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The nitric-oxide synthases (NOS, EC 1.14.13.39) are modular
enzymes containing attached flavoprotein and heme (NOSoxy)
domains. To generate nitric oxide (NO), the NOS FMN subdo-
main must interact with the NOSoxy domain to deliver elec-
trons to the heme for O, activation during catalysis. The molec-
ular basis and how the interaction is regulated is unclear. We
explored the role of eight positively charged residues that create
an electropositive patch on NOSoxy in enabling the electron
transfer by incorporating mutations that neutralized or re-
versed their individual charges. Stopped-flow and steady-state
experiments revealed that individual charges at Lys**?, Lys®?°,
and Lys®®® were the most important in enabling heme reduction
in nNOS. Charge reversal was more disruptive than neutraliza-
tion in all cases, and the effects on heme reduction were not due
to a weakening in the thermodynamic driving force for heme
reduction. Mutant NO synthesis activities displayed a complex
pattern that could be simulated by a global model for NOS catal-
ysis. This analysis revealed that the mutations impact the NO
synthesis activity only through their effects on heme reduction
rates. We conclude that heme reduction and NO synthesis in
nNOS is enabled by electrostatic interactions involving Lys*>3,
Lys®?°, and Lys®®°, which form a triad of positive charges on the
NOSoxy surface. A simulated docking study reveals how elec-
trostatic interactions of this triad can enable an FMN-NOSoxy
interaction that is productive for electron transfer.

Nitric oxide (NO) is a small molecule essential to many bio-
logical processes (1). NO is produced in animals from L-Arg by
NOS (EC 1.14.13.39) (2). Due to the highly diffusible and short-
lived nature of NO, its bioactivity is mainly regulated by the NO
synthesis activity of NOS enzymes (3). Three main isozymes of
NOS are present in mammals: inducible NOS (iNOS),? endo-
thelial NOS, and neuronal NOS (nNOS) (4-6). These NOS
enzymes are active as homodimers, with dimer formation
involving a large interface of the oxygenase domain (7, 8). Each
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NOS monomer consists of two domains: an N-terminal oxyge-
nase domain (nNOSoxy), which binds the cofactors protopor-
phyrin IX (heme), (6R)-5,6,7,8-tetrahydro-L-biopterin (H,B)
and the substrate L-Arg, and a C-terminal reductase domain
with binding sites for FAD, FMN, and NADPH. The C-terminal
domain shows high homology with cytochrome P450 reductase
and related proteins (6, 9). A calmodulin (CaM) binding site is
located in the connecting sequence between both domains
(4-6).

The electron transfer chain in NOS enzymes involves both
monomers (see Fig. 1A). Electrons are transferred from
NADPH to FAD to FMN in one monomer and then from the
FMN to the heme domain of the partner subunit (10). This
FMN to heme electron transfer is usually the rate-limiting step
of NOS catalysis (2). CaM binding increases the rate of FAD to
EMN electron transfer (11), and, more importantly, it also trig-
gers the FMN to heme electron transfer (12). The effect of CaM
can be explained in terms of a model in which the FMN domain
is in a conformational equilibrium between FMN-shielded and
-deshielded conformations (see Fig. 14) (13—16). CaM favors a
FMN-deshielded conformation in which FMN can transfer
electrons to artificial acceptors like cytochrome c. But, to make
possible electron transfer to the NOS heme, a driving force also
is needed to promote the interaction between heme and FMN
domains. The existing evidence suggests that an electrostatic
component of the interaction is important (17-19). A cluster of
negatively charged residues on the surface of the FMN domain
is apparent in the crystal structure of the nNOS reductase
domain (19). Mutation of these negatively charged residues
inhibited electron transfer between FMN and heme in some
cases (20). These results, together with structural data, sup-
ported a model for domain interaction where the cluster of
negative charges on the FMN domain may interact with a pos-
itively charged region on the surface of the nNOSoxy domain
(18, 19) (see Fig. 1 and supplemental Fig. S1). However, infor-
mation about the potential roles of the surface residues of
NOSoxy is scarce, and studies have been carried out for only
three residues: Arg*® (21), Trp**! (22), and Lys*** (17). To
further assess the contribution of the positively charged resi-
dues on the FMN to heme electron transfer, we have character-
ized mutants of eight positive residues on the nNOSoxy surface
that neutralize or reverse those positive charges (see Fig. 1B and
supplemental Fig. S1).

EXPERIMENTAL PROCEDURES

Reagents—H,B was purchased from Schircks Laboratories
(Jona, Switzerland). CO gas was obtained from Praxair, Inc.
(Danbury, CT). EPPS was purchased from Fisher Scientific.
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DTT was purchased from RPI Corp. (Mount Prospect, IL). All
other reagents were purchased from Sigma.

Site-directed Mutagenesis—Mouse nNOS mutants were pre-
pared by site-directed mutagenesis on a pCWori vector con-
taining the cDNA of wild-type rat nNOS full-length enzyme
construct and also, in some cases, the nNOS oxygenase domain
construct (nNOSoxy) (23). Oligonucleotides for site-directed
mutagenesis were obtained from Integrated DNA Technolo-
gies (Coralville, IA) and are listed in supplemental Table S1. Site
directed mutagenesis was performed using the QuikChange XL
mutagenesis kit (Stratagene, La Jolla, CA). Mutations were con-
firmed by DNA sequencing at the Cleveland Clinic Genomics
Core Facility. Mutated plasmids were transformed into
BL21(DE3) Escherichia coli cells using the TransformAid bac-
terial transformation kit (Fermentas, Hanover, MD).

Protein Expression and Purification—Wild-type and mutant
nNOS proteins containing a Hisy tag attached to their N
termini (for full-length nNOS) or C termini (nNOSoxy) were
overexpressed in E. coli strain BL21(DE3). Full-length pro-
teins were purified in the presence of H,B and L-Arg as
described previously (23) but after the Ni*" nitrilotriacetic
acid-Sepharose CL-4B column, 2 mm CaCl, was added to the
sample and the 2',5'-ADP-Sepharose column step was
replaced by a CaM-Sepharose column as reported for the
purification of the reductase domain (14). NOSoxy proteins
were expressed and purified as described (24). Protein concen-
tration was determined from the absorbance at 444 nm of the
ferrous heme-CO complex, using an extinction coefficient of 76
mM em ! (A€ o500 ne) (25)-

Dimer Formation—The native oligomerization state of the
wild-type nNOS and mutant proteins was estimated by size
exclusion chromatography relative to gel filtration standards as
reported previously (26). Protein samples (50 ul and 25 um)
were loaded in a Superdex 200 HR column (Pharmacia) equili-
brated with 40 mm EPPS buffer, pH 7.6, 10% glycerol, 0.5 mm
DTT, and 200 mm NaClL

Arginine Binding—L-Arg binding affinity was studied at 25 °C
by perturbation difference spectroscopy according to methods
described previously (27, 28). nNOS samples (~5 um) in 40 mm
EPPS buffer, pH 7.6, with 10% glycerol, 1 mm DTT, 10 um H,B,
and 1 mM imidazole were titrated with L-Arg (final concentra-
tion, 1 mm). The samples were allowed to equilibrate for 30 min,
and the titration was performed by stepwise addition of L-Arg
(final concentration, 1 mm). Binding constants were deter-
mined by the difference spectra between 390 and 430 nm. Base-
line correction was done by subtracting the absorbance at 700
nm. The data were fitted to a simple hyperbola, and an apparent
K, value was obtained. The dissociation constant K, for L-Arg
was calculated by the following equation,

[imidazole] )

appKy = Kd(1 * Kimidazole

(Eq. 1)

where a value of K, imidazole = 160 um was used (29).
Steady-state Assays—Cytochrome ¢ reductase activity was
determined as reported previously (20) by following the absorb-
ance change for the reduction of cytochrome ¢ by nNOS at 550
nm using an extinction coefficient of 21 mm~ ' cm™". Reaction
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mixtures (total volume, 400 ul) contained =0.01 um nNOS, 25
uM FAD, 25 uM FMN, 0.1 mg/ml bovine serum albumin, 1 mm
CaCl,, 0.2 mm EDTA, 1.0 uM CaM, 100 units/ml catalase, 40
units/ml superoxide dismutase, 65 um cytochrome ¢, and 150
mMm NaCl in 40 mMm EPPS buffer, pH 7.6. The reaction was ini-
tiated by adding NADPH to a final concentration of 250 um. In
the assays without CaM, neither CaM nor CaCl, were added,
and EDTA concentration was 0.45 mMm. NO synthesis and
NADPH oxidation rates were determined as described previ-
ously (20). The NO synthesis activity was determined by the
conversion of oxyhemoglobin to methemoglobin using an
extinction coefficient of 38 mM ' cm™' at 401 nm. The
NADPH oxidation rates were determined following the absorb-
ance at 340 nm, using an extinction coefficient of 6.2 mM !
cm ™', Reaction mixtures (total volume, 400 ul) contained <0.2
uM nNOS, 0.3 mum dithiotreitol, 4 um FAD, 4 uMm FMN, 4 um
H,B, 10 mm L-Arg, 0.1 mg/ml bovine serum albumin, 0.8 mm
CaCl,, 0.2 mm EDTA, 1 uM calmodulin, 100 units/ml catalase,
60 units/ml superoxide dismutase, 5 um oxyhemoglobin, and
150 mM NaCl in 40 mm EPPS buffer, pH 7.6. The reaction was
initiated by adding NADPH to a final concentration of 250 um.
In the assays without calmodulin, neither calmodulin nor CaCl,
were added, and EDTA concentration was increased to 0.45
mM. NADPH oxidation in the presence of the L-Arg analogue
L-agmatine was studied in the same conditions of the NO syn-
thesis assay but replacing L-Arg by 2 mMm L-agmatine. All steady-
state assays were carried out at 25 °C. Reported values are
means * S.E. of three or more determinations.

Heme Reduction—The electron transfer from the reductase
domain to the heme was studied at 10 °C as described previ-
ously (20, 30) using a Hi-Tech SF-61 stopped-flow instrument
with a diode array detector (Hi-Tech Scientific, Salisbury, UK)
equipped for anaerobic work. A protein solution containing 10
uM nNOS, 100 mm EPPS, pH 7.6, 100 mMm NaCl, 10 um H,B, 2
mM L-Arg, 0.5 mm DTT, 50 um CaM, 5 mMm CaCl,, and 1 mm
EDTA, at least half-CO-saturated, was mixed with an anaero-
bic, CO-saturated solution containing 100 mm EPPS, pH 7.6,
100 mMm NaCl, and 100 um NADPH. Heme reduction was fol-
lowed by the formation of the ferrous-CO complex with a max-
imum ~444 nm. The time course of the absorbance changes
was fitted to a biexponential equation, where the first phase
(absorbance decrease) was assigned to the flavin reduction, and
the subsequent absorbance increase was assigned to heme
reduction. The signal-to-noise ratio was improved by averaging
data from six or more individual mixing experiments.

Midpoint Potential Measurements—Spectroelectrochemical
titrations were carried out in a glove-box (Belle Technology,
Dorset, UK) under an N, atmosphere, as described previously
(16, 31). Briefly, nNOSoxy proteins were made anaerobic by gel
filtration in a Sephadex G-25 column (PD-10, GE Healthcare)
equilibrated with anaerobic buffer (100 mm phosphate buffer,
pH 7.0, and 125 mm NacCl). Protein samples were diluted to a
3.5-ml final volume (final concentration ~ 10 um), and L-Arg
(2.5 mm) and H,B (25 um) were added. The following electron
mediator dyes (5 um) were used: phenosafranine (E,, = —252
mV), benzyl viologen (E,, = —358 mV) and anthraquinone-2-
sulfonate (E,, = —225 mV). The titration was carried out at
15 °C by bolus additions of sodium dithionite solution. Absorp-
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Data Bank code 3HR4, chains A and
B) as template. The coordinates of
the FMN molecule (not modeled by

FIGURE 1. Conformational equilibrium and electrostatic interactions of the nNOS domains. A, to allow NO
synthesis, the FMN domain has to shift from a position adequate to accept electrons from FAD (left, FMN-
shielded conformation) to a conformation in which is able to reach the heme domain (right, FMN-deshielded
conformation). Available evidence indicates that the FMN domain uses the same face to interact with FAD and
heme domains (20). The signs indicate the charges on each surface. B, surface of the oxygenase domain of
nNOS. The two subunits of the oxygenase dimer are shown in white and light gray. The positively charged
residues forming a electropositive patch are shown in dark gray. The labels indicating residues fully conserved
in vertebrate NOS proteins are shown in boldface type; residues partially conserved are shown in italics.

tion spectra were recorded with a Cary 50 spectrophotometer
equipped with a dip-probe detector, and the potentials were
measured with an Accumet AB15 pH meter (Thermo Fisher
Scientific) using a silver/silver chloride microelectrode satu-
rated with 4 M KCL. Reported values for the redox potential
measurements are mean values = S.D. of three or more deter-
minations. Actual errors may be larger as other factors such as
electrode accuracy or equilibration errors are not factored in
the calculations.

Homology Modeling of the nNOS FMN Domain-CaM Com-
plex—A structure of the FMN domain of iNOS in complex with
CaM as been reported (Protein Data Bank code 3HR4) (32). As
iNOS and nNOS share a high sequence homology, we believe a
homology model of the nNOS sequence based on the iNOS
structure should yield reasonable results. The model was built
using the Swiss-Model server (33) from the sequences of the
wild-type rat nNOS (GenBank™ accession no. CAA42574.1)
and human calmodulin (GenBank™ accession no.
AAD45181.1) and the available iNOS-CaM structure (Protein
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the server) were copied from the
3HRA4 structure (chain A) and added
to the modeled Protein Data Bank
file. The autoinhibitory helix is pres-
ent in the nNOS sequence but not in
iNOS and, therefore, its structure is
highly tentative; it is included in the
figure as it gives an idea of the loca-
tion and size of this element. The
CaM structure is unchanged from
the original (Protein Data Bank
code 3HR4, chain B) as the target
and query sequences are identical.

Protein-Protein Docking of the Ox-
ygenase and FMN Domains—To
assess the possible structure of a
functional complex between the
oxygenase domain and the FMN
domain a set of docking complexes
were generated by the docking
server ZDOCK (34). The structures
used were 1ZVL for the oxygenase
domain (35) and the homology
model structure of the FMN do-
main described above. Based on our
results and previous mutagenesis
scanning of negatively charged resi-
dues in the FMN domain (20), we
imposed the presence of the follow-
ing residues in the protein-protein
interface: Lys**3, Lys®*°, Lys®®° (oxy
domain) and Glu”®?, Asp®'?, Glu®'®,
and Glu®*"® (FMN domain). 12
structures were produced by the
server, and its feasibility was evalu-
ated according to two distance cri-
teria: the FMN-heme distance should be reasonable for
electron transfer (<15 A), and the distance between the re-
sidues Trp”'® (C terminus of the oxygenase structure) and
Arg”?” (N terminus of the FMN structure) should be within the
range of the 10 missing residues that must connect both ends (<30
A). Only one model satisfied both conditions (FMN-heme dis-
tance, 4 A; Trp”'°~Arg”*’ distance, 19 A). Solvent accessible
surface calculations were carried out with Surface Racer soft-
ware (version 5.0) (36) using a probe radius of 1.4 A.

RESULTS

Selection of Mutated Residues—All positively charged resi-
dues indicated in Fig. 1B (Lys*°®, Arg*'°, Lys*?3, Lys**, Lys**?,
Arg™®, Lys®?°, Lys®*®, Lys®®°, and Arg®®”) were replaced by Asn
or Glu except for Lys**® and Arg*'°. These latter two residues
are strictly conserved in all NOS enzymes (supplemental
Fig. S2) and are close to the heme proximal ligand (Cys*'®).
Mutagenesis of Arg*'® was shown to compromise substrate
binding (21) and thus reduces NOS activity in a way indepen-

AV DN
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dent from FMN domain-heme domain interaction. Lys*°® may

have a similar effect, and its side chain is mostly buried, con-
tributing only a small positively charged surface (Fig. 1B and
supplemental Fig. S1).

General Properties of nNOS Oxygenase Domain Surface
Mutants—The mutations did not alter significantly the pro-
tein expression levels or heme binding. Analysis of L-Arg
binding affinity by UV-visible spectroscopy indicated that
the binding in the mutants was similar to wild-type enzyme
(supplemental Fig. S3). Dimer formation was studied by gel
filtration chromatography (data not shown). The mutants
were purified mostly in the dimeric form without major dif-
ferences in dimer content as compared with wild-type
enzyme, although in the case of the R456E and R456N
mutants a significant amount of free, proteolyzed flavopro-
tein domain (=~25%) was found. Mutations of Lys®?° did not
alter dimer formation, even though this residue can be con-
sidered part of the dimer interface (8) and helps to form the
positively charged patch on the partner subunit. We deter-
mined the cytochrome c reductase activity of the mutants
(supplemental Table S2 and supplemental Fig. S4). This
activity is dependent on FMN domain to cytochrome c elec-
tron transfer and therefore depends mostly on the flavopro-
tein domain. As expected, mutations in the oxygenase
domain did not cause a large alteration in the cytochrome ¢
reduction rates. Addition of calmodulin induces a roughly
10-fold increase in activity in both wild-type and mutant
nNOS forms. The higher values for R456E and R456N
mutants are most likely due to the presence of free flavopro-
tein domain.

Rates of Heme Reduction—T o assess the effects on the FMN
to heme electron transfer, we measured the rate of heme
reduction in each nNOS mutant at 10 °C as described (20,
30). The reactions were initiated by mixing excess NADPH
with each CaM-bound enzyme in the presence of CO under
anaerobic conditions. The rate of heme reduction was deter-
mined from the resulting absorbance increase at 444 nm.
The heme reduction rates are compared in Fig. 2
(values in supplemental Table S3). The majority of the mutants,
including those at Lys**”, Lys**?, Arg**®, Lys®**, and Arg®®”’
exhibited little or no change in heme reduction rate as com-
pared with the wild-type enzyme. The K452N mutant was the
only mutant whose rate was significantly increased relative to
WT nNOS. Conversely, the K423E, K620E, and K660E muta-
tions were detrimental for the heme reduction rates. This
implicates at least three of the eight positive charged residues in
aiding the FMN to heme electron transfer. For all of the resi-
dues we studied, the charge reversal mutation (negatively
charged mutant) always had slower heme reduction rates than
the neutral mutation counterpart (Fig. 2). This again suggests
that the positive electrostatic potential on the nNOSoxy
domain surface is important for the efficient docking of the
FMN and heme domains and efficient electron transfer.

Heme Midpoint Potential—There is a relatively modest ther-
modynamic driving force for the FMN to heme electron trans-
fer in nNOS, as indicated by the midpoint potentials of the
relevant flavin and heme couples (FMNH,/FMN semiquinone:
—273 mV (16) or —274 mV (37) in isolated reductase systems,
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FIGURE 2. Ferric heme reduction rates of wild-type nNOS and mutants.
Rates were determined by stopped-flow spectroscopy at 10 °C under anaer-
obic conditions. Dotted lines indicate the rate for wild-type nNOS. Bars indi-
cate means * S.D.

although values of —220 mV have been reported for the holoen-
zyme (38); Fe™ heme/Fe' heme: —248 mV (39) or —306 mV
(40) for isolated oxygenase domains, —290 mV estimated for
the holoenzyme (38); Fe™ heme/Fe"'-CO heme: —229 mV (as
determined at 0.5 mm CO, the NOS ferric heme does not bind
CO, and, therefore, the value is a mixture of the the Fe'/
Fe"'-CO redox couple and the Fe""/Fe"-CO binding equilibrium
and is CO-dependent (40)). This makes the heme reduction
rate in nNOS sensitive to decreases in the heme reduction
potential (see Refs. 27 and 41 for an example). Because the
charge reversal mutations we incorporated place electronega-
tive charge near the heme, they could conceivably lower the
heme midpoint potential and thus affect heme reduction. We
therefore measured the heme midpoint potentials of the two
charge reversal mutations that had the greatest impact on the
heme reduction rate (K423E and K620E). The estimated mid-
point potentials of the two mutants were —188 * 5 mV for
K423E and —201 = 10 mV for K620E (see supplemental Fig. S5;
values for the redox potential measurements are mean value =
S.D. of three or more determinations), which are more positive
than the midpoint potential of —253 * 3 mV here determined
for WT nNOSoxy, in agreement with previous values (39). This
indicates that they do not diminish the thermodynamic driving
force for heme reduction in nNOS and so must slow the heme
reduction rate by a different mechanism.

Steady-state Electron Flux through the Heme—Because L-ag-
matine is unable to support NO synthesis, there is no feedback
inhibition by NO that occurs during steady-state catalysis of
NADPH oxidation in the presence of L-agmatine. Under this
circumstance, the steady-state NADPH oxidation rate is pro-
portional to the electron flux through the heme to O, (27, 42).
We therefore measured the NADPH oxidation rates of the
mutant NOS proteins in the presence of L-agmatine. Fig. 3 plots
these steady-state rates (values in supplemental Table S2)
against the corresponding heme reduction rates for each
mutant determined by stopped-flow measurements (see Fig. 2).
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FIGURE 3. Heme reduction rates versus NADPH oxidation in the presence
of agmatine. Relationship between the rates of heme reduction and the
steady-state NADPH oxidation in the presence of the inhibitor L-agmatine.
Open circles indicate charge reversal mutations, and closed circles indicate
charge-neutralizing mutations.

A good correlation is observed (> = 0.964), indicating that the
surface mutations alter electron flux through the nNOS heme
primarily by altering the heme reduction rate. The electron flux
value we measured for nNOS with L-agmatine yields an esti-
mate of 10.5 s~ for the heme reduction rate at 25 °C, in good
agreement with the 13 s~ " estimate for flavin to heme electron
transfer recently derived from laser flash photolysis experi-
ments done at room temperature (43).

NO Synthesis Activity and Corresponding NADPH Oxida-
tion—The steady-state rates of NO synthesis and concurrent
rates of NADPH oxidation for each CaM-bound enzyme are
compared in Fig. 4. All mutants had a measurable rate of NO
synthesis activity (Fig. 4, top; supplemental Table S2). The low-
est activity was observed in the K423E mutant, confirming an
earlier report (17). Apart from K423E, only K660N had an NO
synthesis activity that was significantly lower than that of wild-
type. On the other hand, four mutants showed super-normal
NO synthesis activity: K660E (163% increase over wild-type),
R456E (129% increase), K645E (68% increase), and R667E (61%
increase). Mutations at three positively charged residues
caused little change in NO synthesis activity: Lys**”, Lys**?, and
Lys®?°. For several mutants, the NO synthesis activities did not
correlate with their measured rates of heme reduction or with
their electron flux rates in the presence of rL-agmatine (for
example, K660N and K620E).

In general, the NADPH oxidation rates (Fig. 4, bottom and
supplemental Table S2) correlate with the NO synthesis activ-
ities. A value of 2.4 molecules of NADPH oxidized per NO
formed for WT nNOS is slightly higher but close to other
reported values (20). The NADPH/NO ratios are shown in
supplemental Table S4 and supplemental Fig. S6. The main
alterations of the NADPH/NO ratio are found in K423E,
K660N, R667N, K447E (all have greater uncoupled NADPH
oxidation), K660E, and K645E (both have better coupled
NADPH oxidation than WT). For K423E, the vast majority of
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NADPH oxidation is uncoupled (>200 per NO), whereas more
moderate uncoupling is seen for K660N (4.0 NADPH per NO),
R667N (3.3), and K447E (3.1). In contrast, the two mutants with
better coupling than wild-type, K660E (1.6 NADPH per NO)
and K645E (1.8), approach the theoretical minimal value of 1.5
NADPH per NO (2).

DISCUSSION

Electron transfer between the NOS FMN and heme is key for
NO synthesis. Previous work identified some protein structural
features that may influence this step in NOS enzymes (17, 19,
20, 30, 42, 44). The electron transfer may rely on complemen-
tary electrostatic interaction between charged surface residues
(18, 19), as described for flavodoxins, dual-flavin enzymes, and
other enzyme systems (32, 45-49). This work is the first to
examine the individual roles of eight residues that create a pos-
itive charge cluster on the NOSoxy domain. Results from
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steady-state and stopped-flow measurements are in good
agreement with one another and define a hierarchy of impor-
tance for the eight charged surface residues.

When judged under the most conservative criterion (muta-
tion to neutralize each individual positive charge), the individ-
ual charge at only two residues (Lys*>® and Lys®*°) is required
for supporting heme reduction in nNOS. This group grows to
include three additional residues (Lys®*®, Lys®®°, and Arg®®”)
when judged by results obtained upon charge reversal rather
than charge neutralization. Our findings regarding the K423E
mutation match those in a previous study (17). Our results
show the following: (i) individual charge neutralization or
charge reversal at Lys**® and Lys®*® were the most effective in
inhibiting heme reduction in nNOS; and (ii) the mutational
effects we observed on heme reduction were not associated
with a change in the heme midpoint potential and thus were not
due to an altered thermodynamic driving force for heme reduc-
tion. Together, this argues that Lys**® and Lys®*° enable heme
reduction primarily through electrostatic interactions.

Sequence Conservation—NOS protein sequence alignments
(supplemental Fig. S2) show that the degree of sequence con-
servation among the positive patch residues does not correlate
so well with their rank order in influencing nNOS heme reduc-
tion. For example, Arg*®®, Arg®®”, and Lys®®° are the most con-
served among the eight residues we studied, despite our finding
that their individual charges have either no (Arg**®, Arg®®”) or
only moderate (Lys®®°) roles in supporting heme reduction in
nNOS. Conversely, the two residues we judged as most impor-
tant are not conserved highly among NOS enzymes, with Lys**?
being sometimes replaced by Asn and Lys®*° being often
replaced by Thr. The lowest degree of conservation corre-
sponds to Lys**” and Lys**?, consistent in our case with their
being of low relevance for nNOS heme reduction, but in sum, a
global importance for positive charge at Lys**® and Lys®*° is not
apparent from the alignments. It is particularly notable that on
iNOSoxy, several of the corresponding residues are of neutral
charge. The iINOS FMN domain also has more neutral residues
in place of the negatively charged residues on the complemen-
tary surface patch of the nNOS FMN domain (20). This implies
nNOS may have a greater capacity for electrostatic interaction
between its FMN and NOSoxy domains, a feature that is asso-
ciated with the rate of heme reduction being four to seven times
faster in nNOS than in iNOS (2).

Heme Reduction versus NO Synthesis Rates—There is an
apparent mismatch between the NO synthesis activities and
heme reduction rates in our study. For example, mutants that
show increased NO synthesis activities relative to WT nNOS
(R456E, K645E, K660E, and R667E) have slower heme reduc-
tion rates. Fig. 5 plots the measured NO synthesis activities
against either the corresponding heme reduction rates (upper
panel) or the steady state rates of electron flux through the
heme as measured by NADPH oxidation with L-agmatine
(lower panel). Both graphs show that the relationship approxi-
mates to a bell shape and reveals that WT nNOS has heme
reduction and electron flux rates that are greater than the range
associated with highest NO synthesis activity. A global model of
NOS catalysis (Fig. 6), which we previously described in detail,
explains why such a bell-shaped relationship exists between the
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FIGURE 5. Heme reduction rates and NADPH oxidation rates with agma-
tine versus NO synthesis activities. Top, relationship between the steady-
state NO synthesis activity and the ferric heme reduction rate in the full-
length nNOS proteins. Bottom, NADPH oxidation rates in the presence of
agmatine versus NO synthesis rates. The line denotes a hypothetical fit of the
data along with the trends predicted by the global model (2). Open circles
indicate charge reversal mutations, and closed circles indicate charge neutral-
izing mutations.

heme reduction rate and the steady-state NO synthesis activity
in NOS enzymes (2, 50). Basically, the relative rates of heme
reduction (k,, k,') and Fe™'-NO dissociation (k,) determine the
proportion of nNOS molecules that enter the productive (NO-
releasing) cycle versus the futile (NO dioxygenase) cycle during
steady-state catalysis (Fig. 6). The k,, k,’, and k, parameters thus
strike a balance, because although increasing the kr value allows
the nNOS to synthesize NO faster, it also causes a greater pro-
portion of nNOS molecules to enter the futile cycle. According
to this model, the k,, k,” of WT nNOS are above the optimum
regarding steady-state NO release (i.e. the steady-state NO syn-
thesis activity). The WT nNOS has a lower activity because its
rate of heme reduction is causing a more than optimal amount
of the enzyme molecules to enter the futile cycle in unit time. In
contrast, the NOSoxy surface mutations that slow heme reduc-
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tion by a moderate amount (like K620N) bring the &, value
down into the optimal range, whereas mutations that slow
heme reduction by a greater extent (like K620E) fall below the
optimal range for &, and in which case exhibit a lower NO syn-
thesis activity because their actual NO biosynthesis is slow.
The experimental data in Fig. 5 distribute approximately
according to the theoretical relationship between the NO syn-
thesis activity and heme reduction rate in nNOS as derived
from a computer simulation of the global model (see Fig. 3 in
Ref. 2). This relationship was demonstrated before, albeit to a

NO
productive cycle kd

m kr " o, 0 Arg, kcat1 . .
|Fe |_>‘ Fe |—>| Fe 02|—>+ Citrulline
e NOHA, kcat2
e |kr’
" kox
NO,

:

extremely
slow

futile
cycle

NO

FIGURE 6. Global model of NOS catalysis. Global kinetic model for NOS
catalysis. FMN to heme electron transfer (k,) is rate-limiting for the NO synthe-
sis reactions. k.., and k., are the conversion rates of the enzyme Fe'O,
species to products in the L-Arg and N“-hydroxy-L-arginine (NOHA) reactions,
respectively. Not all of the produced NO is released as the ferric heme-NO
product complex (Fe"'NO) can either release NO (k,) or become reduced (k,’)
to a ferrous heme-NO complex (Fe"NO), which reacts with O, (k.,) to regen-
erate ferric enzyme through a futile NO dioxygenase cycle without net NO
release. The observed steady-state NO synthesis rates are determined by the
relative rates of k,, k., and k.

less complete extent, in a study where the nNOS heme reduc-
tion rate was varied using a series of CaM protein structural
analogues (30). In the current data, the apparent lack of outliers
beyond what might be attributed to normal experimental vari-
ability suggests that the nNOSoxy surface mutations may
largely or completely restrict their effects to the heme reduction
rate (k,) in nNOS and may not significantly alter the other two
main kinetic variables (k,, and k, in Fig. 6), which otherwise
would skew the relationship between the NO synthesis activity
and heme reduction rate (for example, as occurs in E762N
nNOS; see Ref. 51).

Docking of the Oxygenase and FMN Domains—The three Lys
residues that were identified as electrostatic contributors for
nNOS heme reduction (Lys**?, Lys®*°, and Lys®®°) are posi-
tioned on the surface to triangulate the heme edge in NOSoxy
(Fig. 1B and supplemental Fig. S1) and thereby could promote a
specific docking of the negatively charged FMN domain for
electron transfer. Indeed, placing together the two most impor-
tant residues for nNOS heme reduction (Glu”®? from the FMN
domain and Lys*** of NOSoxy) was found in our previous mod-
eling to position the bound FMN and heme groups within a
reasonable distance for electron transfer (52). Additional align-
ment could presumably be achieved through concerted electro-
static interactions of Lys®*® and Lys®°. We took advantage of
this acquired knowledge to assess the putative structure of an
nNOSoxy-FMN complex. In silico docking of the putative
nNOSoxy-FMN domain complex was carried out as described
under “Experimental Procedures.” Briefly, we used a FMN-
CaM complex modeled after the recent iNOS FMN-CaM com-
plex structure (32) and a nNOSoxy structure and imposed

Lys4d7 __ / ’
. Arg456
Lys452 £ P
. s ‘
Lys6ds I & e\ i {
Y
Lys423 Lys423 |
Asp813 T =
Glu762— Trp716 : /" ot ra
u816
10 residue linker Glug19 . Lys667
Glu\rsg d B
Glu790

v

FIGURE 7. Docking model of a nNOSoxy-FMN-CaM complex. Left, molecular surface of the complex. nNOSoxy monomers are shown in light blue and light

green; the FMN domain is shown in light orange, and CaM is shown in red. The residues Trp

716 727

and Arg’#/, which are linked by a 10-residue sequence are shown

in green and orange, respectively; residues Lys*** and Glu’®? are shown in blue and red, respectively. Right, location of selected residues in the model. « carbon
traces are shown as thin lines. Residues mutated in this study and in Panda et al. (20) are shown as sticks. Oxy domain residues are labeled in blue/green
(monomer A/B); FMN domain residues are labeled in orange. Heme (red) and FMN (orange) are shown as sticks.
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restrictions to the docking server so as to include in the inter-
face the residues Lys**?, Lys®*°, and Lys®®° from nNOSoxy and
Glu”®?, Asp®'3, Glu®'®, and Glu®'® from the FMN domain,
whose importance was shown previously (20). From 12 docking
solutions, only one was found that complied with the distance
restrictions, namely, feasible distances for FMN-heme electron
transfer and the distance of a linker within residues Trp”*® (C
terminus of the oxygenase structure) and Arg”>” (N terminus of
the FMN structure). The resulting model is shown in Fig. 7 and
supplemental Fig. S7. The structure is quite similar to the puta-
tive model presented for iNOS (32). This fact is surprising as
differences exist on the surface charges of iNOS and nNOS as
noted earlier (20). (The iNOSoxy surface is less positively
charged and its FMN subdomain surface is less negatively
charged than in nNOS). Also, in our case, we did not impose the
further restriction of superimposing the rest of the reductase
domain (19) on the FMN domain structure. The interface area
was close to 1200 A?, slightly larger than previous models (725
A2 (32) or 900 A? (53)). As another point in common with the
model by Xia et al. (32), the nNOS Trp®*’, analogous residue to
Trp*”? in iNOS, is placed between the heme and FMN cofac-
tors. The illustrated situation of the charged residues of
nNOSoxy and the FMN domains is coherent with the results
reported here and for the FMN domain (20), as a number of
residues that have little effect on heme reduction are not in the
interface, even though they were not excluded explicitly during
the docking process (for instance, Lys**”, Lys**?, Glu”®°, and
Glu”®° (Fig. 7)). In summary, the model seems to be a reasona-
ble working model for the FMN-heme interface and a guide for
further experiments.

Implications for the INOS Mechanism—When CaM binding
triggers the FMN to heme electron transfer in nNOS, its effect
is at least 2-fold. First, its binding destabilizes the FAD-FMN
domain interface in nNOS, and thereby stabilizes a “FMN-
deshielded” or “open” conformation that makes the FMN
domain available to interact with NOSoxy or with non-native
electron acceptors like cytochrome ¢ (15, 54—56). However,
this shift in the nNOS conformational equilibrium is not
enough to promote significant heme reduction and NO synthe-
sis in nNOS (56). CaM is therefore thought to promote an addi-
tional step that brings the bound FMN and heme groups within
a distance amenable for electron transfer. The exact nature of
this step is uncertain and open to conjecture. For example, it
might depend on the removal of a “hinge stop” that otherwise
prevents conformational movement that brings the FMN and
heme closer (15, 32) or could also involve CaM constraining the
motions of the deshielded FMN domain to increase the likeli-
hood of productive docking with NOSoxy (32, 56, 57). In any
case, if the long range motion of the FMN domain (approxi-
mately a 60-A distance) places it within the proximity of the
NOSoxy surface, more specific short range motions (within
15-25 A) are likely to occur that can enable a transition state to
be achieved for FMN to heme electron transfer (45). The gen-
eral distance constraints on electrostatic interactions dictate
that they would only come into play during these short range
motions, which likely involve rapid conformational sampling as
described in other redox enzymes (58 — 60).
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Conclusions—Our study provides new experimental support
for structural models that invoke charge pairing in the domain-
domain interactions associated with electron transfer in nNOS
(15, 18 -20, 32). During steady-state catalysis, the relatively
slow long range motions of the FMN domain (16, 56), rather
than the FMN-NOSoxy interaction per se, limits electron flux
through the heme. Our current findings and working structural
model suggest that the complementary electrostatic interac-
tions involving the triad Lys***, Lys®*°, and Lys®*® is most
involved in directing short range conformational sampling
motions that enable the FMN domain to achieve docked com-
plexes with NOSoxy that are productive for electron transfer.
Because the long range conformational motion of the FMN
domain is relatively slow, it may inherently blunt the impor-
tance of the electrostatic interactions in heme reduction. In
addition, ensemble effects of multiple positive surface charges
were not tested here but might conceivably increase the impor-
tance of the individual residues beyond what we observed from
their individual mutations. Finally, protein sequence compari-
sons suggest that heme reduction in various NOS isoforms may
rely to different extents on electrostatic interactions at the
domain interface.
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