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ABSTRACT: NO-Synthases are heme proteins that catalyze the oxidation ofL-arginine into NO and
L-citrulline. Some non-amino acid alkylguanidines may serve as substrates of inducible NOS (iNOS),
while no NO• production is obtained from arylguanidines. All studied guanidines induce uncoupling between
electrons transferred from the reductase domain and those required for NO formation. This uncoupling
becomes critical with arylguanidines, leading to the exclusive formation of superoxide anion O2

•- as well
as hydrogen peroxide H2O2. To understand these different behaviors, we have conducted rapid scanning
stopped-flow experiments with dihydrobiopterin (BH2) and tetrahydrobiopterin (BH4) to study, respectively,
the (i) autoxidation and (ii) activation processes of heme ferrous-O2 complexes (FeIIO2) in the presence
of eight alkyl- and arylguanidines. The FeIIO2 complex is more easily autooxidized by alkylguanidines
(10-fold) and arylguanidines (100-fold) compared toL-arginine. In the presence of alkylguanidines and
BH4, the oxygen-activation kinetics are very similar to those observed withL-arginine. Conversely, in the
presence of arylguanidines, no FeIIO2 intermediate is detected. To understand such variations in reactivity
and stability of FeIIO2 complex, we have characterized the effects of alkyl- and arylguanidines on FeIIO2

structure using the FeIICO complex as a mimic. Resonance Raman and FTIR spectroscopies show that
the two classes of guanidine derivatives induce different polar effects on FeIICO environment. Our data
suggest that the structure of the substituted guanidine can modulate the stability and the reactivity of
heme-dioxygen complexes. We thus propose differential mechanisms for the electron- and proton-transfer
steps in the NOS-dependent, oxygen-activation process, contingent upon whether alkyl- or arylguanidines
are bound.

Nitric oxide (NO)1 is an ubiquitous molecule that plays
key roles in a variety of physiological processes in mammals
such as neurotransmission, vasorelaxation, platelet aggrega-
tion, and immune responses (1). In mammals, NO is
synthesized by heme proteins, NO synthases (NOSs), that
catalyze a two-step oxidation ofL-arginine with intermediate
formation of Nω-hydroxy-L-arginine (NOHA) (eq 1) (2).

Various pathological processes are related with either
overproduction of NO (migraine and septic shock) or deficit
in NO production (atherosclerosis and hypertension) (3, 4).
Therefore, NOSs constitute interesting targets for drug design
(5, 6), and many studies are undertaken to better understand
the mechanism of NO-synthesis catalyzed by NOSs (2,
7-11).

There are three isoforms of NOS: neuronal NOS (nNOS),
endothelial NOS (eNOS), and inducible NOS (iNOS). All
of them are active in their homodimeric form consisting of
an NH2-terminal oxygenase domain that contains binding
sites for the heme prosthetic group, substrateL-arginine, and
cofactor (6R)-5,6,7,8-tetrahydro-L-biopterin (BH4). The CO2H-
terminal reductase domain contains binding sites for flavins
FMN and FAD as well as NADPH and displays strong
similarities with cytochrome P450 reductase (12). These two
domains are fused by a Ca2+-dependent calmodulin (CaM)-
binding domain. CaM binding triggers an electron flow from
the reductase domain to the heme domain (2, 3, 10, 13).
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The latest proposed mechanism for the first step of
L-arginine oxidation consists of the following steps: The first
electron is brought by the reductase domain to reduce the
resting ferric (FeIII ) enzyme to a ferrous (FeII) state (2, 10).
Then, oxygen binding leads to a ferrous-dioxygen complex
(FeIIO2) (14). Recent mechanistic studies propose that BH4

transfers the second electron and a concomitant proton
resulting in the buildup of ferric hydroperoxo complex (FeIII-
OOH) (15-22). By analogy with the P450 monoxygenation
mechanism, the FeIII-OOH intermediate, after protonation
and through heterolytic cleavage of the O-O bond, leads to
the reactive oxoferryl FeIV(dO) porphyrinπ-cation radical
(23, 24). This last species would be able to hydroxylate the
guanidine moiety ofL-arginine. NOSs show high substrate
specificity: only the amino acids homo-L-arginine or homo-
L-NOHA were found to be substrates of NOS (25, 26).
However, NOSs have been shown to catalyze NO formation
by oxidation of some non-amino acid alkyl- and arylhydrox-
yguanidines following reactions similar to the oxidations of
natural substrates,L-arginine and NOHA (6, 27-30). Hy-
droxyguanidine-based compounds are not very stable and
are highly sensitive to chemical or peroxidase-catalyzed
oxidations, which make them unsuitable for pharmaceutical
applications (31, 32). In this respect, guanidine derivatives
are more stable and seem more attractive as new NO
precursors, and we showed that some simple substituted
guanidines could lead to NO• synthesis by NOS (33).
Nonetheless, the oxidation of the guanidine moiety seems
to be much more difficult since fewer guanidine than
hydroxyguanidine derivatives were found to be substrates
of NOSs (6, 28-30). We showed that iNOS was able to
catalyze the oxidation of some alkylguanidines, such as 4,4,4-
trifluorobutylguanidine2 (CF3(CH2)3guanidine), into NO
with activity up to 40% relative toL-arginine (33). Con-
versely, all the tested arylguanidines failed to produce NO
from incubations with full-length iNOS containing all its
cofactors (28-30, 33).

Production of NO fromL-arginine requires 1.5 NADPH
equiv, that is, three electrons (eq 1). The determination of
the stoichiometry of multiturnover reactions with iNOS in
the presence of the non-amino acid guanidine derivatives
showed that the alkylguanidine substrates increased the
electron flow transferred from the reductase domain, resulting
in an uncoupling of electrons furnished by NADPH com-
pared to electrons necessary to form NO. For example, in
full-length iNOS, CF3(CH2)3guanidine led to a ratio of
oxidized NADPH to NO produced of around 3:1 (33). The
arylguanidines showed an even higher NADPH consumption
without any detection of NO and urea, but high amounts of
H2O2 and O2

•- were produced (to be published).
To understand why the arylguanidines failed to produce

NO whereas some alkylguanidines could be NO precursors
(28-30, 33), we investigated whether these guanidine-based
compounds could influence the ferrous-dioxygen complex
(FeIIO2) stability and the first steps of oxygen activation in
iNOSoxy. Autoxidation of the FeIIO2 complex can lead to
FeIII and O2

•- release and electron uncoupling (34-36).
Oxygen activation steps are thus critical for the formation
of FeIV(dO) and, therefore, for NOS ability to efficiently
oxidize guanidine derivatives into NO.

To study heme FeIIO2 stability, we evaluated the autoxi-
dation rates of FeIIO2 by rapid-mixing stopped-flow spec-

troscopy after mixing O2 and ferrous iNOSoxy saturated with
various guanidines and in the presence of BH2, an analogue
of BH4 that does not activate FeIIO2 (17, 37). The same
experiments performed in the presence of BH4 allowed us
to study the oxygen activation processes. Both alkyl- and
arylguanidines allowed FeIIO2 formation, but its stability and
reactivity seem to strongly depend on the nature of the
guanidine bound to the active site. We checked whether these
differences could arise from direct effects of the guanidines
on FeIIO2 structure. Ferrous heme-CO (FeIICO) was thus
used as a probe for evaluating the influence of alkyl- and
arylguanidines on heme environment, and we studied FeII-
CO vibration modes by resonance Raman (RR) and Fourier
transformed infrared (FTIR) spectroscopy. All the collected
data showed specific effects of alkyl- and arylguanidines on
FeIICO structure and allowed us to propose different mech-
anisms for oxygen activation in the presence of alkyl- or
arylguanidines.

MATERIALS AND METHODS

Chemicals. BH4 and BH2 were obtained from Schircks
Laboratory (Jona, Switzerland). Chemicals and reagents of
the highest grade commercially available were obtained from
Aldrich, Fluka, or Janssen. The synthesis and physicochem-
ical characteristics of the hydrochloride salts of agmatine1,
4,4,4-trifluorobutylguanidine2, n-pentylguanidine (Pen-
tylguanidine)3, 4-fluorophenylguanidine (4-Fphguanidine)
5, 4-chlorophenylguanidine (4-Clphguanidine)6, and 4-meth-
oxyphenylguanidine (4-MeOphguanidine)7 have been de-
scribed elsewhere (33). 2-Fluorophenylguanidine hydrochlo-
ride (2-Fphguanidine)4 has been synthesized from 2-fluoro-
aniline andN-N′-bis(tert-butyloxycarbonyl)pyrazol carboxa-
midine following a general procedure for the preparation of
guanidines (38).

Enzyme Preparation.Mouse iNOS oxygenase domain
(iNOSoxy) containing a six-histidine tag at its C-terminus
was expressed inEscherichia coliBL21 using the PCWori
vector and purified as already described (39) in the absence
of BH4 and L-arginine. This oxygenase domain displayed
all the spectroscopic properties of the full-length enzyme and
its His6-tag did not modify its reactivity (39). Its concentra-
tion was determined from the absorbance at 444 nm of the
heme FeIICO complex using an extinction coefficient of 76
mM-1‚cm-1 (40).

Stopped-Flow Experiments.The protein samples contain-
ing BH4 were obtained by preincubation at 4°C for 1 h in
the presence of 100µM BH4, 3 mM DTT, and 10 mM
L-arginine or 30 mM of compounds1-7 in 50 mM HEPES
buffer (pH 7.4). The binding of the guanidine derivatives
and BH4 was confirmed by measuring the low-spin (420 nm)
to the high-spin (395 nm) transition of the heme using UV-
vis spectroscopy (37). The protein samples containing BH2

were preincubated overnight at 4°C with 250µM BH2, 2.5
mM DTT, and 10 mML-arginine or 30 mM of compounds
1-7 in the same buffer. The samples were made anaerobic
by several cycles of vacuum and argon refilling. The
reduction of the heme was achieved by progressive addition
of an anaerobic solution of sodium dithionite and followed
by monitoring the change of the Soret peak from 395 nm
for the ferric form to 412 nm for the ferrous one (17, 22,
41, 42). The rapid-mixing stopped-flow experiments were
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performed at 10°C on a Bio-Logic SFM 300 instrument
customized for anaerobic and semianaerobic experiments and
connected to a Tidas 1024-diode array detector able of
recording spectra every 3 ms. The reduced enzyme was
transferred into the stopped-flow apparatus with a gastight
syringe and was rapidly mixed with an equal volume of air-
saturated buffer. Spectra were recorded between 300 and 700
nm with the following sequence: first, 250 spectra every 3
ms, then 250 spectra every 9 ms, and, finally, 250 spectra
every 18 ms, for a total measurement time of 7.5 s.

Stopped-Flow Data Analysis.Different approaches have
been used in previous papers to analyze the data of heme
transitions occurring in the first steps of the catalysis (14,
17, 21, 22, 41, 42). To get results as accurate as possible,
we used two different methods: (i) a direct examination of
the recorded spectra with exponential fittings of the absor-
bance cross sections at specific wavelengths performed with
OriginPro 7.5 software (OriginLab Corporation, Northamp-
ton, MA) and (ii) a global analysis of the heme transition
with the software SPECFIT/32 v3.0 37 (Spectrum Software
associates, Marlborough, MA) that fitted series of 3D data
obtained from multiwavelength measurements to a prede-
termined kinetic model. First, visual analysis of the spectra
with OriginPro allowed us to identify the different heme
species involved in the single turnover reaction: ferrous FeII

(∼412 nm), ferrous dioxygen FeIIO2 (427-430 nm), and
ferric FeIII (395 nm) complexes. The presence of isobestic
points confirmed the monophasic transitions between the
different species. This allowed the determination of quantita-
tive transition rates that were obtained by fitting to monoex-
ponential functions the absorbance cross sections at wave-
lengths corresponding to FeIIO2 decay (427 nm) and to ferric
iNOSoxy recovery (395 and 650 nm). The SPECFIT global
analysis enabled us to perform single value decomposition
of the recorded spectra based on different mechanistic
models. For most experiments, a “Af B f C” model best
fit the data; when not possible, a “Af B” model was chosen.
This analysis provided us with the calculated spectra for the
different species A, B, and C and with the kinetic rates of
the transitions between them. For data analysis of the
experiments conducted with BH2, the rates estimated by the
global analysis matched the ones obtained by direct fitting
at specific wavelengths. In the presence of BH4, calculated
parameters were slightly different (Table 2). The discrepancy
between the two methods might arise from the fact that the
first transition FeII f FeIIO2 is so fast that the very first
spectrum consists of a mixture of FeII and FeIIO2. This made
more difficult for SPECFIT to accurately distinguish the first
spectra and the rates of the following transitions. Neverthe-
less, both methods lead to very similar kinetics rates.

Resonance Raman Spectra.Samples for the RR experi-
ments were prepared in 0.1 M potassium phosphate buffer
(pH 7.4) with different combinations ofL-arginine (100µM)
or substituted guanidines1-7 (10 mM), BH4 (400µM), and
DTT (3 mM). Samples were washed by two successive
cycles of dilution/centrifugation in this final buffer using a
Millipore membrane filter (30 kDa cutoff). The binding of
the compounds and BH4 was again confirmed by the spin
state changes of the ferric heme followed by UV-vis
spectroscopy. Enzyme concentrations for RR studies ranged
between 150 and 200µM. Forty microliters of the anaerobic
FeIII iNOSoxy was prepared directly in quartz EPR tubes

sealed with airtight rubber septa after 60 cycles of alternate
vacuum and argon refilling. Ferrous samples were obtained
by reduction of FeIII iNOSoxy with addition of a small
volume of dithionite solution (final concentration of∼5-
10 mM) directly into the EPR tube using a gastight syringe
(Hamilton). Ferrous heme-CO samples were obtained by
flushing CO inside the EPR tube for 10 min to ensure
complete CO saturation of the solution. The samples were
placed into a gastight quartz spinning cell to avoid local
heating and to prevent photodissociation and degradation of
the NOS samples. Excitation at 441.6 nm was obtained with
a He-Cd laser (Kimmon). Resonance Raman spectra were
recorded at room temperature using a modified single-stage
spectrometer (Jobin-Yvon T64000) equipped with a liquid
N2-cooled back-thinned CCD detector. Stray scattered light
was rejected using a holographic notch filter (Kaiser Optical
Systems). Spectra were recorded by the co-addition of 40-
240 individual spectra with an exposure time of 10-20 s
each (total accumulation time between 20 and 60 min for
each spectral window). Three to six successive sets of such
spectra were then averaged. Laser power on the sample was
kept below 5 mW to avoid photodissociation and photooxi-
dation (43, 44). To accurately determine small frequency
differences, the monochromator was calibrated using the
excitation wavelength, and samples to be directly compared
were recorded the same day with the same optical geometry.
Spectral precision and accuracy were estimated to be(1
cm-1. Baseline corrections were performed using GRAMS
32 software (Galactic Industries, Salem, NH). The iNOSoxy
RR bands were assigned following previous publications on
iNOS and other NOSs (43, 45-47).

ATR-FTIR Experiments.iNOSoxy FeIICO complexes
were prepared as described for the RR experiments, and
protein samples were concentrated up to around 600µM.
Oxygen removal was achieved in a sealed cuvette by 3×
20 cycles of alternate vacuum and argon refilling. Small
volumes of dithionite solution were added to reach a final
dithionite concentration around 15 mM. FeIICO complexes
were then obtained by 5 min of CO flushing inside the
cuvette. FTIR spectra were recorded using Bruker IFS 66/S
Fourier transform infrared spectrometer coupled to a single
reflection micro ATR unit from Pike technologies. Ten
microliters of an iNOSoxy FeIICO sample was placed on
the ZnSe crystal surface of the ATR unit. The device was
sealed with a gastight in-house-built chamber and maintained
under a flush of CO for 15 min until the sample was
sufficiently dry. Twenty to thirty co-added interferograms
were averaged for each spectrum. In some cases, a water
vapor spectrum was used for background correction. Baseline
correction was achieved using the GRAMS 32 software
package. Each curve corresponded to the average of two to
three individual experiments. Band peaks were identified
using 2nd-derivative analysis (GRAMS 32). These frequen-
cies were used in a re-iterative Lorentzian band fitting routine
to fit crowded spectral region.

RESULTS

Influence of Alkyl- and Arylguanidines on Autoxidation
Rates of FeIIO2. FeIIO2 buildup and stability were investigated
by rapid-mixing of anaerobic ferrous iNOSoxy solution
containing BH2 and various substituted guanidines with an
air-saturated buffer. Spectral changes were analyzed by rapid-
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scanning UV/visible absorption spectrometry with spectra
recorded every 3, 6, and then 18 ms for an overall kinetics
of 7.5 s. Figure 1A,B shows the superimposed spectra
obtained for two representative alkylguanidines2 and3. We
were able to distinguish similar spectral species for all the
studied alkylguanidines: first few spectra showed a species
absorbing at 425-426 nm followed by an intermediate
species with maximal absorption at∼430 nm and two broad
bands at 560-565 and 595-600 nm, corresponding to the
FeIIO2 complex, and finally the recovery of the ferric
iNOSoxy at 395 nm (14, 17, 21, 48, 49). The first recorded
spectra with a Soret maximum at 425-426 nm should
correspond to a mixture of the initial FeII (412 nm) and the
intermediate FeIIO2 (430 nm). Oxygen binding on heme FeII

species was too fast to be accurately monitored by our diode
array detector, and the rate of formation of FeIIO2 in the
presence of BH2 and any of the alkylguanidines was
estimated to be very fast (k > 50 s-1) (41, 50). The presence
of well-defined isobestic points showed the successive

conversion of one species into the other. The fitting of the
absorbance cross sections at 427 nm (FeIIO2 decay) and at
395 and 650 nm (high-spin heme FeIII recovery) gave
apparent rate constants ranging from 1.6 to 1.9 s-1 for the
FeIIO2 f FeIII transition (Table 1), around 10 times faster
than the rate reported in the presence ofL-arginine (0.2 s-1,
Table 1) (17).

The single value decomposition analysis of the spectra was
best fitted to a common “Af B f C” model with two
monophasic transitions. Figure 1E,F shows the calculated
spectra of heme FeIIO2 (430 nm) and FeIII (395 nm) in the
presence of alkylguanidines2 and 3. The kinetics of the
FeIIO2 f FeIII transition are displayed in the insets of Figure
1E,F. The calculated rate constants, 0.4 s-1 for agmatine1
and 1.6-1.9 s-1 for the other alkylguanidines2 and3, exactly
matched those obtained by direct fitting at different wave-
lengths (Table 1).

The same experiments have been conducted with the
arylguanidines4-7. Figure 1C,D shows the superimposed
spectra recorded for iNOSoxy with BH2 and the arylguanidines
4 and 6. For all arylguanidines, absorption maxima were
found at 420-422 nm for the first spectra, then between 425
and 427 nm for the intermediate FeIIO2, and at 395 nm for
the final FeIII . Again, we could estimate FeIIO2 buildup rate
to exceed 50 s-1. Kinetics were fitted at the same multiple
wavelengths used for alkylguanidines, and FeIIO2 decay rates
varied between 7 and 19 s-1 (Table 1). The global analysis
best fitted the data to the same “Af B f C” model. Figure
1G,H shows the calculated spectra of FeIIO2 (427 nm) and
FeIII (396 nm) and, in insets, the transition kinetics for
arylguanidines4 and6. The global analysis and the fitting
at multiple wavelengths yielded similar transition rates
ranging form 8.4 to 19 s-1 depending on the studied
arylguanidines (Table 1).

Whereas single turnover experiments in the presence of
alkylguanidines, arylguanidines, andL-arginine exhibited a
common kinetic trend, they revealed distinct kinetic param-
eters for FeIIO2 autoxidation (Table 1).L-Arginine- and
agmatine-saturated iNOSoxy in the presence of BH2 exhib-
ited the same slow FeIIO2 decay. This decay was about 10
times faster when alkylguanidines2 and3 were present in
the active site. In the case of arylguanidines4-7, it was up
to 100 times faster than withL-arginine.

Influence of Alkyl- and Arylguanidines on Single-TurnoVer
Reactions of BH4-Containing iNOSoxy.Identical experiments
have been conducted with BH4-saturated iNOSoxy with
substituted guanidines1-7. In the presence ofL-arginine
and any of the alkylguanidines1-3, iNOSoxy showed
spectral changes that are similar to those previously observed
with BH2 (14, 17). The superimposed recorded spectra for
alkylguanidines2 and3 are displayed in Figure 2A,B. Three
different species were distinguished: an initial FeII at 412-
415 nm, then a shoulder around 427 nm, and finally the FeIII

resting state at 395 nm. As observed with BH2, buildup of
FeIIO2 was too rapid to be accurately monitored, and its rate
should be faster than 50 s-1. In the presence ofL-arginine,
fitting of these characteristic wavelengths showed that FeIIO2

decay occurred at 20 s-1. The global analysis of the
superimposed spectra confirmed a two-steps kinetic model.
The transition from ferrous iNOSoxy to the ferric form
displayed only one transient species corresponding to FeIIO2

(peak at∼427 nm) with a decay rate of 12 s-1, as already

FIGURE 1: Heme transitions in single-turnover reaction of BH2-
saturated iNOSoxy with O2 in the presence of alkyl- and
arylguanidines. Ferrous iNOSoxy saturated with BH2 was rapidly
mixed at 10°C with air-saturated buffer. Panels A-D show the
superimposed spectra recorded in the presence of CF3(CH2)3-
guanidine2, pentylguanidine3, 2-Fphguanidine4, and 4-Clphguani-
dine6, respectively. Panels E-F display the spectra of FeIIO2 and
FeIII in the presence of compounds2, 3, 4, and 6 calculated by
global analysis with SPECFIT/32. The insets display the resulting
heme transition kinetics reported as percentage of the total heme
transition.
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reported (41, 51) (data not shown). The difference between
the two rates calculated with the two distinct analytical
procedures probably reflects the difficulty in extracting the
spectrum of the first transient species.

The single-turnover experiments conducted with alkyl-
guanidines1-3 and BH4 followed the same kinetic trend.
The initial FeII species absorbing at 412-415 nm was
converted into a species absorbing at 428-430 nm, depend-
ing on the bound alkylguanidines. This FeIIO2 intermediate
further decayed to the FeIII high-spin form of the heme
absorbing at 393-395 nm. Figure 2E,F shows the spectra
of FeIIO2 and FeIII species for alkylguanidines2 and 3
calculated with SPECFIT for a two-steps model, valid for
all those alkylguanidines. Their buildup/decay kinetics are
displayed in insets of Figure 2E,F, and the calculated kinetic

rates were around 1.5-2 times faster with compounds1-3
than with L-arginine using either exponential fitting at
specific wavelength or global analysis (Table 2).

Surprisingly, when iNOSoxy was saturated with arylguani-
dines 4-7, the spectra only showed an initial species
absorbing at 415 nm and the recovery of the ferric form at
395 nm. Figure 2C,D shows the spectra recorded with
arylguanidines4 and6. No transient species could be seen
between this initial species and the final FeIII state, and no
shoulder at 427 nm was distinguishable from the visual
inspection of spectra. The presence of clear isobestic points
confirmed the absence of any observable intermediate and
led us to fit these kinetics to monoexponential functions. The
fittings of the absorbance cross sections at 395 and 650 nm
(recovery of the high-spin FeIII heme) gave apparent rate

Table 1: Structures of the Studied Compounds and Kinetic Data Obtained for Single-Turnover Reactions of Ferrous iNOSoxy with O2 in the
Presence of BH2 and Alkyl- or Arylguanidines1-7a

a Anaerobic solutions of ferrous iNOSoxy containing various substituted guanidines and BH2 were rapidly mixed with air-saturated buffer at 10
°C to start the reaction, and heme transitions were followed by rapid-scanning UV-visible spectroscopy. The protein samples contained 250µM
BH2, 10 mM L-arginine, or 30 mM of guanidines1-7 in 50 mM HEPES buffer, pH 7.4, and were prepared as described in Materials and Methods.
Data are means( SD from three experiments.
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constants ranging from 9 to 31 s-1 for all compounds (Table
2). Single-value decomposition analysis, when forced to
proceed in two or three steps, also failed to show any tran-
sient species between the initial and final species. Therefore,
we chose to fit the data to a simple “Af B” model. Figure
2G,H shows the two calculated spectra obtained when aryl-
guanidines4 and6 were bound. The first spectra with a Soret
peak at 414-416 nm converted to the ferric form (∼395
nm) with transition rates varying between 4 and 31 s-1

depending on the arylguanidines and the analytical method
used for calculation (Table 2 and insets of Figure 2G,H, for
4 and6).

From these two sets of single turnover experiments, three
major conclusions can be drawn. First, single-turnover
reactions with BH2 showed that all bound alkyl- or
arylguanidines studied did not seem to modify the kinetics
of oxygen binding to the ferrous heme. Second, binding of
non-amino acid guanidine derivatives greatly destabilized the

FeIIO2 complex. Alkylguanidines2 and3 induced a decay
of FeIIO2 10-fold faster thanL-arginine did. This destabiliza-
tion was dramatically enhanced in the presence of arylguani-
dines4-7 and was 100 times faster than withL-arginine.
Finally, experiments performed with BH4-saturated iNOSoxy
showed different oxygen activation processes between alky-
lguanidines and arylguanidines as no FeIIO2 intermediate
could be observed with arylguanidines4-7.

To better understand how alkyl- and arylguanidines could
differently influence FeIIO2 stabilization and oxygen activa-
tion, we used the FeIICO complex as a stable surrogate for
the FeIIO2 intermediate and studied the influence of alky-
lguanidines2 and 3 and arylguanidines5 and 6 on the
vibration frequencies of iNOSoxy FeIICO saturated with BH4
by RR and FTIR spectroscopy.

Resonance Raman Spectra of iNOSoxy FeIICO in the
Presence of Alkyl- and Arylguanidines.Resonance Raman
spectra of the iNOSoxy FeIICO complex in the presence of
BH4 and guanidines2, 3, 5, and6 were obtained with a 441.6
nm laser excitation. The high-frequency region of the spectra
exhibited markersν4, ν3, andν2, specific to the oxidation,
spin, and coordination states of the heme iron (11, 43, 45,
46, 52). Theν4, ν3, andν2 frequencies were found at 1367,
1463, and 1569 cm-1, respectively, in the presence of all
the alkyl- and arylguanidines tested and corresponded to
values previously observed for NOS FeIICO complexes (43,
45, 46) (data not shown). These porphyrin modes thus
remained unaltered in the presence of all the tested com-
pounds that did not seem to alter the structure of the heme.
This was confirmed in the low-frequency regions by the
values ofν16, ν7, andν8 frequencies that were, respectively,
observed at 750, 678, and 340 cm-1 and corresponded to
low-spin hexacoordinated FeIICO species (11, 52). A RR
spectrum of FeII iNOSoxy has been recorded under the same
conditions and enabled us to assign the minor bands at∼692,
1345, 1388, 1420, and 1600 cm-1 as resulting from the partial

FIGURE 2: Heme transition in single-turnover reaction of BH4-
saturated iNOSoxy with O2 in the presence of alkyl- and
arylguanidines. Panels A-D show the superimposed spectra
recorded after rapid-mixing at 10°C of air-saturated buffer and
dithionite-reduced iNOSoxy in the presence of BH4 and CF3(CH2)3-
guanidine2, pentylguanidine3, 2-Fphguanidine4, and 4-Clphguani-
dine6, respectively. Panels E-F display the spectra of FeIIO2 and
FeIII in the presence of compounds2, 3, 4, and 6 calculated by
global analysis with SPECFIT/32. The insets display the resulting
heme transition kinetics reported as percentage of the total heme
transition.

Table 2: Kinetic Data Obtained for Single-Turnover Reactions of
Ferrous iNOSoxy with O2 in the Presence of BH4 and Alkyl- or
Arylguanidines1-7a

FeII 98
k1

FeIIO2 98
k2

FeIII

compounds k1 (s-1) k2 (s-1)

L-arginine >50 20.5( 2.0b/12.7( 0.6c

Agmatine 1 >50 8.8( 2.0b/12.8( 0.3c

CF3(CH2)3guanidine 2 >50 15.0( 3.0b/17.2( 4.0c

Pentylguanidine 3 >50 20.4( 5.0b/25.5( 3.0c

FeII -(- - -) 98
k

FeIII

compounds k (s-1)

2-Fphguanidine 4 20.5( 1.5b/12.6( 0.3c

4-Fphguanidine 5 9.0( 0.7b/4.3( 0.2c

4-Clphguanidine 6 12.3( 1.8b/4.5( 0.3c

4-MeOphguanidine 7 31.0( 2.0b/9.3( 0.9c

a Anaerobic solutions of ferrous iNOSoxy containing substituted
guanidines1-7 and BH4 were rapidly mixed with air-saturated buffer
at 10°C to start the reaction, and heme transitions were followed by
rapid-scanning UV-visible spectroscopy. The protein samples contain-
ing 100µM BH4 were prepared in the presence of 10 mML-arginine
or 30 mM of guanidines1-7 in 50 mM HEPES buffer, pH 7.4, as
described in Materials and Methods. Data are means( SD from three
experiments.b Rates determined by monoexponential fitting at single
wavelengths (427, 650, and 395 nm).c Rates determined by SPECFIT
global analysis.
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photodissociation of CO from the ferrous heme (data not
shown) (43, 44, 53).

Low-frequency regions of the resonance Raman spectra
showed clear differences as a function of the compound
bound at the active site (Figure 3). By the usage of isotope
labeling, several studies have assigned the stretching (νFe-CO)
and bending (δFe-CO) modes frequencies of iNOSoxy FeII-
CO moiety at 490-512 and∼560 cm-1, respectively (45).
In the absence of substrate and cofactors, NOSνFe-CO RR
modes appear as broad bands (ca. 35-40 cm-1 fwhm) (43,
45) due to the contributions from differentνFe-CO bands
corresponding to different heme distal pocket protein interac-
tions with the CO ligand that affect both theνFe-CO andνC-O

frequencies. The FeIICO substrate-free iNOS complexes have
been described in two different conformations: an “open”
conformation characterized by lowνFe-CO (around 479 cm-1)
and highνCO (around 1945 cm-1) frequencies and a “closed”
conformation with higherνFe-CO (around 499 cm-1) and
lower νCO (around 1930 cm-1 in iNOS) frequencies (43, 46,
54). In the absence ofL-arginine and BH4, we observed a
broadνFe-CO RR band (ca. 35-40 cm-1 fwhm) at 491 cm-1

and aνC-O FTIR band at 1943 cm-1 (30 cm-1 fwhm) (data
not shown).L-Arginine binding has been shown to induce
the disappearance of the open conformation and a strength-
ening of the iNOS Fe-CO bond (νFe-CO andνCO at 512 and
1905 cm-1, respectively) (43, 54). Indeed, uponL-arginine
and H4B binding, the iNOSoxyνCO FTIR band narrowed
(12 cm-1 fwhm) and shifted to 1902 cm-1, reflecting a more
homogeneous distal pocket environment. This was confirmed
by RR experiments that showed a narrowerνFe-CO RR band
at 512 cm-1 (Figures 3 and 4).

These former analyses enabled us to identify the frequen-
cies corresponding toνFe-CO and δFe-CO modes in our RR
experiments (Figure 3, Table 3). On one hand, the alky-

lguanidines induced a shift of the Fe-CO stretch RR band
maximum from 491 cm-1 (substrate-free iNOS) to 505 cm-1,
reminiscent of the disappearance of the open conformation
observed uponL-arginine binding (45, 46). On the other hand,
upon binding of the arylguanidines, the Fe-CO stretching
frequency remained consistently around 494-497 cm-1. This
smaller shift could reflect a slight reduction of the proportion
of the open form and/or an increase of theνFe-CO frequency
of the closed form. The bending modes of Fe-CO were also
found different for alkyl- and arylguanidines. In the presence
of arylguanidines, the FeIICO complex displayed a weak band
at 563-565 cm-1, similar to what has been reported for the
substrate-free enzyme (46). The addition of alkylguanidines
induced a shift of theδFe-CO frequency that was also observed
uponL-arginine binding (46).

FIGURE 3: Resonance Raman spectra in the low-frequency region
of iNOSoxy ferrous heme-CO complexes in the presence of alkyl-
and arylguanidines. The spectra were recorded at room temperature
in 0.1 M potassium phosphate buffer containing 150-200 µM
iNOSoxy FeIICO in the presence of 10 mM of substituted
guanidines2, 3, 5, or 6, 3 mM DTT, and 400µM BH4 as described
under Materials and Methods. The lines marked by * correspond
to the contribution from ferrous species due to partial CO
photodissociation. The laser excitation wavelength was 441.6 nm.
All spectra are baseline-corrected.

FIGURE 4: Resonance Raman and FTIR spectra showing the Fe-
CO and CO vibration modes for iNOSoxy in the presence of
guanidine derivatives. Left column, part of the RR spectra showing
the νFe-CO bands recorded for BH4-saturated iNOSoxy FeIICO
complexes in the presence of alkylguanidines2 and 3 and
arylguanidines5 and 6. Right column, part of the corresponding
FTIR spectra showing theνCO vibration mode.
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Thus, arylguanidines seemed to have a small effect on the
Fe-CO vibration frequencies, whereas alkylguanidines
seemed to significantly modify the environment of the bound
CO.

Effect of Alkyl- and Arylguanidines on the CO Vibration
Mode Studied by ATR-FTIR.Figure 4, right panels, displays
the iNOSoxy FeIICO FTIR spectra recorded in the presence
of the alkyl- (2, 3) and arylguanidines (5, 6). For each
substituted guanidine, the FTIR spectra exhibit one major
band contribution between 1905 and 1915 cm-1, all with
narrow bandwidths (ca. 13 cm-1). In the case of alky-
lguanidines2 and3, theνCO frequency was observed at about
1905 cm-1. This very narrow band at 1905 cm-1 was similar
to the value previously reported for iNOS with bound
L-arginine (54) (Table 3), indicating an homogeneous closed
conformation. In the presence of arylguanidines4 and5, the
νCO band was seen at a higher frequency (1915 cm-1). This
significant shift from 1940 to 1915 cm-1 argued for a closed
conformation, but one that is slightly different from that
observed in the presence ofL-arginine and the alky-
lguanidines.

For some compounds, and more significantly for arylguani-
dines5 and 6, a very weak band between 1940 and 1950
cm-1 was observed that could be due to minor populations
of the remaining open conformation.

Resonance Raman and ATR-FTIR data both underline
the distinct effects of alkyl- and arylguanidines on the iNOS
heme pocket conformations: while alkylguanidines2 and
3, similar to L-arginine, are able to significantly alter CO
coordination, arylguanidines5 and 6 only slightly modify
the open/closed ratio and/or the Fe-CO bond strength.

DISCUSSION

Inducible NOS is able to produce NO from oxidation of
some alkylguanidines, whereas in the presence of arylguani-
dines, NADPH oxidation exclusively results in the release
of superoxide ion and hydrogen peroxide (30, 33). This
uncoupling can arise from two pathways: either the inter-
mediate FeIIO2 complex can decompose into FeIII and O2

•-,
or hydrogen peroxide can be formed during the oxygen
activation mechanism after protonation of ferric hydroperoxo
complex (FeIIIOOH) (10, 34, 35, 55, 56). To understand how
alkyl- and arylguanidines can influence these pathways, we
first investigated the kinetics of FeIIO2 autoxidation and

activation. Modification of the heme FeIIO2 structure in the
presence of alkyl- and arylguanidines was examined using
RR and FTIR spectroscopies with the more stable iNOS FeII-
CO complex as a probe.

Stability of FeIIO2 Complex in the Presence of Alkyl- and
Arylguanidines. Rapid-mixing stopped-flow experiments
have been conducted with iNOSoxy containing BH2, a BH4

analogue that does not transfer electrons to the FeIIO2

intermediate (37, 57). In these conditions, we were able to
characterize the stability of iNOSoxy FeIIO2 as a function
of the nature of the substituted guanidines. For all sets of
experiments, heme transitions followed the kinetic scheme
observed withL-arginine (41): initial FeII state, followed by
the binding of dioxygen leading to FeIIO2, and finally the
recovery of the resting FeIII state. Oxygen binding on FeII

species occurred too fast to be accurately monitored by our
detector, and its rates were thus estimated to be greater than
50 s-1 without significant effect of alkylguanidines and
arylguanidines bound in the active site. Rates of the
subsequent FeIIO2 decay followed the following order:
arylguanidines (100 times faster than withL-arginine) >
alkylguanidines (10 times faster)> L-arginine, agmatine.
This suggests that the presence of alkyl- or arylguanidines
could not stabilize the FeIIO2 species to the same extent as
L-arginine did. This could arise either from a binding of these
guanidines further above the heme or from a weaker polar
interaction between the heme dioxygen complex and the
substituted guanidines. To obtain more information on the
structural features that could account for this FeIIO2 instabil-
ity, we used the more stable FeIICO complex as a surrogate
and studied iNOSoxy FeIICO complexes in the presence of
these different compounds by RR and ATR-FTIR. Although
FeIICO, FeIINO, and FeIIO2 complexes display different
geometry, diatomic ligands CO and NO have been used to
investigate the interactions ofL-arginine analogues with the
active site of NOS (11, 47, 58-60). In fact, FeIICO
complexes are much more stable than FeIINO and FeIIO2 ones
and are thus very useful probes for the active site of heme
proteins (47, 58, 59).

FeIICO Vibration Modes in the Presence of Alkyl- and
Arylguanidines. The analysis of the Fe-CO stretching mode
(νFe-CO) in the RR spectra of FeIICO complexes is somewhat
complicated due to the presence of minor contributions of
ferrous heme and of FeIICO porphyrin vibration modes (43,
45, 54). All RR spectra displayed a small ferrous heme
contribution due to partial photodissociation of the CO from
the heme induced by alkyl- and arylguanidines. This arti-
factual phenomenon has already been observed in iNOS and
nNOS as well as with P450sccand P450camwhere binding of
a substrate or analogue in the distal heme pocket region
enhanced CO photodissociation (43, 44, 53). Fitting analysis
of the complex νFe-CO band showed contribution of a
component at 512 cm-1 linked to the enhancement of a
porphyrin mode arising from Fermi resonance coupling due
to its near-degeneracy withνFe-CO frequency (43, 61) (data
not shown).

Despite the identification of ferrous and FeIICO porphyrin
modes contributions, RR spectra assignment remained com-
plicated by uncertainties on the number and nature of FeII-
CO conformations. Indeed, FeIICO substrate-free NOS
complexes exist in two different conformations, “open” and
“closed”. Furthermore,L-arginine binding to iNOS induces

Table 3: Frequencies of theνFe-CO, δFe-CO, andνCO Lines of the
FeIICO Complexes of iNOSoxy in the Presence of BH4 and
Substituted Guanidines2, 3, 5, and6 Measured by RR and FTIRa

compounds
νFe-CO
(cm-1)

δFe-CO
(cm-1)

νCO
(cm-1)

without substrate 491 562 1946
L-arginine 512b,c 569b,c 1905b/1902c

Alkylguanidines CF3(CH2)3guanidine 2 505 566 1905
pentylguanidine 3 506 567 1907

Arylguanidines 4-Fphguanidine 5 494 563 1915
4-Clphguanidine 6 497 565 1915

a The protein samples contained 30 mM of the studied compounds
and 100µM BH4 and were prepared as described under Materials and
Methods. RR and FTIR spectra were recorded at room temperature,
and analyses of data were performed as described under Materials and
Methods.b Values taken from refs45, 46, 54. c This work.
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the suppression of the open form (43) and a shift of theνFe-CO

frequency (11-12 cm-1) (43, 45, 46). Thus, we used the
simpler FTIR data in theνCO region to determine the number
and nature of FeIICO conformations and only considered the
observed apparent maximum of the complex broadνFe-CO

RR band. Both analyses were interconnected using the
inverse relationship betweenνFe-CO andνCO modes (58).

We observed different shifts upon substituted guanidine
binding which implies that the guanidinium/CO interaction
is slightly different with respect to substrate bound in the
heme pocket. FTIR data show a dominant narrow (ca. 12
cm-1 fwhm) band with a lowνCO frequency at 1905-1907
cm-1 with alkylguanidines2 and3 (this report) or at 1902-
1905 cm-1 with L-arginine (this report,45, 46). Similar to
L-arginine, binding of2 and3 leads to a homogeneous closed
conformation where the CO ligand is significantly interacting
with the positively charged guanidium group, and is most
likely engaged in H-bonding (54). However, the interaction
is not strictly identical as compared toL-arginine. Whereas
L-arginine-bound iNOS exhibits aνFe-CO RR band at 512
cm-1, the alklyguanidine binding results in a RR band at
505 cm-1. The observation that theνFe-CO frequencies are
different while theνCO frequencies remain largely unchanged
is a strong indication that the positive polarity around the
oxygen atom is similar but the Fe-CO tilt angle could be
larger for the alkylguanidines (lowerνFe-CO) than for the
L-arginine (higherνFe-CO) (58).

For the arylguanidines5 and6, FTIR data show a major
narrow CO band at 1915 cm-1. The narrow bandwidth again
indicates a very homogeneous major closed population.
Although theνCO frequency is relatively higher than those
of alkylguanidines (+10 cm-1) it cannot be associated to an
open conformation for whichνCO frequency ranges between
1930 and 1950 cm-1 (54). The relatively high frequency of
1915 cm-1 in the FTIR spectra correlates well with the
relatively lower νFe-CO frequency seen in the RR spectra
(Figure 4) and indicates a less positive polarity around the
CO environment as compared to the alkylguanidines and the
L-arginine.

Origin of the ObserVed Differences of FeIICO Vibration
Modes. It has been shown for the cytochrome P450 enzymes
and other heme proteins that electrostatic effects more than
steric constraints may have a major effect onνCO andνFe-CO

frequencies (58, 59, 62, 63). Introducing a positive charge
(L-arginine guanidinium) toward the heme FeIICO complex
would stabilize the negative charge borne by the oxygen of
CO leading to the mesomeric form Feδ+dCdOδ- and thus
lowering the bond order of CO and increasing that of Fe-C
(58, 59). Thus, the differences ofνFeCOandνCO frequencies
observed between all substituted guanidines andL-arginine
seem to be due to a different polar environment in the FeII-
CO vicinity. This could arise from a greater distance between
the bound guanidines and the CO ligand, which would
alleviate the positive charge and also weaken the purported
H-bond. However, as indicated by Fan et al., if the difference
in νFe-CO frequency was related to the binding of compounds
further from the heme, the 5-7 cm-1 shift we observed
would correspond to almost 1 Å difference in distance (45).
This could be too large considering the fact that the
alkylguanidines2 and3 remain transformed into NO• (33).
Thus, changes inνFe-CO and νCO frequencies are likely to
arise from a different polar environment in FeIICO vicinity.

With alkylguanidines, the positive guanidinium moiety
remains able to exert the same effect on FeIICO but to a
lesser extent compared toL-arginine. There is no X-ray
structure of iNOS crystallized with these guanidine deriva-
tives to assess their positioning in the active site. However,
the structures of some non-amino acid hydroxyguanidines
crystallized in n- and eNOS active sites show that the
hydroxyguanidinium moiety always establishes electrostatic
interactions with Glu592 and Glu363, respectively, but the
butyl- or chlorophenyl-substituents of these guanidines are
directed toward a hydrophobic pocket comprising Val, Pro,
and Phe residues (64, 65). The guanidinium moiety of alkyl-
or arylguanidines should remain close to the heme, but these
distinct binding conformations may not exert as strong
interactions with the heme-CO complex as withL-arginine.
Subtle changes in alkylguanidines binding in the heme pocket
could explain variations in the Fe-CO tilt geometry and in
the interaction between alkylguanidines and the bound CO.

In the case of arylguanidines, our vibrational data indicate
a significant decrease of the positive polarity around the CO
environment as compared toL-arginine or alkylguanidines
binding. The possibility that the arylguanidines could fail in
establishing the expected H-bond between theL-arginine
guanidinium and the Fe-CO complex (46, 54) is not
consistent with our FTIR results which clearly show a strong
polar interaction between CO and the distal heme pocket.
Thus, this H-bond is likely to exist with arylguanidines,
despite the small shifts ofνFe-CO frequencies. Another
interpretation is that, with these compounds, the presence
of a phenyl ring conjugated with the positive guanidinium
allows the positive charge to be fully delocalized on the
molecule. The effective charge borne by the guanidinium
moiety of the arylguanidines, purportedly near the CO ligand,
should be smaller. This will lower the positive charge around
CO and may not favor as much the Feδ+dCdOδ- form in
the mesomeric equilibrium (62, 63).

Both FTIR and RR data suggest that, likeL-arginine,
alkylguanidines are able to strongly modify CO coordination
to ferrous heme, whereas a significantly lower positive
polarity is observed around the complex in the presence of
arylguanidines.

Implications of the Modification of Polar EnVironment in
the ActiVe Site.We observed a good correlation between
heme pocket polarity, FeIIO2 stability, electron coupling, and
NO formation that followed the order:L-arginine> alky-
lguanidines> arylguanidines (6, 33).

The stabilization of the Feδ+dCdOδ- form of FeIICO by
L-arginine (polar effect signaled above) could reflect that
L-arginine stabilizes FeIIO2 and prevents its dissociation into
FeIII and O2

•-. Since FeIIO2 autoxidation is in competition
with oxygen activation, increases in autoxidation rates will
lead to electron uncoupling. Alkylguanidines induced less
polar interactions with FeIICO and could not be able to favor
the negative charge on the distal oxygen and stabilize FeIIO2

complexes as well asL-arginine. As a consequence, decay
of FeIIO2 is accelerated by 10 times, but, even if superoxide
is generated, alkylguanidines are still precursors of NO. With
arylguanidines, the interaction may be so dramatically
decreased that FeIIO2 becomes very unstable and decays with
rates that can be up to 100 times that observed forL-arginine.
Rates of FeIIO2 autoxidation then might be so fast that iNOS
generates superoxyde instead of NO.

3996 Biochemistry, Vol. 45, No. 12, 2006 Moreau et al.



Influence of Alkylguanidines on Oxygen ActiVation Steps.
In the generally accepted mechanism ofL-arginine oxidation,
one electron and one proton from BH4 are rapidly transferred
to FeIIO2 and lead to FeIIIOOH (19-21, 42). Then, a second
proton, presumably fromL-arginine guanidinium (66), is
transferred to FeIIIOOH. When electron and proton transfers
are synchronous, the first protonation is favored on the distal
oxygen followed by a second protonation of the same oxygen
leading to FeIII (OOHH) that rapidly converts into the
hydroxylating agent FeIV(dO) and H2O (Scheme 1). With
L-arginine, the electron-transfer rate is high enough to
overcome FeIIO2 autoxidation (100 times faster). This leads
to a significant buildup of FeIV(dO) and consequent NO
formation without electron uncoupling.

In the presence of alkylguanidines, the transitions follow
the same kinetic scheme: BH4 donates one electron and one
proton to FeIIO2 species that promotes the rapid formation
of the hydroxylating agent FeIV(dO) (Scheme 1). The
activation of FeIIO2 (∼20 s-1, Table 2) is only 10 times faster
than FeIIO2 autoxidation (1.6-1.9 s-1, Table 1). Thus,
competition between these two pathways results in electron
uncoupling and formation of O2•- (FeIIO2 autoxidation to
FeIII and O2

•-). This can explain the uncoupling and the less
efficient formation of NO reported for alkylguanidines2 and
3 (33).

A Different Mechanism Pathway in the Presence of
Arylguanidines.In the presence of arylguanidines4-7 and
BH4, single-turnover experiments failed to show any FeIIO2

intermediate species absorbing around 430 nm: the initial

species (413-416 nm) directly decays into FeIII resting state
with no transient accumulation of the FeIIO2 complex (Figure
2C,D). Because the iNOSoxy FeIIO2 spectra were detectable
in the presence of BH2, O2 binding kinetics should not be
modified in the presence of arylguanidines. Moreover, in
these experiments with BH2, this FeIIO2 intermediate ab-
sorbed at 428-430 nm and corresponded to an FeIIO2

“heme-oxy II complex” (42). We then ruled out the
possibility that the species absorbing around 415 nm in BH4-
saturated iNOSoxy experiments could correspond to the
“heme-oxy I complex” absorbing at 418 nm (42). Last, with
nNOSoxy and eNOSoxy, no FeIIO2 was observed in the
absence of substrate while conducting single-turnover experi-
ments (21, 22). However, we excluded the absence of
substrate binding at the active site because (i) we were at
concentrations exceeding 50 times the dissociation constants
of the arylguanidines (67), (ii) the FTIR spectra confirmed
the binding of all arylguanidines to iNOSoxy, and (iii) our
decay rates did not match those reported by Ost et al. and
Berka et al. for nNOSoxy and eNOSoxy (21, 22).

We suggest that the unusual catalytic behavior of BH4-
saturated iNOSoxy in the presence of our arylguanidines was
linked to the properties of the arylguanidines themselves.
This could be related to differences in the polarity of the
heme pocket but could also arise from differences in pKa.
Due to the existence of resonance forms for arylguanidines,
their guanidinium group has a lower pKa than the alky-
lguanidines andL-arginine one (pKa ∼11 and∼13, respec-
tively) (68). With arylguanidines, we propose that the first

Scheme 1: Proposed Mechanisms for the First Step of Oxygen Activation by INOSoxy in the Presence of Alkyl- and
Arylguanidinesa

a Top panel, proposed mechanism pathway with either BH2 or BH4 in the presence ofL-arginine or alkylguanidines. Bottom panel, proposed
mechanism with BH2 or BH4 in the presence of arylguanidines.
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proton would be supplied by the arylguanidine that offers a
very labile proton. This would result in asynchronous
electron-proton transfers from BH4 (see Scheme 1). Theo-
retical calculations on P450 models suggest that, for asyn-
chronous electron and proton transfers, the second proton
would preferably bind to the proximal oxygen leading to FeIII -
(HOOH) that will further decompose into H2O2 and FeIII (69).
This nonproductive cycle would explain the high electron
uncoupling observed with the arylguanidines and could
contribute to the high amounts of H2O2 produced (unpub-
lished data).

Nonetheless, the rate-limiting step observed in the presence
of arylguanidines remains undetermined. Since no spectrum
for FeIIO2 complex was observed, FeIIO2 activation should
occur very rapidly, probably due to changes in the electric
field induced by arylguanidines and/or a more acidic proton
of the guanidinium group of arylguanidines. The slow rate-
limiting step in the presence of arylguanidies (Table 2) must
take place later in the catalytic chain and could then
correspond to the decay of either FeIIIOOH or FeIIIHOOH
species (Scheme 1).

Our single-turnover stopped-flow experiments combined
with our spectroscopic studies showed that substrates could
up- or down-regulate electron uncoupling and reactive
oxygen species production, that is, H2O2 and O2

•- by iNOS.
Using arylguanidines as a tool to investigate iNOS oxidation
mechanism, we suggest that electron and proton transfers in
iNOS must occur synchronously to prevent electron uncou-
pling and oxidase activity of iNOS.
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