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Abstract

The NO synthases (NOS) catalyze a two-step oxidation of L-Arginine (Arg) to generate NO. In
the first step, O activation involves one electron being provided to the heme by an enzyme-bound
6R-tetrahydro-L-biopterin cofactor (H4B), which then forms a H4B radical that must be reduced
back to H4B in order for NOS to continue catalysis. Although an NADPH-derived electron is used
to reduce the Hy4B radical, how this occurs is unknown. We hypothesized that the NOS
flavoprotein domain might reduce the H4B radical by utilizing the NOS heme porphyrin as a
conduit to deliver the electron. This model predicts that factors influencing NOS heme reduction
should also influence the extent and rate of H4B radical reduction in kind. To test this, we utilized
single catalytic turnover and stop-freeze methods, along with electron paramagnetic resonance
spectroscopy, to measure the rate and extent of reduction of the 5-methyl-H4B radical formed in
neuronal NOS (nNOS) as a consequence of its catalyzing Arg hydroxylation. We used several
nNOS variants that supported either a slower or faster than normal rate of ferric heme reduction.
We found that the rates and extents of NNOS heme reduction correlated well with the rates and
extents of 5-methyl-H4B radical reduction among the various nNOS enzymes. This supports a
model where the heme porphyrin transfers an electron from the NOS flavoprotein to the H4B
radical formed during catalysis, revealing that the heme plays a dual role in catalyzing O,
activation or electron transfer at distinct points in the reaction cycle.

Graphical Abstract

An HyB radical forms in NOS during NO synthesis and must be reduced to continue. Using NOS
variants, we found the rates and extents of their heme reduction correlate with their H4B radical
reduction. Thus, the NOS heme (red) may act like a wire to pass an electron from the FMN (gold)
to the HyB radical (green) during catalysis.
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INTRODUCTION

Nitric Oxide Synthases (NOSs3, EC 1.14.13.39) catalyze a stepwise oxidation of L-Arginine
(Arg) to form nitric oxide (NO) and L-citrulline, with N-hydroxy-L-Arg (NOHA) forming
as a bound intermediate [1-3] (Fig. 1). Catalysis takes place within a heme-containing
oxygenase domain that is attached to a flavoprotein domain by an intervening hinge and
adjacent calmodulin (CaM) binding motif. The flavoprotein domain contains FMN and
FAD, binds NADPH, and provides electrons to the heme for dioxygen activation.

Although NOS activates dioxygen like in the cytochromes P450 [4], some aspects of the
process are unique to NOS enzymes. For example, the electron transfer (ET) from the NOS
FMN domain to the heme is CaM-dependent, and CaM must be in its Ca2*-replete state to
bind to the NOS [1;2]. This links NOS heme reduction and NO synthesis to Ca2* signaling
cascades [1;2]. The NOS enzymes are also unique in their utilizing 6R-tetrahydro-L-
biopterin (H4B) as a cofactor. The H4B remains bound in NOS through multiple catalytic
turnovers [5-9], and functions to reduce the heme ferrous-dioxy intermediate (Fe'''0,™) that
forms during catalysis in the NOS oxygenase domain [10-14]. This one-electron transfer
from H4B forms a bound H4B radical, and is critical because it enables NOS to form the
heme-oxy species that reacts with Arg, resulting in its hydroxylation to NOHA [1-3] (Fig.
2).

3Abbreviations used are: NOS, nitric-oxide synthase; NOSoxy, NOS oxygenase domain; NOSred, NOS reductase domain; NOHA,
N®P-hydroxyl-L-arginine; H4B, (6/)-5,6,7,8-tetrahydro-L-biopterin; 5MeH4B, (6 R)-5-methyl-6,7,8-trihydro-L-biopterin; EPPS, 4-(2-
hydroxyethyl)-1-piperazinepropanesulfonic acid; NADPH, nicotinamide adenine dinucleotide phosphate, reduced form; FSQ, flavin
semiquinone; EPR, electron paramagnetic resonance; CaM, calmodulin; ET, electron transfer; nNOS, neuronal NOS; Cpd I,
compound I; Cpd 1, compound II.
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After the H4B radical forms within NOS it must be reduced back to H4B in order for the
enzyme to continue catalysis [1-3] (Fig. 2). However, the H4B radical can also undergo a
non-enzymatic, time-dependent oxidation to dihydrobiopterin (H,B) [10;13;14] (Fig. 2),
which cannot redox cycle in NOS, and therefore places a time constraint on the H4B radical
reduction step. In a previous study, we found that the H4B radical that forms in neuronal
NOS (nNOS) during Arg hydroxylation is reduced back to H4B by an electron provided by
the attached flavoprotein domain, in a CaM-dependent process [15]. This finding satisfied
earlier NADPH stoichiometry studies [16], and revealed that H4B radical reduction in NOS
is similar to its ferric heme reduction because it has the same flavoprotein electron source
and dependence on bound CaM.

Related work suggested a structural barrier may exist for H4B radical reduction in NOS
enzymes. Specifically, model studies [15-19] of docked FMN domain-oxygenase domain
complexes indicated that while the FMN cofactor could approach the bound heme within an
edge-to-edge distance of < 18 A, which is amenable for rapid ET, the closest approach of the
FMN to bound H,B would be 26 to 32 A, a distance that is not amenable for ET [20]. This
led us to propose that the FMN domain of NOS might utilize a through-heme ET pathway to
achieve reduction of the HyB radical [15]. It follows that if a through-heme ET pathway is
operative (Fig. 3), then the structural and electronic features that control NOS ferric heme
reduction should also control the rate and extent of H4B radical reduction.

To test this hypothesis, we utilized a collection of nNOS and CaM variants that support rates
of ferric heme reduction that are slower or faster than in wild-type nNOS, and then studied
and compared their rates and extents of 5-methyl-H,B radical reduction following catalysis
of Arg hydroxylation in a single turnover setting. Our findings provide experimental
evidence in support of a through-heme ET pathway for H4B radical reduction during NOS
catalysis.

RESULTS

To test if facets that regulate nNOS heme reduction also regulate H4B radical reduction, we
utilized combinations of NNOS or CaM mutants that we expected either to have heme
reduction blocked or to have heme reduction rates that are slower or faster than in native
CaM-bound nNOS. We measured the heme reduction rates of the various nNOS proteins
under anaerobic conditions by following the build up of their ferrous heme-CO complex
after mixing each ferric enzyme with excess NADPH, as done previously [19;21-24]. Table
1 lists the various nNOS and CaM protein combinations that we used and their measured
rates of heme reduction. As expected, CaM-free NNOS had no measureable heme reduction
while CaM-bound nNOS had a normal heme reduction rate [19;21;23;24]. The heme
reduction in CaM-bound nNOS was entirely blocked by incorporating charge reversal
substitutions (Glu to Arg) at three residues (E762, E816, E819) that are located on the
surface of the FMN domain and are known to be important for supporting heme reduction in
nNOS [22;24]. Heme reduction was slowed in CaM-bound nNOS by using two different
established strategies: Incorporating a charge reversal mutation at Lys*23, which is located
on the surface of the nNOSoxy domain and is thought to help dock the FMN domain during
its ET to the heme [19]; or by using the CaM Glu47Ala mutant, which is known to support a
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slower heme reduction in nNOS compared to native CaM [25]. We increased the rate of
heme reduction above that in wild-type nNOS by simultaneously incorporating three
changes that are each known to support a faster heme reduction: A charge-neutralizing point
mutation of a nNOSoxy domain surface residue (Lys452Asn) [19], a two-residue deletion
(A2) in the linker element that connects the FMN and FAD domains in NOS enzymes [23],
and a charge reversal point mutation in the C-terminal tail of the reductase domain
(Arg1400Glu) [26]. We found that all of the nNOS proteins that showed measurable heme
reduction rates also catalyzed NO synthesis from Arg (data not shown). These findings
indicate that the proteins and circumstances described here would be useful for investigating
connections between heme reduction and H,4B radical reduction in nNOS.

We next utilized a freeze-quench technique to follow the build up and disappearance of the
5MeH,4B radical during single-turnover Arg hydroxylation reactions catalyzed by the
various nNOS proteins noted above. We specifically used 5SMeH4B in place of H4B in these
experiments because it has a faster radical formation rate (approximately 51 s™1) and a
slower rate of oxidative decay (approximately 0.2 s™1) in nNOS compared to the native H4B
[13], and thus provides a wider time window to observe catalytic reduction of the bound
pterin radical following Arg hydroxylation. The 5MeH,4B radical also has a characteristic
hyperfine structure that helps to distinguish its EPR signal from the signals arising from the
flavin or superoxide radical species that also may form in nNOS during the reaction [27-29].
Otherwise, it is established that 5MeH4B closely mimics H4B in where it binds in NOS
[29;30] and in its ability to support a normal rate of NO synthesis [12;31;32].

The single turnover reactions were initiated by rapidly mixing an O, saturated buffer with
anaerobic solutions of each NADPH pre-reduced, CaM-bound or CaM-free ferrous nNOS
protein that contained saturating concentrations of Arg and 5MeH4B. Under this condition,
05, binding to the ferrous heme is rapid compared to all subsequent reaction steps, including
the ET from 5MeH,4B to the ferrous heme-dioxy species, as noted in our previous single-
turnover reaction studies of nNOS [14;29;33] (Fig, 2). Following mixing, the reaction
solutions were aged for different times within the instrument before undergoing rapid
freezing, and the frozen samples had their 5MeH,4B free radical signal quantified by EPR.

Fig. 4A illustrates the build up and disappearance of the 5MeH,B radical signal in each
nNOS protein during the single turnover Arg hydroxylation reactions described above. The
lines of best fit were derived according to an A to B to C kinetic model [13;15;33], and the
fitted rates of 5SMeH,B radical disappearance for each nNOS protein are listed in Table 1.
All of the nNOS proteins showed a peak build up of 5SMeH4B radical signal within 500 ms
after the reactions were initiated, consistent with previous results [15] (Fig. 2). Subsequently,
we observed different rates of 5MeH,4B radical disappearance among the proteins. There
were slow rates of radical disappearance in nNOS proteins that had either none or very slow
heme reduction, specifically in CaM-free nNOS, and the CaM-bound forms of the E762R/
E816R/E819R nNOS and the K423E nNOS. In comparison, the radical disappearance rates
were faster in nNOS proteins that had faster heme reduction rates. A plot of the data in Fig.
4B shows that a correlation exists between the rates of heme reduction and the rates of
5MeH,B radical disappearance across the group of nNOS proteins (r2 = 0.97).
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In NOS enzymes, the H4B (or 5MeH,4B) radicals that form during catalysis can disappear by
two pathways: A reductive pathway whereby the NOS flavoprotein domain provides an
electron to reduce the radical and regenerate the tetrahydro species (5MeH4B or H4B), or an
oxidative pathway that is non-enzymatic and generates the dihydro species (5MeH,B or
H,B), which cannot redox cycle within NOS enzymes (Fig. 2). The relative rates of these
two processes will determine the amount of reduced versus oxidized cofactor that is left in a
NOS at the end of its single turnover Arg hydroxylation reaction. We therefore measured the
final oxidation state of the bound H4B cofactor in each nNOS protein after letting their Arg
hydroxylation reactions go to completion. In this circumstance, we utilized the native H4B
cofactor because there is no advantage to using 5MeH,4B in its place, as there was in the
kinetic studies above. The percentage of oxidized (H,B) or reduced (H4B) cofactor that was
present in each enzyme is listed in Table 2. The data show that CaM-free nNOS primarily
contained H,oB (approximately 80% of total) at the end of its Arg hydroxylation reaction,
while the CaM-bound nNOS primarily contained H4B (approximately 80% of total),
confirming our previous results that showed reduction of the H4B radical in nNOS requires
that CaM be bound [15]. For the other nNOS proteins, the percentages of H,B and H,4B at
the end of their reactions also varied in a reciprocal manner, from approximately 20% to
96%. A plot of the percentages versusthe heme reduction rates (Fig. 5) shows that the
mechanism of HyB radical disappearance shifted from the oxidative pathway to the reductive
pathway as the heme reduction rate increased, in an approximate linear relationship (r2 =
0.98).

DISCUSSION

NOS enzymes form a H4B (or 5MeH,4B) radical during their Arg hydroxylation reaction that
must be transformed back to the fully-reduced cofactor before NO synthesis can continue.
Prior work indicated that the electron used to reduce the 5MeH,4B radical comes from the
NOS flavoprotein domain [15], and protein structural models that bring the NOS FMN and
oxygenase domains in contact revealed that the FMN-to-5MeH B cofactor distance was too
great for direct ET to take place between them. This led us to propose that a through-heme
ET pathway (FMN to heme to radical) might operate to reduce the 5MeH,4B radical [15], but
this was never tested. Here, we used a group of nNOS and CaM variants to test the model,
reasoning that if a through-heme ET was operative, then the extent and speed of 5MeH,B
radical reduction in a given nNOS enzyme should be similarly impacted by protein
structural changes that impact its heme reduction. The results showed that the rates of
5MeH,4B radical reduction, and the extents of H4B radical reduction, both correlate with the
rates and extents of heme reduction across the group.

For interpreting these results, it is important to note that we altered heme reduction in our
nNOS proteins in different ways, by incorporating a variety of site-directed mutations into
nNOS or into CaM. Although all these mutations ultimately impact ET from the FMN
domain to the nNOS heme, they do so by different mechanisms that alter functions of
different regions in nNOS. Briefly, the charge reversal mutations that we incorporated on the
FMN domain surface (triple mutant) or on the oxygenase domain surface (K423E) are each
thought to antagonize charge pairing interactions that likely form within the interface of the
transient FMN-NOSoxy domain complex to help direct ET from FMN to heme [19;24;34].
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Accordingly, all these charge reversals inhibited heme reduction in nNOS. Incorporating the
E47A mutation in CaM also slowed nNOS heme reduction but by a mechanism that is
independent of alteration within nNOS itself. The E47A CaM mutation was designed to
partly eliminate a salt bridge interaction that forms between the NOS FMN domain and
bound CaM [35], which diminishes nNOS heme reduction [25] presumably by influencing
conformational behaviors that promote ET from the FMN to the heme. In contrast, the
charge reversal mutation that we incorporated into the C-terminal regulatory element of
nNOS (R1400E) increases the nNOS heme reduction rate [26] because in this case the
charge reversal antagonizes a charge pairing interaction between Arg4% and bound
NADPH that is needed in order for the C-terminal regulatory element to fulfill its repressive
function on FMN domain conformational behaviors [26]. Likewise, the two-residue deletion
that we made in the FAD-FMN domain linker element supports an increased heme reduction
rate in nNOS [23]. Notably, 4 of the 6 protein changes that alter the nNOS heme reduction
rate are located either in the nNOS flavoprotein domain, which is physically separated from
the oxygenase domain where the 5MeH,4B and heme is bound, or are located in a different
protein altogether (i.e., E47A CaM). This means that their observed impacts on the rate of
5MeH,4B radical reduction, and on the extent of H4B radical reduction, cannot be due to
their having direct effects on the bound heme or on the bound 5MeH4B or H,B radicals, and
this concept in turn helps to simplify and strengthen our interpretation of the results.

In general, slowing down Hy4B radical reduction in NOS has several consequences for
catalysis. First, as demonstrated here, it will result in a greater proportion of the bound H4B
radical becoming oxidized to H,B during turnover, which means that a greater proportion of
the NOS enzyme would have to dissociate its H,B cofactor and bind a H4B molecule from
solution in its place to continue catalysis. The time required for this process depends on the
relative solution concentrations of H4B and H,B, which do vary in biological settings as a
consequence of oxidative stress [36;37], and together with an inherently slower H,B radical
reduction rate, would increase the probability of competing unproductive processes
occurring in the NOS enzyme (see Fig. 2). Specifically, these include the dissociation of the
NOS ferrous heme-O5 intermediate to generate ferric enzyme and superoxide, which occurs
in NNOS at rates ranging from 0.1 to 20 s~1 depending on conditions [38;39], and the
dissociation of the bound NOHA reaction intermediate from NOS [16;40-42]. Both events
would diminish NO synthesis and make the NOS enzyme become more uncoupled with
regard to its ratio of NADPH oxidized per NO formed. Interestingly, the mammalian NOS
enzyme with the slowest heme reduction rate is endothelial NOS [43], and it is known to be
uncoupled and highly dependent on the cellular H4B to H,B concentration ratio [44]. It
would be interesting to examine if these behaviors are due to endothelial NOS having an
inherently slower H4B radical reduction rate and thus poor H4B radical redox cycling, as we
saw occur in our nNOS variants that have slower than normal heme reduction rates. This
topic can now be addressed in future studies.

In summary, we found that a link exists between the rate and extent of ferric heme reduction
and the rate and extent of 5MeH,4B and HyB radical reduction in nNOS, suggesting that that
the processes are regulated by the same mechanisms. When one takes into account the
different geometric constraints for ET from FMN to the NOS heme versusto its bound H4B
radical, our results can best be explained by a through-heme ET pathway for H4B radical
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reduction, which because of their structural similarity is likely to operate in all three
mammalian NOS. Mechanistically, it is remarkable to consider that the heme porphyrin ring
in NOS enzymes may enable ET to its iron for O, binding, or enable ET to the H4B radical,
depending on the redox state of the bound H4B cofactor, which in turn depends on where the
enzyme is in the catalytic cycle. This circumstance raises interesting new questions that can
now be addressed.

EXPERIMENTAL PROCEDURES

Chemicals

H4B, H,B, and 5-methyl-H,B (5MeH,4B) were obtained from Dr. Schirck’s laboratory (Jona,
Switzerland). A 5MeH,4B stock solution was prepared fresh in 40 mm EPPS, pH 7.6 in the
presence of either ascorbic Acid or DTT. All other chemicals were obtained either from
Sigma or Fisher Scientific International, Inc.

General Methods and Materials

Absorption spectra and steady-state Kinetic data were obtained using a Shimadzu
UV-2401PC spectrophotometer. All plots and some additional curve-fitting were done using
Origin® 8.0 (OriginLab, Northampton, MA). All experiments were repeated two or more
times with at least two independently prepared batches of proteins to ensure consistent
reproducibility of the results. Data were analyzed and are expressed as mean + S.D.

Protein Purification

Rat nNOS proteins were overexpressed in Escherichia coliand purified in the absence of
H4B as described previously [45;46].The ferrous heme-CO adduct absorbing at 444 nm was
used to measure hemeprotein content with an extinction coefficient of e444 = 74 mM~1 cm™1
(Aga4 — Asgo) [47]. The individual nNOSoxy and flavoprotein domains were overexpressed
and purified as described previously [46;48]. The concentrated proteins were stored at

-80 °C in a buffer containing 40 mM EPPS, pH 7.6, containing 10% glycerol and 0.15 M
NaCl.

Sample Preparation for the Stop-Freeze Experiments

Reduction of ferric enzymes to ferrous was done as follows, with a slight modification of the
previously reported methods [33;46]. Both wild-type and mutant nNOS proteins (with either
bound wild-type CaM / mutant CaM / CaM-free) were reduced by careful titration using
sodium dithionite in a gastight cuvette under anaerobic conditions. Briefly, a buffered
solution containing ~120 uM nNOS protein, 10 mM Arg, 1 mM 5MeH,4B (and an additional
200 uM CaM, and 600 uM Ca?* for studies involving CaM bound enzymes) was made
anaerobic by several cycles of vacuum and flushing with deoxygenated N,, and then was
titrated using deoxygenated and N, purged sodium dithionite solution. Heme reduction was
monitored by the appearance of a 550-nm absorbance peak and the disappearance of the
650-nm absorbance peak. 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.
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Rapid-freeze Kinetic Experiments

Ferrous nNOS samples prepared as described above [33] 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, 10% glycerol, 150 mM NaCl, pH 7.6) 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 instrument followed by rapid injection onto the wall of a Stainless Steel
funnel attached to an EPR tube, all bathed in a liquid Ny/isopentane freezing solution as
previously reported [15;33]. The frozen samples were carefully packed into the EPR tubes,
surrounded by the liquid N»/isopentane freezing solution, and then stored in liquid N, until
analysis. All experiments were repeated three times with at least two independently prepared
batches of proteins to ensure consistent reproducibility of the results.

Electron paramagnetic resonance (EPR) analysis

EPR spectra of each frozen reaction sample was recorded in a Bruker EMX instrument
equipped with an Hewlett-Packard 5352B microwave power controller. Temperature was
maintained constant at 150 K using continuous-flow of Pre-cooled nitrogen gas and a
temperature controller. Data acquisition for all samples were averaged out of 10 scans and
the spectra were recorded at 150 K using a microwave power of 2 milliwatts or 20
microwatts, a frequency of 9.5 GHz, a modulation amplitude of 1 G, and a modulation
frequency of 100 kHz. The EPR spectrum of the 5MeH,4B radical was obtained by mixing
5MeH4B-bound ferrous nNOSoxy with O,-saturated buffer and then rapid freezing after 400
ms of reaction [14]. The EPR spectrum of the flavin semiquinone radical (FSQ) was
obtained for the nNOS flavoprotein domain by adding a slight molar excess of NADPH in
air-saturated buffer and then waiting for the flavins to air oxidize to get an air-stable FMN
semiquinone radical [28]. The 5MeH4B and FSQ radicals saturate at different microwave
power, with Pq/,, the power at half-saturation values, being 38mW and 65 microwatts, for
the 5MeH,4B and FSQ radicals respectively [15]. At 2 mW the FSQ radical is largely
saturated and no longer responsive to power, whereas the 5MeH B radical is not saturated at
2 mW. The EPR intensities contributed by the 5MeH,4B and FSQ radical in each nNOS
protein reaction sample were calculated using the following equations:

DIQ‘mVV,L :I
0.1132 x I,

5MeH/ Bt

5MeH} B7t+IFSQ,t

DI )+(0.4490 x 1

20HW.¢,:( FS(),L)

where DIz mw, 5 and Dl(2g 4, 5 are the double integrations of EPR spectra of the same
sample measured at 2 milliwatts and 20 microwatts power at time ¢ respectively. | sper48 ¢
and I zsg, rare only the two variables representing the intensities of 5MeH4B and FSQ
radicals at 2 milliwatts. The coefficients of 0.1132 and 0.4490 were determined from power
saturation measurements for 5MeH B radical and FSQ radical, indicating the fold intensity
dropped from 2 milliwatts to 20 microwatts. Solving the above 2 equations gives the
following equations to calculate the Ispens and Irsq.
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0.4490DI, ., ~DIL, . 1/0.3358

—0.1132DI, . ]/0.3358

2mW,t

I5MsH4 Bt :[

I (DL

FSQ 20uW,t

The EPR data for 5MeH,4B radical formation and disappearance was analyzed as described
in detail previously [15]. Data were fitted using the sequential kinetic reaction model, A
goes to B goes to C [33], where A is the beginning 5MeH4B species, B is the radical species,
and C is the sum of the radical species that has become reduced (/.e., 5MeHB), or oxidized
(5MeH5B), to obtain rates of 5MeH,4B radical formation and disappearance, and the radical
concentration versus time.

NO Synthesis Assay

The initial rate of NO synthesis for wild type or mutant nNOS enzymes was measured at
25 °C using the oxyhemoglobin assay for NO [23;49]. The nNOS proteins (0.1-0.2 uM)
were added to a cuvette containing 40 mM EPPS, pH 7.6, containing 2 uM CaM, 0.6 mM
CaCly, 0.3 mM DTT, 5 mM Arg, 4 UM each of FAD, FMN and H4B, 100 units/ml catalase,
and 10 pM oxyhemoglobin to give a final volume of 0.4 ml. The reaction was started by
adding NADPH to give 0.2 mM. The NO-mediated conversion of oxyhemoglobin to
methemoglobin was monitored over time as an absorbance increase at 401 nm and
quantified using an extinction coefficient of 38 mM~cm™1.

Heme Reduction Measurements

The Kinetics of ferric heme reduction in the nNOS enzymes was analyzed at 10 °C as
described previously [19;21-24] using a stopped-flow apparatus and diode array detector
(TGK Scientific KinetAsyst SF-61DX2) equipped for anaerobic analysis. Heme reduction
was monitored by formation of the ferrous-CO complex and the kinetics determined by
fitting traces of absorbance change versus time at 444 nm. A protein solution containing 10
UM nNOS, 100 mM EPPS, pH 7.6, 100 mM NaCl, 10 uM H4B, 2 mM L-Arg, 0.5 mM DTT,
100 pM CaM (WT or mutant depending on the experiment), 5 mM CaCl,, and 1 mM EDTA,
at least half CO saturated, was mixed with an anaerobic, CO-saturated solution containing
100 mM EPPS, pH 7.6, 100 mM NaCl, and 100 uM NADPH. Heme reduction was followed
by the formation of the ferrous-CO complex with maximum around 444 nm.

Redox State of Bound Biopterin

The oxidation state of the bound biopterin in wild-type and mutant nNOS proteins (with
wild-type CaM/mutant CaM /CaM-free) following the single catalytic turnover Arg
hydroxylation reactions was determined using established methods with some modifications
[13;50]. Approximately 20 uM of each H4B-free nNOS protein was incubated with 25 pM
H4B and 1 mM Arg at 10 C for ~2 hours. A portion of the sample also received 100 pM
CaM and 500 pM CacCl,. The samples were made anaerobic and then reduced to ferrous by
titrating with a near stoichiometric amount of dithionite solution. To initiate the single
turnover reaction, 200 pL of each anaerobic ferrous nNOS protein sample was mixed at
room temperature with 50 pL of O,-saturated buffer (40 mm EPPS, pH 7.5) containing 10
uL of iodine solution (0.9% (w/v) iodine in H,0). After mixing thoroughly and allowing for
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the completion of the single turnover reaction, 100 pL aliquots were transferred either into a
vial containing 10 uL of 1M NaOH and 10 uL alkaline iodine solution (0.9% (w/v) iodine
and 1.8% (w/v) Kl in 0.1M NaOH) or into a vial containing 10 pL of 1M HCI and 10 pL
acidic iodine solution (0.9% (w/v) iodine and 1.8% (w/v) Kl in 0.1M HCI). These samples
were incubated in the dark for at least 90 min. The sample in alkaline solution was then
neutralized by adding 10 L of 1M HCI, and all of the remaining iodine in all samples was
quenched by adding 10 uL of freshly prepared 4% (w/v) ascorbic acid solution. The
precipitated protein was removed from each sample by centrifuging at 10,000 X g for 10
min. A 25-uL aliquot from each sample was then injected onto a 4.6 x 250-mm Partisil 5
ODS-3 column (Microsolv) that was equilibrated with 15 mM potassium phosphate buffer,
pH 3.0. A methanol gradient was applied to a maximum of 15% B until 35 min; then within
5 min, the gradient was returned to 0% B and the column was washed with 100% 15mM
Potassium Phosphate buffer, pH 3.0. A fluorescence detector was used to detect biopterin
products with excitation wavelength set at 350 nm and emission wavelength set at 440 nm.
Total biopterin (H4B + H,B) was determined from the area of the peak eluting at 26.5 min
that had undergone acidic workup, while oxidized biopterin (H,B) was determined from the
area of this same peak from the sample that had undergone basic workup. The amount of
pterin remaining as HyB after the reaction was calculated by subtracting the amount of
biopterin present in the alkaline solution from the amount of biopterin present in the acidic
solution. Any dilution difference between the acidic and basic condition during the work-up
was corrected for in the calculation.
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Fig. 1. Reaction catalyzed by NOS Enzymes
The reaction involves an initial hydroxylation of Arg, leading to the formation of A®-

hydroxy-L-arginine (NOHA), followed by oxidation of NOHA to form L-citrulline and NO.
The reaction consumes 1.5 mol of NADPH, and 2 mol of dioxygen per mol of L-citrulline
and NO formed [51].
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Fig. 2. Electron transfer steps and the possible uncoupling events that occur during Arg
hydroxylation to NOHA by NOS

The solid boxes indicate detected NOS heme species that form in the reaction, and contain
the substrate species and HyB redox species (red) that are bound within the enzyme at each
step. The dashed blue arrows indicate three uncoupling events that compete kinetically with
the productive steps: Decay of the heme-dioxy species to form superoxide and ferric heme,
NOHA dissociation from the enzyme, and oxidation of the H4B radical to inactive H,B. See
text for details.
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GIu762
]

Fig. 3. Proposed through-heme pathway for the reduction of H4B radical in NOS
The cartoon shows a portion of the FMN domain (semi-transparent white with an orange-

bound FMN) docked onto a portion of the NOSoxy domain (semi-transparent white). The
bound heme (red) in NOSoxy has an edge positioned near the proposed docking site for the
FMN domain, and docking is possibly facilitated by electrostatic interaction of surface
residues Glu®2 and Lys*23. The bound H4B (green) in NOSoxy is at least 17 A away from
the surface. A through-heme electron transfer pathway from FMN to H4B (dashed line) is
indicated, along with the relevant distances marked by arrows. Adapted from Ref. [15].
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Fig. 4. Kinetics of 5MeH4B formation and disappearance and the relationship to the heme
reduction rate

(A) The 5MeH,4B radical content in the various nNOS enzymes versustime during their Arg
hydroxylation reactions that were run at 10 °C under conditions as indicated in the /insetbox.
Double Mutant nNOS is the A2-R1400E_K452N nNOS and Trip Mut nNOS is the E762R/
E816R/E819R nNOS. The solid lines are the best fit derived using a kinetic equation of A
— B — C. Data are the mean and S.D. of three individual experiments each. (B) The rates
of 5MeH,4B radical disappearance are plotted against the corresponding rates of heme
reduction for the group of nNOS proteins, with the colored point identifications as noted in
panel A. The dashed line of best fit and the correlation coefficient are shown.
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Fig. 5. The influence of the nNOS heme reduction rate on HyB radical processing after Arg
hydroxylation

The measured percentages of HoB and H,B that were present in each nNOS protein at the
end of its Arg hydroxylation reaction are plotted as a function of the corresponding rates of
heme reduction. The colored point identifications are as listed in panel Fig. 4, panel A. The
lines of best fit and the correlation coefficients are shown.
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Rate of NO synthesis, heme reduction and radical disappearance in nNOS proteins

Rates of NO synthesis were measured at 25 °C as described under “Experimental Procedures”. Values (mir 1)
represent the mean + S.D. of three independent measurements with two preparations of each enzyme. WT,
wild-type. Heme reduction rates were measured at 10 °C, See text for details.

Enzyme Conditions NO Synthejs Rate Heme Redlllftion Rate Radical Disapplearance Rate
(min™) s™) s™)
WT nNOS Without CaM 0 0 <0.1
WT nNOS +WT CaM 38+3 59+0.3 12
WT nNOS + E47A CaM 321 26+05 0.64
K423E nNOS +WT CaM 0.14 £ 0.05 048+0.1 <0.1
A2-R1400E_K452N nNOS +WT CaM 11+1 8.1+05 2.1
E762R/E816R/E819R nNOS +WT CaM 0 0 <0.1
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Table 2
Fate of the H4B radical following its formation in the Arg hydroxylation reaction

The percentage of oxidized (H,B) or reduced (H4B) cofactor that was present in each NOS enzyme at the end

of their Arg hydroxylation reaction was determined. Values represent the mean = S.D. of at least three
independent measurements of each enzyme. WT, wild-type.

Enzyme Conditions | % of H4B | % of H,B
WT nNOS Without CaM 15+£2 82+4
WT nNOS +WT CaM 65+9 326
WT nNOS +E47A CaM 406 55+9
K423E nNOS +WT CaM 205 76 +2
A2-R1400E_K452N nNOS +WT CaM 97 +6 52
E762R/E816R/E819R nNOS +WT CaM 18+8 78+8
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