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In nitric-oxide synthase (NOS) the FMN can exist as the fully
oxidized (ox), the one-electron reduced semiquinone (sq), or the
two-electron fully reduced hydroquinone (hq). InNOS andmicro-
somal cytochrome P450 reductase the sq/hq redox potential is
lower than that of the ox/sq couple, and hence it is the hq form of
FMN that delivers electrons to the heme. Like NOS, cytochrome
P450BM3 has the FAD/FMN reductase fused to the C-terminal
end of the heme domain, but in P450BM3 the ox/sq and sq/hq
redox couples are reversed, so it is the sq that transfers electrons to
theheme.Thisdifference isdue toanextraGly residue found in the
FMN binding loop in NOS compared with P450BM3. We have
deleted residue Gly-810 from the FMN binding loop in neuronal
NOS (nNOS) to give�G810 so that the shorter binding loopmim-
ics that in cytochrome P450BM3. As expected, the ox/sq redox
potentialnowis lower thanthesq/hqcouple.�G810exhibits lower
NO synthase activity but normal levels of cytochrome c reductase
activity. However, unlike the wild-type enzyme, the cytochrome c
reductaseactivityof�G810 is insensitive tocalmodulinbinding. In
addition, calmodulin binding to �G810 does not result in a large
increase in FMN fluorescence as in wild-type nNOS. These results
indicate that the FMNdomain in�G810 is locked in a unique con-
formation that is no longer sensitive to calmodulin binding and
resembles the“on”outputstateof thecalmodulin-boundwild-type
nNOSwith respect to the cytochrome c reduction activity.

Flavin-containing (FMN or FAD) enzymes catalyze a wide
range of reactions and can be classified, according to their func-
tions and reactivity with molecular oxygen, into oxidases,
monooxygenases, dehydrogenases, oxidoreductases, and elec-
tron transferases (1, 2). The versatility of flavoprotein-catalyzed
reactions is attributed to the rich chemistry of the flavin
isoalloxazine ring system. Free flavin can exist in three different
redox states: oxidized (ox),3 one-electron reduced semiquinoid
(sq), and two-electron reduced hydroquinoid (hq) species (3, 4),

as shown in Fig. 1. The semiquinone radical can have two forms
depending on whether or not the N5 atom is protonated (5).
The anionic semiquinone is red, whereas the neutral semiqui-
none is blue, each with its own distinct UV-visible absorption
features (6). The negative charge on the anionic form of the
semiquinone or hydroquinone is localized on the N1–C2�O
group (3). The redox potentials of the ox/sq and sq/hq couples
are �314 mV and �124 mV, respectively, for free FMN (7),
although the FMN redox potentials and the pKa of N5 can vary
dramatically from one flavoprotein to another. It is the varia-
tions of flavin-protein interactions in different flavoproteins
that give rise to the versatility of flavin redox properties tailored
to the specific chemical reaction catalyzed by the particular
flavoenzyme (2).
Before being identified as a heme-containing enzyme (8–10),

nitric-oxide synthase (NOS) was first recognized as a flavopro-
tein (11, 12). The C-terminal domain of rat neuronal NOS
shares high sequence identity with microsomal cytochrome
P450 reductase (CPR) that also contains one molecule each of
FMN and FAD. The catalytic center, heme group, and a nearby
cofactor, tetrahydrobiopterin, reside in theN-terminal domain.
The biosynthesis of nitric oxide (NO) is carried out by binding
of the substrate, L-arginine (L-Arg), on the distal side of heme
where one of the guanidino nitrogen atoms of L-Arg is oxidized
to give NO in a two-step reaction with N�-hydroxy-L-arginine
as an intermediate and citrulline as a byproduct (13, 14).
Reaction 1 requires molecular oxygen andNADPH-supplied

reducing equivalents. Similar to CPR, electron flow in the NOS
reductase domain starts from NADPH, through FAD to FMN.
The FMN in NOS forms an air-stable, blue neutral semiqui-
none. Only the lower potential hydroquinone of FMN is capa-
ble of transferring electrons to heme. In addition, electron
transfer in NOS is regulated by the binding of calmodulin
(CaM) to a linker peptide between the heme- and flavin-con-
taining domains. The activity of both endothelial NOS andneu-
ronal NOS (nNOS) is, therefore, regulated by the Ca2�-CaM
binding to the enzyme (15, 16).
NOS has its two functional domains fused into a single

polypeptide. This domain architecture is similar to that seen in
cytochrome P450BM3, a well characterized bacterial P450 sys-
tem isolated from Bacillus megaterium (17). Although the
C-terminal reductase domain of P450BM3 highly resembles
the mammalian microsomal CPR, its FMN exhibits very differ-
ent redox properties. Based on kinetic and anaerobic redox
titration studies, Sevrioukova et al. (18) determined that the
one-electron reduced FMN semiquinone in P450BM3 is a tran-
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sient, red anionic form rather than the air-stable, blue neutral
radical seen inmammalianCPR. The FMNhydroquinone is the
more stable, high potential species, thus incapable of reducing
the heme. The red anionic FMN semiquinone instead plays the
role of the lower potential species donating electrons to the
P450 heme. The presence of the anionic flavin semiquinone is
also detected by EPR (19). Redox potential measurements (20)
confirmed that the ox/sq is indeed the lower potential couple at
�240 mV compared with �160 mV for the sq/hq couple. The
reversal of FMN redox properties of P450BM3 compared with
NOS and CPR was expected to derive from some major differ-
ences in the FMNbinding environment between P450BM3 and
mammalian CPR. The crystal structure of P450BM3 heme/
FMNbidomain (21) shed some light on this puzzle, as shown in
Fig. 2. In P450BM3 the FMN binding loop is one-residue
shorter with the backbone amide of Asn-537 donating a hydro-
gen bond to N5 of FMN. In flavodoxins and microsomal CPR a
carbonyl in the longer loop can accept a H-bond from the pro-
tonatedN5 of FMNupon reduction thereby stabilizing the blue
neutral semiquinone. This carbonyl becomes available through
a reduction-dependent peptide flip within the loop consistently
observed in several flavodoxins from various organisms (22–
24). The shorter loop in P450BM3 makes this peptide flip very
unlikely. Thus the proton from the protein amide nitrogen
would remain in place in the semiquinoid state, which
decreases the pKa of the FMN N5 (8.5 in free FMN, Fig. 1)
making the protonation of N5 difficult.
The FMN-binding environment in nNOS resembles that in

mammalianCPR, because the carbonyl oxygen atomofGly-810
in the longer FMN binding loop can accept a H-bond from the
N5 of FMN (Fig. 2). When the structure of the FMN binding
loop in P450BM3 is superimposed onto that of nNOS the sim-
ilarities of both the amino acid compositions and their back-

bone conformations are apparent
even though the loop is one residue
shorter in P450BM3. To test
whether the redox behavior of FMN
in nNOS can mimic that in
P450BM3 bymaking a shorter FMN
binding loop,we havemade theGly-
810 deletion mutant of nNOS
(�G810) in three constructs: full-
length, heme/FMN bidomain, and
FMN domain. The redox potentials
of FMN have been determined with
both the heme/FMN bidomain and
the isolated FMN domain (with
CaM bound). The enzymatic activi-
ties of NO synthesis, NADPH oxi-

dation, and cytochrome c reduction of the full-length mutant
were compared with the wild-type protein.

EXPERIMENTAL PROCEDURES

Materials—The QuikChange mutagenesis kit was ordered
from Stratagene. Hemoglobin A0 (reduced), cytochrome c
(horse heart), catalase, and superoxide dismutase (SOD) were
purchased from Sigma. Redox mediators, benzyl viologen,
2-hydroxy-1,4-naphthoquinone, and anthraquinone 2-sulfon-
ate were from Sigma-Aldrich. All the other biochemical
reagents were either from Fisher, VWR, or Calbiochem.
Protein Mutagenesis, Expression, and Purification—Both the

full-length rat nNOS (residues 1–1429) (25) and the heme/
FMN bidomain (residues 299–955) (26) constructs have an
N-terminal 6-His tag as described previously. The construct of
the FMN domain consisting of residues 720–955 was cloned
into the same pCWori vector through the NdeI and XbaI sites,
thus it also has anN-terminal 6-His tag before the CaMbinding
motif. The �G810 mutant of nNOS was cloned in Escherichia
coli strain DH5� using the QuikChange Mutagenesis Kit from
Stratagene. The wild-type full-length, heme/FMN bidomain,
and FMN domain proteins were used as the templates for PCR
to generate the deletion for the three different constructs,
respectively. The Gly-810 deletion was confirmed by DNA
sequencing of the plasmids.
The protein expression protocol for the full-lengthmutant is

identical to that for the wild-type protein (25) using BL21(DE3)
as the expression host. However, the mutant protein yields of
the heme/FMN bidomain and the FMN domain were found to
be higher when they were co-expressed with CaM in E. coli
strain JM109 with the cell growth conditions similar to that
described for the expression of the bidomain in BL21(DE3)
(26). The purification protocols reported for the wild-type full-
length (25) and bidomain (26) proteins were adopted for the
mutant proteins. The FMN domain protein was purified
through three column steps: Ni-Sepharose, HiTrap Q anion
exchange, and Superdex 75 gel filtration columns (GE Health-
care). The buffer for equilibrating the Ni-Sepharose column
was 50 mM sodium phosphate, pH 7.8, 10% glycerol, 5 mM
2-mercaptoethanol, 0.5 mM CaCl2, 0.25 mM phenylmethylsul-
fonyl fluoride, 2 �M FMN, and 200 mM NaCl. The same buffer
plus 1�g/ml each of pepstatin A and leupeptin was used for cell

FIGURE 1. Redox and protonation states of the flavin isoalloxazine ring (3).
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resuspension before the cell rupture through amicrofluidizer at
a pressure of 18,000 p.s.i. The cell-free extract obtained after a
1-h ultracentrifugation at 100,000 � g was loaded onto the
nickel column. The wild-type FMN domain protein bound to
the nickel columnoften showed a blue color due to its air-stable
semiquinone, whereas the �G810 mutant FMN domain exhib-
ited a bright orange color. After sample loading the columnwas
washed with 5 bed volumes of the same buffer containing 20
mM imidazole. The protein elution was achieved by 10 bed vol-
umes of 20–150 mM imidazole gradient. The peak fractions
were often in good purity and, once being concentrated to a
small volume, could be directly loaded onto a S75 column.
Some side fractions did need to be further purified through an
anion exchange column prior to the S75 column. One or two
5-ml HiTrap Q columns was(were) equilibrated with 50 mM
sodium phosphate, pH 7.8, 10% glycerol, 5 mM 2-mercaptoeth-
anol, 0.5 mM CaCl2, 2 �M FMN, and 0.25 mM phenylmethylsul-
fonyl fluoride. Fractions from the nickel column were diluted
2-fold with the salt-free phosphate buffer before loading onto
the Q column using a peristaltic pump. After sample loading
the Q column was connected to an AKTA system (GE Health-
care), being further washed with 5 bed volumes of phosphate
buffer containing 100 mMNaCl before the protein elution with
20 bed volumes of 100–350 mM NaCl gradient. The same
sodium phosphate buffer with 200 mM NaCl was the running
buffer for the Superdex 75 column (2.6 � 30 cm). The flow rate
was set at 1 ml/min, and the fraction size was 1ml. The colored
fractions with an absorbance ratio A280 nm/A456 (A280 nm/A468
for the mutant) of � 5.0 were pooled and concentrated, stored
at�80 °C. The concentration of FMNdomain protein was esti-
mated using an extinction coefficient of 9.8 mM�1 cm�1 (18) at
456 nm for the wild-type and 468 nm for the mutant.
Calmodulin—The human CaM expression plasmid,

pACYC/trc-hCaM, was a generous gift from Dr. Paul Ortiz de
Montellano’s laboratory at the University of California at San
Francisco. The E. coli BL21(DE3) cells were transformed with

the plasmid and plated on LB agar
containing 35 �g/ml chloramphen-
icol. A single colony was used to
inoculate 5 ml of LB overnight cul-
ture. The large scale terrific broth
cultureswith chloramphenicolwere
inoculated with a small overnight
starter (1:500) and grown at 37 °C
with 220 rpm agitation until the
A600 nm reached �0.8. The protein
expressionwas inducedwith 0.5mM
isopropyl 1-thio-�-D-galactopyran-
oside and the incubation continued
for another 20 h at 30 °C and 100
rpm. Cells were harvested by cen-
trifugation at 6000 rpm for 10 min
and then washed twice with 50 mM
Tris, pH 7.5, 100 mM NaCl before
storage at �80 °C.
The protocol for phenyl-Sepha-

rose chromatography was modified
from the one in the literature (27).

The cell pasteswere resuspendedwith 50mMTris, pH7.8, 1mM
dithiothreitol, 2 mM CaCl2, 100 mM NaCl, and 0.25 mM phen-
ylmethylsulfonyl fluoride and lysed by microfluidizer. The cell-
free extract was obtained by ultracentrifugation at 100,000 � g
for 1 h and loaded onto a small phenyl-Sepharose column
(2.6 � 4.0 cm, GE Healthcare) pre-equilibrated with the same
Tris buffer. The column was washed with 100 ml of Tris buffer
containing 500 mM NaCl. The protein was then eluted with
100ml of CaCl2-free Tris buffer containing 5mM EGTA. The
fractions with strong UV absorption at 280 nm were pooled
and concentrated. The excess EGTAwas removed by passing
the purified CaM through a 10-DG de-salting column (Bio-
Rad). The concentration of CaM was estimated using an
extinction coefficient of 2.98 mM�1cm�1 at 280 nm based on
the chromophore content (28). The homemade CaM was as
efficient as the commercial protein purchased from Sigma in
supporting NOS activity.
Spectro-potentiometric Titrations—Redox titrations were

carried out in a cuvette that was assembled in an anaerobic
glove box (COY Laboratory Products, Inc., Grass Lake, MI).
The cuvette was sealed with an air tight septum through which
the Ag/AgCl reference electrode, the gold working electrode,
and gas-tightHamilton syringewere inserted. A smallmagnetic
stir bar was placed at the bottom of the cuvette to mix the
reagents. The temperature was maintained at �25 °C. The
titration buffer (50 mM Tris, pH 7.5, 10% glycerol, 5 mM 2-mer-
captoethanol, 1 mM CaCl2, 100 mM NaCl) was made anaerobic
by flushing with ultrapure argonwhile stirring. The final exper-
imental volume was 1.3 ml with an optical density � 1.0 near
the main FMN visible band (near 450 nm). The following typi-
cal redox mediators were used: benzyl viologen (�374 mV),
2-hydroxy-1,4-naphthoquinone (�145 mV), and anthraqui-
none 2-sulfonate (�230 mV) to a final concentration of 2 �M
each. All the potentials here are reported against standard
hydrogen electrode. The protein and mediator mixtures were
deoxygenated under the flow of argon gas for several minutes.

FIGURE 2. A, superposition of the FMN binding loops in rat nNOS (green) and in cytochrome P450BM3 (white).
The hydrogen bonds from the N5 position of FMN to the nearby protein backbone are depicted by dashed lines.
The loop in nNOS (green) is a double �-turn, whereas the shorter one in P450BM3 has only a single �-turn. B, the
interface between the FMN and FAD binding domains (in cyan and green, respectively) of the nNOS reductase
domain (1F20). The hydrogen bond from Asn-811 to Glu-1392 is one of the inter-domain interactions. The
H-bond would be disrupted when Gly-810 is deleted in the �G810 mutant. The figure was made with PyMOL
(W. L. DeLano (2002) PyMOL, DeLano Scientific, San Carlos, CA).
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The protein was reduced by addition of a small excess of anaer-
obically prepared sodium dithionite solution (concentration
was determined using a molar absorption coefficient �315 �
8.05mM�1 cm�1). The reduced protein spectrumwas recorded
to confirm complete reduction.
The redox titration was done using Dutton’s method (29). A

small aliquot of oxidant/reductant was added, and the solution
was stirred until equilibration (stabilization of the potential)
was reached (�15–20 min), and then the spectrum (350–800
nm) was recorded using a Cary 300 UV-visible spectrophotom-
eter. The titration was continued until the sample solution was
maximally oxidized by ferricyanide. The reverse electrochemi-
cal titration was done with dithionite as the reductant. The
electrochemical potential was monitored using an Orion
pH/mVmeter (Model SA 720) coupled to a gold electrode and
an Ag/AgCl reference electrode from Bioanalytical Systems,
Inc. The gold electrode was modified using 4,4�-dithiodipyri-
dine. The electrode system was calibrated using the ferrous-
ferric ammonium sulfate couple (�675 mV versus standard
hydrogen electrode). The observed potential was obtained rel-
ative to theAg/AgCl reference electrode. Hence, they were cor-
rected (using the calibration data for the ferrous-ferric ammo-
nium sulfate solution) to values relative to the standard
hydrogen electrode.
Analysis of Absorbance versus Potential Data—Data analysis

was done usingOrigin (OriginLab). For the FMNdomain of the
wild-type nNOS, the absorbance changes at wavelengths 456
nm and 590 nm were plotted against the measured potential of
the gold electrode. 456 nm and 590 nm are the absorptionmax-
imum of the oxidized flavin and semiquinone, respectively. For
the �G810 mutant FMN domain, there is no neutral semiqui-
none peak at 590 nm. Hence, the absorbance changes at 391,
408, and 468 nm were plotted against the measured potential
and fit to the modified Nernst equation (Equation 1). This
equation is for a two electron redox processwherea, b, and c are
the absorbance values of oxidized flavin, flavin semiquinone,
and hydroquinone, respectively. E is the potential at the work-
ing electrode, and E1 and E2 are the midpoint potentials of the
oxidized/semiquinone (ox/sq) and the semiquinone/hydroqui-
none (sq/hq) redox couples. All these five variables are deter-
mined by least-squares fitting.

A �
a � b � 10

E 	 E1

59 � c � 10
E 	 E1

59 � 10
E 	 E2

59

1 � 10
E 	 E1

59 � 10
E 	 E1

59 � 10
E 	 E2

59

(Eq. 1)

For the�G810 bidomain, which has both the FMNand heme
domain, the absorbance changes at wavelengths 553 nm, 650
nm (heme components show maximum spectral change), 478
nm, and 501 nm (approximate FMN absorption maxima) were
plotted against the measured potential and fit to another mod-
ified Nernst equation (Equation 2) for a three-electron redox
processwhere one is an independent redox couple. In the Equa-
tion 2, a, b, and c are the absorbance values of oxidized flavin,
flavin semiquinone, and hydroquinone, respectively, and d and
f are the absorbance values of oxidized heme and reducedheme.
E is the potential at the working electrode and E1, E2, and E3 are
the midpoint potentials of the ox/sq, sq/hq, and heme redox

couples. All these eight variables are determined by least-
square fitting.

A �
a � b � 10

E 	 E1

59 � c � 10
E 	 E1

59 � 10
E 	 E2

59

1 � 10
E 	 E1

59 � 10
E 	 E1

59 � 10
E 	 E2

59

�
d � 10

E 	 E3

59 � f

10
E 	 E3

59 � 1
(Eq. 2)

FMN Reduction Monitored by Stopped Flow—The reduction
of FMN in the FMN domain of �G810 was monitored under
anaerobic conditions using an SX.18MV-R stopped-flow spec-
trophotometer (Applied Photophysics Ltd.). The 100 mM Tris/
HCl buffers (100 mMNaCl) at three pH values, 7.0, 8.0, and 9.0,
were degassed by alternating between evacuation and purging
with pure argon. The air-tight 2.5-ml syringes were assembled
inside a COY glove box. Syringe A was filled with nNOS FMN
domain and syringe B with dithionite solution (concentration
of dithionite was calibrated by cytochrome c reduction imme-
diately before usage). Each syringe was then connected to a
three-way stopcock so that another 5-ml syringe filledwithTris
buffer can be connected to each sample syringe. Two pairs of
syringes were then brought out of the glove box and attached to
the stopped flow apparatus. The optical cell and drive syringes
were flushed with the degassed buffer before experiments. The
spectral changes as a function of time upon rapid mixing of 11
�M FMN domain protein and �300 �M dithionite were moni-
tored by the photodiode array detector by obtaining 400–500
spectra for 1000 s in the range of 350–700 nm.The baselinewas
set with the buffer containing dithionite only. Single wave-
length kinetic traces (50 s per trace) were obtained by mixing
18.5 �M FMN domain and �1 mM dithionite at 391 nm for the
formation of red anionic FMN semiquinone and its further
reduction to hydroquinone, and at 468 nm for the entire 2-elec-
tron reduction process. The pseudo first order rate constants
were extracted by fitting of the single wavelength scan curves
with a single or double exponential equation using the Igor Pro
program.
Steady-state Enzymatic Activity Assays—All steady-state

enzymatic activity assays were performed at room temperature
on a Cary 3E spectrophotometer (Varian) in an absorbance
versus time kinetic scanning mode. The heme protein con-
tent of the full-length nNOS was determined using an
extinction coefficient of 75 mM�1cm�1 for the absorbance
difference �A444–490 nm when enzyme was reduced by dithio-
nite and with CO bound (10). Turnover numbers are expressed
as nanomoles of product formed/min/nmol of heme enzyme.
Enzyme concentration was adjusted to maintain a linear
absorbance change in the first 2–3min of the reaction. TheNO
synthesis activities for both the wild-type and �G810 mutant
were measured using the hemoglobin capture assay (31). The
absorption increase at 401 nm was monitored within 1 min at
room temperature using an extinction coefficient of 38
mM�1cm�1 to estimate the amount of methemoglobin gener-
ated. The buffer components for the assay include 25mMpotas-
sium phosphate, pH 7.5, 100 mM KCl, 10 �M oxy-hemoglobin,
10 units/ml catalase, 10 units/ml SOD, 5 �M FMN, 5 �M FAD,
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25 �M L-Arg, 10 �M tetrahydrobiopterin, 10 �g/ml CaM, 0.5
mMCaCl2, 100�MNADPH. 1�g of thewild-type nNOSor 5�g
of mutant was added last to start the reaction.
The NADPH oxidation assay was performed in the same

phosphate buffer with the exception that 100�M L-Arg and 250
�M NADPH were used and hemoglobin was omitted. The
absorption decrease at 340 nm was tracked at room tempera-
ture for 1 min using 6.2 mM�1 cm�1 as the extinction coeffi-
cient. 5�g of wild-type or 10�g ofmutant enzymewas used for
each reaction to improve the signal to noise ratio.
The cytochrome c reduction assaywas conductedwith 40�M

cytochrome c in the same phosphate buffer except that hemo-
globin, catalase, SOD, L-Arg, and tetrahydrobiopterin were
omitted. The absorbance increase at 550 nmwasmonitored for
1 min with 21 mM�1 cm�1 as the extinction coefficient. To
achieve a stable linear trace only 0.1 �g of wild-type or mutant
enzyme was needed for each reaction.
Fluorescence—Fluorescence measurements of both the wild-

type and mutant full-length enzymes were carried out at room
temperature on a Hitachi F-4500 fluorescence spectrophotom-
eter. The flavin (mainly FMN) fluorescence signal was excited
at 450 nm and recorded from 470 to 650 nm. Two buffer sys-
tems were tested, 50 mM HEPES, pH 7.5, or 25 mM potassium
phosphate, pH 7.5. The changes of fluorescence intensity with
6.5 �M (wild-type) or 6.0 �M (�G810) of enzymes in a 100-�l
cuvette were recorded twice within 3–4 min. The effects of
CaM binding and removal to the fluorescence intensity change
were monitored by adding 20 �M CaM plus 0.5 mM CaCl2 and
then 10 mM EGTA, respectively. The total volume change was
kept at �5%. The changes in fluorescence intensity were found
to be ionic strength-dependent. The 25 mM potassium phos-
phate, pH 7.5, with 100 mM KCl was found to be a better buffer
withwhich the fluorescence signals weremore stablewith time.

RESULTS

Titration of nNOS Wild-type
FMN Domain—The redox titra-
tions were done using Dutton’s
method (29). The proteins were ini-
tially reduced and then oxidized
using small aliquots of potassium
ferricyanide and then reduced with
dithionite. After each addition of
oxidant/reductant, equilibration
was confirmed by observing a stable
potential at the electrode. No hys-
teresis was observed during the oxi-
dative and reductive cycle of the
redox titrations. A representative
spectrum of the redox titration of
the nNOSwild-type FMNdomain is
given in Fig. 3A. The protein was
completely soluble and stable dur-
ing the redox titrations. The spec-
trum of the fully oxidized FMN
domain of the wild-type has a max-
imum at 456 nm. When reduction
proceeds from the oxidized to the
semiquinone form, the intensity of

the band at 590 nm increases while that at 456 nmdecreases. As
reduction proceeds from the semiquinone to the hydroquinone
peaks at 456 and 590 nm disappear. The absorbance at 456 nm
and 590 nm versus the potential is plotted in Fig. 3B. Both sets of
data were fit simultaneously to the two-electron modified
Nernst equation (Equation 1) as describedunder “Experimental
Procedures.” The redox potential values obtained from multi-
ple fitting of the two plots are�187	 3mV for the ox/sq redox
couple and �299 	 13 mV for the sq/hq redox couple. These
values are in close agreement to previously determined redox
potentials of the two redox couples which were �179 mV for
the ox/sq couple and �314 mV for the sq/hq couple (32).
Titration of�G810 FMNDomain—The spectrumof the fully

oxidized FMN domain has a maximum at 468 nm as shown in
Fig. 3C, which is red-shifted by 12 nm compared with the max-
imum observed for the wild-type FMN domain. The FMN
domain of �G810 is unable to form a stable, blue neutral
semiquinone. In this regard, it is very similar to the FMN
domain of cytochrome P450BM3. The redox potential values
obtained from multiple fitting at different wavelengths are
�280	 3mV for the ox/sq redox couple and�190	 10mV for
the sq/hq redox couple. These values of both redox couples are
more negative than those for the FMN domain of P450BM3,
which are �240 mV for the ox/sq redox couple and �160 mV
for the sq/hq redox couple (20). The relative redox potentials of
the semiquinoid and hydroquinoid species have been reversed
by the deletion of G810 from the FMN binding loop in nNOS
(Table 1).
Titration of �G810 Bidomain—The optical spectra of the

heme/FMN bidomain construct of the nNOS mutant are
shown in Fig. 4A. The oxidized heme is primarily high spin in
the presence of tetrahydrobiopterin and L-Arg as seen from the

FIGURE 3. A, spectral titration of wild-type nNOS FMN domain. B, absorbance versus potential plots of wild-type
nNOS FMN domain at 456 and 590 nm. At 456 nm, there is maximal change in the flavin absorbance from the
fully oxidized to fully reduced forms. At 590 nm, the formation and decay of the blue FMN semiquinone is
monitored. C, spectral titration of the �G810 mutant FMN domain. D, absorbance versus potential plots of
�G810 mutant FMN domain at 391, 408, and 468 nm. At 468 nm, the absorbance of the oxidized FMN is
maximum. At 391 nm, the FMN semiquinone shows a maximum, whereas 408 nm is the approximate isosbestic
point for the FMN oxidized/semiquinone maximum. The data points from all these titrations are fit to the
two-electron modified Nernst equation (Equation 1) as given under “Experimental Procedures.” Spectral
behavior was completely reversible during oxidative and reductive titrations.
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Soret maximum at 395 nm. The peak at 650 nm is purely due to
high spin heme without the interference from the blue neutral
FMN semiquinone seen in the wild-type nNOS and, thus, can
be used to determine the redox potential of the heme. In Fig. 4B,
the redox potential of the heme was determined by plotting the
absorbance at 650 nm versus potential and fitting the data to the
one-electron Nernst equation (Equation 2) as explained under
“Experimental Procedures.” Features of the oxidized FMN are
visible around 448–536 nm, which are further resolved from
the heme Soret maxima compared with the situation in the
wild-type nNOS bidomain (30). The peaks around 501 nm are
mostly from the FMN species. In Fig. 4B, the redox potential of
the FMNwas determined by plotting the absorbance at 501 nm
versus potential. The absorbance versus potential was simulta-

neously fit to Equation 2 in Fig. 4B at
478 nm, 501 nm (FMN maximum),
553 nm, and 650 nm (heme compo-
nents show maximal change). The
redox potential values obtained
from multiple fitting of the two
plots are �218 	 25 mV for the
ox/sq redox couple, �107 	 20 mV
for the sq/hq redox couple, and
�230 	 5 mV for the heme.
Flavin Reduction in �G810 Mon-

itored by Stopped Flow—During the
redox titration of �G810 in the
heme/FMN bidomain or the FMN
domain at pH 7.5 there were no
apparent spectral features that indi-
cate the formation of a red anionic
FMN semiquinone. We therefore
turned to stopped flow methods to
capture the red anionic semiqui-
none that should initially formupon
addition of excess reductant on the
way to the fully reduced hydroqui-
none. The spectral changes in the
range of 350–560 nm recordedwith
a diode array detector (Fig. 5) clearly
reveal features of an FMN semiqui-
none in its red, anionic form, exhib-
iting a strong absorption at 391 nm
and aweaker peak at around 500 nm

(6), which is the shoulder position of the main absorption peak
at 468 nm for an oxidized FMN. The lifetime of the semiqui-
none is highly pH-dependent. To compare the pH effects in a
more quantitative way the kinetic traces were carried out at
three pH values and at two wavelengths, 391 and 468 nm, to
monitor the formation of the semiquinone and the reduction of
FMN, respectively (Fig. 6). Kinetic scans at 391 nm showed two
separate phases corresponding to the formation of the semiqui-
none and its further reduction to the hydroquinone. The rate
constants derived from a single exponential curve fitting to
each phase at 391 nm (Table 2) provide measures of pH
dependence of the red anionic FMN semiquinone even though
the assay conditions are far from the physiologically relevant
conditions, where NADPH as the source of reducing equiva-

FIGURE 4. A, spectral titration of �G810 mutant FMN/heme bidomain. B, absorbance versus potential plots of
�G810 mutant heme/FMN bidomain at 478 nm, 501 nm (FMN maximum), 553 nm, and 650 nm (heme com-
ponents show maximal change) are fit to the three-electron modified Nernst equation (Equation 2) as given
under “Experimental Procedures.” The weight of components during fitting was changed depending on the
wavelengths used for obtaining the fit.

FIGURE 5. Reduction of FMN in the FMN domain of nNOS �G810 mutant (11 �M) by excess (�300 �M) of
dithionite. The spectral changes in the range of 350–570 nm were monitored at two different pH values, pH 7.0 (A)
and pH 9.0 (B), using a photodiode array detector on a stopped flow spectrophotometer. For clarity, only a few scans
selected out of total of 500 scans at various time points are displayed. Note the slower build-up of 391 nm peak at pH
9.0. Also, the total bleaching of the 468 nm peak is within 500 s at pH 7.0 but takes �1000 s at pH 9.0.

TABLE 1
The redox and structural properties of some FMN-containing enzymes

Enzyme Em E ox/sq E sq/hq Observable
semiquinone

Protein
reference

H-bonding
to FMN N5

PDB entry
code

Structure
reference

mV mV mV
A. nidulans flavodoxin �334 �221 �447 Blue (63) -NH- (ox) 1CZN (22)

-C�O (sq,hq) 1CZL
C. beijerinckii flavodoxin �245 �92 �399 Blue (64) -NH- (ox) 5NLL (23)

-C�O (sq,hq) 2FOX
D. vulgaris flavodoxin �293 �149 �438 Blue (65) -NH- (ox) 3FX2 (24)

-C�O (sq, hq) 4FX2
Rabbit cytochrome P450 reductase �190 �110 �270 Blue (33) -C�O 1AMO (62)
Rat nNOS FMN domain �246 �179 �314 Blue (32) -C�O 1TLL (54)
Rat nNOS �G810 FMN domain �235 �280 �190 Red This work -NH- expected N/Aa N/A
B. megaterium P450 BM3 FMN domain �200 �240 �160 Red (20) -NH- 1BVY (18)
Free FMN �219 �314 �124 (7)

a N/A, not applicable.

Reversal of the FMN Redox Potential in nNOS

DECEMBER 12, 2008 • VOLUME 283 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 34767



lents and in the presence of oxygen. For instance, the red ani-
onic FMN semiquinone forms with a rate of k � 0.87 s�1 and
further converts to hydroquinone at k� 0.032 s�1 at pH 7.0. At
pH 9.0 the formation of the sq has k � 0.41 s�1 but shows little
sign of reduction to hq within 50 s (Fig. 6C). Traces at 468 nm
give decay curves that monitor both the one-electron and the
two-electron reductions of FMN. The 50-s decay curves (data
not shown) can be fit to a double exponential at pH 7.0 and pH

8.0 implying a multiphased (two-electron) process. Interest-
ingly, at pH 9.0 the 50-s trace at 468 nm is best fit to a single
exponential. This is consistent with the pH 9.0 trace at 391 nm,
which shows only formation of semiquinonewithout reduction
to hydroquinone.
Activities of NO Production, NADPH Oxidation, and

NADPH-cytochrome c Reduction—How the redox potential
changes in the FMNcofactor of�G810 are related to enzymatic
properties has been examined through three steady-state activ-
ity assays: NO production, NADPH oxidation, and cytochrome
c reduction. The steady-state kinetic rates of �G810 and wild-
type nNOS are shown in Table 3.
The low potential, red anionic FMN semiquinone supports

fast electron transfer from FMN to heme in P450BM3 render-
ing it as a hyperactive fatty acid hydroxylase (34, 35). However,
the NO production activity of �G810 is 
20-fold lower than
that for thewild-type nNOS, although the redoxpotential of the
anionic FMN semiquinone in�G810 is low enough (�280mV)
to enable the reduction of the heme iron (�230mVdetermined
from �G810 bidomain in this work or �250 mV in the L-Arg-
bound form of the wild-type full-length nNOS (36, 37)). It
appears that reducing equivalents on FMN are not efficiently
delivered to the heme active site. To confirm if this is the case,
the NADPH oxidation activity was also determined. The
mutant indeed has 8-fold lowerNADPHoxidation activity than
the wild type in the presence of L-Arg. Moreover, whereas the
wild-type enzyme shows a more than 2-fold stimulation of
NADPH oxidation in the absence of the substrate due to super-
oxide formation at the heme center (38–40), �G810 does not
exhibit any significant change (Table 3). The weak NADPH
oxidation activity of �G810 is comparable to the basal activity
of the wild type in the absence of CaM, which most likely
reflects superoxide formation within the reductase domain (41,

FIGURE 6. Reduction of FMN by dithionite (�1 mM) in the FMN domain of
the nNOS �G810 mutant (18. 5 �M) monitored by single wavelength
traces at 391 nm at three different pH values: pH 7.0 (A), pH 8.0 (B), and
pH 9.0 (C). Each plot is the average of five individual traces. Pseudo first order
rate constants are listed in Table 2.

TABLE 2
Reduction of FMN by dithionite in the FMN domain of nNOS �G810
mutant
Each of the two phases, sq formation and its further reduction, at 391 nm, was fit
with a single exponential equation while the curves at 468 nmwere fit with a double
exponential equation except that at pH 9.0. The rate constants are listed as mean 	
S.D. of at least five individual measurements.

Wavelength pH k (formation of sq) k (reduction to hq)
nm s�1

391 7.0 0.872 	 0.038 0.0322 	 0.0010
8.0 0.449 	 0.051 0.0165 	 0.0008
9.0 0.412 	 0.017

k (fast) k (slow)
468 7.0 0.481 	 0.054 0.0541 	 0.0041

8.0 0.422 	 0.061 0.0324 	 0.0110
9.0 0.388 	 0.010

TABLE 3
Steady-state enzymatic activity assays for the full-length wild-type
nNOS and the �G810 mutant
Buffer conditions for each assay are described under “Experimental Procedures.”
The turnover numbers are the mean with standard deviation for at least three
measurements each. The � or � signs represent whether the specified buffer com-
ponent is present or absent, respectively.

Assay Enzyme CaM
CaCl2

CAT
SOD L-Arg Turnover

min�1

NO synthesis
Wild type � � � 74 	 8

� � � 55 	 5
� � � N/Da

Mutant � � � 3.3 	 0.7
� � � 2.0 	 0.2
� � � N/D

NADPH oxidation
Wild type � � � 140 	 9

� � � 154 	 10
� � � 336 	 6
� � � 13 	 5

Mutant � � � 17 	 2
� � � 19 	 1
� � � 19 	 3
� � � 14 	 4

Cyt. c reduction
Wild type � � N/Ab 4270 	 180

� � N/A 670 	 31
Mutant � � N/A 4400 	 183

� � N/A 4490 	 135
a N/D, not detectable.
b N/A, not applicable.
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42). The minor change in the mutant NADPH oxidation activ-
ity in response to CaM or L-Arg binding indicates minimal
superoxide generation at the mutant heme active site and is
consistent with its weak NO synthesis activity. Both of these
assays demonstrate that electron flow from the FMN to the
heme is significantly impaired in �G810.
To test if electron transfer in the reductase domain is respon-

sible for the low NO synthesis activity we measured the cyto-
chrome c reductase activity of �G810. Reduction of cyto-
chrome c requires electron transfer from the NOS FMN to the
cytochrome c heme, and thus cytochrome c reductase activity is
sensitive to any disruption of the NADPH to FAD to FMN
electron transfer pathway. As shown in Table 3�G810 exhibits
cytochrome c reduction activity comparable with that of wild-
type nNOS, and the cytochrome c reduction activity of the
mutant remains at about the same level whether or not CaM is
present. These results indicate that neither electron transfer
within the reductase domain nor that from FMN to the cyto-
chrome c heme is altered in �G810 and that the low NO syn-
thesis activity is due to inefficient electron transfer from FMN
to the NOS heme.
Flavin Fluorescence—The FMN fluorescence intensity of

constitutive NOS is known to be influenced by CaM binding
(43–45). The CaM binding-triggered conformational changes
are believed to further expose FMN to solvent resulting in an
increase in fluorescence. Because cytochrome c reduction
activity of �G810 is insensitive to CaM binding we might
expect CaM binding to have a limited effect on FMN fluores-
cence in �G810. As shown in Fig. 7, the full-length wild-type
nNOS has a rather strong flavin fluorescence intensity in the
absence of CaM and experiences a more than 1.5-fold increase
upon binding of CaM/Ca�2. The intensity increase is mostly
quenchedwhenCaMbinding is hindered by addition of EGTA.
However, �G810 shows only about half of the wild-type fluo-
rescence intensity to start with, and only a 1.2-fold further
intensity increase when CaM/Ca2� is added. This small
increase in intensity is mostly quenched after the addition of
EGTA.
As a control, we also checked the fluorescence with the iso-

lated FMN domain. The �G810 FMN domain exhibits a low

fluorescence level compared with that of the wild-type FMN
domain indicating that the relatively low fluorescence of
�G810 is an inherent property of the mutant (data not shown).
Another interesting observation is that the FMN fluores-

cence intensity is sensitive to ionic strength. Among the two
buffers tested, potassium phosphate and HEPES, a stronger
FMN fluorescence signal is always obtained using a buffer con-
taining 100 mM salt. This salt effect on fluorescence is corre-
lated to the same effect on the enzymatic activity. For instance,
the rate of NO production for wild-type nNOS in HEPES alone
increases �2-fold in HEPES plus 100mMNaCl. The salt effects
on constitutive NOS catalysis (46, 47) and on cytochrome c
reduction activity (48) have been described in the literature. In
addition, the time-dependent increase of flavin fluorescence
owing to the release of free FMN (49) is minimized in phos-
phate buffer. A similar buffer preference in the cytochrome c
reduction assaywas also reported (50). Therefore, 25mMpotas-
sium phosphate, pH 7.5, 0.1 mM KCl, has been the buffer of the
choice for all the steady-state activity assays.

DISCUSSION

FMN Redox Chemistry—The FMN N5 position is the key
determinant in FMN redox chemistry, and the importance of
the protein environment next to the FMNN5 position has been
recognized for over 30 years (51). Whether a red anionic or a
blue neutral semiquinone can be stabilized in a particular fla-
voprotein is controlled by the protein-FMN interactions
around the FMN N5 position. In the electron transferases, the
picture is getting clearer mainly due to protein engineering and
structural studies on various flavodoxins (22–24) as well as
those on P450BM3.
The redox-induced structural changes that control the FMN

redox chemistry are best understood for flavodoxins. Themost
striking finding is a conformational change upon reduction of
FMN in the so-called 50s loop (based on the amino acid num-
bering in those proteins), which has been observed consistently
for several flavodoxins from various species (22–24) (Table 1).
In the oxidized state the loop is in an “O-down” conformation
but will change, through a peptide flip, to an “O-up” conforma-
tion upon FMN reduction. In the O-up conformation a peptide

FIGURE 7. Change of FMN fluorescence intensity (in a relative scale) upon CaM binding/removal for the full length nNOS wild-type (A) and �G810
mutant (B) in 25 mM potassium phosphate, 100 mM KCl, pH 7.5. See “Experimental Procedures” for the detailed measurement conditions.
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carbonyl oxygen from the loop accepts an H-bond from N5 of
FMN. This interaction shifts the pKa of N5 to 
13.0 (22) thus
stabilizing the N5-protonated, blue neutral form of the FMN
semiquinone in flavodoxins. This is why the semiquinone is
more stable than the hydroquinone and why the ox/sq couple
exhibits a higher redox potential than the sq/hq couple. As a
result, the hydroquinone is the most potent, low potential
reductant. The FMN binding loops in CPR and NOS share a
similar conformation with the 50s loop in flavodoxins. The
geometry of this loop is best characterized as a double �-turn
(52) but not long enough to be classified as a�-hairpin (53) (Fig.
2). The peptide flip triggered by FMN reduction occurs within
the first �-turn (similar to a type-II� �-turn). The FMN binding
loop in both CPR andNOS is in the O-up conformation similar
to what was described for the FMN semiquinone in flavodoxin
structures. The shared double �-turn conformation in the
FMN binding loop in flavodoxin, CPR, and NOS explains why
all of these proteins stabilize a blue neutral FMN semiquinone
and also implies that a peptide flip could occur upon FMN
reduction in CPR and NOS as well.
In sharp contrast, the FMN binding loop in P450BM3 is one

residue shorter and, therefore, is only a single type I� �-turn
(Fig. 2A). This tight �-turn is less flexible than the double
�-turn seen in flavodoxin, CPR, and NOS. Therefore, the pep-
tide flip at the �-turn upon FMN reduction cannot occur. As a
consequence, the loop conformation observed in the crystal
structure of the P450BM3 FMN domain is expected to exist in
all three oxidation states of FMN, and hence P450BM3 cannot
stabilize the blue neutral FMN semiquinone. Removing Gly-
810 from nNOS should generate amutant whose flavin domain
behaves like P450BM3. As predicted, in the �G810 mutant the
redox potential of the sq/hq couple is higher than that of ox/sq,
which is just the opposite ofwild-typeNOS,CPR, and flavodox-
ins but is similar to P450BM3. Moreover, and similar to
P450BM3, Asn-811 is expected to remain H-bonded to N5 of
FMN, thus favoring a deprotonated N5 leading to a red anionic
FMN semiquinone as the only possible radical species rather
than the blue neutral semiquinone found in wild-type NOS,
CPR, and flavodoxins.
The Red Anionic FMN Semiquinone in �G810—The redox

potential of ox/sq couple at �280 mV in �G810 is even lower
than that of its counterpart in P450BM3 (�240 mV). This
implies that the existence of the FMN semiquinone in the
mutant is even more transient than that seen in P450BM3. We
attempted to characterize the nature of the red anionic FMN
semiquinone using excess dithionite under a non-physiological
condition. These experiments show that �G810 does form a
transient semiquinone on the path to full reduction to the hyd-
roquinone. This one-electron reduced state exhibits a longer
lifetime at higher pH due to a slower reduction to the hydro-
quinone at pH 9.0 than at pH 7.0 (Table 2). The pH dependence
of the red anionic FMN semiquinone is similar to what was
observed for the semiquinone in P450BM3 (20). The elevated
pH conditions favor the deprotonatedN5 position in FMN thus
stabilizing the anionic semiquinone and discouraging its fur-
ther reduction to the hydroquinone (Fig. 1).
Steady-state Enzymatic Activities of the�G810Mutant—Be-

cause P450BM3 is such an active enzyme and uses the anionic

FMN semiquinone as the electron donor to heme, itmight have
been anticipated that the �G810 mutant would be hyperactive
as well. Just the opposite was found, because�G810 is�20-fold
less active than wild-type nNOS. Certainly the ox/sq redox
potential of�280mVprovides enough thermodynamic driving
force. However, our stopped flow studies show that the
semiquinone is not very long lived and is easily further reduced
to the hydroquinone at pH values optimal for nNOS activity.
The FMN-to-heme electron transfer reaction is complex and
may well involve major conformational changes where the
FMN domain must be repositioned for electron delivery to the
heme (41, 54, 55). Moreover, it now appears that the pterin
cofactor delivers an electron to the heme for activation of the
iron-linked dioxygen (56), and the oxidized pterin radical is
re-reduced rapidly without being released from the enzyme
(57). The FMNhydroquinone ismost likely the source of reduc-
ing equivalents required to re-reduce the pterin radical. Such
conformational gymnastics may be on too long a time scale for
the anionic FMN semiquinone in�G810. Another possibility is
that�G810 is stuck in themore stable hydroquinone state. This
is precisely what happens to P450BM3 if the enzyme is pre-
treatedwithNADPH (58, 59). The FMNbecomes fully reduced,
and the sq/hq redox potential is too high to support heme
reduction. In contrast, the cytochrome c reduction activity of
the mutant is comparable to that of the wild-type enzyme indi-
cating that the electron transfer pathway within the reductase
domain is functioning normally. There are two possibilities for
why the cytochrome c reductase activity remains high in
�G810. First, electron transfer fromFMNto cytochrome c is far
more efficient and rapid than electron transfer from FMN to
the NOS heme and/or pterin so that the FMN semiquinone
lifetime is long enough to support cytochrome c reduction. Sec-
ond, the higher potential cytochrome cheme is a better electron
acceptor than theNOSheme.As a result either the semiquinoid
or hydroquinoid form of �G810 can reduce cytochrome c.
CaM Dependence—For wild-type nNOS the electron flow

from FMN to heme is controlled by CaM/Ca2� binding. In the
absence of CaM the FMN domain is in close contact with the
FAD/NADPH binding domain, a so-called input (closed,
shielded) state (30, 41, 60). This state is locked in by NADPH
binding (61) and stabilized by the positions of the C-terminal
tail and the autoinhibitory loop in the FMN binding domain
seen in the crystal structure of the nNOS reductase domain
(54). CaM/Ca2� binding triggers a conformational change of
the FMN domain, which removes the locking positions of the
C-terminal tail as well as the autoinhibitory loop, allowing
release of NADP�, which promotes electron transfer (61). The
FMN domain is thus in an output (open, deshielded) state and
has better access to both the heme/pterin and other artificial
electron acceptors such as cytochrome c. For�G810 the rate of
cytochrome c reduction is at wild-type levels in the absence of
CaM, and the addition of CaM has no effect (Table 3). This
suggests that in�G810 the FMNdomain is already in an output
state even in the absence of CaM. Similar phenotypes were
reported in the literature for an autoinhibitory loop deletion
mutant (40) and for a C-terminal tail truncated mutant (48).
Compared with wild-type nNOS those mutants showed an ele-
vated cytochrome c reduction activity in the absence of CaM.
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When both the autoinhibitory loop and the C-terminal tail
were removed (41), the nNOS cytochrome c reduction activity
became independent of CaM, which is exactly the case for
�G810. The difference is, however, the reported deletion or
truncation nNOS mutants showed measurable NO synthesis
activity in the absence of CaM, and the activity can be stimu-
lated significantly uponCaMbinding, whereas for�G810 there
is no detectable NO synthesis activity without CaM and only
weak activity in its presence. As noted earlier, we suspect that
the lack of activity is due to the short lifetime of the �G810
FMN semiquinone compared with the relatively slow process
of FMN-to-heme/pterin reduction or the trapping of the
�G810 FMN in the hydroquinone whose redox potential is
higher than that of the heme and hence incapable of reducing
the NOS heme.
Flavin FluorescenceMeasurement—If�G810 is locked in the

output state, then it is important to understand the structural
consequences of a single amino acid deletion and how this
relates to CaM-induced structural changes. The one biophysi-
cal probe that most effectively differentiates the output and
input states is fluorescence spectroscopy. CaMbinding induces
a large increase in FMN fluorescence (43, 49). The general
explanation for this effect is that in the absence of CaM the
cofactors FMN and FAD are close to one another and buried
as seen in the nNOS reductase domain (54) and CPR (62)
structures, which quench FMN fluorescence. Upon CaM
binding the domains separate thus exposing the FMN to
solvent, which results in an increase in fluorescence. The
FMN in �G810 appears to have an intrinsically weaker fluo-
rescence emission compared with that in the wild-type
enzyme (Fig. 6). This was confirmed by the low fluorescence
intensity of the isolated FMN domain in �G810 compared
with the isolated wild-type FMN domain, which should be
representative of the exposed FMN. This is possibly attrib-
uted to the altered local FMN environment resulting from
deletion of G810, which changes the protein H-bonding
partner to the FMN N5 position. This structural change has
dramatically reversed the FMN redox potentials and could
have a large influence on the FMN fluorescence as well.
Moreover, the fluorescence of �G810 is relatively insensitive
to CaM binding. This suggests that �G810 must have the
input-output equilibrium shifted toward the output state.
A potential structural explanation is provided by examina-

tion of the nNOS reductase domain structure near Gly-810, the
site of mutation. Note that Asn-811 in the FMN domain
H-bonds with Glu-1392 in the FAD domain (Fig. 2B). Removal
of Gly-810 should disrupt this H-bond and thus weaken the
interaction between the FMN and FAD domains. This will
decrease the energetic barrier for separation of the FMN and
FAD domains thus making it easier for the FMN domain to
adopt the output state conformation. That removal of a single
H-bond has such a large effect underscores the delicate balance
between the various conformational equilibria required for
NOS activity. The salt effects on flavin fluorescence and on the
NO synthesis activity might be related to the conformational
equilibria as well. Because the phenotype of�G810 is so similar
toCaM-boundwild-type nNOSwith respect to the cytochrome
c reduction activity, this further argues that the energetic shifts

required for CaM activation are quite small, and just slight
changes in non-bonded contacts can have profound effects on
enzyme activity.
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