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Yeast cytochrome c peroxidase was used to construct a model for the reactions catalyzed by the second
cycle of nitric oxide synthase. The R48A/W191F mutant introduced a binding site for N-hydroxyguani-
dine near the distal heme face and removed the redox active Trp-191 radical site. Both the R48A and
R48A/W191F mutants catalyzed the H2O2 dependent conversion of N-hydroxyguanidine to N-nitrosogua-
nidine. It is proposed that these reactions proceed by direct one-electron oxidation of NHG by the Fe+4@O
center of either Compound I (Fe+4@O, porph+�) or Compound ES (Fe+4@O, Trp+�). R48A/W191F formed a
Fe+2O2 complex upon photolysis of Fe+2CO in the presence of O2, and N-hydroxyguanidine was observed
to react with this species to produce products, distinct from N-nitrosoguanidine, that gave a positive Gri-
ess reaction for nitrate + nitrite, a positive Berthelot reaction for urea, and no evidence for formation of
NO�. It is proposed that HNO and urea are produced in analogy with reactions of nitric oxide synthase
in the pterin-free state.

� 2010 Elsevier Inc. All rights reserved.
1 Abbreviations used: CcP, cytochrome c peroxidase; CCP(MKT), cytochrome c
peroxidase produced by expression in Escherichia coli containing Met-Lys-Thr at the
Heme enzymes are capable of a diverse range of oxidative reac-
tions defined by the chemistry inherent in the heme cofactor and
the way in which substrates are allowed to access reactive inter-
mediates. Examples range from peroxidases, which utilize electron
transfer to initiate radical mediated substrate oxidation [1], to the
highly energetic oxo-transfer reactions typified by thiolate coordi-
nated heme monooxygenases [2–5]. Many of these reactions are
believed to proceed through oxidized heme-centered intermedi-
ates similar to the Compound I (Fe+4@O, porph+�) state, which
has been extensively characterized in heme peroxidases [6–9]
but has been more elusive for P450s and nitric oxide synthase
(NOS) [10–14]. This is particularly true for NOS, where unfavorable
kinetics and high reactivity have precluded the direct observation
of the reactive intermediates and their reactions with substrate
[15–17]. Thus, many of the mechanistic proposals about NOS been
inferential in nature and correspondingly hard won [15,18–20]. It
may thus be of interest to make comparisons of the reactions be-
tween the well characterized oxidized intermediates of peroxi-
dases and NOS substrate analogs, as this may shed some light on
the generality of the NOS catalyzed chemistry or how differences
between enzymes define their unique catalytic properties. How-
ever, native peroxidases do not bind small molecules in analogy
with the arginine and N-hydroxyarginine (NHA) substrates of
NOS, so their direct reaction with the well characterized heme
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intermediates is not possible. Yet, it has been shown that the con-
served distal arginine can be removed from cytochrome c peroxi-
dase (CcP)1 to introduce an engineered small molecule binding
site by cavity complementation [21], allowing some useful com-
parisons to be made.

Each of the three main isoforms of mammalian NOS, which con-
tain a tetrahydrobiopterin (H4B) in addition to the heme at the ac-
tive site, catalyze the two-cycle oxidation of arginine to produce
NO� and citrulline [22,23]. In the first cycle, the ferric heme of
the arginine-bound enzyme is reduced to the ferrous state by the
reductase domain, allowing binding of O2 (Scheme 1). The Fe+2O2

complex then undergoes a second one-electron reduction from
H4B [24,25] to give a proposed Compound I (Fe+4@O, porph+�) inter-
mediate [26], which produces N-hydroxyarginine (NHA) in a reac-
tion that is analogous to that catalyzed by cytochrome P450s. In
the second enzyme cycle, N-hydroxyarginine is further oxidized
to give NO� and citrulline, but the mechanistic details are less well
understood. As with the first cycle, a second electron is provided to
reduce the Fe+2O2, and both NHA and H4B have been proposed to
play this role [27]. The chemical nature of the reactive intermedi-
ate (labeled X in Scheme 1) for the second cycle is also uncertain,
N-terminus, Ile at position 53, and Gly at position 152; CN-orn, Nd-cyanoornithine;
NHA, Nx-hydroxyarginine; NHG, N-hydroxyguanidine; NOS, nitric oxide synthase;
R48A/W191F, CcP mutant in which Arg-48 is replaced by Ala and Trp-191 is replaced
by Phe; WT, wild type CcP; SVD, singular value decomposition; Carboxy-PTIO, 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide.
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Scheme 1. Reaction cycle of nitric oxide synthase.
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but a nucleophilic ferric–peroxo complex coupled to either the
NHA� or H3B� radical has received the most attention (Scheme 1)
[16,28,29], while other studies have not excluded a Compound I
like intermediate [15]. The ferric–peroxo complex combined with
the presence of the radical allows for the three-electron conversion
of NHA to NO�. In the absence of the additional radical, for example
with pterin-free NOS [15,27] or in reactions of the ferric enzyme
with H2O2 [15], the two-electron product HNO or ferrous nitrosyl
is observed. However, despite much incisive work and many recent
advances, many details of the basic reactions involved in conver-
sion of NHA to products by NOS remain shrouded in uncertainty,
and a better understanding of analogous reactions for similar sys-
tems might be useful for comparative purposes.

We have previously described a cavity complementation mu-
tant (R48A) of CcP in which Arg-48 is replaced by Ala to generate
an artificial cavity that was shown to bind and oxidize N-hydroxy-
guanidine (NHG) [21]. CcP is a histidine coordinated heme peroxi-
dase which carries out the H2O2 catalyzed oxidation of cytochrome
c (cyt c) [30]. Reaction of the ferric enzyme with H2O2 affords a
remarkably stable Compound ES which contains Fe+4@O and a cat-
ion radical on nearby Trp-191 [7–9]. Introduction of the R48A cav-
ity allowed binding of NHG at the position of the removed arginine
side chain, which is similar to the location of the NHA binding site
above the distal heme of NOS. The R48A mutant slowed, but did
not abolish the ability of the enzyme to react with H2O2 to form
Compound ES, and it was found that R48A catalyzed the H2O2

dependent oxidation of NHG to a product identified as N-nitroso-
guanidine. No reaction was observed with WT CcP or with guani-
dine, and no evidence was observed for production of NO�, urea,
or cyanamide, the products expected for reactions analogous to
the second cycle of NOS. There are important differences between
this simple R48A model and NOS which may give rise to the ob-
served alternate reactions. Clearly the identity of the proximal
heme ligand may exert significant control over the formation and
reactivity of reaction intermediates. In addition, the ability of
NOS to resist peroxy bond cleavage while CcP is designed to pro-
mote this cleavage may also play a key role. In this regard it is
noted that Arg-48 of CcP directly assists peroxy bond cleavage
[31], while it has been recently proposed that protonation of the
proximal peroxy oxygen atom by bound NHA in NOS may help pre-
vent its cleavage [32]. Thus it may be a key issue to examine
cleaved and un-cleaved ferric peroxy states of model systems for
chemical similarity to the reactions of NOS. The Compound ES
intermediate formed by reaction of R48A with H2O2 contains the
ferryl center (Fe+4@O) and a radical on Trp-191 instead of the more
common Compound I (Fe+4@O, porph+�) as proposed for P450 and
NOS. Finally, a stable Fe+2O2 complex is not accessible in CcP be-
cause facile electron donation from Trp-191 causes its rapid reduc-
tion and decay through a series of unstable oxidized intermediates
[33]. In this work we report on the properties of the R48A/W191F
double mutant, which provides an elaborated model for the active
site of NOS by providing an NHG-binding site, an accessible Fe+2O2

complex, and a Compound I intermediate that more closely
approximates that proposed for NOS. The similarities and differ-
ences in reactivity of this mutant is discussed in light of the pro-
posed mechanisms for NHA oxidation in the second reaction
cycle of NOS.
Materials and methods

CcP expression and purification

The R48A/W191F mutant of CcP was constructed by site-direc-
ted mutagenesis of pT7CCP using the QuikChange site-directed
mutagenesis kit (Stratagene) and was over-expressed in Escherichia
coli BL21 (DE3). The R48A/W191F mutant was purified as de-
scribed previously [34].
Formation of the ferrous–oxy complex of R48A/W191F CcP

Crystals of the enzyme were dissolved in 0.5 M potassium phos-
phate buffer at pH 6.0. Enzyme concentration was calculated from
the molar extinction of the ferric enzyme at the Soret maximum, as
determined by the hemochromogen method [35]. The molar
extinction coefficient for the ferric enzyme in 100 mM KPi, pH
6.0, 23 �C is e409 = 105 cm�1 mM�1. The method for creating the
Fe+2O2 complex was based on that of Miller et al. [36] with minor
alterations. Briefly, a solution of ferric protein (5–20 lM) was pre-
pared in 100 mM KPi buffer, pH 6.0 in a 1 cm path-length sealed
quartz cuvette. The sample was converted to the Fe+2CO complex
by reduction with 1.5 equivalents of dithionite from a calibrated



Fig. 1. Active site model for the NHG-binding variant R48A/W191F of CcP based on
the structure of the NHG bound state of R48A (pdb code 1DJ5).
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stock solution under a CO atmosphere, and formation of the Fe+2CO
ferrous complex was monitored by absorption at 420 nm. CO was
then exchanged for O2 by bubbling in the dark for 5 min, followed
by CO photolysis by a water-filtered 75 W Xe light source for 10 s.
Formation of Fe+2O2 was monitored a blue shift of the Soret band
back to 416 nm.

Spectrometry and kinetic measurements

UV–visible absorption spectra were collected at 23 �C using a
Hewlett–Packard 8435 diode array spectrometer. For binding titra-
tions, a solution of approximately 5 lM protein was equilibrated in
100 mM KPi buffer at pH 6.0 for 30 min. Spectra were then re-
corded at equilibrium, following the addition of small aliquots of
ligand also corrected to pH 6.0. Dissociation constants and cooper-
ativity were determine using Scatchard and Hill plots. Kinetic spec-
trometric measurements were conducted using the kinetics
module of the Hewlett–Packard 8435 diode array spectrometer,
or an OLIS RSM1000 rapid-scan stopped flow instrument. Fits to
kinetic data were performed using SpecFit.

NO analysis

Following reaction of the Fe+2O2 or Compound I states of R48A/
W191F with ligand, two methods were used for detection of nitro-
gen oxides. First, the Griess reaction was used as previously de-
scribed to analyze for total nitrate and nitrite, the breakdown
products of NO under aerobic conditions [21]. Nitrate was first con-
verted to nitrite using nitrate reductase and NADH for 20 min at
37 �C before performing the Griess assay, and reaction was mea-
sured by absorbance at 540 nm. The linearity of response was
established by using standard solutions.

Analysis for NO was also performed using the NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
(carboxy-PTIO)[37,38]. Conversion of carboxy-PTIO,a nitronylnitrox-
ide to the imino nitroxide by NO was monitored by room temperature
EPR. Carboxy-PTIO was purchased from Alexis Biochemical Corpora-
tion and used without further purification. The ferrous–oxy complex
of 20 lM R48A/W191F CcP was prepared in the presence or absence
of 500 lM NHG as described above. Carboxy-PTIO was added to the
reaction cuvette after bubbling the solution with O2 and prior to pho-
tolysis to prevent reaction with residual dithionite. Control conver-
sion of PTIO to the imino nitroxide was performed by addition of
known aliquots of NO solution. EPR spectra were recorded on a Bru-
ker EMX X-band spectrometer using a TE102 rectangular cavity at
room temperature, using a 19 bore quartz micro-capillary sample
cell. EPR spectra were acquired at a frequency of 9.68 GHz and
10 mW microwave power, 1.0 G modulation amplitude at 100 kHz.

Urea analysis

The Berthelot reaction [39] was used to analyze reactions con-
taining R48A/W191F Fe+2O2, produced by photolysis of Fe+2CO in
the presence of O2, and NHG for formation of urea. In this case,
an excess of enzyme (10 lM NHG, 20 lM enzyme) was used to
cause complete conversion of NHG to products. Formation of the
Fe+2O2 complex in 100 mM KPi pH 7 was verified by monitoring
UV/vis during photolysis and the incubations with NHG were al-
lowed to proceed for 360 s before analysis for urea. Protein was re-
moved from the samples by ultra-filtration, and 5 U urease were
added before incubation at 50 �C for 30 min. To a 1 ml aliquot of
the resulting solution was added 100 ll of a solution containing
0.74 M phenol and 1 mM sodium nitroprusside, and 200 ll of a
solution containing 0.37 M NaOH, 0.4 M Na2HPO4 and 1% NaOCl.
After incubation for a further 30 min at 50 �C, formation of indo-
phenol was measured at 636 nm and urea concentrations deter-
mined from standard curves containing known amounts of urea
and/or NH4.
Results

R48A/W191F properties and ligand binding

The R48A/W191F double mutant (Fig. 1) was constructed to
combine the NHG-binding cavity of R48A with a variant of the en-
zyme capable of forming alternate oxidized intermediates in order
to explore potential differences in reactivity. Titration of R48A/
W191F CcP with NHA, guanidine or arginine resulted in only small,
non-saturating optical changes indicating a lack of interaction be-
tween the ligand and the cavity. However, addition of NHG re-
sulted in a dramatic perturbation of the heme optical spectrum
as shown in Fig. 2. Clear isosbestic points were observed at 340,
412, 475, 530, and 605 nm indicating a two-state conversion asso-
ciated with a red shift of the Soret band from 409 to 415 nm cou-
pled with a decrease in intensity of the charge transfer bands at
508 and 640 nm and the appearance of a/b bands at 541 and
570 nm. These changes are consistent with the NHG induced con-
version from high- to low-spin as was observed for the R48A single
mutant upon binding of NHG [21]. The spin-state change is consis-
tent with conversion from 5- to 6-coordinate heme, suggesting
that NHG binds directly to the ferric iron, as was observed for
the R48A single mutant. Fits to the titration data of Fig. 2 showed
that NHG binds to R48A/W191F with somewhat higher affinity
(Kd = 3.37 mM) than to R48A (Kd = 8.48 mM).
NHG oxidation by the peroxide shunt pathway

R48A/W191F was observed to react with H2O2 to give a tran-
sient Compound I species which was capable of oxidizing NHG
but not guanidine. As shown in Fig. 3, reaction of R48A/W191F
with H2O2 in the absence of NHG produced a rapid bleaching of
the Soret absorbance at 408 nm followed by a slower partial recov-
ery. SVD analysis of 1 ms spectral scans using a sequential A > B > C
model gave component spectra with Soret absorbance maxima at
408, 408 (bleached), and 414 nm, consistent with species contain-



Fig. 2. Binding of NHG to the R48A/W191F CcP mutant. Optical difference spectra
for R48A/W191F (5 lM) in 100 mM KPi pH 6.0, 2 ml volume upon successive
additions of 5 ll of 500 mM NHG (corrected to pH 6.0).

Fig. 3. Formation and decay of Compound I following reaction of R48A/W191F CcP
with H2O2 by rapid-scan stopped flow mixing of 5 lM protein against 20 lM H2O2

in 100 mM KPi pH6, 25 �C. Data analysis by single value decomposition using a
model for sequential conversion of three species, A, B and C, produced the spectra
and time courses shown in the lower and upper panels, respectively, and represent
the ferric, Compound I and Compound II states. Pseudo-first order rate constants for
the formation of Compound I are plotted as a function of H2O2 (inset) to give a
bimolecular rate of 2.96 � 106 M�1 s�1.

Fig. 4. Effect of NHG on the decay of R48A/W191F Compound I. Compound I was
formed as described in Fig. 3 in the presence of 20 (red), 40 (blue), 80 (magenta),
160 (green) and 320 (orange) lM NHG. Shown in the inset are the substrate
dependent rates for conversion of Compound I to Compound II for R48A/W191F
(blue) and WT CcP (magenta) to give bimolecular rate constants of 1.73 � 105 and
2.8 � 101 M�1 s�1, respectively. (For interpretation of color mentioned in this figure
the reader is referred to the web version of the article.)
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ing high-spin ferric heme (A), Compound I (Fe+4@O, porph+�) (B),
and Compound II (Fe+4@O) (C), respectively. The H2O2 dependent
bimolecular rate constant for R48A/W191F Compound I formation
(k1 = 3.0(6) � 106 M�1 s�1) was about 3-fold higher than that ob-
served previously for R48A Compound ES formation (k1 =
1.33 � 106 M�1 s�1) [21]. In the absence of NHG, formation of Com-
pound I was followed by a slower H2O2 independent conversion to
Compound II with a rate of 0.95(6) s�1 which was then stable for
many minutes. However, the presence of NHG, but not guanidine,
caused a marked acceleration in the rate of recovery in the absor-
bance at 408 nm which may result from the reaction of NHG with
either the Compound I or Compound II species. As shown in Fig. 4,
the rate of return to the ferric state was dependent on NHG con-
centration, giving a bimolecular rate constant of 1.7(4) �
105 M�1 s�1. NHG did not cause a corresponding increase in the
rate of decay of Compound ES for WT CcP, indicating that this reac-
tion was specific for NHG-binding within the R48A cavity. The
reaction of R48A/W191F Compound I with NHG afforded a yellow
product. After allowing solutions containing 5 lM R48A/W191F,
1 mM NHG and 1 mM H2O2 in 50 mM KPi, pH 6 to react at 25 �C
for 10 min, the enzyme was removed by ultra-filtration and the
solution gave absorption spectra (Fig. 5) with maxima at 260 and
400 nm, essentially identical to spectra for the products of analo-
gous reactions of the R48A single mutant with NHG and H2O2. This
product was previously identified as N-nitrosoguanidine, and these
results thus suggest that the same species is produced by both
R48A and R48A/W191F in reactions of NHG with H2O2.
NHG oxidation via the Fe+2O2 complex

Formation of the Fe+2O2 state for R48A/W191F in the absence of
NHG was achieved by photolysis of the Fe+2CO complex (absorp-
tion maxima at 423, 542, and 570 nm) in the presence of O2 satu-
rated buffer (Fig. 6A). Immediately following photolysis, the Fe+2CO
complex was converted to a species with peaks at 416, 545 and
580 nm which decayed slowly back to the ferric state over a period
of approximately 1 h at room temperature. Multiple isosbestic
points in the visible and Soret region during this conversion indi-
cate that no significant accumulation of intermediates occurred
during the reaction. Assignment of this species to the Fe+2O2 com-
plex was based on the similarity of its optical spectrum to those of
the analogous species for the W191F single mutant [36] and horse-
radish peroxidase (HRP) [40]. The rate of auto-oxidation of the
Fe+2O2 complex was found to be 9.4 � 10�4 s�1 at 25 �C. No evi-
dence for the formation of a stable Fe+2O2 complex was observed
for either the R48A single mutant or WT CcP, which instead form
Compound ES following the rapid reduction of Fe+2O2 by Trp-191
[36]. Formation of the R48A/W191F Fe+2CO and Fe+2O2 complexes
were also observed in the presence of NHG. However, the decay of
Fe+2O2 to the ferric state was accelerated by NHG in a concentra-



Fig. 5. UV/vis absorption spectrum of the product following reaction of 5 lM R48A/
W191F with 1 mM H2O2 in the presence of 1 mM NHG. After incubation at 25 �C for
30 min the protein was removed by ultra-filtration before recording the spectrum.

Fig. 6. Formation and decay of the Fe+2O2 complex of R48A/W191F. (A) UV/vis
spectra of 10 lM R48A/W191F in 100 mM KPi pH 6.0 in the Fe+3 (solid black),
Fe+2CO (red dash) and Fe+2O2 (blue dot dash) formed after photolysis of the Fe+2CO
complex in the presence of O2. (B) Visible absorption region showing the conversion
of the Fe+2CO complex (red dash) to Fe+2O2 upon photolysis and is subsequent
decay back to the resting Fe+3 state over approximately 1 h (black). (For interpre-
tation of color mentioned in this figure the reader is referred to the web version of
the article.)

Fig. 7. Kinetics for the reaction of NHG with the Fe+2O2 complex of R48A/W191F.
Absorbance at 408 nm representing the recovery of the Fe+3 state following
photolysis of the Fe+2CO complex in the presence of O2 and 50 lM NHG. Fit to a
single exponential (solid curve) gave kobs which is shown as a function of NHG and
guanidine concentration (inset) to give the bimolecular rate constants reported in
the text.
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tion-dependent manner, suggesting a reaction between NHG and
the Fe+2O2 complex. As shown in Fig. 7, the reaction of NHG with
the Fe+2O2 state was exponential and dependent on NHG concen-
tration, giving a bimolecular rate constant of 29.2 M�1 s�1, while
the presence of guanidine had no observable effect on the slow
auto-oxidation rate. Analogous reactions showed that NHG did
not react with the Fe+2O2 complex of the W191F single mutant.
For example, the absorbance (A408 = 0.453) immediately after for-
mation of the Fe+2O2 complex did not change significantly
(A408 = 0.457) after 60 s reaction with 200 lM NHG.

In the presence of the R48A/W191F Fe+2O2 complex, NHG was
converted to nitrogen oxide product(s) distinct from that produced
in reactions with H2O2. Unlike the case for the reaction with H2O2,
no yellow product was observed following ultra-filtration to re-
move protein, suggesting that N-nitrosoguanidine is not formed
in the reaction with R48A/W191F Fe+2O2. In addition, nitrogen oxi-
des were detected in samples following the reaction of R48A/
W191F Fe+2O2 with NHG. Analysis for total nitrite + nitrate, the
aerobic breakdown products of NO� and HNO, was performed using
nitrate reductase and the Griess reaction [21]. As shown in Fig. 8,
reactions of NHG with the R48A/W191F Fe+2O2 complex produced
significantly higher levels of nitrite + nitrate relative to control
reactions of WT or W191F. In addition, this positive Griess reaction
was dependent on the presence of both NHG and the Fe+2O2 state.
Together, these results show that NHG in the presence of the
Fe+2O2 state of R48A/W191F, binds to the R48A cavity and reacts
to give products that give a positive Griess reaction. Further anal-
ysis suggests that HNO and urea may be produced in the reaction
of the R48A/W191F Fe+2O2 complex with NHG. The positive Griess
reaction without production of N-nitrosoguanidine, suggested that
the reaction may initially produce either NO� or HNO. However,
several methods failed to detect the formation of NO� in these reac-
tions. UV/vis spectra of the enzyme following reaction showed fi-
nal return to the ferric state, without evidence for formation of
the Fe+3NO or Fe+2NO complexes. Attempts to detect NO� using
an NO-specific electrode during photolysis of R48A/W191F Fe+2CO
in the presence of O2 and NHG were also unsuccessful. Finally, the
nitric oxide scavenger carboxy-PTIO was used to analyze reactions
for transient NO� production. Carboxy-PTIO is a nitronyl nitroxide



Fig. 8. Analysis for total nitrate and nitrite formed in reactions of WT, W191F, and
R48A/W191F with NHG. Samples of enzyme (5 lM) were converted to the Fe+2O2 or
Fe+2CO complexes as described in Methods and Fig. 6 and incubated in the presence
or absence of 200 lM NHG for 30 min before removal of protein by ultra-filtration
and analysis of the filtrate for total nitrate and nitrite using nitrate reductase and
the Griess reaction. Total product measured by this assay was normalized using a
standard curve for nitrate.
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which reacts rapidly with NO� to form the corresponding imino
nitroxide [37,38]. Both of these compounds give distinct electron
paramagnetic resonance (EPR) signals, allowing detection of tran-
siently formed NO�. However, as shown in Fig. 9, photolysis of
the R48A/W191F Fe+2CO complex in the presence of O2, NHG and
carboxy-PTIO failed to give evidence for the conversion of the
nitronyl nitroxide to the imino nitroxide, while addition of NO� to
the reactions produced the expected change in EPR signal. Taken
Fig. 9. EPR analysis for NO� formation during reaction of Fe+2O2 complex of R48A/
W191F with NHG. A reaction mixture containing 20 lM R48A/W191F and 500 lM
NHG and 10 lM PTIO was prepared in the Fe+2O2 state allowed to react for 20 min
before recording the RT EPR spectrum at room temperature. The signal (black)
shows only the 5 hyperfine transitions corresponding to the un-reacted PTIO
nitronyl nitroxide and no evidence for the imino nitroxide (red) which was
produced by subsequent addition of excess NO to the solution. (For interpretation of
color mentioned in this figure the reader is referred to the web version of the
article.)
together these results suggest that HNO may be the species
responsible for the positive Griess reaction, given that neither
NO� nor N-nitrosoguanidine is observed. Finally, analysis of reac-
tion mixtures suggested formation of urea in the reaction of
R48A/W191F Fe+2O2 complex with NHG. Urea would be the ex-
pected product if the reaction was analogous to the NOS catalyzed
oxidation of NHA to form either NO� or HNO and citrulline [16]. Fol-
lowing reaction of 20 lM R48A/W191F Fe+2O2 with 10 lM NHG,
analysis using urease and the Berthelot [39] reaction gave 7.8 lM
urea in the sample. Cyanamide, the analog of cyanoornithine,
which has also been observed in reactions of NOS driven by the
peroxide shunt, was not observed to give a positive Berthelot reac-
tion, suggesting that the analysis is specific for urea and not
cyanamide.
Discussion

The reactions carried out by the second cycle of NOS in which
NHA is converted to NO� and citrulline are the least well under-
stood aspects of this important enzyme. This is due in part to the
instability of the proposed oxidized intermediates, and in conse-
quence, their identity and reactions have been difficult to study di-
rectly. While there are many important differences between the
active site of NOS and classic peroxidases, including the identity
of the axial heme ligand, it would nevertheless be of interest to
examine the reactivity of the well characterized intermediates of
a peroxidase with NOS substrate analogs. While this is not possible
with wild-type peroxidases due to their inability to bind substrates
in a position analogous to NOS, engineered binding sites provide an
approach for this.
Reactions of R48A/W191F with hydroxyguanidine

Several interesting comparisons can be made between the reac-
tions of R48A/W191F CcP and those of the second reaction cycle of
NOS. Like the R48A single mutant, R48A/W191F retains the capac-
ity to bind NHG, but not guanidine due to cavity complementation
as a result of the removal of the Arg-48 side chain [21]. In addition,
replacement of the Trp-191 radical site with phenylalanine pre-
vents participation of the Trp-191 radical in this engineered
NHG-binding cavity mutant. This changes the nature of the oxi-
dized intermediate formed upon reaction of the ferric enzyme with
H2O2. Thus, rather than forming a Compound ES like state (Fe+4@O
Trp+�) as observed for WT CcP and R48A, the R48A/W191F mutant
is observed to give an intermediate similar to Compound I (Fe+4@O,
porph+�) as seen in HRP, and proposed for P450 and in the first reac-
tion cycle of NOS. In addition, removal of the redox active Trp-191
allows observation of the Fe+2O2 state, which is not accessible in
WT CcP [36]. These two properties give rise to a novel opportunity
to examine the reactions of oxidized states of the heme with a
hydroxyguanidine compound bound in the distal heme cavity, a
context that is similar to that for the reactions of the second reac-
tion cycle of NOS.

A proposal for the reactions observed between NHG and R48A/
W191F that is consistent with the results of this work is presented
in Scheme 2. R48A and R48A/W191F react with H2O2 to produce
analogs of Compound ES and Compound I, respectively, as has been
well characterized for WT CcP and W191F. These species have the
potential to produce a two-electron oxidation of substrate, but
vary in the location of the radical species coupled to the Fe+4@O
center. Both of these species react with NHG to produce the same
product, previously shown to be N-nitrosoguanidine [21]. This
reaction only proceeds in the context of the R48A mutation, sug-
gesting that it is the result of the localization of NHG within in
the distal R48A cavity, as shown by X-ray crystallography. It was
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proposed that each reaction with H2O2 oxidizes NHG by one-elec-
tron to produce a radical, two of which subsequently dispropor-
tionate to give N-nitrosoguanidine [21]. In the current work, the
observation of the same product for both the Compound ES
(R48A) and Compound I (R48A/W191F) analogs of this reaction
suggests that it is the Fe+4@O center and not the position or iden-
tity of the racial species that is responsible for this reaction. This
supports the notion that the Fe+4@O center itself catalyzes the
one-electron oxidation of NHG bound in the R48A cavity, and addi-
tionally suggests that the other oxidation equivalent held in Com-
pound I or Compound ES is lost to an unknown location in each of
these reactions (Scheme 2).

The R48A/W191F double mutant also allows accumulation of
the Fe+2O2 state, which reacts with NHG to produce products that
suggest some similarity with reactions of NOS in the pterin-free
form, or when driven by the peroxide shunt [27,29]. NHG acceler-
ates the decay of the Fe+2O2 state to form product(s) which give a
positive Griess reaction. However, no evidence was seen for forma-
tion of NO� or N-nitrosoguanidine (which also produces a positive
Griess reaction), suggesting the possible formation of HNO. Evi-
dence for the formation of urea was also observed in this reaction,
which would be the product analogous to the NOS catalyzed con-
version of NHA to citrulline [16]. The reaction only proceeds for
R48A/W191F and not W191F, suggesting that it requires the
R48A binding cavity above the distal heme plane. The reaction with
the Fe+2O2 state has the potential to produce a three-electron oxi-
dation of substrate, but the proposed formation HNO and urea sug-
gests that only two oxidation equivalents are used in the reaction.
One possibility for this could result from a slow, one-electron leak-
age into the Fe+2O2 state from an alternative reducing agent, such
as a distant tyrosine residue before reaction with NHG. This would
produce a species equivalent to the ferric–peroxo complex, and in
the context of the of CcP active site this complex would most likely
decay rapidly by heterolytic peroxy bond cleavage to form
Compound I. However, this would then be expected to react with
NHG to give the same products as seen in the reaction of ferric en-
zyme with peroxide, and this is at variance with our observations.
In addition, slow electron leakage into the Fe+2O2 state before reac-
tion with NHG would not explain the NHG dependent acceleration
of the Fe+2O2 decay. Thus, we propose that our data are most con-
sistent with the model proposed in Scheme 2 in which NHG itself is
the electron donor to the Fe+2O2 state to form an NHG radical and
an enzyme intermediate equivalent to the ferric–peroxo complex.
It is possible that this is followed by nucleophilic attack of the fer-
ric–peroxo complex on NHG. as has been proposed for NOS
[15,16,20,28,41], but it is considered more likely that in the context
of the CcP active site, the ferric–peroxo state would rapidly form
Compound I. One-electron oxidation of the NHG. radical by the
Fe+4@O center of Compound I with loss of the second equivalent
as proposed above for the reaction with peroxide could produce
the proposed products HNO and urea in an overall two-electron
oxidation of NHG. The fact that no intermediates are observed in
the conversion of the Fe+2O2 state to the resting enzyme would
be consistent with electron donation from NHG as the rate limiting
step.

Relevance to reactions of NOS

As indicated in Scheme 1, several proposals have been made
about the reactive species responsible for the three-electron con-
version of NHA to NO� and citrulline. These primarily differ in the
source of the second electron used for reduction of the Fe+2O2 state.
Early studies proposed NHA as the source of this second electron,
while more recent studies have favored electron donation from
the pterin [16,27–29,32]. In addition it has not been clear whether
the reactive species (X in Scheme 1) corresponds to a Compound I
like state or an un-cleaved ferric hydroperoxo intermediate [15].
Current proposals favor the later which is believed to make a cova-
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lent adduct with NHA by nucleophilic attack of the distal peroxy
oxygen atom (Scheme 2). It is of note that reaction of pterin-free
NOS, or ferric NOS with H2O2 produce the alternate products
HNO or heme-bound nitrosyl (Fe+2NO) and a mixture of citrulline
and cyanoornithine, suggesting that participation of the H3B� radi-
cal may play a role in controlling whether NO� or HNO is produced
[27,41–43]. It is possible that the reactions of pterin-free NOS
forms these alternate products in reactions that are analogous to
those we have described for the R48A/W191F Fe+2O2 state. Specif-
ically, if pterin is not present to provide the second electron to the
Fe+2O2 state, then NHA becomes an alternate source of this second
electron, and this leads to formation of Compound I and an NHA�

radical (Scheme 2). Subsequent one-electron oxidation of this rad-
ical by the Fe+4@O species with the loss of a second equivalent
would give the alternate product HNO. Thus, while the reactions
of the peroxidase based cavity mutants described here do not pro-
vide a completely analogous model for the structure and function
of NOS, the similarities and differences observed may provide use-
ful comparisons for the reactions catalyzed by NOS under unusual
conditions, and these comparisons may help to define the impor-
tant features of these reactions.
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