for preparation of the buffers and peroxynitrite 

solution. Peroxynitrite was prepared from the reaction of 

sodium nitrite with acidified hydrogen peroxide according to 

reported procedures.65 Only freshly prepared solutions of 

peroxynitrite were used and the concentrations (of the basic 

solutions where peroxynitrite is stable) were determined before 

the usage by relying on ε302nm = 1670 M-1cm-1.65  

Kinetic measurements. Time-resolved visible spectra were 

recorded on an Applied Photophysics PiStar-180 spectrometer 
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in the photo-diode-array fast-scan mode. Reaction kinetics were 

measured in the photomultiplier mode on the PiStar-180 

spectrometer, using a single mixing mode. One syringe 

contained an aqueous solution of peroxynitrite (770 µM) and 

NaOH (50 mM), and the other contained a phosphate buffer 

(0.3 M, pH=7), either with or without the catalysts. Equal 

volumes from each solution were injected into the stopped-flow 

cell, and the pH value of the reaction mixture was measured at 

the outlet and confirmed to be 7.4.  Temperature control was 

achieved by a continuous flow of water from a thermostated 

bath over the flow path and firing syringes containing the 

reagents. Peroxynitrite decay was monitored at 302 nm. First-

order decay rates (kobs) were fitted by standard techniques with 

the software provided by the instrument manufacturer.  

The kcat values of the 1-Fe catalyzed decomposition of PN in 

0.15 M phosphate buffer (after mixing), pH 7.4  at 25 °C, were 

obtained from plots of the observed rate constant of 

peroxynitrite decomposition (385 µM) monitored at 302 nm as 

a function of catalyst concentrations. The Eyring plot was 

constructed by using kcat values for the 1-Fe catalyzed reactions 

obtained between 5˚C and 37 ˚C. The activation parameters 

obtained from linear regression were: ∆H# = 9.9 ± 5.4 kcal/mol; 

∆S# = 3.7 ± 17.7 eu.  

The effect of ascorbate on the non-catalyzed and 1-Fe catalyzed 

decomposition of PN was examined by the following method: 

One syringe contained an aqueous solution of peroxynitrite 

(770 µM) and NaOH (50 mM), and the other contained a 

phosphate buffer (0.3 M, pH=7) with various concentrations of 

1-Fe (0 – 13 µM) and three concentrations of ascorbate (0, 800, 

and 2000 µM). kcat values of 1-Fe were obtained as a function 

of [1-Fe] in the presence of various concentrations of ascorbate 

(0 µM, 400 µM or 1000 µM) and a fixed amount of 

peroxynitrite (385 µM) . 

Fluorescein nitration.  The nitration products of fluorescein 

were detected by injecting reactions aliquots into a Grace - C18 

column (250 X 4mm, 5µ) synchronized with a Hitachi HPLC 

instrument. The separation of the nitrated fluorescein isomers 

was achieved according to a reported procedure.56 Eluting 

solvents: 20 mM phosphate buffer, pH=7.4 and methanol at the 

ratio of 70:30, respectively. Retention times: fluorescein – 8.5 

minutes, nitrofluorescein isomers- 11.2 and 13 minutes. 

Nitration products were quantified relative to an external 

standard, carboxyfluorescein, which was added to reaction 

mixtures 10 minutes after the reaction of fluorescein with 

peroxynitrite. 

Influence of peroxynitrite concentration on the yield of 

fluoresceine nitration: The reactions between fluorescein and 

peroxynitrite were induced by adding various concentrations of 

peroxynitrite into 0.2 M phosphate buffer solutions (pH=7.4) 

that contained 100 µM fluorescein and either no catalyst or 1 

µM of 1-Fe or 1-Mn. Reaction mixtures were stirred for 10 

minutes at room temperature prior to analysis.  

Effect of ascorbate on the nitration yield of fluorescein:  

Reactions between peroxynitrite and fluorescein in the presence 

of ascorbate were performed in 0.2 M phosphate buffer, 

pH=7.4. 1000 µM of peroxynitrite were added to buffer 

solutions containing 100 µM fluorescein and 250 µM ascorbate 

and either 0 or 1 µM catalyst. The reactions were mixed for 10 

minutes at room temperature prior to analysis.  

Effect of various catalysts on the nitration yield of fluorescein 

by peroxynitrite in solutions without and with ascorbate: The 

reactions were performed in 0.2 M phosphate buffer, pH=7.4. 

1000 µM of peroxynitrite was added to buffer solutions 

containing 100 µM fluorescein, 1 µM catalyst and 250 µM 

ascorbate. The reactions were mixed for 10 minutes at room 

temperature prior to analysis.  

Changes of 1-Fe via treatment with excessive amounts of 

peroxynitrite or hydrogen peroxide: The reaction between 

hydrogen peroxide and 1-Fe was monitored by UV-vis 

spectroscopy. 645 µM H2O2 was added to 25 µM of 1-Fe in 

0.15 M phosphate buffer, pH=7.4, at room temperature. The 

spectra were recorded before and after the addition of H2O2. 

The reaction between 25 µM 1-Fe and 1400 µM peroxynitrite 

was performed in 0.15 M phosphate buffer, pH=7.4, at room 

temperature. To a buffer solution containing 25 µM of 1-Fe, 

1400 µM peroxynitrite was added. The reaction was mixed at 

room temperature for 10 minutes. The product was isolated by 

extractions with ethyl acetate and characterized by electron 

spray mass spectroscopy (negative mode). 
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