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Nitric-oxide synthases (NOS) are catalytically self-sufficient
flavo-heme enzymes that generate NO from arginine (Arg) and
display a novel utilization of their tetrahydrobiopterin (H,B)
cofactor. During Arg hydroxylation, H,B acts as a one-electron
donor and is then presumed to redox cycle (i.e. be reduced back
to H,B) within NOS before further catalysis can proceed.
Whereas H,B radical formation is well characterized, the subse-
quent presumed radical reduction has not been demonstrated,
and its potential mechanisms are unknown. We investigated
radical reduction during a single turnover Arg hydroxylation
reaction catalyzed by neuronal NOS to document the process,
determine its kinetics, and test for involvement of the NOS fla-
voprotein domain. We utilized a freeze-quench instrument, the
biopterin analog 5-methyl-H,B, and a method that could sepa-
rately quantify the flavin and pterin radicals that formed in NOS
during the reaction. Our results establish that the NOS flavopro-
tein domain catalyzes reduction of the biopterin radical follow-
ing Arg hydroxylation. The reduction is calmodulin-dependent
and occurs at a rate that is similar to heme reduction and fast
enough to explain H,B redox cycling in NOS. These results, in
light of existing NOS crystal structures, suggest a “through-
heme” mechanism may operate for H,B radical reduction in
NOS.

Nitric-oxide synthases (NOS,* EC 1.14.13.39) are flavo-heme
enzymes that catalyze a stepwise oxidation of L-arginine (Arg)
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to form nitric oxide (NO) and v-citrulline (1, 2) (Fig. 1). Arg is
first hydroxylated by NOS in an NADPH- and O,-dependent
reaction to form N®-hydroxyl-L-arginine (NOHA) as an
enzyme-bound intermediate. NOHA is then oxidized by NOS
to citrulline and NO in a second NADPH- and O,-dependent
reaction. The reactions take place within the NOS oxygenase
domain dimer (NOSoxy), which contains bound protoporphy-
rin IX (heme) and 6-(R)-tetrahydrobiopterin (H,B).

The NOS heme catalyzes oxygen activation by a mechanism
that is similar to that described for cytochrome P450 (3).
However, in NOS the electron required for ferric heme reduc-
tion is provided by an attached flavoprotein domain that
contains FAD, FMN, and an NADPH binding site, and heme
reduction is dependent on calmodulin (CaM) binding (1, 2).
NOS enzymes also require H,B as a cofactor. H,B is bound
tightly within NOS enzymes (k4 ranges from 0.07 to 1.6 min "
at 37 °C) (4, 5), and this enables H,B to remain bound in NOS
through multiple catalytic turnovers (6—8). Moreover, H,B
performs a novel redox function in NOS: it reduces the ferric
heme-superoxy intermediate (Fe™O,) that forms during oxy-
gen activation, and becomes an enzyme-bound H,B radical in
the process (9-13). Electron transfer from H,B is critical
because it enables NOS to form the heme-oxy species that react
with Arg or NOHA (1, 2) (Fig. 1).

Several studies suggest that the H,B radical remains in NOS
after it forms and must be reduced back to H,B in order for the
enzyme to continue catalysis (1, 2) (Fig. 1). However, the fact
that bound H,B radical undergoes a time-dependent oxidation
(10, 12, 13), and that NOHA can dissociate from NOS after it
forms (14, 15), places a time constraint on H,B radical reduc-
tion. Following Arg hydroxylation, the H,B radical remains in
the ferric enzyme (Fig. 1, enzyme species I1I), and thus its reduc-
tion should require an electron from the NOS flavoprotein
domain (1, 2) (Fig. 1, enzyme species Il and IV). The validity of
this process and its regulation are unclear.

Because CaM binding to NOS enables the flavoprotein
domain to transfer electrons to the oxygenase domain heme
(16), we hypothesized that reduction of the H,B radical follow-
ing Arg hydroxylation may also require CaM binding to NOS.

6,7,8-trihydro-L-biopterin; Fe"O,, heme ferric superoxy intermediate;
EPPS, N-(2-hydroxyethyl)-piperazine-N’-3-propanesulfonic acid; FSQ, fla-
vin semiquinone; EPR, electron paramagnetic resonance; CaM, calmodu-
lin; nNOS, neuronal NOS.
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To explore this possibility, we developed a means to monitor
the extent and kinetics of pterin radical reduction in NOS after
Arg hydroxylation occurs. Our experiments manipulate free
Ca®" levels so as to allow or prevent the CaM-dependent elec-
tron transfer between the NOS flavoprotein and oxygenase
domains, as we have done previously (17). We also utilize an
EPR technique that can distinguish the radical signals arising
from the bound pterin versus the NOS flavins during the reac-
tion. Our results provide the first example of enzyme-catalyzed
pterin radical reduction in biology, and lay a foundation to
explore its mechanism and regulation in the NOS enzymes.

EXPERIMENTAL PROCEDURES

Chemicals—H,B, H,B, and 5-methyl-H,B (5MeH,B) were
obtained from Dr. Schirck’s laboratory (Jona, Switzerland). A
5MeH,B stock solution was prepared fresh in 40 mm EPPS, pH
7.5. All other chemicals were obtained either from Sigma or
Fisher Scientific International, Inc.

UV-visible Spectrometry—Conventional spectra were ob-
tained using a Cary 100 BIO instrument (Varian, Inc) equipped
with temperature control and automatic stirring.

Protein Purification—Rat nNOS was overexpressed in Esch-
erichia coli and was purified in the absence of H,B as described
previously (18, 19). The enzyme concentration was determined
from the 444-nm absorbance of the ferrous-CO complex using
an extinction coefficient of 76 mm ' cm™*. The individual
nNOSoxy and flavoprotein domains were overexpressed and
purified as described previously (19, 20). The concentrated pro-
teins were stored in a buffer containing 50 mm EPPS, pH 7.5, 2
mM B-mercaptoethanol, 10% glycerol, and 0.25 m NaCl.

Protein Sample Preparation—Ferrous nNOS was prepared
by reducing CaM-bound ferric enzyme with NADPH in a gas-
tight cuvette under anaerobic conditions as described previ-
ously (19, 20). Briefly, a buffered solution containing ~120 um
nNOS, 10 mm Arg, 2 mm 5MeH,B (or 1 mm H,B), 200 um CaM,
and 600 um Ca”>* was made anaerobic by several cycles of vac-
uum and flushing with deoxygenated N,, and then had
N,-purged NADPH solution added to give 0.1 to 0.2 mm
NADPH. Heme reduction was monitored by the appearance of
a 550-nm absorbance peak and the disappearance of the
650-nm absorbance peak. After heme reduction was judged to
be complete, we added additional NADPH to give a concentra-
tion of ~1 mm. In some cases, an anaerobic EDTA solution was
then added to the ferrous NOS sample to give 1.2 mm EDTA to
release the bound CaM from the ferrous nNOS. The samples
were periodically scanned in the UV-visible spectrophotometer
to assure that the ferrous heme did not oxidize to ferric heme
prior to transfer to the rapid quench instrument.

Rapid-freeze Kinetic Experiments—Ferrous nNOS samples
prepared as described above were transferred with an anaerobic
syringe to a rapid quench instrument (RQF-63, TGK Scientific,
Bradford on Avon, UK) maintained at 10 °C, and the samples
were rapid-mixed with an O,-saturated buffer (40 mm EPPS,
125 mMm NaCl, pH 7.5) to initiate the reaction (this resulted in a
post-mix O, concentration in the reaction of ~0.8 mm). The
reaction mixture was then aged for various times in the instru-
ment followed by rapid injection into a liquid N,/isopentane
freezing solution as described elsewhere (21). Some replicate
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reactions utilized H,B-bound nNOS in the rapid-freeze EPR
study, to exclusively monitor the flavin semiquinone (FSQ) rad-
ical during the single turnover reaction. (H,B does not form a
radical in NOS during catalysis; Refs. 13, 21.) Three different
nNOS preparations were used in the experiments, and each
nNOS preparation was reacted under the CaM-bound and
CaM-free condition on the same day.

EPR Analysis—Electron paramagnetic resonance (EPR)
spectra of each frozen reaction sample was recorded in a
Bruker ER300 instrument equipped with an ER 035 NMR
gauss meter and a Hewlett-Packard 5352B microwave power
controller. Temperature control was achieved using Oxford
Instruments ESR 900 continuous-flow liquid helium cryostat
and ITC4 temperature controller. All spectra were recorded at
150 K using a microwave power of 2 milliwatts or 20 micro-
watts, a frequency of 9.5 GHz, a modulation amplitude of 5 G,
and a modulation frequency of 100 kHz.

The EPR spectrum of the 5MeH,B radical was obtained by
mixing 5MeH,B-bound ferrous nNOSoxy with O,-saturated
buffer and then rapid freezing after 125 ms of reaction as per-
formed previously (12). The EPR spectral properties of the fla-
vin semiquinone radical (FSQ) were recorded for the nNOS
flavoprotein domain (20) and for the H,B-bound, nNOS full-
length protein (24). The FSQ radical was generated in either
protein by adding a slight molar excess of NADPH to each pro-
tein in air-saturated buffer and then waiting for the flavins to air
oxidize, while monitoring FSQ formation in a UV-visible spec-
trophotometer as a broad peak centered near 600 nm (20). This
procedure results in both proteins containing an air-stable
FMN semiquinone radical (20, 24).

The microwave power dependence of each radical signal was
analyzed using nonlinear regression in Equation 1,

Log(S/\@) = —b/2log(P,,, + P) + b/2log(P,,,) + log(A)
(Eq.T)

where P is the power, S is the EPR intensity from double inte-
gration, P, is the power at half-saturation, A is a scaling factor,
and b is an inhomogeneity parameter. All fittings were per-
formed using Origin Pro 7.5 (OriginLab, Northampton, MA).

Determining the Concentrations of SMeH,B and FSQ
Radicals—The primary EPR spin concentration was deter-
mined using Cu(II)EDTA solutions of known concentration,
and their EPR spectra recorded under conditions as described
here and in earlier reports (21, 27). The concentration of the
FSQ radical was determined based on a comparison with EPR
signals from samples of the 1-electron-reduced nNOS fla-
voprotein domain, whose total concentration and FSQ concen-
tration were determined by UV-visible spectroscopy using
known extinction coefficients (35). The dilution factors we used
for correcting EPR signal intensities in the rapid-freeze-quench
samples at each delay time were determined as done previously
(21, 25). Briefly, a 500 um Cu(II)EDTA solution was rapid-
mixed with buffer at each delay time, subject to rapid freezing,
and then the EPR signal intensities of these samples were meas-
ured. The dilution factors ranged from 2—3-fold.

The EPR intensities contributed by the 5MeH,B and FSQ
radical in each reaction sample were calculated using Equations
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FIGURE 1. Reaction scheme for NOS enzymes. Some steps involved in Arg hydroxylation and NOHA oxidation
are shown. The boxes indicate the heme species and the substrate or product that is bound at each step.
Electrons are provided to the heme at discreet points by the flavoprotein domain (FMNH,) or by H,B, with their
redox transformations as indicated. Red boxes are the steps in the reaction that occur in our single turnover
reactions. The large box with question mark highlights the H,B radical reduction step that is thought to follow

Arg hydroxylation and is the focus of our study. See text for details.

2 and 3 and assuming that (i) one heme, one 5MeH,B, one FAD,
and one FMN molecule were bound in each subunit of the
nNOS homodimer, and (ii) only two radical species were
formed (see “Results”).

|2 miliwatts, 0 = Ihag, e T lesq, ¢ (Eq.2)

20 microwatts, 5 = 0.1075 X lyup ¢ + 0.4843 X lgsq . (Eq.3)

where L, niniwatts, 2 A0 120 microwatts, » Were the double integra-
tions of EPR spectra of the same sample measured at 2 milli-
watts and 20 microwatts power at time ¢, respectively. I, ,
and I ,are only the two variables representing the intensities
of 5MeH,B and FSQ radicals at 2 milliwatts. The coefficients of
0.1075 and 0.4842 in Equation 3 were determined from power
saturation measurements, indicating the fold intensity dropped
from 2 milliwatts to 20 microwatts. By solving Equations 2 and
3, the EPR intensities from H,B and FSQ at time ¢ could be
determined. The 5MeH,B and FSQ radicals saturate at differ-
ent microwave power: At 2 milliwatts the FSQ radical is largely
saturated and no longer responsive to power, whereas the
5MeH,B radical is not saturated at 2 milliwatts. The intensities
we derived from Equations 2 and 3 were then converted to the
concentration of individual radicals by comparison with sam-
ples of known radical concentration prepared as described
above and measured at the same power setting. For example,
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5MeH,B and FSQ radicals.
Redox State of Bound Biopterin—

The oxidation state of biopterin in
CaM-bound or CaM-free nNOS
samples following single catalytic
! turnover Arg hydroxylation reac-

tions was determined using estab-
0, lished methods (13, 22) with some
modifications. Approximately 70
uM nNOS protein was incubated
with 0.4 mm H,B and 10 mm Arg at
room temperature for 20 min and
then passed through a PD-10 desalt-
ing column. Arg was then added to
the protein to give a final concentra-
tion of 10 mM. A portion of the sam-
ple also received 100 um CaM and 1
mM CaCl,, while another portion
received 3 mm EDTA. The samples
were made anaerobic and then reduced to ferrous by titrating
with a near stoichiometric amount of dithionite solution.
Approximately 0.3 ml of each anaerobic protein sample was
mixed at room temperature with an equal amount of O,-satu-
rated buffer (40 mm EPPS, pH 7.5) containing 24 ul of iodine
solution (0.9% (w/v) iodine in H,0), and then was treated with
standard alkaline and acidic iodine solutions used to determine
concentrations of oxidized and reduced biopterin (22). After
removing the precipitated protein by centrifugation, a 50-ul
aliquot from each sample was then injected onto a 4.5 X
250-mm Partisil 5, ODS-3 column (Alltech) that was equili-
brated with an aqueous 5% MeOH solution. The content of H,B
and its oxidation products were determined by HPLC with flu-
orescence detection. The percentage of H,B in the samples was
calculated by subtracting the area of the peak eluting at 12 min
in the aliquot that had undergone basic workup from the cor-
responding peak area present in the companion aliquot that
had undergone acidic workup.

RESULTS

An H,B radical forms in NOS during Arg hydroxylation to
NOHA (Fig. 1, enzyme species I-1II). A subsequent reduction of
the H,B radical is then thought to be required (Fig. 1, enzyme
species Il and IV) so that NOS can oxidize the bound NOHA to
NO (Fig. 1). The reversible nature of CaM binding to nNOS (16,
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17) enabled us to create two populations of ferrous nNOS (i.e.
CaM-bound and CaM-free versions of species I in Fig. 1) for use
in Arg hydroxylation reactions. Because only the CaM-bound
nNOS can engage in electron transfer between its flavoprotein
and oxygenase domain heme (16), this setup allowed us to test
whether: 1) the H,B radical that forms during Arg hydroxyla-
tion is actually reduced back to H,B, 2) the nNOS flavoprotein
domain provides the electron for H,B radical reduction, and 3)
the electron transfer to the H,B radical requires that CaM is
bound to nNOS.

We utilized nNOS because its flavoprotein-to-oxygenase
domain electron transfer rate (about 4 s~ * at 10 °C; Ref. 19) and
its H,B radical formation rate during Arg hydroxylation (20s ™'
at 10 °C) are the fastest among the three NOS enzymes, while
the oxidative decay of its bound H,B radical is the slowest (0.6
s 'at 10 °C) (12, 19). We also utilized 5MeH,B in place of H,B
because it has an even faster radical formation (51 s~ ') and a
slower oxidative decay (0.2 s™') in nNOS Arg hydroxylation
reactions compared with H,B (12), and thus provides the widest
possible time window to observe reduction of the pterin radical
in a NOS following Arg hydroxylation. The 5MeH,B radical
also has characteristic hyperfine structure that helps to distin-
guish it from flavin or superoxide radical species that may also
form concurrently in NOS (9, 23-25).

In general, the reactions were initiated at 10 °C by rapidly
mixing an O, saturated buffer (~1.7 mm O,) with an anaerobic
solution of NADPH pre-reduced CaM-bound or CaM-free fer-
rous nNOS (~0.12 mm) that contained saturating concentra-
tions of Arg and 5MeH,B. Following mixing, the reaction sam-
ples were aged for different times within the instrument and
then underwent rapid freezing. The frozen reaction samples
then had their free radical spectra and content analyzed by EPR.
This procedure allowed us to study the sequential reaction
steps I through IV (Fig. 1) during the Arg hydroxylation reac-
tion catalyzed by nNOS. Under our reaction conditions, O,
binding to the ferrous heme is rapid compared with subsequent
H,B radical formation and Arg hydroxylation, as indicated by
the rates measured for these steps under near-identical reaction
conditions (Fig. 1 and Refs. 12, 21, 25).

In our reactions we expect that EPR signals from the bound
5MeH, B radical and from the FSQ radical will be present simul-
taneously during the course of the Arg hydroxylation reaction.
Fig. 2 shows that this was the case. The figure contains repre-
sentative EPR traces of reaction samples that were aged for the
indicated times during an Arg reaction catalyzed by either
CaM-free (panel A) or CaM-bound (panel B) nNOS. Standard
EPR spectra of the 5MeH,B radical and the nNOS FSQ radical
are included in Fig. 2 for comparison. At 80 and 125 ms, the EPR
traces have peak-to-trough values that range from 32 to 39 G.
Because this value is close to the peak-to-trough value for
authentic 5MeH,B radical (40 G) and the traces otherwise dis-
play characteristic spectral features and hyperfine structure of
the 5MeH,B radical (9, 25), it appears to be the dominant rad-
ical present in the enzyme reaction samples at these two early
time points. For the 1- and 2-s reaction samples, however, the
peak-to-trough width declines to approach the value of the
nNOS FSQ radical (20 G), and the spectral traces lose charac-
teristic features that indicate a disappearance of the 5MeH,B
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FIGURE 2. Representative EPR spectra of radicals detected during NOS
reactions. Anaerobic solutions of ferrous nNOS containing 5MeH,B and Arg
were mixed with O,-saturated buffer to initiate the reaction in the absence
(panel A) and presence (panel B) of bound CaM. Spectra of the nNOS 5MeH,B
radical and nNOS FSQ radical are included in each column for comparison.
The dashed and dotted lines indicate the peak positions of authentic 5MeH,B
and FSQ radical signals, respectively. Data shown are representative of three
independent experiments. The individual spectra are not meant to convey
information regarding actual radical concentrations.

radical, particularly in the reaction catalyzed by the CaM-
bound nNOS (panel B). The radical signals in these traces indi-
cate the FSQ radical appears to become predominant in both
reactions by 2 s (24, 26). Thus, a qualitative analysis of the traces
suggest that the 5MeH,B radical builds up and then begins to
disappear within the 0 to 2 s reaction timeframe, concurrent
with a more gradual and sustained buildup of the FSQ radical.
Disappearance of the 5MeH,B radical also appeared to be
somewhat faster in the reaction catalyzed by CaM-bound
nNOS compared with CaM-free nNOS (Fig. 2).

Because the reaction samples contained both FSQ and
5MeH,B radical signals, we needed a way to assess their indi-
vidual contributions. Conceivably, the power saturation profile
of either radical could provide a means. We therefore deter-
mined the power saturation profiles for the 5MeH,B and FSQ
radicals when they were formed individually in nNOS. The
5MeH,B radical was generated within nNOSoxy (12), which
does not contain an attached flavoprotein domain, while the
FSQ radical was generated within H,B-bound, CaM-free
nNOS. As shown in Fig. 3, the power saturation curves for the
two radicals are clearly distinct. The Py, value for the 5MeH,B
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FIGURE 3. Power saturation curves of the 5MeH,B and FSQ radicals of
nNOS. The 5MeH,B radical was generated in nNOSoxy while the FSQ radical
was generated in H,B-containing nNOS as described in the experimental sec-
tion. Data were fit to Equation 1 to determine values of P1,. The values of P. ,,
A, and b were 38 milliwatts, 58.28, and 0.63 for 5MeH,B, respectively and the
values of P1,,, A, and b were 65 microwatts, 340.23 and 0.55 for FSQ radical,
respectively. Data are representative of two similar trials.

radical in nNOSoxy was 38 milliwatts, which is close to
reported values for the H,B radical in iNOSoxy and nNOS (10,
11, 27). The Py, value of the FSQ radical in nNOS was 65 micro-
watts, consistent with similar studies (24, 26).

Based on the power saturation profiles of the 5MeH,B and
FSQ radicals, there is a range of power values that can equally
detect the intensity of either radical, and a different range of
power values that favor detection of one radical over the other.
For example, when the power changes from 2 milliwatts to 20
microwatts, the intensity of the 5MeH,B and FSQ radical sig-
nals drop 9.3- and 2.1-fold, respectively. We therefore deter-
mined the total radical concentration (FSQ + 5MeH,B) in each
sample by integration of EPR spectra measured at 2 milliwatts,
and calculated the FSQ contribution by integration of EPR
spectra measured at a power of 20 microwatts. Using the equa-
tions described in the experimental section, we could then
determine the separate concentration of the 5MeH,B radical
and FSQ radical in each reaction sample.

Fig. 4 shows the EPR signals that were present in a 125-ms
reaction sample for CaM-free nNOS, and compares them with
the EPR signals of authentic 5MeH,B and FSQ radicals that
were formed individually in nNOSoxy or nNOS, respectively.
From the reaction sample spectra collected at 2 milliwatts and
20 microwatts power, we calculated the concentrations of the
bound 5MeH,B radical and flavin radical to be 119 * 8 and
35 =+ 8 um, respectively, indicating that 85 * 6% of the 5MeH,B
and 25 * 6% of the flavins bound in nNOS were present in
radical form at this time point.

To judge whether the analysis is reliable, we constructed the
EPR signals present in a subset of the reaction samples by com-
bining the signals recorded for authentic 5MeH,B and FSQ
radicals according to their relative contributions that we calcu-
lated for each time point, and then compared these constructed
EPR traces to the actual signals that were observed for the same
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FIGURE 4. EPR spectra recorded at two microwave power settings for an
Arg hydroxylation reaction. The reaction was that of CaM-free ferrous nNOS
after 125 ms. Traces B and C, EPR spectra of the reaction sample recorded at 2
milliwatts and 20 microwatts, respectively. Traces A and D, EPR spectra of the
authentic 5MeH,B and FSQ radicals in nNOS. The dashed and dotted lines
indicate a peak-to-trough signal width with 40 and 20 G, respectively. Data
are representative of three independent experiments.

reaction samples. Fig. 5 compares the recorded and constructed
EPR traces during a reaction of CaM-free nNOS. The con-
structed EPR spectra are in good agreement with the experi-
mental traces, indicating that our analysis is reasonable and can
determine the amounts of 5MeH, B and FSQ radicals present in
nNOS during the course of a single turnover reaction.

Regarding possible contributions from other radical species
during the nNOS reaction, it has been demonstrated that EPR-
detectable amounts of superoxide are released from the NOS
heme when the single turnover reaction is uncoupled due to an
absence of H,B or Arg (10, 23). However, Arg and 5MeH,B
were present in our reactions at saturating concentrations and
the nNOS single turnover reaction has been shown to be well
coupled under this circumstance (12). Furthermore, the EPR
spectrum of superoxide has a very high Py, value (~50 milli-
watts) and a different line shape compared with the 5MeH,B
and FSQ radicals (23), and so should be easy to detect by our
analysis. These considerations indicate a minimal superoxide
release or buildup during our single turnover reactions.

We next utilized our EPR analysis to track 5MeH,B and FSQ
radical buildup and decay during single turnover Arg hydroxy-
lation reactions catalyzed by CaM-bound versus CaM-free
nNOS (Fig. 6). The data for 5MeH,B radical formation and
disappearance in both reactions are compared in Fig. 6A. The
data were fit to the sequential kinetic reaction model, A to B to
C (21) to obtain rates of 5MeH B formation and disappearance.
The formation rates of the 5MeH,B radical were similar in the
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FIGURE 5. Constructed versus actual EPR spectra obtained during Arg
hydroxylation. Actual traces that were recorded at the indicated times for a
representative CaM-free nNOS reaction (solid lines) are compared with con-
structed EPR spectra (dashed lines) that represent weighted sums of the indi-
vidual spectra for flavin and pterin radicals determined from individual signal
contributions of the 5MeH,B and FSQ radicals as explained under “Experi-
mental Procedures.”

CaM-free and CaM-bound nNOS reactions (80 * 20 and 68 *=
25 s, respectively). In contrast, the disappearance rate of the
5MeH,B radical was about 5 times faster in the CaM-bound
nNOS reaction (1.3 = 0.2 s~ 1) than in the CaM-free nNOS
reaction (0.25 + 0.04 s~ ). The rate of radical disappearance in
the CaM-free nNOS reaction is similar to the rate of 5MeH,B
radical oxidation in nNOSoxy (0.2 s ') following a single turn-
over Arg hydroxylation (12).
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FIGURE 6. Kinetics of 5MeH,B and FSQ radical formation and disappear-
ance during Arg hydroxylation reactions catalyzed by nNOS. A solution
containing 120 umferrous nNOS, 5MeH,B, and Arg was mixed at 10 °Cwith an
0,-saturated buffer in each reaction. Data points were normalized for sample
dilution. Panel A shows the calculated 5MeH,B radical concentration per
heme versus time in the Arg hydroxylation reactions catalyzed by CaM-free
(solid square) and CaM-bound (open circle) NNOS. The solid lines are the best fit
derived using a kinetic equation of A — B — C. Panel B shows the calculated
FSQ radical concentration per heme versus time in the same nNOS reaction
samples described in panel A. Data are the mean and S.D. of three individual
experiments each.

Fig. 6B displays the evolution of FSQ radical content in the
same nNOS reaction samples. The CaM-free and CaM-bound
reactions had relatively similar FSQ radical content across the
entire measurement period. A similar FSQ radical buildup was
observed in replica reactions that used H,B-saturated nNOS
(data not shown).* Possible reasons for this behavior are men-
tioned under “Discussion.” In any case, the buildup of the FSQ
radical was more gradual compared with the 5MeH,B radical
and occurred mostly after a majority of the 5MeH,B radical
signal had disappeared in the CaM-bound nNOS reaction.

To determine whether disappearance of the pterin radical
signal in the above reactions involved the reduction or oxida-
tion of the pterin radical, we utilized a standard HPLC fluores-
cence method (22) to measure the final oxidation state of H,B in
replica nNOS reaction samples that had gone to completion. In
the CaM-bound nNOS reaction samples, we observed no net

4H,B-bound nNOS was used in replicated reactions to exclusively monitor
FSQ radical formation (i.e. no H,B radical can be formed).
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oxidation of total H,B (97 = 3% was still present as the fully
reduced form), whereas in the CaM-free nNOS reaction sam-
ples, a significant portion of the total H,B (35 = 6%) had
become oxidized. This extent of H,B oxidation is somewhat less
but similar to what was reported for single turnover Arg
hydroxylation reactions catalyzed by nNOSoxy under similar
conditions (~65% H,B oxidized) (13).> Control reactions that
either contained no enzyme or contained a CaM-free ferric
(instead of ferrous) enzyme plus H,B all had >95% of their H,B
remain in fully reduced form after reacting. Likewise, a control
reaction of CaM-bound ferrous nNOS that contained H,B (an
oxidized form of H,B) generated no H,B during the reaction
(data not shown). Together, the data indicate that the H,B rad-
ical signal disappears through a reductive pathway in the CaM-
bound nNOS reaction.

DISCUSSION

A H,B radical forms in NOS enzymes during Arg hydroxyla-
tion, and is proposed to be reduced back to H,B before the
enzyme can convert bound NOHA to NO (Fig. 1). Here, we
developed a means to investigate the pterin radical reduction
step in nNOS, to validate that the process occurs, to measure
the kinetics, and to determine whether pterin radical reduction
is CaM-dependent.

Our results provide the first direct evidence for a NOS-cata-
lyzed reduction of its bound pterin radical (5MeH,B radical).
Moreover, the rate we measured for the reduction (1.3 s~ * at
10 °C) argues that it is kinetically competent, i.e. pterin radical
reduction is fast enough to circumvent the slower and irrevers-
ible oxidation of the bound pterin radical, which occurs at 0.2
s~ ! in nNOS at 10 °C (12). The measured rates of these two
opposing redox transformations now provide a kinetic ration-
ale for H,B redox cycling in NOS enzymes, and thus explain
how one H,B molecule tightly bound in NOS enables the
enzyme to produce a greater than stoichiometric amount of
NO (1,2, 6-8,28).

Besides rapidly binding to the nNOS heme, O, likely oxidized
some nNOS FMN hydroquinone in our reactions after mixing.°
This may help explain why the time course and extent of FSQ
radical buildup is similar in both enzyme reactions (i.e. =CaM)
in Fig. 6. Because there was excess NADPH present in our reac-
tions, any nNOS FSQ that formed also had a probability of
becoming reduced during the reaction, and these complexities
preclude our deriving clear mechanistic information from the
FSQ levels that are indicated in Fig. 6.

Depending on the relative rates, a reaction between O, and
the FMN hydroquinone could conceivably slow down the
observed rate of 5MeH,B radical reduction in our nNOS reac-

> Pterin radical oxidation is always less than 1 per heme in the single turnover
reactions, because a significant fraction of total reduced pterin in the reac-
tion sample is unbound and therefore not subject to NOS-catalyzed redox
transformations.

6 We utilized buffer saturated with O, in our mixing experiments to insure the
fastest possible heme-dioxy formation in nNOS at the start of the reaction.
Thus, the initial O, concentration after mixing was about 0.8 mm, while the
enzyme concentration (with nearly 1 FMN hydroquinone per heme) is 60
M. Our unrelated work (R. llagan and D. Stuehr, unpublished results) indi-
cates that at these relative concentrations, reaction of O, with the nNOS
FMN hydroquinone becomes kinetically significant.
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tions compared with the true maximal rate. Although this
would not alter the conclusions of our present study, further
work should be done to address this possibility. Also, because
our analysis is based on differential relaxation rates of the pterin
and FSQ radicals, it relies on these properties remaining fairly
constant during the enzyme changes that occur in our reac-
tions. The physical basis for the faster relaxation of the pterin
radical is unknown, although proximity to heme is a reasonable
possibility. Importantly, the relaxation properties of the nNOS
heme are unlikely to change during the critical time frame of
our reactions.”

The NOS-catalyzed regeneration of H,B differs in funda-
mental ways from other NADPH-dependent reductases that
regenerate H,B (2). For example, the dihydropteridine and
dihydrofolate reductases each bind an oxidized pterin substrate
and release a reduced pterin product with each catalytic turn-
over. They also catalyze a two-electron reduction of their dihy-
dropterin substrates. In contrast, NOS enzymes are incapable
of reducing dihydrobiopterin (28) and instead catalyze a one-
electron reduction of the H,B radical, with product remaining
bound in the enzyme. Thus, our data confirm the long-standing
proposal that NOS enzymes may catalyze a novel reductive
transformation of pterin radical in biology (8, 29).

In considering the possible mechanisms for pterin radical
reduction, it is important to note that only CaM-bound nNOS
was able to reduce the 5MeH, B radical during the Arg hydroxy-
lation reaction. Such a dependence on CaM implicates the NOS
flavoprotein domain in the process. Its participation as an elec-
tron donor would be consistent with NADPH utilization meas-
ures that predicted an NADPH-derived electron would be uti-
lized for H,B radical reduction during the course of NO
synthesis (1, 2). There also is ample precedent for CaM-de-
pendent electron transfer in NOS, because CaM triggers ferric
heme reduction by the flavoprotein domain (16, 17). CaM-de-
pendent heme reduction in NOS enables O, binding and com-
mits the enzyme toward NO synthesis (Fig. 1). Thus, our cur-
rent work reveals that the NOS flavoprotein domain actually
catalyzes two distinct reductions during NO synthesis, one to
reduce the ferric heme and another to reduce the H,B radical.
But how similar are these processes from an enzyme structure
activity viewpoint? We know that both events are CaM-
dependent and involve a one-electron transfer to an acceptor
molecule that is bound within the NOS oxygenase domain. We
know that the hydroquinone form of FMN (FMNH,) reduces
the NOS ferric heme (19, 30), and thermodynamic consider-
ations suggest the same probably holds for NOS pterin radical
reduction (31-33). However, H,B is bound relatively far from
the protein surface near the center of the NOSoxy dimer,
whereas the bound heme has an edge placed within a few Ang-
stroms of the protein surface (34). In addition, electron transfer

7 We know that pterin radical formation in nNOS occurs with coincident for-
mation of ferric heme during Arg hydroxylation (12). In the subsequent 2 s
required for pterin radical reduction (Fig. 6), the ferric heme is likely to
quickly transfer an electron to the pterin radical with little or no “resident
time” of the electron on the heme. Thus, all enzyme molecules that contain
a pterin radical predominantly exist in ferric form until the pterin radical
becomes reduced.
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FIGURE 7. Shuttling of the FMN module during NOS electron transfer. The
FMN module is thought to shift between an electron-accepting and an elec-
tron-donating conformation to transfer NADPH-derived electrons to the NOS
oxygenase domain. The figure is adapted from Ref. 35, 44.

to the pterin and heme occur at different points in the catalytic
cycle (Fig. 1), making them temporally distinct.

Regarding NOS flavin-to-heme electron transfer, a variety of
data (35—40) suggest the FMN module undergoes a relatively
large-scale movement to contact-shuttle between the NADPH-
FAD module (to receive electrons) and the oxygenase domain
(to donate electrons) during catalysis (Fig. 7). An electroposi-
tive region on surface of the NOS oxygenase domain is thought
to be a docking site for the FMN module during heme reduction
(34,41) (Fig. 8), and modeling indicates that an allowable move-
ment of the FMN module could place its FMNH, within 9-15
A of the heme edge (36). In this context, at least two mecha-
nisms are possible: the FMN module delivers electrons to the
heme and to the H,B radical by two separate pathways (possibly
involving two different docking sites), or instead delivers elec-
trons along a common pathway that involves a single docking
site. We believe a two-pathway model is less likely because it
would place timing and range-of-motion constraints on the
FMN module that may be impossible to achieve and/or control
at the protein level. For example, a modeling study of nNOS
(36) indicates the FMN module cannot physically contact the
oxygenase domain in areas much beyond the positive surface
region indicated in Fig. 8. Although this appears to favor a com-
mon docking site model, a challenge remains regarding the
electron transfer distance. The H,B cofactor is at least 17 A
away from the implicated docking surface, and thus would be
expected to get no closer than 26 to 32 A to the FMNH,, donor
(Fig. 8). This distance is well beyond the range of edge-to-edge
distances typically observed for donor and acceptor molecules
in biological electron transfer systems (42), and would make
timely electron transfer difficult to achieve (43).

Interestingly, the distance problem could be resolved if the
NOS heme conducts the electron transfer to the H,B radical.
This would have the advantage of converting a relatively long-
range electron transfer into two shorter, kinetically facile elec-
tron transfers: ~9 to 15 A edge-to-edge from FMNH,, to heme
(36), followed by an electron transfer from heme to H,B across
a near van der Waals distance of 3 A (Fig. 8). Indeed, such
“through-heme” electron transfer is relatively common in biol-
ogy (42). Under this scenario, an electron provided by the fla-
voprotein domain (i.e. FMNH,) would always reduce the ferric
heme unless the H,B radical is present, in which case the elec-
tron would rapidly pass through the heme to reduce the H,B
radical (Fig. 8). A through-heme mechanism is consistent with
NOS pterin radical reduction being CaM-dependent and its
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FIGURE 8. Through-heme model for H,B radical reduction in NOS. Upper
panel depicts the surface of a NOSoxy dimer with semi-transparent white and
yellow subunits. The heme molecule (red) bound in the white subunit has an
edge positioned near an electropositive surface region (blue Lys and Arg res-
idues) that is proposed to be a docking site for the FMN module during elec-
tron transfer to the heme. Bound H,B (green) is at least 17 A away from this
surface. Lower panel presents a closer view and shows a cartoon of the FMN
module (semi-transparent white with an orange-bound FMN) interacting with
the potential docking site on NOSoxy in a manner consistent with structural
modeling results. A through-heme electron transfer from bound FMN to the
H,B radical (dashed line) is indicated, along with the relevant distances
marked by arrows. The figure was constructed using Protein Data Bank struc-
tures 1ZVL (for rat nNOSoxy domain) and 1TLL (for rat NANOS FMN domain).

being temporally distinct from ferric heme reduction (Fig. 1).
The model is also consistent with the NOS heme and (esti-
mated) H,B radical midpoint potentials (31-33), which indi-
cate a strong positive driving force would exist for through-
heme pterin radical reduction by the NOS flavoprotein domain.

The through-heme model also infers a number of testable
predictions. For example, the rate of H,B radical reduction may
approach but should not exceed the rate of ferric heme reduc-
tion that is observed in a given NOS. This prediction holds in
our nNOS experiments, where the observed rate of 5MeH,B
radical reduction at 10 °C (1.3 s~ *) was a bit slower but gener-
ally similar to the rate of ferric heme reduction measured at the
same temperature (3 to 4 s~ ') (19, 44). Further investigations
are underway to describe the mechanism and regulation of this
novel radical reduction pathway in the NOS enzymes.
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