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Electron Paramagnetic Resonance Characterization of Tetrahydrobiopterin
Radical Formation in Bacterial Nitric Oxide Synthase Compared
to Mammalian Nitric Oxide Synthase

Albane Brunel, Jérdme Santolini, and Pierre Dorlet*
CNRS, Laboratoire Stress Oxydant et Détoxication, Gif-sur-Yvette, France and CEA, iBiTec-S, Gif-sur-Yvette, France

ABSTRACT H4B is an essential catalytic cofactor of the mNOSs. It acts as an electron donor and activates the ferrous heme-
oxygen complex intermediate during Arg oxidation (first step) and NOHA oxidation (second step) leading to nitric oxide and
citrulline as final products. However, its role as a proton donor is still debated. Furthermore, its exact involvement has never
been explored for other NOSs such as NOS-like proteins from bacteria. This article proposes a comparative study of the role
of H4B between iINOS and bsNOS. In this work, we have used freeze-quench to stop the arginine and NOHA oxidation reactions
and trap reaction intermediates. We have characterized these intermediates using multifrequency electron paramagnetic reso-
nance. For the first time, to our knowledge, we report a radical formation for a nonmammalian NOS. The results indicate that
bsNOS, like iINOS, has the capacity to generate a pterin radical during Arg oxidation. Our current electron paramagnetic reso-
nance data suggest that this radical is protonated indicating that H4B may not transfer any proton. In the 2nd step, the radical
trapped for INOS is also suggested to be protonated as in the 1st step, whereas it was not possible to trap a radical for the bsNOS
2nd step. Our data highlight potential differences for the catalytic mechanism of NOHA oxidation between mammalian and

bacterial NOSs.

INTRODUCTION

Nitric oxide is an essential molecule in various biological
processes ranging from signaling to cytotoxic purposes
(1). It is produced in mammals by NOSs. The mNOSs are
homodimeric proteins (2). Each monomer consists of
a reductase domain and an oxygenase domain. The reduc-
tase domain contains two flavins responsible for the electron
transfer from NADPH to the oxygenase domain (3,4). The
oxygenase domain bears the catalytic site that consists in
a protoporphyrin IX with a cysteine thiolate as proximal
ligand (5,6), the substrate binding site and the essential
cofactor H4B (Scheme 1, (7)) binding site. H4B is crucial
for the protein structure, especially for the inducible NOS
(iINOS), as it induces structural reorganization, forces
H,O out of the substrate cavity, and permits the ferric
heme iron to become high-spin pentacoordinated (HS-
5c Fe''l) (8).

Like cytochrome P450 (CYP450), NOS are heme-thiolate
proteins and are believed to exhibit a similar molecular
mechanism (9-11). However H B is not present for
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CYP450 and bears an essential redox role in NOS catalytic
mechanism (Scheme 2). NOS produces NO through a two-
step reaction. The Arg substrate is first oxidized into NOHA
(12,13). The 2nd catalytic step, NOHA oxidation, leads to
the release of NO and citrulline (14). The most accepted
mechanism of Arg oxidation by mNOSs is represented on
Scheme 2 A. Fe™" is first reduced by an electron from the
reductase domain. This event is followed by oxygen binding
and the resulting complex is converted into a peroxo inter-
mediate via an electron transfer from H4B. Two proton
transfers are necessary for the heterolytic cleavage of
the O-O bond. One of these protons could be given by the
H4B considering that CPET is possible. The result is the
formation of a Compound I species and water release. Com-
pound I is responsible for Arg oxidation and NOHA forma-
tion (15,16). The biopterin radical is then reduced by an
electron from the reductase domain (17). The 2nd catalytic
step of NOS involves the same initial electron and proton
transfer up to the formation of an (hydro)peroxo complex
(Scheme 2 B). The subsequent course of events is yet unre-
solved. A nucleophilic attack of the peroxide intermediate
on the NOHA guanidinium moiety is believed to lead to
a tetrahedral complex (18), whose rearrangement results
in the formation of a Fe"'NO intermediate and then NO
release (19).

Despite intensive investigations, this catalytic model
remains mostly hypothetic (20). With regard to the 1st
step (Arg hydroxylation), most of the reaction intermediates
(such as Compound I) remain elusive. (Hydro)peroxo-inter-
mediates have been trapped only in extreme conditions and
in the absence of H4B (21,22). The H4B redox role has been
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demonstrated by radical trapping for the three mammalian
NOS isoforms: iNOS, eNOS, and nNOS, respectively
(23-25). Its formation is kinetically coupled to the FeHOz
decay and to Arg hydroxylation (26). Although H4B is
chemically able to realize a proton coupled electron transfer,
this possibility has not been definitely settled. That is why
the H4B protonation state is a key problem in the under-
standing of the NOSs catalytic cycle. The H4B radical that
builds up during the 1st step of iNOSoxy has been studied
in detail by EPR (27). Stoll et al. have demonstrated that
the radical trapped is in the H4B " state during the 1st
step, which suggests that the cofactor transfers only a single
electron. During the 2nd step (NOHA oxidation), the H4B
radical has also been observed (28) with kinetic correlation
to the Fe''O, decay. However, there was no spectroscopic
characterization of the radical, its protonation state was
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not determined, and HsB remains a potential proton donor
during the second catalytic step.

Some bacterial organisms exhibit NOS gene sequences in
their genome. These bacNOS share the same oxygenase
domain with mNOS (29). The three-dimensional structure
of bacNOS is superimposable to the catalytic domain of
mNOS, making it a good investigation model (30-32).
However, these bacteria do not possess the H4B synthesis
machinery (29) except maybe for Bacillus subtilis (33)
but they are capable of producing H4B analogs, such as
tetrahydrofolate, which also contain the pterin moiety.
The pterin binding site in bacNOS is truncated and, unlike
iNOS, no structural modifications are observed upon H,B
binding. In addition, the redox role of H4B in bacNOS has
never been proven. This questions the actual nature and
role of biopterins in general in bacNOS catalysis. Because
bacNOS are able to produce NO and this activity seems
conditioned to the presence of H4B (34), H4B has been
routinely used so far in the literature to study bacNOS
proteins and compare them to mNOS. To address the redox
role of H4B in bacNOS, our objective in this work was to
comparatively explore the HyB radical state during catal-
ysis for iNOSoxy and bsNOS. Radicals have been trapped
by freeze-quench during Fe"O, activation. Samples were
studied with multifrequency EPR. The H4B radical formed
during the iNOS Ist step has been compared to that formed
during the 2nd step. In the same way the bsNOS capacity to
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form H4B radical has been investigated and compared to
mNOSoxy.

MATERIALS AND METHODS
Chemicals

All chemicals were purchased from Sigma or Aldrich (Sigma-Aldrich,
St. Louis, MO). H4B and NOHA were purchased from Enzo Life Sciences
(Enzo Life Sciences, Farmingdale, NY). NO was purchased from Messer
(Messer France SA, Asniéres, France).

Samples preparation

Wild-type bsNOS and iNOSoxy were overexpressed in Escherichia coli
as described previously (34-36).

Fe'™ samples were prepared by conditioning the protein with Arg 5 mM
or NOHA 5 mM and H4B 800 uM after two washing and concentrating
cycles in 100 mM potassium phosphate buffer at pH 7.4. Samples were
directly frozen into EPR tubes.

Fe'"™NO samples were prepared from the ferric samples. Anaerobic Fe
NOS was obtained by 100 to 200 cycles of alternate vacuum and argon
refilling, directly into an EPR tube. Ferric samples were reduced by an
anaerobic dithionite solution (50 mM) added directly into the EPR tube
using a gas-tight syringe (Hamilton, Reno, NV) in stoechiometric con-
ditions. A small amount of NO saturated solution was added to form the
Fe"NO complex. The NO-saturated solutions were prepared by flushing
NO gas through a previously degassed buffer.

For freeze-quench experiments, proteins were conditioned with substrate
and cofactor after two washing and concentrating cycles. Anaerobic Fe!
NOS 500 uM was obtained by 100 to 200 cycles of alternate vacuum and
argon refilling, directly into a quartz cuvette. Fe' samples were then
obtained by reduction of Fe'™ NOS by the addition of a small volume of
anaerobic dithionite solution (50 mM) directly into the cuvette by using
a gas-tight syringe. Reduction was monitored by ultraviolet-visible absorp-
tion spectroscopy (Uvikon spectrometer from Serlabo Technologies,
Entraigues-sur-la-Sorgue, France). To avoid unwanted reactions, the excess
of dithionite was eliminated on PD 10 columns (Amersham Pharmacia
Biotech, Uppsala, Sweden) or protein desalting spin columns (Thermo
Scientific, Courtaboeuf, France) in a glove box. The ferrous protein sample
was then quickly mixed at 10°C with an aerobic buffer by using a Freeze-
Quench SFM-300 setup (BioLogic Science Instruments, Grenoble, France).
The reaction was stopped at a given time by rapid freezing into an isopen-
tane bath at 150 K. The sample was then collected into an EPR tube and
frozen at 77 K. The final protein concentration was ~200 uM. Time calibra-
tion on our freeze-quench setup was performed by using a known reaction
between hemoglobin and azide (37).

For spectroscopic comparison, tetrahydrobiopterin in solution
(CF;COOH:MeOH 6:1) was chemically oxidized by the addition of H,O,
(38). The mixture was immediately frozen in liquid nitrogen.

Some samples were annealed at temperatures above 77 K. This was
achieved by transferring the sample to a methanol bath cooled with liquid
nitrogen to a given temperature between 140 and 250 K for 1 min. The
sample was then frozen back in liquid nitrogen.

1T

EPR spectroscopy

9.4 GHz EPR (X-band) spectra were recorded on a Bruker ELEXSYS 500
spectrometer equipped with a standard TE cavity (Bruker, Wissenbourg,
France) and an Oxford Instruments (Abingdon, UK) continuous flow liquid
helium cryostat and a temperature control system. 285 GHz EPR spectra
were recorded on a lab built transmission spectrometer, described previ-
ously (39). The absolute magnetic field was calibrated by using a manga-
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nese-doped magnesium oxide standard (40). The absolute error in g was
10~*. However, the relative accuracy was better than 2 x 107> in g. Sample
temperature regulation was achieved by using a built-in helium flow cryo-
stat. Simulations were performed by using the Easyspin software package
(41) and routines written in the lab. The EPR parameters that were used
for the simulations are reported in the corresponding tables.

RESULTS

The NOS proteins were reduced and conditioned with
saturating concentrations of substrate (Arg or NOHA) and
cofactor under anaerobic atmosphere. The catalytic reaction
was initiated by rapid mixing of the NOS samples to an air-
saturated buffer and was stopped by freeze-quench (see
experimental procedures). For iNOSoxy, the time used to
stop the reaction was based on the maximum yield of radical
reported in the literature: 120 ms for Arg oxidation (25) and
60 ms for NOHA oxidation (28). Additionally, we have used
other freezing times to prepare iNOSoxy samples. In the
case of bsNOS, various freezing times between 10 and up
to 450 ms were tested. With Arg as substrate, we chose
the freezing time that yielded the largest amount of H,B
radical (35 ms in our case). With NOHA, the data shown
here were obtained with a time of flight of 15 ms. Samples
trapped by freeze-quench were analyzed by EPR.

X-band EPR spectra obtained on iNOSoxy and bsNOS
samples for steps 1 and 2 are shown in Fig. 1. In all cases,
the samples exhibit a thombic EPR signal characteristic of
a HS-5¢ Fe'! species showing that the active site has been
at least partially oxidized. In the case of the iNOSoxy st
step (Arg as initial substrate, Fig. 1 a), the effective g-values
of the freeze-quench sample agree with a ferric heme with
NOHA occupying the substrate cavity (see Table 1). This

dy"/dB
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Magnetic Field (mT)
FIGURE 1 9 GHz EPR spectra of iNOSoxy and bsNOS freeze-quench

samples. iNOSoxy/Arg stopped at 120 ms (a), iNOSoxy/NOHA stopped
at 60 ms (b), bsNOS/Arg stopped at 35 ms (c¢), and bsNOS/NOHA stopped
at 15 ms (d). Measurement parameters: microwave frequency 9.496 GHz,
microwave power 4 mW, field modulation amplitude 1 mT, temper-
ature 10 K.
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TABLE 1 Effective g-values of the HS Fe™ heme for iNOSoxy

and bsNOS

Samples gle['l' gzefl' g3eﬂ' E/D

iNOSoxy H4B + Arg at 120 ms 7.63 4.05 1.80 0.076
iNOSoxy HsB + NOHA at 60 ms 7.66 4.05 1.80 0.078
bsNOS H4B + Arg at 35 ms 7.71 3.97 1.79 0.081
bsNOS H,B + NOHA at 15 ms 7.72 3.97 1.79 0.081
iNOSoxy H4B/Arg 7.57 4.13 1.81 0.073
iNOSoxy H4B/NOHA 7.66 4.04 1.80 0.078
iNOSoxy H4B/no substrate 7.68 3.98 1.79 0.079
bsNOS H,B/Arg 7.64 4.07 1.80 0.077
bsNOS H4B/NOHA 7.73 3.97 1.78 0.082
bsNOSoxy H4B/no substrate 7.69 3.99 1.78 0.080

Freeze-quench samples (top part) are compared to prepared ferric samples
(bottom part) with and without substrates. g-values are given * 0.05.

supports the fact that Arg has been oxidized in the portion of
the proteins that display a ferric heme. Similarly, the bsNOS
sample initially loaded with Arg also displays a ferric heme
EPR signal in agreement with the presence of NOHA in the
substrate cavity (Fig. 1 ¢, Table 1). In the case of the 2nd
catalytic step (NOHA as initial substrate), a similar high-
spin ferric heme signal is also observed for both iNOSoxy
and bsNOS. However, in this case, the effective g-values
(Table 1) do not allow distinguishing conclusively between
the presence and the absence of NOHA in the substrate
binding pocket. It should be noted that the samples obtained
from freeze-quench correspond to a trapped state that might
have slightly different effective g-values from a prepared
native relaxed state due to geometry constraints.

In addition to the rhombic HS Fe' signal, the X-band
EPR spectra exhibits an additional signal in the g = 2 region
(around 340 mT), which is expanded in Fig. 2. The
iNOSoxy Ist step sample (Fig. 2 a) exhibits a radical signal
attributed to the biopterin cofactor that has been recently
well characterized (27). We recorded the EPR spectra at
70 K or above to alleviate the effect of the dipolar coupling
to the nearby high-spin heme species and to better resolve
the hyperfine pattern of the radical EPR signal (27). In the
case of bsNOS, a radical signal is also observed during
the Ist step of catalysis (Fig. 2 ¢). The spectrum exhibits
a similar linewidth and hyperfine coupling pattern compared
to that of the iNOSoxy 1st step thus supporting its attribu-
tion to a biopterin radical. Further evidence for the attribu-
tion of the signal to a biopterin radical in this bacNOS
has been obtained by high-field EPR (see below). For the
first time, to our knowledge, such a radical is trapped and
directly observed for a bacterial NOS-like protein.

The EPR signature of the freeze-quenched sample for the
second catalytic step of iNOSoxy (Fig. 2 b) is different than
that of the first step. Indeed, the g = 2 region of the EPR
spectrum shows a mixture of two signals: a radical similar
to that observed in the Ist step and an additional signal
visible on the low field side. The position of this signal is
similar to what is observed for Fe""NO. We have therefore
recorded EPR spectra for various Fe''NO NOS samples

Biophysical Journal 103(1) 109-117
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FIGURE 2 g = 2 region of the 9 GHz EPR spectra of iNOSoxy
and bsNOS freeze-quench samples. iNOSoxy/Arg stopped at 120 ms (a);
iNOSoxy/NOHA stopped at 60 ms (b); bsNOS/Arg stopped at 35 ms
(c); bsNOS/NOHA stopped at 15 ms (black line), simulation (gray line)
(d). Measurement parameters: microwave frequency 9.496 GHz, micro-
wave power 1 mW (a—c) and 0.06 mW (d), field modulation amplitude
0.4 mT (a—c) and 1 mT (d), temperature 70 K (a—c), and 10 K (d), accumu-
lation 20 scans (a—c) and 5 scans (d).

(see Fig. S2 in the Supporting Material and Table 2). The
additional signal observed for the freeze-quench 2nd step
iNOS sample (Fig. 2 b and Fig. 3 a, black line), corresponds
well with the signal of an iNOS Fe"'NO sample with NOHA
in the substrate cavity (Fig. 3 a, gray line). The difference
EPR spectrum between these two samples yields a radical
signal (Fig. 3 b) that is superimposable to that observed
for the 1st step. In addition, the spectrum obtained on a
sample frozen at an earlier time (15 ms, see Fig. 4 b) clearly
show different relative amounts of radical and Fe'NO
species compared to those of the 60 ms sample (Fig. 4 a).
The annealing of the 15 ms sample at different temperatures
shows an increase of the radical signal before it starts to
decrease (Fig. 4 ¢). The 240 K annealing point essentially
shows a nitrosyl species signal left. These results indicate
that the yields of Fe""™NO and radical species observed ex-
perimentally are not correlated and that the signals of these
two species do not decrease concomitantly. Therefore, the
nitrosyl heme complex observed here cannot be responsible
for the reduction of the biopterin radical back into HyB.
By contrast to iNOSoxy, no radical was observed by
freeze-quench experiments for the 2nd step in the case of
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TABLE 2 Simulation parameters for the 10 K EPR spectra of bsNOS and iNOS Fe""NO samples

gl (gl strain)

22 (g2 strain)

bsNOS H,B/NOHA at 120 ms
bsNOS H,B/NOHA

bsNOS H4B/Arg (54)

bsNOS H,B/citrulline

bsNOS H4B/-

iNOS H4B/NOHA at 60 ms
iNOS H,B/NOHA

iNOS H,B/Arg

iNOS H,4B/Citrulline

iNOS H4B/-

2.073 (0.0180)
2.073 (0.0180)
2.082 (0.0075)
2.083 (0.0080)
2.082 (0.0050)
2.070 (0.0160)
2.073 (0.0160)
2.084 (0.0180)
2.084 (0.0080)
2.084 (0.0080)

2.006 (0.0000)
2.007 (0.0000)
2.005 (0.0010)
2.005 (0.0000)
2.004 (0.0000)
2.009 (0.0032)
2.009 (0.0032)
2.005 (0.0000)
2.005 (0.0000)
2.005 (0.0000)

113
23 (g3 strain) A (MHz) A, (MHz) As (MHz)
1.974 (0.0117) 22 53 25
1.974 (0.0117) 22 58 20
1.967 (0.0054) 29 59 33
1.971 (0.0100) 30 58 35
1.972 (0.0025) 28 55 29
1.984 (0.0140) 40 52 14
1.984 (0.0140) 40 52 14
1.972 (0.0108) 30 56 34
1.974 (0.0122) 30 57 37
1.974 (0.0117) 30 58 36

Freeze-quench samples (120 and 60 ms samples) are compared to samples prepared with different substrates. The hyperfine couplings (A;) correspond to the

coupling with the nitrogen nucleus of the NO ligand.

bsNOS (Figs. 1 d and 2 d), whatever the trapping time used
between 10 ms up to 450 ms (see Fig. S1). The spectrum
recorded in the g = 2 region exhibits instead a signal char-
acteristic of a Fe''NO species in very low quantity. The
g-values obtained by simulations (see Fig. S3 and Table 2)
are close to those normally obtained for the nitrosyl species
when NOHA is present in the distal pocket, as was the
case for the Fe'"'NO species observed for the 2nd step of
iNOSoxy.

as]
=
2
L°)
b
I e e e e IR B s m e S e e e S
320 330 340 350
Magnetic Field (mT)
FIGURE 3 g = 2 region of the 9 GHz EPR spectra of the 60 ms

iNOSoxy + NOHA freeze-quench sample. iNOSoxy/NOHA stopped at
60 ms (black line), scaled spectrum of a prepared iNOSoxy Fe'"'NO sample
with NOHA as substrate (gray line) (a); difference spectrum between the
last two (b). Measurement parameters: microwave frequency 9.496 GHz,
microwave power 1 mW, field modulation amplitude 0.4 mT, temperature
70 K, accumulation 20 scans.

The g-anisotropy of organic radicals is very small but
can be resolved by using high-field EPR. The 285 GHz
EPR spectra recorded on the same freeze-quench samples

c

before annealing

dy"/dB

After 1 min 180 K

After 1 min 190 K

After 1 min 230

After 1 min 249 K

LN L L L LB L B L L L L B LI L

320 325 330 335 340 345 350 355
Magnetic Field (mT)

FIGURE 4 g =2region of the 9 GHz EPR spectra of iNOSoxy + NOHA
freeze-quench samples. iNOSoxy/NOHA stopped at 60 ms (a); iNOSoxy/
NOHA stopped at 15 ms (b). iINOSoxy/NOHA stopped at 15 ms and spectra
after annealing (see experimental procedures) (c). Measurement parame-
ters: microwave frequency 9.496 GHz, microwave power 1 mW (a and b)
and 0.25 mW (c), field modulation amplitude 0.4 mT (a and b) and 1 mT
(c), temperature 70 K (a and b) and 10 K (c), accumulation 20 scans
(a and b) and 2 scans (c).
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analyzed with 9 GHz EPR are shown in Fig. 5 (black lines)
along with their simulations (gray lines). Due to a significant
decrease of intensity with temperature at this frequency, it
was not possible to record the high-field spectra at higher
temperatures in our samples. The parameters for the simula-
tions are reported in Table 3. For comparison, we obtained
a spectrum in organic solvent for an isolated tetrahydrobiop-
terin radical oxidized chemically. Noteworthy, the three
turning points of the corresponding high-field spectrum
(Fig. 5 d) are well resolved and the linewidth narrower com-
pared to what is observed on the protein samples. This is due
to the absence of magnetic interaction between the radical
and the heme in addition to good glass properties of the
organic solvent. The similarities in g-values between the
isolated biopterin radical and those observed in the NOS
protein samples allows to attribute experimentally the pro-
tein radicals to the cofactor (Table 3). The radical obtained
with iNOSoxy during Arg oxidation exhibits g-values (g, =
2.0043, g, = 2.0038, and g, = 2.0021) in good agreement
with those reported recently in the literature (27). The 285
GHz high-field spectrum for the radical generated in the
bsNOS st step (Fig. 5 ¢) is virtually identical to that of

dy"/dB
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Magnetic Field (T)

———
10.1550

FIGURE 5 285 GHz EPR spectra of iNOSoxy and bsNOS freeze-quench
samples. Black lines: experimental spectra for iNOSoxy/Arg stopped at
120 ms (a), iNOSoxy/NOHA stopped at 60 ms (b), bsNOS/Arg stopped
at 35 ms (c¢), and HyB chemically oxidized (d). Gray lines: simulated
spectra. Measurement parameters: spectrometer frequency 285 GHz,
microwave power 0.25 uW, field modulation amplitude 2 mT, temperature
4 K. Simulation parameters are given in Table 2.
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the iNOSoxy Ist step. Similarly, the high-field EPR spec-
trum recorded on the freeze-quenched sample for the 2nd
step of iNOSoxy (Fig. 5 b) shows a radical signal identical
to that observed for the 1st step.

For these three radicals, the similarity in g-values
(measured from the 285 GHz spectra) and above all hyper-
fine coupling patterns (comparison of the 9 GHz spectra)
strongly support the same protonation state. More precisely,
the hyperfine coupling of the N5 nucleus is significantly
affected for the neutral radical compared to the protonated
radical (27); therefore, a change of protonation state would
affect the hyperfine splitting dominating the 9 GHz spectra.
This is not observed experimentally (see Fig. 2 and Fig. S4
for samples in D,0), which indicates that all three observed
radicals are in the H4B"™ state.

DISCUSSION

H,B is believed to play a crucial role in the NOSs molecular
mechanism on one hand for its implication in the electron
transfer processes required for oxygen activation (23,42)
and Fe'"™NO oxidation (28), and on the other hand as a poten-
tial proton donor. The pterin radical has been well character-
ized for the 1st step of iNOSoxy by EPR combined to the
density functional theory calculations and demonstrated to
be in its protonated form H4B"* (27). During NOS catalysis
it has been proposed that the biopterin cofactor acts not only
as an electron donor but also as a proton donor in a CPET
(21,43,44). If the debate remains open due to the unknown
initial protonation state of the pterin and the possibility of
ultrafast initial CPET as discussed by Stoll (27), the fact
that the trapped radical is H4B"" tend to support a model
in which the pterin acts only as an electron donor. In earlier
EPR work, the radical trapped for the 1st catalytic step of
nNOS and eNOS was already suggested to be protonated
(26,45). By analyzing the EPR signals observed both for
the heme and the radical, we show that the buildup of the
H,B ™ radical is correlated to the formation of NOHA-
bound ferric species, which indicates that H4B electron
transfer is associated to Arg hydroxylation not only for
iNOSoxy but also for bsNOS in the st step of catalysis.
Investigations on the role of H4B for the iNOSoxy 2nd
step are less extended. The trapping of H4B radical during
NOHA oxidation has been reported only once (28), but its
protonation state has neither been determined nor compared
to the 1st step. We completed the characterization of
this radical using the same methodological approach for
the 2nd catalytic step of iNOSoxy. The comparison of the
EPR spectra obtained for this radical relative to that of the
Ist step indicates that its protonation state is identical in
both steps. Therefore, the biopterin seems to transfer only
one electron, and no proton, in the course of NOHA oxida-
tion. The absence of proton transfer from the pterin cofactor,
combined with the modification of the water-guanidinium-
FeHOz H-bond network (46-48), drastically restrains the
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TABLE 3 Simulation parameters for the high-field EPR spectra of the H,B radicals

g1 (g-strain) g2 (g-strain) 23 (g-strain) A,, (MHz)
iNOSoxy H4B/Arg at 120 ms 2.0043 (0.00003) 2.0038 (0.00018) 2.0021 (0.0012) 63
iNOSoxy H4B/NOHA at 60 ms 2.0042 (0.00003) 2.0036 (0.00018) 2.0021 (0.0012) 63
bsNOS H4B/Arg at 35 ms 2.0043 (0.00003) 2.0036 (0.00018) 2.0021 (0.0012) 66
H4B chemical oxidation 2.0045 2.0036 2.0022 61
iNOSoxy H,B/Arg (27) 2.0043 2.0035 2.0021 63

Hyperfine coupling (A,,) corresponds to the coupling of the N5 nitrogen nucleus of H,B.

number of possible proton donors. This result is an
additional support for a mechanism that does not involve
the heterolytic cleavage of NOS ferric heme-peroxide
intermediate.

Compared to the Ist step, the reduction of the H,B™ "
radical in iNOSoxy is greatly accelerated for the 2nd step
(0.71 s7' vs. 8.3 s7' (26,28)), which implies that it may
exert an oxidative role at the end of the catalytic cycle.
Various regeneration pathways for the pterin radical have
been proposed, including reduction by the Fe""'NO interme-
diate (Scheme 3). The same Fe"NO complex, obtained with
Angeli’s salt, was shown to speed up the H,B"* reduction,
supporting an electron transfer from the nitrosyl complex
to the pterin radical (49). Thus, the Fe''™NO oxidation
pathway is believed to account for the decay of the pterin
radical. However, this should have allowed monitoring the
related Fe'™NO— Fe'NO oxidation reaction, whereas no
Fe'"NO buildup has ever been reported for iNOSs in
stopped-flow or freeze-quench experiments. In addition,
the reported rates of Fe"™NO appearance (36.7 s~') and
pterin radical decay (8.3 s~ do not match (28), which
suggests additional reaction intermediates. Noteworthy, we
observed the presence of a Fe'NO intermediate along
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SCHEME 3 Proposed mechanisms for HyB'* regeneration during
NOHA oxidation. (A) After the recombination of NO~ with NOS ferric
heme, the HyB radical reoxidizes Fe""NO into Fe'!NO. (B) Direct reaction
of the HyB radical with the nitroxyl product. (C) The H4B radical may be
able to participate to the tetrahedral complex rearrangement directly
leading to NO".

with the H,B" ™ radical. This is somewhat similar to what
has been observed in eNOS loaded with 4-amino-H4B and
NOHA by Sgrlie and co-workers (44). Fe'"™NO was observed
for different freezing times (15 ms and 60 ms) but in
different quantities and without any correlation with the
pterin radical buildup. Considering the extent of Fe"NO
buildup and the presence of NOHA in the substrate cavity
of the nitrosyl complex, this could arise from some minor
side reactions between released NO and residual ferrous
heme. In any case the results observed here regarding uncor-
related amounts of radical and nitrosyl species do not
support a model for the 2nd step in which the reduction of
the radical would be provided by a ferrous heme-nitrosyl
intermediate to form Fe'"'NO that then releases NO.

Another aspect of our work deals with the actual role
of H4B in bacNOS mechanism. Although bacNOS are com-
monly used as a study model for mNOSs, they have not been
shown to share the same catalytic mechanism. Although
H,B (but also tetrahydrofolate) increases the rate of
bacNOS Fe'0, decay and enhances their nitrite production
(34), this effect is not necessarily related to a redox role.
Furthermore, the effect of the presence of H4B on the Fe''O,
decay is much greater for iNOSoxy than for bsNOS: 120
times faster with H4B for iNOSoxy (28) versus 13 times
for bsNOS (34). Radical trapping by freeze-quench allowed
us to investigate the formation of a pterin radical during
bsNOS catalysis and to compare its properties with those
of the radical trapped for iNOSoxy. The radical we trapped
for bsNOS during Arg oxidation suggests the capacity of the
pterin to transfer one electron to the Fe''O, species. The
protonation state of the radical is the same for both
the bsNOS and iNOSoxy 1st steps. These results strongly
suggest that bacNOS and mNOS share a common electron
transfer process when Arg is the substrate. They support
the conservation of the 1st Arg-hydroxylation step and
validate the use of bacNOS as a study model for more
complex mNOSs.

By contrast, results obtained for the 2nd catalytic step
revealed strong differences between iNOSoxy and bsNOS.
Indeed, we did not observe any radical build-up for bsNOS
2nd step for a time ranging from 15 to 450 ms. There are
a few possibilities for the absence of radical formation in this
case: i), First it could arise from extremely fast H,B ™"
reduction kinetics. The decay of the Fe'O, species has
been reported to be ~8 s~' for the 2nd step of bsNOS
(34,50) and should correspond to the formation rate of the
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biopterin radical. Assuming an identical radical decay rate
for bsNOS and iNOSoxy (8.3 s7! (28)), the calculated
maximum yield of the radical should be 36% for a reaction
time of 120 ms, which should be detected by using our
protocol. Therefore, the lack of radical signal would mean
a much faster reduction rate (estimated to at least 8 to
10 times that of iNOSoxy 2nd step) so that the maximum
radical yield is low enough not to be detected. Although
this seems unlikely, it could derive from an increased
solvent accessibility to the pterin pocket in the case of
bsNOS. However, in that case it should also affect the reduc-
tion kinetics for the 1st step and impede the buildup of the
radical, which is not the case. ii), We could also envision
the absence of oxidative turnover. Indeed, the g-values of
ferric bsNOS at 15 ms do not allow excluding the presence
of NOHA still in the substrate cavity. Our protocol (initial
excess of NOHA and desalting on column) cannot preclude
the rebinding of some NOHA as substrate after reaction.
This is supported by the fact that the g-values for the Fe"NO
species observed are in agreement with the presence of
NOHA. At the same time, the presence of some Fe''NO
species argues for the occurrence of some NOHA oxidation.
In addition, the measurement of nitrite and nitrate con-
centrations with the Griess reagent for the 2nd step freeze-
quench samples also supports turnover of NOS. iii), The
absence of radical trapping for bsNOS 2nd step might as
well simply indicate the absence of electron transfer from
H,4B. This raises the question of the redox role of H4B in
the 2nd catalytic step of bacNOS. Indeed, H4B is not
formally required to produce NO (2,51). Some chemical
considerations and density functional theory calculations
plead for an electron or H' transfer directly from the
NOHA (52,53). These argumentations could be pertinent
for NOS of bacteria for which, noticeably enough, H4B is
intrinsically absent. The effect of H4B on bacNOS activity
should be reassessed when one considers that this activity
(NO or nitrite production) is negligible compared to iNOS
production (only 8%). In any case, our results stress the
strong discrepancy between iNOSoxy and bsNOS in the
role of HyB in the 2nd catalytic step. Further work ongoing
in our laboratory aims at elucidating the origin of these
differences that could shed some light on the catalytic mech-
anism and give insights into the role of the bsNOS protein.

CONCLUSION

Our report furthers the essential investigation of the
redox role of H4B in the catalytic activity of various NOS
enzymes. We showed that the nature of the pterin radical
is similar for both iNOSoxy catalytic steps. Our results are
in agreement with an absence of the direct role of HsB
in the proton transfer sequences. For the first time, to our
knowledge, we showed that bsNOS is able to generate
a similar pterin radical as for iNOSoxy. Our results suggest
that bacterial and mammalian NOSs share the same mecha-
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nism for the 1st catalytic step (Arg hydroxylation). On the
opposite, we failed to trap a radical in bsNOS 2nd catalytic
step. This supports the hypothesis that the 2nd catalytic
step of bsNOS and iNOSoxy probably differs. The possible
specificity of bsNOS molecular mechanism and catalytic
activity raises again the question of the actual biological
functioning and role of bacterial NOS-like proteins.

SUPPORTING MATERIAL

Four figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)00612-1.

‘We thank Sun Un for the use of the High-Field EPR spectrometer and useful
discussions and Dennis Stuehr for discussions.
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