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ABSTRACT: We have identified a novel enzymatic reaction for nitrophorin 2 (NP2), a heme protein previously
characterized as a nitric oxide carrier in the saliva of the Rhodnius prolixus insect. NP2 exhibited levels of
peroxidase activity comparable to those of the bifunctional peroxidases (KatGs), despite their heme pocket
structural differences (heme ruffling, Tyr38 and Tyr85 in hydrogen bonding interactions with the propionates
in NP2). The intermediates of the peroxidase-like reaction of NP2 were identified by Electron Paramagnetic
Resonance (EPR) and electronic absorption spectroscopies. The EPR spectrum consistent with an [Fe'V=0 Por"]*
species was detected at pH <7. At pH =7, the change from a strong to a weak antiferromagnetic coupl-
ing interaction for the [Fe'Y=0 Por’]" species was accompanied by the subsequent formation of an
[Fe'Y=0 Por|(Tyr") intermediate. Tyr38 was shown to be the unique naturally occurring radical site in NP2.
The Y38F mutant stabilized the radical on the tyrosine in hydrogen-bonding interaction with the other
heme propionate (Tyr85). Kinetic studies using stopped-flow electronic absorption spectrophotometry
revealed that the [Fe'Y=0 Por’]" species reacts with histamine and norepinephrine in a peroxidase-like
manner. Our findings demonstrate that NP2 has pH-dependent dual function: at the acidic pH of the insect
saliva the protein behaves as a NO carrier, and, if exposed to the higher pH of the tissues and capillaries of
the host, NP2 is able to bind histamine or it can efficiently inactivate norepinephrine through a peroxidase-
like reaction, in the presence of hydrogen peroxide. Accordingly, the unprecedented peroxidase-like activity
of NP2 is concluded to be a key biological function.

There are few examples of heme proteins capable of accom-
plishing enzymatic reactions at catalytically competent rates
when their heme microenvironments differ substantially from
those of the enzymes specifically tuned for the given reaction.
An interesting example is that of the bifunctional heme per-
oxidases, also known as catalase-peroxidases (KatGs), which can
perform the disproportionation of hydrogen peroxide at rates
comparable to those of monofunctional catalases, although the
heme active site and the overall three-dimensional structure
resemble those of a peroxidase (/—3). Prostaglandin H synthase
(PGHS), a membrane-bound bifunctional heme protein having
two isoforms that play a key role in the biosynthesis of pros-
taglandins and thromboxanes, is another example of a protein
with dual enzymatic activity (reviewed in ref 4). PGHS catalyzes
the conversion of arachidonic acid to prostaglandin G2 via a
cyclooxygenase-type activity and the subsequent two-electron
reduction of prostaglandin G2 to prostaglandin H2 via a peroxidase-
type cycle. An additional finding that provides renewed interest
in KatGs and PGHS is the fact that protein-based radicals are
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formed by intramolecular electron transfer between specific Tyr
or Trp residues and the heme. These radicals act as alternative
reactive intermediates to the [Fe'Y=0 Por"]" species in the
catalytic cycles. In particular, it has been shown that the
[Fe'Y=0 Por](Tyr") intermediate formed on Tyr385 of PGHS is
responsible for the reaction with arachidonic acid (4), and that the
[Fe'Y=0 Por|(Trp") intermediate of Mycobacterium tuberculosis
catalase-peroxidase is the reactive species that activates the
prodrug isoniazid (5). Also, it has recently been proposed that a
radical on the cross-linked Met-Tyr-Trp triad of M. tuberculosis
KatG is required for catalase activity (6).

It is relevant to explore putative peroxidase-like reactions in
other heme proteins, including the nitrophorins of interest in this
work, and to characterize the electronic structures of the reactive
intermediates in relation to their function. Nitrophorins (NPs)
constitute a group of heme proteins present in the saliva of the
blood-sucking insect Rhodnius prolixus. NPs have been shown to
be essential as nitric oxide (NO) storage and delivery systems
(7—10). The ferriheme active site is finely tuned to allow transport
of NO to the host tissues and capillaries, followed by NO release.
Histamine, a substance released from platelets and mast cells of
the host in response to the insect’s bite, is then bound to the
NPs (7, 8). Accordingly, the release of NO improves the blood
flow due to the vasodilator and blood anticoagulation effects,
while the binding of histamine to NPs prevents detection of the
insect by the host (7—10). The pH dependence of the equilibrium
constant for the release of NO from the ferriheme iron of
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nitrophorin 2 (NP2)' shows that the Ky is ~3-fold smaller at the
acidic pH of the insect’s saliva (pH 5.5) than at the near-neutral
pH of the host tissue (pH 7.35); likewise, the rate constant for
NO release, ky, is also ~3-fold lower at acidic pH than at
near-neutral pH (R. E. Berry, unpublished results). Such a
pH-dependent selectivity for release of NO (and binding of
histamine) favors a more efficient blood uptake by the insect.

The crystal structure of NP2 shows that the active site is a six-
coordinate ferriheme center with His57 as the protein-provided
ligand and a NH; molecule, supplied by the (NH4),HPO,
crystallization buffer (pH 7.7), or a water molecule at lower pH
(6.5) as the sixth ligand (11, 12). The EPR spectrum of NP2 in the
absence of NO is characteristic of heme iron in the ferric high-
spin state (/3). Moreover, the distal side of the heme in the
absence of NO shows a very unique configuration, with ordered
water molecules hydrogen-bonded to the bound NH; or H,O as
well as leucine residues that are believed to cause specific ruffling of
the heme (11, 12, 14—20); such ruffling is unusual in other heme
proteins such as hemoglobins, myoglobins, peroxidases, KatGs,
and catalases. Another interesting difference between NP2 and
peroxidases, KatGs, and catalases is the presence of two Tyr
residues (Tyr38 and Tyr85) within hydrogen bonding distance of
the heme propionates. Specifically, the distance between the phe-
nolic oxygen of Tyr38 and the carboxylate oxygen of the 7-propio-
nate is 2.78 A. In the case of Tyr85, the interaction with the other
heme propionate involves a bridging water molecule; the distances
between the phenolic oxygen and water244 and between water244
and the carboxylate oxygen of the heme 6-propionate are 2.61
and 2.72 A, respectively (11, 12). It has been shown that a single
mutation of Tyr38 to alanine induces significant changes in the
midpoint potential of the Fe"/Fe'" couple (40 and 60 mV at pH 5.5
and 7.5, respectively), while mutation of Tyr85 to alanine induces
smaller changes (—20 and 20 mV at pH 5.5 and 7.5, respectively)
(R. E. Berry, A. Amoia, A. Weichsel, T. K. Shokhireva, M. N.
Shokhirev, W. J. Golden, H. Zhang, W. R. Montfort, and F. A.
Walker, manuscript to be submitted).

In a previous study that was aimed at determining whether
nitrosothiols (RSNO) could be produced from the NO-loaded
NPs and thiols (RSH), Ribeiro found that the reaction of the
NO-loaded nitrophorins with cysteine caused destruction of the
NO, and a slow thiol oxidase reaction occurred producing cystine
(the oxidized, disulfide-bridged dimer of cysteine) and hydrogen
peroxide occurred (27). Thus, hydrogen peroxide may be created
in the tissues of the victim by the nitrophorins. In addition, it
has been shown that there are micromolar levels of hydrogen

!Abbreviations: NP2, nitrophorin 2; EPR, electron paramagnetic
resonance; NMR, nuclear magnetic resonance; SVD, singular-value
decomposition; BHA, benzohydroxamic acid; ABTS, 2,2-azinobis-
(3-ethylbenzthiazoline-6-sulfonic acid); o-dianisidine, 3,3'-dimethoxy-
benzidine; ferryl, PAA, peroxyacetic acid; (Fe'Y=0)"*; Compound 1,
reactive iron porphyrin species created by two-electron oxidation of
ferric heme centers by reaction with hydrogen peroxide or its equivalents
(organic peroxides or O, with two electrons and two protons); z-cation
radical, incomplete description of the “ferryl porphyrin cation
radical,” in which (Fe"V=0)>*, a cation, is complexed to a one-
electron-oxidized porphyrin anion, Por*™ (where an electron has been
removed from a porphyrin m-orbital), to create a high-valent iron
porphyrin species, [Fe' =0 Por"", which is an overall cation [other
species of the same two-electron-oxidized state can be created by
intramolecular transfer of an electron from a protein side chain to the
porphyrin radical, the [Fe™V=0 Por](Trp") or [Fe'V=0 Por](Tyr") inter-
mediat\e/]; Compound II, reactive ferryl porphyrin species usually formulated
as [Fe"Y=0 Por], which is created by one-electron reduction of Compound I
without creation of a protein radical, or by one-electron chemical oxidation of
a ferric porphyrin in the presence of an oxo-producing species.
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peroxide in human blood plasma (22). The findings of Ribeiro on
the production of hydrogen peroxide in human tissues (2/) led to
a subsequent preliminary study of the oxygenase activity of
NP2 (23), in which it was concluded that the reaction of NO-
free NP2 with norepinephrine in the presence of hydrogen
peroxide was due to a peroxidase-like reaction of the protein.
The “destruction” of norepinephrine, as well as that of the heme
active site of NP2, were reported to be the products of such a
reaction (23). Heme degradation was inferred from the severe
bleaching of the Soret band in the electronic absorption spectrum of
NP2 after the reaction with hydrogen peroxide and norepinephrine.
Such an effect, which may possibly have been induced by a large
excess of hydrogen peroxide, is certainly unexpected for a heme
protein with relevant peroxidase-like activity. Also, such a per-
oxidase reaction of NP2 would not be anticipated if one considers
the substantial differences in the heme pocket in NP2, in particular
on the heme distal side, as compared to typical peroxidases.

Accordingly, a detailed characterization of the putative per-
oxidase-like reactivity of NP2 under well-controlled conditions,
as well as the protein’s reaction with peroxide and norepine-
phrine, was required to address the question of whether a signifi-
cant peroxidase-like reaction might be competitive with the main
protein functions of the nitrophorins, i.e., those of pH-dependent
NO binding and release and histamine binding (7—10). A better
understanding of the molecular mechanism of the putative
reaction of NP2 with norepinephrine, a substance released
tonically from sympathetic nerve endings in the skin and known
to constrict blood vessels, could also shine light on the physio-
logical implications of this reaction.

In this work, we have investigated the putative peroxidase-like
activity of NP2 by using EPR spectroscopy and stopped-flow
UV—vis electronic absorption spectrometry. The intermediates
in the reaction of NP2 with hydrogen peroxide and peroxyacetic
acid were thoroughly characterized, as was their reactivity with
benzohydroxamic acid, norepinephrine, and histamine as sub-
strates. The complementary information obtained from EPR and
stopped-flow studies allowed us to discriminate three intermedi-
ates upon reaction of the NP2 with peroxyacetic acid, i.e.,
[Fe'Y=0 Por"]", [Fe'Y=0 Por](Tyr"), and [Fe'"=0 Por] (Com-
pound II), the equilibrium concentrations of which were clearly
pH-dependent. The 9 GHz EPR characterization of the inter-
mediates allowed us to discern an unusual pH-dependent effect
on the [Fe'Y=0 Por’]" species. At pH >7, the EPR spectrum
agrees well with a weakly ferromagnetically coupled signal,
typical of peroxidases, which became strongly ferromagnetically
coupled to the ferryliron at pH <7. Such a strong ferromagnetic
coupling interaction has been reported previously only in the case
of heme model complexes that have meso substituents (24—27).
As peroxidases, the [Fe'Y=0 Por"]" intermediate of NP2 was
shown to be the reactive species with BHA, histamine, and
norepinephrine. In addition, EPR spectroscopy combined with
site-directed mutagenesis allowed us to identify Tyr38, the Tyr resi-
due in H-bonding interaction with the carboxyl group of the heme
7-propionate, as the radical site of the [Fe'V=0 Por](Tyr") inter-
mediate. The latter was formed subsequently to the [Fe" =0 Por"] "
species, and exclusively at pH >7. The EPR characterization of the
Y38F, Y85F, and Y38F/Y85F mutants of NP2 showed that when
Tyr38 was suppressed, the sole alternative radical site was Tyr85,
despite the existence of eight other tyrosines (and a tryptophan)
in NP2. In the crystal structures, Tyr85 is in a hydrogen bond
interaction with the heme 6-propionate via a structural water (see
Figure 2 below). The biological implications of the peroxidase-like
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reaction of ferric NP2 with norepinephrine, with respect to the
mechanism of NO and histamine binding, are discussed.

MATERIALS AND METHODS

Sample Preparation. The radical species of the Fe(tmtmp)
triflate model heme complex was obtained as previously described (28).
Nitrophorin 2 was purified as previously described (29, 30).
Standard genetic engineering methods were employed to produce
the various target nitrophorin gene mutants in the pET24a
(Novagen) expression plasmids and were confirmed by sequenc-
ing. The Escherichia coli-expressed proteins were purified as
described previously (29, 30) and were preliminarily character-
ized by UV—visible spectroscopy and by mass spectrometry
using MALDI-TOF (matrix assisted laser desorption ionization
time of flight) and/or electrospray. The proteins were stored in
lyophilized form at —80 °C until they were used. Protein con-
centrations were determined by using the extinction coefficient of
1.5% 10° M~ "em ™" at 412 nm (31). BHA, ABTS, histamine, and
norepinephrine were purchased from Sigma-Aldrich. To avoid
the substantial changes in pH of phosphate buffer upon freezing,
we used Tris-maleate buffer (50 mM) for all the experiments,
which covered a wide pH range (5.2—8.6). Buffer was exchanged
using centricon Y 10 microconcentrators (Amicon).

Peroxidase Activity Measurements. Activity measurements
were monitored with a UVIKON 922 (Kontron, St. Quentin-en-
Yvelines, France) spectrophotometer, equipped with temperature-
controlled cell holders and a water circulating bath (Minichiller).
Peroxidase activity was determined spectrophotometrically
using ABTS (e405 = 36.8 mM ' cm™') and o-dianisidine (e4¢) =
11.3mM ™! cm_l) as electron donors and H,O, or PAA as the
reactant. The reactions were performed in a 1 mL final volume in
a 1 cm path length cuvette via addition of appropriately diluted
NP2 (1-5 uL of enzyme at a concentration of 9 uM) in 50 mM
Tris-maleate at the desired pH. One unit of peroxidase is defined
as the amount that decomposes 1 umol of electron donor in 1 min
in a solution of 0.4 mM ABTS or 0.36 mM o-dianisidine and
2.5 mM H,0, or PAA at 25 °C. The optimum pH for the
peroxidase activity was determined by measuring the specific
activity over a range of pH values from 4 to 9 using ABTS. Initial
velocities were determined across the range of ABTS concentra-
tions while the reactant (H,O, or PAA) was kept constant, as well
as across the range of reactant concentrations while the ABTS
concentration was kept constant. The initial velocities were fit
to the Michaelis—Menten equation using a nonlinear regression
analysis to determine apparent kinetic constants. The activity
measurements on MtKatG and BpKatG were taken as pre-
viously described (/). No detectable levels of catalase activity
could be detected for nitrophorin.

EPR Spectroscopy. The 9 GHz EPR spectra were recorded
on a Bruker ER500 spectrometer equipped with a standard TE;(,
cavity, a liquid helium cryostat (Oxford Instruments), and a
microwave frequency counter (Bruker ER049X). Initial protein
concentrations of 0.5 mM were used for recording the 9 GHz
EPR spectra. Typically, the samples were prepared by mixing
manually the nitrophorin (50 mM Tris-maleate buffer at pH 5.2,
6.0, 7.0, and 8.0) with an equal volume of a 3-fold excess buffered
peroxyacetic acid solution, directly into the 4 mm EPR tubes kept
in ice. The reaction was stopped by rapid immersion of the EPR
tube in liquid nitrogen after 2 s. Final concentrations (after the
reaction) in the samples used in Figures 1—4 were 0.25 mM for
the protein and 0.75 mM for PAA. For the experiments involving
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the reaction with substrates, the protein sample was preincubated
with the substrate for 10 min at room temperature, prior to
reaction with H>O, or peroxyacetic acid, described above. The
EPR spectrum of the native protein was recorded before and after
incubation with the substrates (norepinephrine, ABTS, and
BHA) to monitor putative spectral changes in the ferric EPR
spectrum related to substrate binding.

Stopped-Flow UV—Vis Absorption Measurements. Time-
dependent absorption spectra were recorded using a four-syringe
SX20 stopped-flow spectrophotometer (Applied PhotoPhysics
Ltd.) equipped for conventional dual mixing and sequential
mixing stopped-flow measurements with an attached diode array
detector. A refrigerated bath was used to regulate the tempera-
ture of the samples in the syringes and in the mixing cell.
Measurements were taken at 5 and 20 °C. Typically, for the dual-
mixing experiments, NP2 samples were used at an initial con-
centration of 10 uM and were mixed with an equal volume of
peroxyacetic acid or hydrogen peroxide. Final concentrations
(after mixing) were 5 uM protein and 10 uM PAA or 2mM H,0,.
In the sequential mixing experiments, the starting protein con-
centration was 20 uM, yielding the same final protein concentra-
tion. Data analysis was conducted using singular-value decomposition
(SVD) in Pro-K.2000 Global Analysis (Applied PhotoPhysics Ltd.)
to obtain the transition rate constants (k,) between intermediates.

RESULTS

Activity Measurements. The peroxidase-like activity of NP2
was investigated over a pH range from 4.5 to 8.5 using hydro-
gen peroxide and peroxyacetic acid as reactants and ABTS or
o-dianisidine as the substrate. Significant levels of peroxidase
activity were detected at neutral pH values, as summarized in
Table 1. In contrast, the activity dropped to 34% at pH 4.5 and to
3.4% at pH 8.5 as compared to that at pH 6.8 (all measured with
H,0, as the reactant and ABTS as the substrate). The changes in
the electronic absorption spectrum of the ferric protein upon
reaction with hydrogen peroxide or peroxyacetic acid agreed well
with formation of the high-valent intermediates known as
Compound I and Compound II in the catalytic reaction of plant
peroxidases (see below). It should be noted that heme bleaching
was only observed when extreme conditions were used, such as
very acidic conditions (pH <4) or a very large excess (= 1000-fold)
of hydrogen peroxide.

Table 1: Comparison of Peroxidase Specific Activities (micromoles per
minute per micromole of heme) of NP2, M. tuberculosis and Burkholderia
pseudomallei Catalase-Peroxidases (MtKatG and BpKatG) Measured in
This Study under the Same Temperature and Concentration Conditions
Using Peroxyacetic Acid (PAA) or Hydrogen Peroxide (H,0,) as Reactants
and ABTS and o-Dianisidine as One-Electron Donors?

ABTS o-dianisidine
PAA H,0, PAA H,0,
NP2 (pH 6.8) 1670 4 60 43+1 262+4 6+0.15
MtKatG (pH 4.5) 33884486 1736425 466+6  1337+47
MtKatG (pH 6.5) 600+ 80 260+£2  nd” nd”
BpKatG (pH 4.5) 27504200 708420 550434  725+33
BpKatG (pH 6.5) 250200 50£2 nd® nd?

“The reactions were performed in a 1 cm path length cuvette with a final
volume of 1 mL, containing 400 uM ABTS or 0.36 mM o-dianisidine, with
2.5mM H,0, or PAA, with addition of appropriately diluted NP2 (1—-5 uL
of enzyme at a concentration of 9 uM) in 50 mM Tris-maleate at the given
pH. “Not determined.
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Table 1 shows the comparison of the peroxidase specific
activity measured for NP2 at pH 6.8 and for the bifunctional
peroxidases (KatGs) from M. tuberculosis and B. pseudomallei.
The activities of the KatGs were measured at pH 4.5, the
optimum pH for the peroxidase reaction of these bifunctional
enzymes (1), as well as at pH 6.5 (the optimum pH for the catalase
reaction), to have a reference value for low peroxidase activity.
Hydrogen peroxide and peroxyacetic acid were used as reactants.
ABTS and o-dianisidine were used as substrates to test the
peroxidase-like activity of NP2. Low levels of specific activity
(SA) were measured for both substrates when hydrogen peroxide
was used as the reactant, yet the SA value for ABTS was within
the low limit shown by BpKatG at pH 6.5. However, when
peroxyacetic acid was used as a reactant, the activity levels of
NP2 become comparable to those measured for KatGs at their
optimal pH (4.5), and considerably higher than the lower limit
given by the KatGs at pH 6.5 (Table 1). The comparison of the
values obtained from the activity assays on NP2 and KatGs
indicates significant activity levels for the nitrophorin. The actual
difference in measured values clearly reflects the structural
differences of the NP2 heme distal side and/or binding sites for
the substrates as compared to typical peroxidases (reviewed in
ref 32). The fact that using peroxyacetic acid as a reactant for
NP2 resulted in specific peroxidase activities comparable to those
of KatGs (Table 1) suggests that the structural water molecules
observed in the heme distal side of NP2 may play important roles.
We also determined the kinetic parameters for the peroxidase-like
activity of NP2 using ABTS as a substrate. The obtained ke,
values were 0.7 s~ ! with H,0, as the reactant and 29 s~ ! with
PAA. The corresponding Ky values were 1.2 mM (for H,0,),
0.58 mM (for PAA), and 0.6 mM (for ABTS) (using PAA). For
comparison, the turnover rates (k,) obtained for MtKatG were
30 s~ ! for H,0, as the reactant and 56 s~' for PAA, and Ky
values of 0.36 mM (for H,O,) and 0.07 mM (for ABTS) using
PAA as the reactant. It is of note that the kinetic parameters
observed for NP2 are within the range of those from other
bacterial KatGs (see Table 3 in ref 33).

The Intermediates of the Peroxidase-like Reaction of
NP2 Identified by EPR Spectroscopy. As previously de-
scribed (13), the nearly axial EPR spectrum of NP2, with g, " ~ 6
and g Mx2 resonances, is characteristic of heme iron in the ferric
(Fe'™) high-spin state (Figure 1A, gray trace). The ferric EPR
signal, with observed values of 5.94, 5.67, and 1.99 for g,, g, and
g, respectively, exhibited very weak pH dependence in the pH
range from 5t0 9. The dramatic decrease (80%) in the intensity of
the ferric signal upon reaction of NP2 at pH 6.0 with a 3-fold
excess of peroxyacetic acid (Figure 1A, green trace) indicates the
conversion of the high-spin Fe'' state to a higher-valence
intermediate. The new EPR signal, with observed values of
4.03, 3.80, and 2.00 for g),eff, ¢ and ¢.°, respectively
(Figure 1A, green trace), which appeared concomitantly with
the disappearance of the ferric signal, agrees well with the EPR
spectrum previously reported for a,, () porphyrin radical
complexes (24—27). The latter were assigned to the S = 3/,
signal of an [Fe'Y=0 Por"]" species with strong ferromagnetic
coupling interaction between the porphyrin s-radical and the
ferryl iron (24—27). It should be noted that the EPR signal of an
organic radical (< 10%) is superimposed on the g. component of
the [Fe'Y=0 Por"|" species, which would otherwise be expected
to be a negative feature at g = 1.99 (see Figure 5 of ref 27). The
contribution of this narrow organic radical signal modestly
increased when a larger excess of peroxyacetic acid was used.
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FiGURE 1: EPR spectra (9 GHz) of the intermediates formed by the
reaction of nitrophorin 2 (NP2) with a 3-fold excess of peroxyacetic
acid (PAA) at pH 6 (A, green trace), pH 7 (B, dark green trace), and
pH 8 (B, red trace). The ferric signal of NP2 prior to the reaction
mixture is also shown (A, gray dotted trace). For comparison to
spectrum B, the axial signal of the a;,(7) porphyrin radical species
(C, green trace) obtained from the oxidation of the [Fe"(tmtmp)]
triflate model complex and the signal of the exchange-coupled Trp™*
of cytochrome ¢ peroxidase were measured under the same experi-
mental conditions. Spectra were recorded at 4 K with a 4 G modula-
tion amplitude, a I mW microwave power, and a 100 kHz modula-
tion frequency. The final concentrations in the samples were 0.25 mM
NP2 and 0.75 mM PAA for spectra A and B and 0.25 mM CcP and
0.25 mM H,0, for spectrum D.

At pH 7, the EPR spectrum that results from the reaction
of NP2 with peroxyacetic acid (Figure 1B, dark green trace)
clearly differs from the spectrum obtained at pH 6 (Figure 1A,
green trace). The contribution of two different EPR signals could
be discerned by the variation of their relative intensities as a
function of pH (Figure 1B, dark green and red traces). Specifi-
cally, the change from neutral to basic pH induced a decrease
in the g¢ = 3.8 resonance and a concomitant increase in inten-
sity of the 250 G broad signal centered at g ~ 2 in the EPR
spectrum. The g = 3.8 resonance is consistent with the g, " of
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FiGure 2: Crystallographic structure of nitrophorin 2 at pH 6.5 (A)
and pH 7.7 (B), highlighting the environment of the heme active site.
An NHj molecule (blue, B), supplied by the (NH4),HPO, crystal-
lization buffer at pH 7.7, or a water molecule at pH 6.5 constitutes the
sixth ligand. Tyr38 is within H-bonding distance of the 7-propionate
only at the higher pH. The two possible conformations adopted, with
equal preference, by the 7-propionate at pH 6.5 are also shown in
panel A. This figure was prepared using the coordinates deposited in
the Protein Data Bank (entry 1EUO for pH 7.7 and entry 2A3F for
pH 6.5).

the axial signal of an [Fe'Y=0 Por"]" species (g, = 3.80, and
@™ = 1.99) expected for an a, () radical, as previously reported
for ferryl porpholactone radical complexes (34) and iron por-
phyrins that are highly nonplanar, but not ruffled (27, 28). The
EPR spectrum of the Compound I z-cation radical obtained
upon oxidation of the [Fe'(tmtmp)] triflate model complex,
recorded under the same conditions that were used for NP2, is
shown for comparison (Figure 1C). The latter was assigned to an
S = 3/, species with weak ferromagnetic coupling (28). Hence,
the changes from acidic (Figure 1A, green trace) to neutral
(Figure 1B, dark green trace) pH in NP2 directly correlated with
the change from strong to weak ferromagnetic interactions
between the ferryl iron and the radical delocalized over the
porphyrin moiety of the [Fe'Y=0 Por"]" species. The latter,
known as Compound I, is the first committed intermediate in the
catalytic cycle of peroxidases (reviewed in ref 32).

The 250 G broad signal, centered at g ~ 2, that contributed to
the EPR spectra of the NP2 intermediate obtained at pH 7 and 8
(Figure 1B) was the predominant signal at basic pH. The overall
width (250 G) and the distinct temperature dependence of this
signal were consistent with an organic radical in a magnetic
interaction with the ferryl heme iron, as in the case of the
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FIGURE 3: EPR spectra (9 GHz) of the [Fe'Y=0 Por|(Tyr") inter-
mediate formed upon reaction of wild-type NP2 (gray trace) and Tyr
variants with peroxyacetic acid. Both NP2 and peroxyacetic acid
were at pH 8. Experimental conditions and sample concentrations
were as described in the legend of Figure 1.

[Fe'Y=0 Por](Trp191°)" species in cytochrome ¢ peroxidase
(Figure 1D), recorded under the same conditions that were used
for NP2. As was previously shown for cytochrome ¢ peroxi-
dase (35), modification of the intrinsic g values of a protein-based
radical due to the contribution of the exchange coupling inter-
action impedes direct determination of the chemical nature of the
radical by means of the EPR spectrum, even with the advanta-
geous resolution of higher frequencies and/or higher fields (35).
Our alternative approach for identifying the protein-based radical
site in NP2 was to design mutations based on inspection of the
crystal structure of NP2 [Protein Data Bank (PDB) entry IEUO at
pH 7.7 (11)] and consider the physical constraints inferred from the
EPR studies. Accordingly, Tyr38 and Tyr85 were identified as the
most suitable candidates for the exchange-coupled radical, because
of their proximity and/or H-bonding interaction with the heme
iron (Figure 2). Thus, three Tyr mutants (Y38F, Y85F, and
the Y38F/Y85F double mutant) were designed, expressed, and
purified so that their intermediates could be characterized by
EPR spectroscopy.

Upon reaction of the single and double mutants of NP2 at pH
8 with peroxyacetic acid, only minor changes in shape of the g, "
component of the [Fe' =0 Por"] " species were observed, as com-
pared to the wild-type case (resonance at ¢ = 3.8 in Figure 1B).
For the sake of clarity, only the enlargement of the g &~ 2 region of
the EPR spectra of the intermediates is shown in Figure 3. The
Y38F and Y8SF single mutants of NP2 both showed the broad
and temperature-dependent signal (250 G wide) of the exchange-
coupled protein-based radical, yet closer inspection of the EPR
spectrum revealed an important difference. The Y8SF signal
(Figure 3, red trace) was very similar to that of the wild-type
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FIGURE 4: EPR spectra (9 GHz) of the [Fe'Y=0 Por’]* intermediate
formed upon reaction of wild-type NP2 (gray trace) and Tyr variants
with peroxyacetic acid. Both NP2 and peroxyacetic acid were at
pH 6. The spectrum obtained for the double mutant Y38F/Y85F
at pH 8 (bottom, black trace) is also shown. Experimental condi-
tions and sample concentrations were as described in the legend of
Figure 1.

protein (Figure 3, gray trace). In contrast, a noticeable change in
the shape of the broad signal was observed in the case of the
Y38F sample (Figure 3, dark red trace), which indicates a
modification of the magnetic interaction between the tyrosyl
radical and the heme iron, only in the case of the Y38F mutation.
Moreover, the EPR spectrum of the double mutant Y38F/Y85F
at pH 8 showed no protein-based radical signal (Figure 3, green
trace); only the [Fe'Y=0 Por"]" species was formed at both acid
and basic pH values (Figure 4). The effect on the shape of the
EPR spectrum induced by the Y38F mutation could be explained
by either changes in the relative position of the Tyr radical site
and the heme propionate or the formation of the radical on a
different site. Hence, the Y38F/Y85F double mutant, in which
both candidates for the radical site were removed, was crucial for
rationalizing the effect of the single mutations.

Taken together, these findings indicate that Tyr38 is the
primary site for the formation of the protein-based radical,
because the radical spectrum of the Y85F variant was the same
as in the wild-type protein. Nonetheless, when this site was
suppressed (Y38F mutant), the radical formed on Tyr85. The
difference in the shape of the 250 G-wide signal observed for the

Singh et al.

Y38F sample, as compared to those of the wild type and Y85F
(Figure 3), strongly suggests mild, but measurable, differences in
the exchange-coupled ferromagnetic interaction of the radical and
the heme iron. The differences in H-bonding interactions of Tyr38
and Tyr85 with the propionates (see Figure 2) could account for
such an effect. The fact that only the [Fe'Y=0 Por']" species was
formed in the double Tyr mutant (Figure 4) clearly indicated that
Tyr38 and Tyr85 are the only sites for the [Fe'"=0 Por](Tyr")
intermediate, with the Tyr85 radical being formed only if the
naturally occurring site Tyr38 was removed.

The reaction of NP2 with hydrogen peroxide was also
monitored by EPR spectroscopy. As in the case of peroxyacetic
acid, a dramatic decrease in intensity of the ferric EPR signal
when the protein was mixed with either a 40- or 400-fold excess of
H,0, indicated the conversion to an EPR silent and higher-
valence intermediate. Only a minor contribution (< 15% in spin
concentration) of a narrow radical at g = 2 was observed when
using a larger excess of H,O, at pH 8.0 (Figure S2 of the
Supporting Information). The EPR-silent species can confidently
be assigned to the [Fe'Y=0 Por] intermediate that is known as
Compound IT in peroxidases and indicates a fast conversion of
the [Fe'Y=0 Por"]" species to Compound II in the NP2 reaction
with H,O,. The electronic absorption spectra obtained by the
stopped-flow experiments crucially confirmed this assignment
(see Figure 6).

Kinetic Studies by Stopped-Flow Electronic Absorption
Spectrometry. The reaction of NP2 with either peroxyacetic
acid or hydrogen peroxide was monitored by using conventional
dual-syringe mixing and a diode array detector attached to the
stopped-flow instrument. The measurements taken at 5 and 20 °C
showed the same spectral changes for the reaction. The choice
of 5 °C as a measuring temperature allowed us to better char-
acterize the reaction, because the rate of conversion between
intermediates slowed considerably as a function of temperature,
as previously shown in the case of lactoperoxidase (36). Such a
choice also allowed us to more accurately assess the chemical
nature of the intermediates, by combining the information
obtained from the electronic absorption experiments and EPR
spectroscopy.

It is worth mentioning that the [Fe'V=0 Por"] " and [Fe"=0 Por]
species, known as Compound I and Compound II, respectively,
in catalases and peroxidases, exhibit quite distinct bands in
their electronic absorption spectra, because the delocalization
of the radical over the porphyrin affects the electronic state
and coupling. In contrast, the absorption spectrum of an
[Fe'Y=0 Por](Tyr") species is indistinguishable from an
[Fe"Y=0 Por] (Compound II) species, because the absorption
band of the Tyr" is masked by those of the heme, while the EPR
spectrum of the Tyr® makes clear the difference between the
[Fe'Y=0 Por](Tyr") species and the EPR-silent [Fe'Y=0 Por]
species, which has been previously shown (37). Accordingly, it is
necessary to combine the information obtained from the EPR
spectra for the electronic structure of the species with that of the
rapid-scan absorption spectra for the kinetics of the reactive
intermediates to facilitate the analysis of the catalytic inter-
mediates in NP2 and their reactivity with substrates. It is of note
that the much higher concentrations of protein, oxidants, and/
or substrates used in the EPR experiments compared to those of
the kinetic studies imply that the transition rates between
intermediates will be different.

Panels A and B of Figure 5 show changes in the electronic
absorption spectrum of NP2 at pH 6.0 and 8.0, respectively, upon
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FIGURE 5: Rapid-scan electronic absorption spectra of the reaction
of NP2 with peroxyacetic acid. Protein and reactant (final) concen-
trations were 5 and 10 uM, respectively. The samples and mixing
chamber were kept at 5 °C, and the reaction was monitored up to 20s.
The experiments were conducted at pH 6 (A) and pH 8 (B). Selected
representative spectra are shown. The spectrum of the native (ferric)
enzyme is colored gray, that of the [Fe"=0 Por"]* species green, and
that of the one-electron-reduced [Fe'Y=0 Por] (Compound II)
intermediate red.

reaction with a 2-fold excess of peroxyacetic acid and as a
function of time, on the millisecond time scale, and up to 20 s.
The electronic absorption spectrum of the protein before reaction
with peroxyacetic acid shows the characteristic bands of ferric
high-spin heme peroxidases, with the Soret band at 403 nm and
the charge-transfer band at 630 nm at both pH values (Figure 5A,
B, gray traces). The new species showed clear hypochromicity of
the Soret band and a shift of the charge-transfer band to 660 nm
and was partially formed within 80 ms at pH 6 (Figure 5A,
green traces). Full conversion was observed within 550 ms, and
the new species remained stable for several seconds (thick green
trace). The final spectrum (Figure 5A, red trace) showed a
narrowing of the Soret band and two ill-defined bands at ~545
and ~580 nm. Spectral analysis of the rapid-scan electronic
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FIGURE 6: Rapid-scan electronic absorption spectra of the reaction
of NP2 with hydrogen peroxide. Protein and reactant (final) con-
centrations were 5 uM and 2 mM, respectively. The samples and
mixing chamber were kept at 5 °C, and the reaction was monitored up
to 20 s. The experiments were conducted at pH 6 (A) and pH 8 (B).
Selected representative spectra are shown. The S}I)ectrum of the native
(ferric) enzyme is colored gray, that of the [Fe'Y=0 Por’]" species
green, and that of the one-electron-reduced [Fe!V=0 Por]
(Compound II) intermediate red.

absorption spectra using a two-step model (A — B — C) yielded
an observed rate constants k; of 11 s~! for the transition of the
ferric protein (gray trace) to species B (green trace) and a final
species C (red trace) being formed very slowly (k, = 0.09 s ).
The spectral features of species B (Figure 5A, thick green trace)
were consistent with those of the [Fe'Y=0 Por"]" intermediate, in
total agreement with the EPR spectrum (see the green trace in
Figure 2A).

When the reaction of NP2 and peroxyacetic acid at pH 8
(Figure 5B) was monitored, the observed spectral changes were
qualitatively comparable to those described for the pH 6 case,
although a clearly slower formation of species B (Figure 5B, dark
green traces) and a faster conversion to species C (Figure 5B,
thick red trace) were observed. Also, the spectrum of the final
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Table 2: Calculated Rate Constants (kops in inverse seconds) for the
Reaction of Nitrophorin 2 with Peroxyacetic Acid (PAA) and Hydrogen
Peroxide as a Function of pH?

pH6 pHS
PAA H,0, PAA H,0,
k 11.0 9.67 4.54 4.29
ky 20.06 0.88 8.41
k> 0.09 0.67 0.14 0.27

“Models accounting for two steps (ferric — Compound I — Compound
11, with k; and k», respectively) and three steps (ferric — Compound I —
[Fe"V=0 Por](Tyr") — Compound II, with k;, k', and k», respectively) were
used (see Results). Measurements were taken at 5 °C. The reactant final
concentration was 10 uM for PAA and 2 mM for H,O,, with a final protein
concentration of 5 #M in both cases.

species C showed the well-defined features characteristic of an
[Fe'Y=0 Por] (Compound II) species (the Soret band shifted to
410 nm, and the a. and f bands at 580 and 545 nm, respectively).
Even though the rapid-scan electronic absorption spectrum of the
reaction of NP2 at pH 8 could be analyzed in terms of a two-step
model (ferric — [Fe'Y=0 Por’]" — [Fe'Y=0 Por]) as in the case
of pH 6, a three-step model (A — B — B’ — C with corresponding
transition rates ki, k', and k», respectively) would take into
account the formation of the tyrosyl radical intermediate (species
B’) obtained from the EPR spectroscopic characterization
(Figure 2B). Hence, the calculated rate constants were as follows:
ky=454s"k/ =0.88s' andk, = 0.145" (see Table 2). The
observed transition rate of 4.54 s™' for the ferric protein to
[Fe'Y=0 Por’]" conversion reflected the slower formation of the
[Fe'Y=0 Por']" intermediate at pH 8 versus that at pH 6 (k; =
11's"). The spectrum of species B' (with a transition rate k" of
0.88 s ') showed contributions of the characteristic bands of
both [Fe'Y=0 Por"]" (species B) and a Compound II-like species,
in agreement with the EPR spectrum at pH >7 (Figure 1B).
As previously shown, the electronic absorption spectrum of an
[Fe'Y=0 Por](Tyr") species is indistinguishable from those of the
[Fe'Y=0 Por] (Compound II) species (36); thus, the spectral
analysis alone would fail to identify the intermediate. Hence, the
EPR characterization was crucial for assessing the formation of a
protein-based radical intermediate at pH 8.

When hydrogen peroxide was used as the reactant, the
[Fe'Y=0 Por"|" intermediate was shorter-lived at both pH values
and readily converted to the [Fe'Y=0 Por] (Compound II)
intermediate (Figure 6A,B). When the reaction was performed
at pH 6.0, the spectral features of the [Fe'Y=0 Por] (Compound
1) species, with the characteristic shift of the Soret band to
410 nm and the o and 8 bands at 580 and 545 nm, respectively
(Figure 6A, thick red trace), were already contributing to the
spectrum of the very short-lived [Fe'Y=0 Por’]" species
(Figure 6A, green trace). Consistently, the EPR results showed
the conversion of the ferric signal to an EPR-silent species in the
time scale of manual mixing of NP2 and hydrogen peroxide (2 s).
At pH 8.0 (Figure 6B), the [Fe'=0 Por’]" species was longer-
lived (Figure 6B, thick green trace) yet converted to the Com-
pound II species in less than 1 s. The calculated rate constants are
listed in Table 2. A similarly rapid, spontaneous decay of the
[Fe'Y=0 Por’]" intermediate to the Compound II species was
previously reported for the reaction of lactoperoxidase with hydro-
gen peroxide (36), as well as lignin and ascorbate peroxidases (38).

It should be noted that both peroxyacetic acid and hydrogen
peroxide exhibited the same pH-dependent effect on the forma-
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tion of the [Fe'Y=0 Por]" and [Fe'Y=0 Por] (Compound II)
species, which was a slower formation of the [Fe'Y=0 Por]"
intermediate followed by a faster conversion to the [Fe'Y=0 Por]
(Compound II) species at pH 8 (see Table 2). It is of note that the
observed rate constants listed in Table 2 correspond to pseudo-
first-order rate constants and that the concentration of H,O,
(2 mM) used in these experiments was much higher than that of
PAA (10 uM). Hence, because k; is directly proportional to the
reactant concentration, the bimolecular rate constants for the
formation of the [Fe'Y=0 Por"]" species at pH 6 would be 1.7 x
10°M " 's ' for PAA and 0.7 x 10° M~ ' s~ ! for H,0,. The effect
of pH on the rates of Compound I and Compound II formation
has been shown for several peroxidases, such as peanut and
horseradish peroxidases (see ref 32 and references cited therein).

Peroxidase-like Reaction of NP2 with Norepinephrine
and Other Substrates. After we had demonstrated that
NP2 has significant levels of peroxidase-like activity when ABTS
and o-dianisidine are used as substrates (see Table 1), and that
NP2 formed both the [Fe'Y=0 Por']" and [Fe'Y=0 Por](Tyr38")
intermediates in a peroxidase-like pathway, we used stopped-
flow electronic absorption spectrophotometry to characterize
the putative enzymatic reaction with benzohydroxamic acid,
norepinephrine, and histamine. Norepinephrine and histamine
are relevant for addressing the question of the putative biological
role of the peroxidase-like activity in nitrophorins and its
relationship to the main functions of the protein, i.e., NO and
histamine binding. BHA, a well-characterized aromatic substrate
for peroxidases (see, for example, ref 36), was chosen for the
comparisons with norepinephrine and histamine. The choice of
peroxyacetic acid as a reactant was based on the fact that
both peroxyacetic acid and hydrogen peroxide showed the
same effect of pH on the formation of the [Fe'Y=0 Por"|"
and the ferryl species, but the turnover was slower with
peroxyacetic acid. Accordingly, the latter was the reactant of
choice for monitoring of the peroxidase-like reaction of the
intermediates with the three different molecules mentioned
above.

The peroxidase-like reaction of BHA, norepinephrine, and
histamine with NP2 was monitored at pH 6 and 8, by using the
sequential mixing technique in combination with the diode array
detector. In all experiments, the [Fe'Y=0 Por"] " intermediate was
preformed by mixing the protein with a 2-fold excess of peroxy-
acetic acid in the aging loop for 500 ms (at pH 6) or 1.85 s (at pH 8),
prior to the reaction with a 5-fold excess of each substrate. Hence,
the final concentrations (after the two mixing steps) for NP2,
PAA, and substrate were 15, 30, and 75 uM, respectively. This
approach was used to specifically monitor the putative one-
electron reaction of the [Fe' V=0 Por"| " intermediate with each of
the three molecules. Another reason for using this approach was
that the direct mixing of the ferric high-spin protein with
histamine or norepinephrine led to formation of ferric low-spin
complexes, with the characteristic shift of the Soret band to
408—410 nm and a broad a and f band in the 525—600 nm
spectral region (see Figure S1A of the Supporting Information).
Such a spectrum was very similar to those of the previously
reported NP—histamine complexes (/6). The corresponding EPR
spectra confirmed the formation of the ferric low-spin complexes
of NP2 with histamine and norepinephrine at low temperatures
(see Figures S4B and S5 of the Supporting Information). The
NMR spectra of the norepinephrine complex at room temperature
were also those of a low-spin heme complex in which the ligand is
bound to iron via the amino group (see Figures S§—S12 of
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F1GURE 7: Rapid-scan electronic absorption spectra of the peroxi-
dase-like reaction of the [Fe'Y=0 Por"]" intermediate (pH 6) with
benzohydroxamic acid (BHA) as the substrate. The control sample
(bottom) corresponds to the use of buffer instead of substrate.
Sequential mixing, combined with diode array detection, was used
to monitor the reaction at 5 °C of the preformed [Fe'Y=0 Por"]"
species with BHA. Only representative spectra are shown, and the
1.3 ms spectrum represents the first recorded spectrum upon reaction
with BHA. Final concentrations were 5, 10, and 25 uM for NP2,
PAA, and BHA, respectively. The experimental conditions are
further described in Materials and Methods.

the Supporting Information); the NMR spectrum of the hista-
mine complex at room temperature, in which histamine is bound
to iron through the imidazole group, has been published pre-
viously (39). In contrast, no modification of the ferric high-spin
spectrum of NP2 was observed when a 5-fold excess of BHA was
added (Figure S4 of the Supporting Information); NMR spectra
at ambient temperature also showed no modification, as dis-
cussed in the Supporting Information. Accordingly, once the
low-spin complexes of NP2 with norepinephrine or histamine
were formed, the absence of further reaction with peroxyacetic
acid or hydrogen peroxide was indicative of an inhibitory effect
of norepinephrine and histamine on the peroxidase-like activity
of the resting (ferric) NP2.

Benzohydroxamic Acid. The rapid-scan optical spectra of
the reaction of the preformed [Fe'Y=0 Por’]" intermediate of
NP2 (see above) with BHA are shown in Figure 7 (pH 6) and
Figure 8 (pH 8). At pH 6, the reaction of the [Fe'Y=0 Por"|"
intermediate with BHA was shown by the spectral changes
observed within 150 ms (Figure 7 top, thick red trace), as
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FiGure 8: Rapid-scan electronic absorption spectra of the peroxi-
dase-like reaction of the [Fe'Y=0 Por"]" intermediate (\PH 8) with
benzohydroxamic acid (BHA) as the substrate. The [Fe""=0 Por’]"
intermediate (green trace) was preformed with peroxyacetic acid and
a mixing time of 1.5 ms at 5 °C. Only representative spectra are
shown. Final samples concentrations were 5, 10, and 25 uM for NP2,
peroxyacetic acid, and BHA, respectively. The experimental condi-
tions are further described in Materials and Methods.

compared to the control experiment (no BHA added). In the
latter, the [Fe'Y=0 Por’|" intermediate was stable for several
seconds (Figure 7, bottom, green traces). Interestingly, and at
variance with the case of peroxidases (see, for example, Figure 4
in ref 36), the spectral features characteristic of the [Fe'Y=0 Por]
(Compound II) species (Soret band shifted to 410 nm and a
and f bands at 580 and 545 nm, respectively), which were
expected as a result of the one-electron oxidation of BHA by the
[Fe'Y=0 Por"]" intermediate, were not detected (Figure 7, top).
Instead, the new spectra observed concomitantly with the
disappearance of the [Fe'Y=0 Por’]" species showed the Soret
band at 403 nm and the charge-transfer band at 630 nm (Figure 7
top, red traces), plus the contribution of another species with new
bands at 420, 535, and 570 nm (Figure 7A, dark red traces), a
spectrum strongly reminiscent of that of the NP2—NO com-
plex (15). These findings could be rationalized in terms of a fast
one-¢electron reaction of the [Fe' V=0 Por] (Compound II) species
with BHA, which brought the protein back to the initial ferric
high-spin state. The latter converted slowly to a ferric low-spin
type of the optical spectrum. Addition of BHA to the ferric
protein in the absence of peroxyacetic acid did not result in the
formation of the low-spin complex. Thus, the peroxidase-like
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Table 3: Calculated Rate Constants (ks in inverse seconds) for the Peroxidase-like Reaction of the Preformed [Fe'Y= Por" " Intermediate (species A) of NP2
with Benzohydroxamic Acid (BHA), Histamine, and Norepinephrine (Nor) as Substrates”

Buffer BHA Histamine Norepinephrine
pH 6
ki 0.04 8.5 0.2 270
k2 1.0
A— Fe''=0 A—Fe'" (high spin) A—Fe =0 A—Fe"
—Fe-low spin complex
pH 8
ki 0.11 14.6* 0.6 227
k> 5.1° 1.6
A— Fe''=0 A—TFe'™ (high spin) A —Fe'"-Hm A—Fel
—Fe"-low spin complex —Fe'"-Nor

|

“Measurements were performed at 5 °C. Models that account for one step (A—B,with k) and two steps (A—B—C, with k; and k», respectively) were used.
Species B and C have different electronic structures depending on the substrate. The [Fe'Y=0 Por] intermediate resulted from the reaction of the [Fe'Y=0
Por']" species with each substrate. The further reaction of the [Fe'Y=0 Por] intermediate with each substrate brought the protein back to the ferric state (see the

text). Thus, k, represents both reactions, except in the case of histamine at pH 6.

The final concentrations (after the two mixing steps) for NP2, PAA, and

substrates were 5, 10, and 25 uM, respectively. bTo account for the already partial reaction of the [Fe'Y=0 Por’]* species with BHA at pH 8 within the first
1.3 ms (Figure 6A, green trace), the pure [Fe''=0 Por]" spectrum from the control experiment (Figure 6B, green trace) was used as the first spectrum for the

SVD analysis of the data.

reaction of NP2 with BHA may have resulted in the oxidation of
the NHOH group to NO or HNO (40—42), which could then
form a low-spin NO or HNO complex with the ferric heme.

At pH 8, the first spectrum, recorded 1.3 ms after the reaction
of the NP2 intermediate with BHA (Figure 8, top, green trace),
was equivalent to the transitional spectrum of the spontaneous
decay of the [Fe'Y=0 Por’]" intermediate observed at ~2.5 s
in the control experiment [in which buffer was used instead of
BHA (Figure 8, bottom)]. Accordingly, the reaction of the
[Fe'Y=0 Por']" intermediate with BHA was substantially faster
at pH 8 than at pH 6 (see Table 3), yet the bands of the species
observed upon reaction with BHA agreed well with those of the
ferric high-spin species (403 and 630 nm), with a relatively smaller
contribution of the low-spin complex (Figure 8 top, dark red
trace), as compared to the pH 6 case. If one considers that in
the control experiment, the [Fe'Y=0 Por] (Compound II) inter-
mediate formed very slowly by spontaneous decay of the
[Fe'Y=0 Por]" species (Figure 8, bottom, red traces), the results
observed upon reaction with BHA were indicative of a fast
formation and subsequent reaction (within ~80 ms) of the
[Fe'Y=0 Por] (Compound II) intermediate with BHA at pH 8.

Histamine. The rapid-scan electronic absorption spectra of
the reaction of the preformed [Fe'Y=0 Por’]" intermediate of
NP2 with histamine are shown in Figure 9. At pH 6, the
conversion of the [Fe'Y=0 Por"]" intermediate (Figure 9A, green
traces) to the [Fe'Y=0 Por] (Compound II) species with char-
acteristic bands at 410, 545, and 580 nm (Figure 9A, red traces)
was indicative of a typical, yet extremely slow, peroxidase-like
one-electron reaction of NP2 with histamine. It is of note that the
rates (see Table 3) are comparable to those of the spontaneous
decay observed in the absence of substrate (Figure 7, control). At
pH 8, the [Fe'Y=0 Por] (Compound II) species that results from
the peroxidase-like reaction of NP2 with histamine was not
detected. Instead, the resulting species was a low-spin ferric com-
plex of NP2 and histamine [shift of the Soret band to 410 nm and

a broad a and f band in the 525—600 nm spectral region
(Figure 9B, dark red trace)]. This result can be rationalized by
the fact that the reduction of the [Fe'Y=0 Por] (Compound II)
species by histamine is much faster than the reduction of the
[Fe'Y=0 Por"]" intermediate, such that no detectable Compound
I builds up during the reaction. Hence, the protein cycled back to
the ferric oxidation state with histamine bound, and both the
reaction and binding were favored by the basic pH. The optical
and EPR spectra of NP1—NP4 in the presence of histamine have
been reported in detail (43, 44).

Norepinephrine. The rapid-scan electronic absorption spec-
tra showed a much faster reaction of NP2 with norepine-
phrine (Figure 9C,D and Table 3). The full conversion of the
[Fe'Y=0 Por"]" intermediate back to the ferric state was ob-
served within 12 ms at pH 6 or 6 ms at pH 8. The [Fe'Y=0 Por]
(Compound II) species was not detected, as in the case of the
histamine reaction at pH 8 or the BHA reaction at both pH
values, and hence is also interpreted in terms of a much faster
reduction of the [Fe'Y=0 Por] (Compound II) species by
norepinephrine than the reduction of [Fe'Y=0 Por’]" by the
same substrate. Provided that the reaction of norepinephrine
with Compound II was sufficiently fast, the intermediate would
never build up to detectable levels. Interestingly, the final
oxidation state that results from the reaction of NP2 at pH 6
with norepinephrine was ferric high-spin (Figure 9C, gray trace),
which was formed within 12 ms. At pH 8, the fast peroxidase-like
reaction resulted in the spectrum of the high-spin ferric protein
(Figure 9D, thick gray trace), which was formed within 6 ms, but
a subsequent and slow conversion (within 1 s) to the ferric low-
spin spectrum (Figure 9D, thick dark-red trace) was also
observed. This low-spin species was shown to have the same
EPR spectrum (see Figure S5 of the Supporting Information) as
that obtained by direct addition of either norepinephrine (see
Figure S4 of the Supporting Information) or n-butylamine to NP2,
and thus likely represents the binding of the amino group of
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FiGure 9: Rapid-scan electronic absorption spectra of the peroxi-
dase-like reaction of the preformed [Fe'Y=0 Por"]" intermediate of
NP2 with histamine (A and B) and norepinephrine (C and D) at two
pH values. Only representative spectra are shown, and the spectrum
labeled 1.3 ms represents the first spectrum obtained upon reaction of
the preformed [Fe'Y=0 Por"]" species with each substrate. The
experiments were performed as described in the legends of Figures 7
and 8. Final samples concentrations were 5, 10, and 25 uM for NP2,
peroxyacetic acid, and histamine or norepinephrine, respectively.
Experimental conditions are further described in Materials and
Methods.

norepinephrine to NP2 at high pH. The NMR spectra of the low-
spin complexes with norepinephrine or n-butylamine were also
very similar (Figures S8—S12 of the Supporting Information);
essentially all of the heme resonances could be assigned, but those
with n-butylamine (but not norepinephrine) as the ligand showed
significant chemical exchange at higher temperatures. Addition
of catechol or BHA to NP2 at pH* 7 (pH* denotes the pH
uncorrected for the deuterium isotope effect) or higher was shown
to give high-spin NMR spectra identical to that of the ligand-free
protein and to give high-spin EPR spectra identical to that of the
ligand-free protein (Figure S4B of the Supporting Information).

DISCUSSION

Magnetic Properties of the [Fe'"=0 Por’]" and
[Fe'"=0 Por|(Tyr") Intermediates. We have identified the elec-
tronic structure of the intermediates formed by the reaction of
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NP2 in its ferric oxidation state with hydrogen peroxide and
peroxyacetic acid by using EPR spectroscopy. The comple-
mentary information obtained from EPR and stopped-flow
electronic absorption studies allowed us to discriminate three
intermediates in the peroxidase-like reaction of NP2, which are
the [Fe'Y=0 Por']", [Fe'Y=0 Por](Tyr"), and [Fe'Y=0 Por]
(Compound II) species. A remarkable pH dependence of the
equilibrium among these species was observed. Specifically,
[Fe'Y=0 Por']" was the stable and predominant intermediate
formed at pH <7, as shown by both the EPR (Figure 1A,
green trace) and the stopped-flow (Figure 5A, green trace) experi-
ments. The 9 GHz EPR spectrum of the [Fe'"=0 Por|"
intermediate at pH <7 agreed well with that expected for a
porphyrin radical in a strong ferromagnetic exchange interaction
with the ferryl heme iron. Such a magnetic interaction has been
exclusively observed in iron porphyrin model complexes with
bulky meso substituents (27). There is no precedent for strong
ferromagnetic exchange coupling for the [Fe'Y=0 Por’]" inter-
mediates of catalases or peroxidases (reviewed in ref 45). At pH
>7, the effective g values determined from the EPR spectrum of
the [Fe'V=0 Por’]" intermediate of NP2 were consistent with a
porphyrin radical with weaker ferromagnetic exchange coupling
to the ferryl moiety (Figure 1B), which hence results in a spec-
trum similar to that of the [Fe'"=0 Por"]" species in ascorbate
peroxidase (46).

An additional pH-induced and most probably correlated effect
was the identification of the [Fe'Y=0 Por](Tyr38") species,
formed after the [Fe'Y=0 Por’]" intermediate. Both signals con-
tributed to the EPR spectrum of NP2 at pH >7 (see Figure 1B),
with a higher yield of the [Fe'Y=0 Por](Tyr38") species at
basic pH. It is interesting that the formation of only the
[Fe'Y=0 Por"]" species at low pH and the equilibrium between
the [Fe'Y=0 Por"]" species and a [Fe'"=0 Por](Tyr38") radical
species at high pH in NP2 is reminiscent of the situation reported
for one of the isoforms of turnip peroxidase (TP7) from Brassicsa
napus roots (47). In the latter, the observed pH-induced change in
the strength of the ferromagnetic exchange coupling interaction
of the porphyrin radical was less drastic (see Figure 3 of ref 47),
because, as mentioned before, only the weak type of ferromag-
netic exchange interaction occurs in the more planar hemes of
peroxidases. Another difference between NP2 and TP7 is the fact
that the EPR signal of the Tyr" in TP7 did not show the broad
signal that results from the exchange coupling interaction
observed for the [Fe'Y=0 Por](Tyr") intermediate in NP2
(Figure 1D). The proposed site for the Tyr radical in TP7 is
not in such close contact with the heme as in the case of NP2;
i.e., it is within the second coordination sphere of the heme.

The fact that the [Fe'Y=0 Por](Tyr") species of NP2 was not
detected at pH <7 may be explained by a significant change in
the midpoint potential of the [Fe'Y=0 Por"]* species that makes
unfavorable the intramolecular electron transfer between Tyr38
and the porphyrin at low pH, or by the absence of the H-bonding
interaction between Tyr38 and the heme propionate-7 (which
would also modulate the oxidation potential of the Tyr), or
most probably by both. The possibility of a change in the
midpoint potential of the heme with a pH shift would agree well
with the observed weakening of the exchange coupling of the
[Fe™V=0 Por"|" species (see above). The absence of the H-bond of
Tyr38 to the propionate at pH < 7 agrees well with the crystal struc-
ture of the aqua complex of NP2 at pH 6.5, in which the distance
between the phenolic oxygen of Tyr38 and the carboxylic group of
propionate-7 is too long for a hydrogen bond (see Figure 2A).
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FIGURE 10: Electron density distribution in the two porphyrin orbi-
tals that could be the HOMO of the porphyrin zz-system and could
thus exist as sr-radicals for Compound I states of heme proteins: (left)
3a,,(or) orbital and (right) 1a,,(7) orbital.

Another interesting finding in this work concerns Tyr85, the
only substitute for the radical site that formed exclusively when
the naturally occurring site (Tyr38) was suppressed by the Y38F
mutation. Moreover, the double Tyr mutation that suppressed
both the primary and secondary radical sites in NP2 (Y38F/
Y85F double mutant) demonstrates that none of the other nine
Tyr residues can become an adventitious radical site. These
results indicate that NP2 has two well-defined Tyr sites but only
Tyr38 is the one stabilized in the native protein. This site could be
playing the role of alternative [Fe'Y=0 Por](Tyr") intermediate
for the peroxidase-like function of the protein. The situation is
relevant for an improved understanding of the cases of tyrosyl
and tryptophanyl radical intermediates in PGHS (4) and
KatGs (3, 48—50), respectively. In particular, recent studies of
isoforms 1 and 2 of human PGHS showed that Tyr504 is an
alternative site for the [Fe'Y=0 Por](Tyr385") species (4). It has
been proposed that Tyr504 enhances the cyclooxygenation
efficiency of PGHS, while Tyr385 is the radical site for the
peroxidase reaction with arachidonic acid. In the case of the
bifunctional catalase-peroxidases, a unique site (Trp106) for
the formation of the neutral and H-bonded Trp” was identified
in the Synechocystis KatG (48, 49). In B. pseudomallei KatG, the
Trp at the position equivalent to that of Synechocystis KatG
becomes the unique alternative site that stabilizes the Trp® only
when the three primary sites are suppressed by the triple mutant,
W330F/WI139F/W153F (50).

Role of Heme Ruffling in Determining the Strength of
the Exchange Coupling Interaction between the Porphyrin
Radical and the Fe'"=0 Species. The strong ferromagnetic
coupling of the porphyrin radical in the [Fe'Y=0 Por"]" species
observed in NP2 at low pH (Figure 1A) is atypical of heme
peroxidases. The hemes in nitrophorins are the most ruffled
among heme proteins containing noncovalently attached heme b
as active sites (see below), whereas the hemes in peroxidases are
relatively planar (5/—58). The distortion from planarity in
hemes, i.c., the ruffling, arises from the alternate raising and
lowering of the meso carbons, which leads to a rotation of the
pyrrole rings about the Fe—N bonds. The pH-dependent change
in the strength of the ferromagnetic coupling interaction of the
porphyrin radical in NP2, not observed in peroxidases, could
then be due to changes in the degree of heme ruffling in
nitrophorins. Ruffling is believed to be related to the water
molecules and/or Leu residues on the distal side of the heme, by
the orientation of the His57 imidazole plane, and by the “belt”
of mainly aromatic residues that surround the heme (8). The
double mutation of Leul22 and Leul32 to Val on the distal side
results in a less ruffled heme (/2) (PDB entry 1PM1). Modifica-
tions of the H-bonding interactions to the heme propionates could
also influence the ruffling. The crystal structure of NP2 at pH 7.7
(PDB entry 1EUO) shows that Tyr85 can form an H-bond to the
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carboxyl group of propionate-6 via a water molecule [water244
(see Figure 2, bottom)]. The EPR spectrum of the [Fe"Y=0 Por"]"
species in NP2 changed to one that agrees well with a weaker
exchange coupling interaction when the H-bond interaction was
suppressed by means of the Y85F mutation (see Figure 4B).
This effect is also in line with the observation that in the
nitrophorin isoform (NP4) containing a less ruffled heme, the
residue at the position equivalent to Tyr85 in NP2 is not conserved.

As mentioned before, the nitrophorins are the most ruffled
heme proteins that contain noncovalently attached heme
b (11, 12, 14—20). Ruffling of the heme leads to overlap of the
p- orbitals of the heme nitrogens with the d,, orbital of the metal,
such that electronic interaction between the porphyrin ay,()
orbital and the metal d,, orbital becomes allowed (59). Thus,
ruffling helps to stabilize the (dxz,dyz)‘l(d,\.y)1 electronic ground
state of low-spin d° ferrihemes, as we have reported in detail for
model ferriheme complexes (59—64), and recently in the cyanide
complexes of the nitrophorins (39, 65, 66). We have also
hypothesized that this stabilization is present in the NO adduct
of NP2, which would facilitate NO dissociation by preventing the
transfer of an electron from NO to Fe(IIl), because of orbital
orthogonality (9, 10). The same stabilization could hold true for
the low-spin d* Fe'Y=0 state, where two possible electron
configurations can exist for the low-spin (S = 1) case: the more
expected (dxy)z(dxz,dﬂ)2 or d,’ configuration and also the
possible (dﬂ,dyz)3(dxy)1 or d;dxy1 electron configuration. The
first would, like the (dxy)z(dxz,d_‘,z)3 configuration of low-spin d,
be expected to exist when the heme is planar, while the second,
like the (dxz,d},.z)“(dxy)1 configuration of low-spin d°, would be
expected to exist when the heme is ruffled (59). Thus, a low-spin
d® Fe(Ill) complex of a ruffled heme has strong bonding
interaction between the (filled) a,, () orbital and the half-filled
d,, orbital that leads to large spin delocalization to the nitrogens
and meso carbons by porphyrin — Fe m donation (59). In
contrast, the two parallel-spin electrons, in the metal d,, and
one of the d; orbitals, will lead to an antibonding interaction with
the unpaired electron in the s-system of the porphyrin in the
a,y(7r) orbital with spin parallel to the two metal electrons. This
will produce strong ferromagnetic coupling because the porphyrin
aoy(o) orbital has large coefficients on the porphyrin nitrogens
that match the symmetry of the d,, orbital (see Figure 10). In
contrast, if the porphyrin ring is flat, then neither of the two
potential HOMOs, a, () or a1,(7), has the proper symmetry to
interact with either the dy, or d, orbitals of the metal. Thus,
ferromagnetic coupling with a porphyrin radical will be weak,
and in principle, it would not matter which of these orbitals holds
the unpaired electron, although the nodes of the a; () orbital at
the porphyrin nitrogens mean that there would be less repulsion
between porphyrin and metal electrons if this orbital were used.
As it turns out, the [Fe'Y=0 Por’]" species observed for the
peroxidases and catalases typically have the electron hole in the
a,4(7) orbital (67) (Figure 10), while most model heme [Fe'Y=0
Por’]" radicals have the electron hole in the a,,() orbital
(24—27). We propose that the a,,(7) radical typically observed
for high-valent tetraphenylporphyrins is probably a result of
ruffling of the porphyrin ring, rather than being a result of the
presence of electron-withdrawing substituents on the phenyl rings
of tetraphenylporphyrins as previously proposed (34). Tetramesityl-
porphyriniron(I1I) complexes are well-known to be ruffled, for
example (9, 68). In the case of 5-(2-chloro-6-nitrophenyl)-10,15,20-
tris(2,6-dichlorophenyl)porphyrinato iron"=0 and 5-(2,6-dinitro-
phenyl)-10,15,20-tris(2,6-dichlorophenyl)porphyrinato iron'=0 (34),
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the 2-chloro-6-nitro and 2,6-dinitro substituents were un-
doubtedly too bulky to permit ruffling, thus making these
two complexes unique model hemes in having significant
apy(m) radical character. The a;.(w) radical complexes of
Ayougou et al. (28) and Fujii et al. (27) are also likely forced
to be planar (or saddled) by methyl substituents on one
p-pyrrole position of each pyrrole ring, while the porpholac-
tones of Weiss, Gold, Trautwein, et al. (34), although
based on the same tetramesityl- or tetrakis(2,6-dichlorophe-
nyl)porphyrin ring structure, simply have a different z-system,
which appears to be stabilized as the a; () form of the
[Fe'Y=0 Por"|" species.

In comparison to the more hindered of the model hemes
studied by Fujii et al. (27) and Weiss, Gold, Trautwein, et al.
(27, 34), the hemes of the nitrophorins are forced to ruffle because
of crowding by “distal pocket” and “belt” protein side chains
(R. E. Berry, A. Amoia, A. Weichsel, T. K. Shokhireva, M. N.
Shokhirev, W. J. Golden, H. Zhang, W. R. Montfort, and F. A.
Walker, manuscript to be submitted). These heme proteins are
seen to ruffle in all available crystal structures (17, 12, 14—20). In
this work, we have found that the [Fe'Y=0 Por"]" species formed
in NP2 at pH <7 is an a,. () radical state with strong
ferromagnetic coupling, while at pH >7, the a;,(r) radical state
is observed. Thus, it is important to identify the origin of such a
pH-dependent switch in the strength of ferromagnetic coupling.
This will require crystallization of NP2 at pH =8 and determina-
tion of the three-dimensional structure.

Peroxidase-like Reaction of NP2. The crystal structures of
NP2 currently available show that the heme environment is
substantially different from that of peroxidases (Figure 2, top).
NP2 lacks the key residues of the heme distal and proximal sides
that are involved in the formation of the high-valent Fe'V=0
species through the O—O bond cleavage of the bound hydrogen
peroxide, described as the “push—pull” effect (69). Specifically,
the Asp that acts as a H-bond acceptor from the N°H atom of the
His axial ligand of peroxidases makes the His imidazole nitrogen
a better electron pair donor and thereby provides the “push”
effect on the proximal side. The distal His of peroxidases serves as
a proton donor to the peroxide, and the negatively charged Arg
may polarize the O—O bond in the “pull” effect on the distal
side (70) [although recent work suggests the Arg may be more
important in stabilizing the ferryl oxo group (71, 72)]. Other
enzymes, such as cytochromes P450, can do the cleavage of the
O—0 bond with only the push effect of the axial thiolate, given
that they lack the His and Arg on the heme distal side (ref 69 and
references cited therein). In the case of NP2, there is no negatively
charged group that can accept the H-bond from the histidine
axial ligand to enhance the push effect, yet the crystal structure
shows a water molecule [waterl81 (see Figure 2)] at a very
suitable position for the water O to accept a H-bond from the
N°H group of His57 (axial ligand), which would certainly be
weaker than that of peroxidases. This water molecule is in turn
an H-bond donor to the carbonyl O of Asn68, which might
strengthen its acceptance of the H-bond from the N°H group of
His57 [it should be noted that NP1 and NP4 have Asp70 in place
of Asn68, yet the H,O molecule is conserved in those structures
over the pH range of 7.7—5.6 (15—20)]. This slight histidinate
character of the axial ligand in NP2, due to the weak H-bond
from His57 to the water molecule and to Asn68, may also
explain the observed lower stability of the [Fe'Y=0 Por’]"
species formed upon reaction with H,O,, in particular at pH 6
(see Figure 6).
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The higher stability of the [Fe'Y=0 Por']" intermediate, as
well as the much higher levels of peroxidase activity obtained with
peroxyacetic acid (Table 1), may be explained by the possible
donation of a hydrogen bond from a protonated heme propio-
nate to the carbonyl group of bound PAA, which could speed the
heterolytic breaking of the O—O bond to form the Compound I
species. In contrast, H,O, could not participate in such H-bonding
from a heme propionate, and this may slow the heterolytic
cleavage of the O—O bond.

Another consequence of the structural differences in the heme
active site of NP2 and peroxidases is that the binding site for
aromatic molecules, such as benzohydroxamic acid, that has been
identified in peroxidases (ref 32 and references cited therein)
cannot exist in NP2, because of the considerable differences on
the distal side (see above). Consequently, the fast and efficient
reaction of the [Fe'Y=0 Por’]" intermediate of NP2 with BHA
and norepinephrine shown in this work (see Figures 7—9) is most
possibly due to a relatively accessible heme distal side, if one
considers that histamine and norepinephrine can access and directly
bind to the heme ferric iron, albeit using opposite ends of the two
molecules (Supporting Information). Another interesting finding in
the peroxidase-like reaction of NP2 was the high reactivity of the
[Fe'Y=0 Por] (Compound II) intermediate with all three substrates.
The exception was histamine at pH 6, in which the characteristic
absorption spectrum of the [FeV=0 Por] species (Figure 9A, red
trace) was clearly detected within 10 s and did not further react with
the substrate at low pH. (However, this may be aided by proton-
ation of the imidazole nitrogen of histamine at pH 6.)

Peroxidases show differences in stability, reactivity, and
magnetic properties of their high-valent intermediates, but the
correlation between them is not well understood. For example,
the crystal structures of ascorbate and lignin peroxidases did not
reveal substantial differences that would explain the differences in
the exchange coupling interaction of their porphyrin radicals,
as shown by the EPR spectra of their [Fe'Y=0 Por’|" inter-
mediates (reviewed in ref 45). In addition, the [Fe'Y=0 Por’]"
species in lignin peroxidase is short-lived, as is the subsequent
[Fe'Y=0 Por](Trp") intermediate (38), in contrast to the relatively
stable [Fe'Y=0 Por"]" species of ascorbate peroxidase (46). Our
findings with NP2 open the possibility of analyzing the factors that
determine the reactivity of the high-valent intermediates under
conditions that better replicate those of mono- and bifunctional
peroxidases, and catalases (substrate access, heme environment,
Tyr or Trp sites for alternative reactive intermediates, and magnetic
properties of the heme), compared to those of the model complexes.

Peroxidase-like Function of Nitrophorins: A Comple-
mentary Biological Role for the Release of NO and Binding
of Histamine at Physiological pH?. The significant levels of
peroxidase activity of NP2, and the possibility of trapping and
characterizing the reactive intermediates of the peroxidase-like
reaction of the protein, led us to inspect the kinetics of a putative
reaction of NP2 with histamine and norepinephrine as a function
of pH (see Figure 11). The stopped-flow experiments clearly
showed a fast reaction of NP2 with norepinephrine (see
Figure 9C,D). Accordingly, when the preformed [Fe'Y=0 Por"] "
species of NP2 reacts with norepinephrine, the protein cycles
back to the ferric (resting) state within ~15 ms (see Figure 9).
Another remarkable difference of this reaction is the slow binding
of norepinephrine, which occurs exclusively at basic pH. Accord-
ingly, a further conversion of the ferric high-spin state [which
results from the reaction with norepinephrine (Figure 9D,
gray trace)] to that of the NP2—norepinephrine complex
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FiGURrE 11: Schematic representation of the intermediates formed
upon reaction of nitrophorin 2 (NP2) with peroxyacetic acid (PAA)
as identified by EPR spectroscopy characterization (Figures 1A,B
and 3). The proposed peroxidase-like reaction of NP2 with norepi-
nephrine as a substrate is based on the kinetic studies (Figure 9C,D
and Table 3).

[ferric low-spin (Figure 9D, dark red trace)] was observed
exclusively at pH 8. The reaction with histamine at pH 8 was
considerably slower than with norepinephrine, and the resulting
species was the ferric NP2—histamine—imidazole (low-spin)
complex (Figure 9B, dark red trace). Accordingly, a selective
and more efficient peroxidase-like reaction of NP2 with norepi-
nephrine is expected to occur if both histamine and norepinephr-
ine are present in the host blood. Norepinephrine is secreted
directly into the blood by the adrenal glands in response to a
stress such as pain or anxiety, in a hormonelike action. The
effect of norepinephrine is then to increase heart rate and blood
pressure and to open up the air passages to the lungs of the host.
In contrast, histamine is part of the immune response of the host.
The biological implications of our findings are that in the
presence of hydrogen peroxide, the peroxidase-like reaction of
NP2 with histamine and norepinephrine as substrates may be by
far a more efficient strategy for counteracting the host response
to the injection of the insect saliva. Effectively, the fast reaction of
NP2 at physiological pH would facilitate the deactivation of a
higher number of norepinephrine and histamine molecules per
protein molecule, as compared to the one-to-one capturing
effect (binding to the heme iron) by the ferric protein. Hence, we
conclude that the peroxidase-like activity of NP2 and its NO
binding and release and histamine binding capabilities are the key
protein functions that are biologically relevant in nitrophorins.

CONCLUSIONS

We have identified and characterized the unprecedented per-
oxidase-like function of nitrophorin isoform 2. The specific acti-
vity measured with typical peroxidase substrates was comparable
to that of the bifunctional peroxidases (KatGs). The complemen-
tary information obtained from EPR spectroscopy and stopped-
flow electronic absorption studies allowed us to discriminate
three intermediates, [Fe'Y=0 Por"]", [Fe'Y=0 Por](Tyr"), and
[Fe'=0 Por] (Compound II). The [Fe'Y=0 Por"]" species was
predominant at pH <7 and exhibited a strong ferromagnetic
exchange coupling of the porphyrin radical with the ferryl iron. The
strong ferromagnetic interaction is unprecedented in heme per-
oxidases and catalases. Site-directed mutagenesis combined with
EPR spectroscopy allowed us to identify an [Fe"=0 Por](Tyr")
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species formed subsequent to the [Fe'Y=0 Por"]" species at pH >7,
with the radical site being the Tyr residue (Tyr38) in a H-bonding
interaction with heme propionate-7. The Y38F variant showed that
when the naturally occurring radical site is suppressed, the Tyr
residue (Tyr85) in an indirect H-bonding interaction with the other
heme propionate is the only alternative radical site. On the basis of
such peculiarities of the NP2 intermediates, the protein provides an
excellent model system for studying and better understanding
the more complex cases of other heme bifunctional enzymes such
as PGHS and KatGs. The kinetic studies with NP2 revealed that
the [Fe™Y=0 Por"]" species can react with both histamine and
norepinephrine in a peroxidase-like manner. We propose that the
efficient reaction of NP2 with norepinephrine at physiological pH
is indicative of an alternative strategy for neutralizing the effect of
norepinephrine, a molecule that is released into the bloodstream as
a consequence of the insect bite. Hence, the nitrophorin behaves as
a NO carrier when exposed to the acidic pH of the insect saliva. If
exposed to the higher pH of the tissues and the capillaries, NP2 in
its ferric state will either capture histamine or, in the presence of
hydrogen peroxide, efficiently inactivate norepinephrine through a
peroxidase-like reaction.
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