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Peroxynitrite (OONQO) and its conjugate acid (HOONOKp
= 6.83 4+ 0.05) are highly noxious oxidants produced by the
combination of nitric oxide (NO) and superoxide anion*(Q?*

a reaction that destroys the blood vessel dilator nitric oxide and presence of 50@M cis-[Fe(L)CL]*. T

may generate significant levels of OONG@n vivo.> The anion
(OONQO) is thermally stable, but HOONO isomerizes to HNO
with a half-life of slightly less tha 1 s at 37C.5~8 The destructive
capability of OONO has been much discusset}® with
OONO implicated in cell death and tissue injury in many human
diseases. Understanding the mechanisms of reaction of OONO
will increase the possibility of using such catalysts in therapeutic
strategiest 18

Floris et al*® showed that HOONO oxidizes peroxidases, and
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Figure 1. Reaction traces for the decomposition of peroxynitrite in the
= 25 °C; [2,6-lutidine}r = 0.2

M; pH = 6.2; [OONO]p = 7.36 x 10* M. (a) Typical trace recorded
at 302 nmM gmax for peroxynitrite,e = 1.67 x 10° M1 cm~1) showing

an initial induction followed by zero-order loss of OONQ(b) typical
trace recorded at 360 nMi(ax for trans-[Fe(L)CH]* in water,e = 2.6 x

108 M~1 cm™Y) showing the same rapid destruction of peroxynitrite,
followed by isomerization of the catalyst.

of cis-[Fe(L)CL]BF4 approaches the rates of the porphyrin models,
and 97% of the OONOis isomerized to N@ (ion chromatog-

Jensen, Stern, and Riley identified the peroxynitratase activity of raphy, pH 6.85), firmly establishing the peroxynitrite isomerase
peroxidased® Stern et al’ reported certain water-soluble iron  action of this new cataly$€ Unlike porphyrins, the ligand L is

porphyrins as the first biomimics for those putative peroxynitri- folded??and the folded structure is critical to the catalysis; catalyst
tases. Groves et al. studied the mechanisms of catalytic decom-suicide occurs upon conversion of the cis complex into its trans

position of OONO by iron*® and mangane&&porphyrins. We
report here the first totally synthetic (non-porphyrin) model for
the peroxynitritase enzymes, the macrocyclic iron(lll) complex
cis[Fe(L)Cl]BF4, where L ismese2,12-dimethyl-3,7,1+17-
tetraazabicyclo[11.3.1]heptadeca-1(17),13,15-trieh)e 10 har-
mony with the peroxynitritase activity of peroxidases, this

isomer.

The time-resolved absorption spectra of solutions containing
OONO™ and cis[Fe(L)CL]BF, undergo a rapid decrease in
absorbance at 302 nm, the wavelength of maximum absorbance
for OONQO-, followed by a smaller absorbance increase at 360
nm, assignable to formation of the trans isomer of the catalyst.

complex has long been recognized as an outstanding synthetidinetic traces for the reaction of the new catalyst with OONO

catalase and peroxidase modle¥? The peroxynitritase activity
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(Figure 1) show three distinct steps: sequentially, the catalyst
activation step (an induction period we have studied with initial
rates and identified with the rate constdatand eqs 1 and 2
below), the steady-state catalytic process during which the
concentration of substrate diminishes to zde €gqs 3-4), and
finally, the suicidal isomerization of the catalyst, which occurs
only when the concentration of substrate is nearly exhausted (eq

Potentiometric titrations (this work) showed that fresh aqueous
solutions of Eis-Fe(L)ChL]BF, contain the ionscis[Fe(L)-
(H,0),]%, cis-[Fe(L)(H,O)(OH)}*", andcis-[Fe(L)(OH)]™", and
pK; and K, are 2.29+ 0.12 and 7.34t 0.03, respectively. Upon
aging solutions of the complex for 24 h, an inactive trans isomer
is formed with X;' and K, = 3.74+ 0.08 and 7.64t 0.06,
respectively.

The Induction Period: Catalyst Activation.?* With an excess
of OONQO, the initial reaction rate is linearly dependent on the
concentrations of botkis-[Fe(L)Cl]" and OONO in various
biological buffers, obeying the rate law}, ., = (a + b[cis-[Fe-
(L)CIZ]"0)[OONO 1o, Where Eis[Fe(L)Cl]™]o = [cis-[Fe(L)-
(H,0)(OH)'] + [cis-[Fe(L)(OH)]™]. The second-order rate
constantsh (M~ s71), exhibit a bell-shaped pH profile (Figure
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Figure 2. pH Dependence of the second-order rate condidot the
initial reaction: T = 25.0°C; 1 = 302 nm; Eis-Fe(L)CL"] = 50 uM;
[buffer] = 0.20 M; ionic strength= 0.187 M (KCI); [OONO], = 8.1 x
104 M (2,6-lutidine buffer), 1.05x 1073 M (hepes buffer), and 8.88
104 M (mes buffer). Key: @) 2,6-lutidine buffer, ®) hepes buffer,
(a) mes buffer. Solid line calculated from eq X{p= 6.83, K, = 7.34,
ki =1.1x 16 M1s),

2)?5 with a maximum at pH~ 7.1. Thus, both protonation and
deprotonation of kinetically involved species slow the reaction.
Further, both species must have acitiyalues near neutral pH.

Communications to the Editor

becoming constant between pH 7 and 7.5. The following equation
and parameters describe this pH dependekegs = k°K4/([H™]
+ Ka), wherek® = ky[cis-Fe(L)CkL'], pKa = 6.64+ 0.02, andk,
= 38+ 2 s1.26 This observed K, value is comparable to those
of HOONO (6.83) andcis-[Fe(L)(H,O)(OH)** (7.34) and almost
certainly reflects the ionization afs-[(L)(H0)F€e" (OONO)]?*,
since its zero-order dependence indicates that free peroxynitrite
is not involved in this second reaction. On this basis, the rate-
determining step is attributed to the rearrangement of peroxynitrite
into nitrate within the hydroxy complexis-[F€" (L)(OONQO")-
(OH)]™ (egs 3 and 4). The rate constant of 38! d4s an
enhancement by a factor of6 x 10* over the spontaneous
isomerization of OONO.267 The catalytic cycle is completed
by direct replacement of the coordinated productsN@ith
reactant ONOOQ.

Postfunction Catalyst Suicide.When most of the ONOO
has been decomposed by the catalyst, an absorbance peak
attributable totrans[Fe(L)(H.0),]®", and its pH dependent
partners, grows in at 360 nm. The corresponding pseudo-first-
order rate constant decreases as the pH increésgs= K{[H ]/
(IH*] + K2), with pKy = 7.554+ 0.04 andk = 2.1+ 0.3 s'%,
The increase in the rate of isomerization of the catalyst with
decreasing pH implicates the protonated formcis[Fe'" (L)-
(OHL)(NOs)]?" in the rate-determining step (eq 5), since it should

This is completely consistent with assuming that the two reactants have a [, value similar to those of the water moleculescis-

arecis-[Fe(L)(H,0)(OH)?" and OONO and that the induction
process is formation of the peroxynitrito compleis-[Fe(L)-
(OONO")(OH)]*. The fact that the reaction is inhibited by
competing ligands (CN SCN-, N3, or HPQ?") supports the
view that the reaction in question is properly represented by eq
1.

k
cis-[Fe(L)(H,0)(OH)" + OONO™ —
cis-[Fe(L)(OONO)(OH)]" +H,0 (1)
The corresponding rate law is given by eq 2.
Ka [H']
C=Ke +
H]+ Ky [H]+K;

@)

Fitting the rate data to eq 2 givés = (1.1 + 0.1) x 10° M !
s Ka=1.96x 107 and K, = 6.71+ 0.07 (literature value
for HOONO, 6.83); and I§; = 7.494 0.08 (experimental value
for cis-[Fe(L)(H,O)(OH)J?" from titrations, 7.34 0.03). Clearly,
the peroxynitrite anion replaces a water molecule in the coordina-
tion sphere of the iron(lll) during this initiation step.

Catalytic Destruction of OONO~. The second process
involves isomerization of bound OONQo bound NQ~, and it
is zero-order in [OONQ], indicating saturation of the preequi-
librium formation ofcis-[Fe(L)(OONO)(OH)]*. Other investiga-
tors'"18 suggested that the mechanism involves the breaking of
the O-0 bond incis-[Fe(L)(OONO")(OH)]*, generating an iron-
(IV) intermediate, and momentarily retaining the accompanying
species;NO,, within the solvent cage (eq 3).

cis-[Fe" (L)(OONO)(OH)]* =
{cis-[(L)(OH)F€Y=0] + *NO,} © (3)

Then, rapid rearrangement within the solvent cage produces boun
nitrate (eq 4).

{cis-[(L)(OH)F€Y=0] + 'NO,} " —
cis[Fe" (L)(NO; )(OH)]™ (4)

The pseudo-zero-order reaction rate constihy is linearly
dependent oncjs-[Fe(L)Cl,]], and increases with increasing pH,

andtrans[Fe(L)(H.0)(OH)*.

cis[Fe" (L)(OH,)(NO, )]*" + H,0=
trans[Fe(L)(H,0),1*" + NO, (5)

Further, cis-[F€"(L)(NO3s™)(OH)]" should lose nitrate more
rapidly than cis-[F€"(L)(OH,)(NOs7)]?". Also, many rapid
substitution events (of substrate OONr product NQ~) have
occurred in the course of the catalysis without conversion of the
cis complex into its trans isomer.

It follows that the events leading to suicidal catalyst isomer-
ization are mechanistically different from those associated with
propagation of the catalytic cycle. The catalytic propagation
(replacement of N@ by OONO") probably occurs by a
dissociative pathway involving the deprotonated speaiés,
[FE"(L)(NO3)(OH)]*, with the incoming OONO approaching
from the near side, thereby conserving the cis structure. Similarly,
cis-[Fe"(L)(NOz")(OH)]™ may exchange water and nitrate at a
substantial rate without creating a kinetically measurable event.
In contrast, catalyst isomerization occurs with the protonated form,
cis[Fe"(L)(OH2)(NO;7)]?", and in order to produce the trans
isomer a water molecule must enter the coordination sphere on
the far side of the iron; that is, opposite to the side from which
the nitrate departs.

Intermediates Are Oxidants. The oxidizing power of the
intermediates was examined by experiments with the often used
reagent ABTS, which undergoes one electron oxidation to the
green ABTS' radical catior?” At 25 °C, with [ABTS] >
30[OONO], > 100[cis-[Fe(L)Cl]"], absorbancetime traces
recorded at 660 nm showed an initial induction period, followed
by an increase in absorbance. As observed in the absence of
ABTS, the induction period is associated with the initial formation
of cis[Fe(L)(OONO)(OH)]* ( eq 1). The rapid production of
color in the second process is assignable to the scavenging by
ABTS of the intermediates, proposéd? to be { cis-[(L)(OH)-

d:e"’=0] + *NOg} *, yielding 2ABTS™, the iron(lll) complex,

and nitrite.
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