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Nitric oxide synthases (NOSs) are flavoheme enzymes that contain
a ferredoxin:NADP*-reductase (FNR) module for binding NADPH
and FAD and are unusual because their electron transfer reactions
are controlled by the Ca?*-binding protein calmodulin. A con-
served aromatic residue in the FNR module of NOS shields the
isoalloxazine ring of FAD and is known to regulate NADPH binding
affinity and specificity in related flavoproteins. We mutated Phe-
1395 (F1395) in neuronal NOS to Tyr and Ser and tested their effects
on nucleotide coenzyme specificity, catalytic activities, and elec-
tron transfer in the absence or presence of calmodulin. We found
that the aromatic side chain of F1395 controls binding specificity
with respect to NADH but does not greatly affect affinity for
NADPH. Measures of flavin and heme reduction kinetics, ferricya-
nide and cytochrome ¢ reduction, and NO synthesis established
that the aromatic side chain of F1395 is required to repress electron
transfer into and out of the flavins of neuronal NOS in the
calmodulin-free state, and is also required for calmodulin to fully
relieve this repression. We speculate that the phenyl side chain of
F1395 is part of a conformational trigger mechanism that nega-
tively or positively controls NOS electron transfer depending on
the presence of calmodulin. Such use of the conserved aromatic
residue broadens our understanding of flavoprotein structure and
regulation.

itric oxide (NO) is generated by NO synthases (NOSs) and
modulates physiology and pathology in mammals (1, 2). The
NOS polypeptide consists of an N-terminal oxygenase domain
that contains heme, 6R-tetrahydrobiopterin (H4B), and an L-
arginine (Arg) binding site, and a C-terminal reductase domain
that contains FMN, FAD, and an NADPH binding site (3-5). An
~20-aa calmodulin (CaM) binding site is located between the
reductase and oxygenase domains (3-5). During NO synthesis,
electrons from NADPH transfer in a linear sequence to FAD,
FMN, and then to the heme, which binds and activates dioxygen
(3-5). Although NOS oxygenase domains have unusual structure
(6-8), NOS reductase domains are structurally similar to other
NADPH-requiring flavoproteins like cytochrome P450 reduc-
tase (CYPR), sulfite reductase flavoprotein, methionine syn-
thase reductase, and cytochrome P450BM3 (9-11). These fla-
voproteins are all comprised of a flavodoxin module that
contains FMN and a ferredoxin:NADP™ reductase (FNR) mod-
ule that contains FAD and the NADPH binding site (12).
NOS catalysis is controlled by varied mechanisms (3-5, 13).
Surprisingly, its electron transfer events are regulated by Ca?"-
dependent CaM binding (14). Although this is unusual for a
redox enzyme, it may be representative of a growing class of
Ca?*-activated flavoproteins that include NADPH oxidases (15)
and a flavoprotein of Desulfovibrio gigas (16). In NOS, CaM
binding relieves a kinetic repression on electron transfer both
into and out of its reductase domain (17, 18). We are only
beginning to understand the basis for the repression or how it is
relieved by CaM. Recent studies implicate two control elements
that are unique to the NOS reductase domain. One element is
represented by a 42-aa “insert” in the neuronal NOS (nNOS)
FMN module, whereas the other is represented by a 33-aa
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C-terminal extension at the C terminus (19-22). Deletion of
either control element showed that each has a role in modulating
Ca’™ sensitivity, repression of electron transfer, and its relief on
CaM binding (19-26). Although this work has established the
importance of either control element, it is still unclear as to how
they transmit their effects into the core flavoprotein structure
of NOS.

We addressed this issue through point mutagenesis of Phe-
1395 (F1395) that lies penultimate to the start of the C-terminal
control element in rat nNOS. A recent crystal structure of an
FNR fragment of nNOS confirmed that F1395 is representative
of conserved aromatic residues that are located near the C
terminus of related FNR-like flavoproteins (12, 27). In these
flavoproteins, the side chain of the conserved aromatic residue
shields FAD through a mr-stacking interaction with its isoallox-
azine ring (Fig. 1). The aromatic residue thus plays an important
role in adjusting the nucleotide accessibility for hydride transfer
between NADPH and FAD. To allow the required stacking
interaction between reduced nicotinamide and FAD, the aro-
matic side chain needs to flip away (12, 27) as indicated in various
crystal structures of NADP*-bound FNR, CYPR, or glutathione
reductase (27-29). Indeed, studies with FNR and CYPR mutants
showed that the aromatic side chain modulates their NADPH-
binding affinity and selectivity, but does not modulate their
electron transfer reactions (30-31). In contrast, our current work
reveals that the aromatic side chain of F1395 has a decreased
importance in modulating nNOS nucleotide affinity and selec-
tivity, and instead plays a key role in transducing the effects of
CaM and the C-terminal control element on nNOS electron
transfer and associated catalysis. Thus, nNOS demonstrates a
previously undocumented use for this conserved structural motif
regarding control of electron transfer.

Materials and Methods

Materials. All regents and materials were obtained from Sigma or
reported sources (32-34).

Molecular Biology. Restriction digestions, cloning, bacterial
growth, transformation, and isolation of DNA fragments were
performed by using standard procedures. Rat nNOS DNA was
inserted into the 5" Ndel and 3’ Xbal site into the pCWori vector
(32-34). The F1395Y and F1395S mutation site in the nNOS
c¢cDNA was constructed by subcloning a PCR-generated frag-
ment from pCWori/nNOS with a 5" oligonucleotide containing
a newly engineered mutational site. The nNOS ¢cDNA fragment
coding from the Kpnl unique restriction site at position 4514 to
the Xbal restriction site at position 4785 was amplified by using
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Location of F1395in nNOS. (Upper) Stacking interaction between phenyl of F1395 (green) and FAD isoalloxazine ring (blue) in a crystallized FNR fragment

of nNOS (12). Left and Right of Upper are zoom out and 300% zooming picture of the FNR module of nNOS, respectively. (Lower) C-terminal sequence alignments
for rat neuronal NOS (nNOS, SWISS-PROT accession no. P29476), mouse inducible NOS (iNOS, accession no. P29477), bovine endothelial NOS (eNOS, accession
no. P29473), rat cytochrome P450 reductase (CYPR, accession no. P00388), spinach ferredoxin:NADP* reductase (FNR, accession no. P00455), Escherichia coli.
sulfite reductase flavoprotein a-component (SIR-FP, accession no. P38038), and Caenorhabditis elegans methionine synthase reductase (MSR, accession no.

Q17574). The conserved aromatic residue is marked by red.

primers as follows: F1395Y forward primer: AACGGTACCAC-
GAGGACATCTATGGAGTCACCCTCAGAACG. F1395Y
reverse primer: AAATCTAGAAGGACCAGGACACAGC-
AACAGGACAAG. F1395S forward primer: AACGGTACCA-
CGAGGACATCTCTGGAGTCACCCTCAGAACG. F1395S
reverseprimer: AAATCTAGAAGGACCAGGACACAGCAA-
CAGGACAAG. The restriction site and mutation site are
denoted by underline and bold, respectively. The PCR product
and wild-type pCWori vector containing nNOS DNA were
digested by both the Kpnl and Xbal restriction enzymes. The
double-digested fragment of the wild-type NOS-pCWori plas-
mid was replaced by the double-digested PCR fragment and
transformed into JM109 cells to generate the recombinant
plasmid. The sequence of mutation was confirmed by DNA
sequencing at the Cleveland Clinic sequencing facility. F1395Y
and F1395S in the pCWori plasmid were transformed into
Escherichia coli strain BL21(DE3) for protein expression.

Expression and Purification of Wild-Type and Mutant Proteins. Wild-
type rat nNOS and both mutant proteins had a Hise tag attached

to their N termini to aid purification. They were overexpressed in
E. coli strain BL21(DE3) and purified by sequential chromatogra-
phy on Ni?*-NTA and 2',5'-ADP-Sepharose as described (34).

Determination of Bound FAD and FMN. FAD and FMN were
released from nNOS or mutants by heating at 95°C for 5 min in
the dark and measured by using a fluorometric HPLC method
as described (34).

NO Synthesis, NADPH Oxidation, Cytochrome c Reduction, and Ferri-
cyanide Reduction. Steady-state activities of wild type and mutant
proteins were determined separately at 25°C by using spectro-
photometric assays that were described in detail (34).

Measurement of Apparent K, for NADPH or NADH. Apparent Ky, and
Vmax values were determined by double-reciprocal analysis of the
NADPH-dependent cytochrome ¢ reduction against various con-
centrations of NADPH or NADH in the presence of Ca?*/CaM.

Heme and Flavin Reduction. Kinetics of flavins and heme reduction
were analyzed at 10°C as described (32-34) by using a diode array

Table 1. Effect of F1395 mutations on steady-state nNOS activities

Ferricyanide

Cytochrome ¢

NO synthesis, NADPH

reduction, min—1 reduction, min—1 min~’ oxidation, min—?!
Enzyme —CaM +CaM —CaM +CaM —CaM +CaM —CaM +CaM
nNOS 1,000 = 50 5,052 = 500 500 = 25 7,000 + 400 0 55+ 2 56 +1 110 = 10
F1395Y 1,250 *+ 30 6,059 + 500 412 =18 6,090 + 250 0 52 +2 52 +1 105+ 8
F1395S 6,150 = 500 5,550 *+ 440 2,012 += 200 2,025 + 200 0.1 5.4 =08 48 ~ 4 52 +5
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Table 2. Effect of F1395 mutations on nicotinamide coenzyme utilization by nNOS

NADPH

NADH

Ferricyanide reduction, Cytochrome ¢

Ferricyanide reduction, Cytochrome c reduction,

Enzyme min~! reduction, min—1 min~! min~!
nNOS 5,052 + 500 7,000 = 400 92 +3 60 =3
F1395Y 6,059 = 500 6,090 = 250 110 £ 5 56 + 2
F1395S 5,550 = 440 2,025 + 200 2,851 = 200 1,348 = 40

detector and stopped-flow apparatus from Hi-Tech (Salisbury,
U.K.; model SF-61) equipped for anaerobic work. Heme reduc-
tion was followed by formation of the ferrous-CO complex and
the kinetics were determined by absorbance change at 444 nm.
Reactions were initiated by rapidly mixing an anaerobic CO-
saturated solution containing 100 uM NADPH with an anaer-
obic CO-saturated solution containing wild-type or mutant
nNOS (2 uM), 40 mM 4-(2-hydroxyethyl)-1-piperazinepropane-
sulfonic acid (EPPS) buffer (pH 7.6), 10 uM 6R-tetrahydrobiop-
terin, 0.3 mM DTT, 1 mM Arg, 4 uM CaM, and 1 mM Ca?*.
Flavin reduction was monitored under the same conditions at
485 nm. Signal-to-noise ratios were improved by averaging at
least 10 individual mixing experiments. The time course of
absorbance change was fit to single- or multiple-exponential
equations by using a nonlinear least-squares method provided by
the instrument manufacturer.

Stability of Reduced Flavins. The reoxidation of reduced flavins
was monitored for wild-type or mutant nNOS at 485 nm. nNOS
proteins were diluted to 1.5 uM in air-saturated 40 mM EPPS
buffer, pH 7.6, containing 0.9 mM EDTA, and reactions were
started by adding 60 uM NADPH at room temperature.

Results

Characteristics of the F1395 Mutants. Spectroscopic analysis
showed that the mutations did not affect the properties of the
heme-containing oxygenase domain. Both mutants contained
one FMN and one FAD per subunit (data not shown), which are
normal quantities. As reported for wild type-nNOS (35), the
F1395Y mutant contained an air-stable flavin semiquinone as
judged by its having a broad absorbance centered at 590 nm. In
contrast, F1395S nNOS contained fully oxidized flavins (data
not shown).

Ferricyanide Reduction, Cytochrome c Reduction, and NO Synthesis.
Table 1 compares various catalytic activities of wild-type and
mutant nNOS enzymes. Ferricyanide and cytochrome ¢ reduc-
tase activities in CaM-free F1395Y nNOS were similar to wild
type and were increased to a normal extent on CaM binding. In
contrast, CaM-free F1395S nNOS had markedly greater ferri-
cyanide and cytochrome ¢ reductase activities compared with
wild type. The ferricyanide reductase activity of CaM-free
F1395S was practically equivalent to that of CaM-bound nNOS,
whereas its cytochrome ¢ reductase activity was about 30% of
that of CaM-bound nNOS. Binding CaM to F1395S nNOS did

not further increase its ferricyanide or cytochrome ¢ reductase
activities.

CaM was obligatory for NO synthesis by F1395Y nNOS and
supported a rate equivalent to wild-type enzyme. Corresponding
NADPH oxidation rates for F1395Y nNOS in the absence or
presence of CaM were similar to wild type, and indicated that
NADPH oxidation by this mutant was well coupled to its NO
synthesis. In contrast, CaM-free F1395S nNOS had a slow but
detectable NO synthesis activity (equivalent to 0.2% of CaM-
bound wild-type activity). Its NADPH oxidation rate was 8 times
that of CaM-free wild type. CaM binding increased the NO
synthesis activity of F1395S nNOS but only to 10% of that of wild
type. Its NADPH oxidation under this condition was high and
was mostly uncoupled from NO synthesis (Table 1).

Together, our steady-state catalytic measurements indicate
that the aromatic side chain of F1395 is required to repress all
three catalytic activities of nNOS in the absence of CaM. It also
is needed to fully relieve repression of cytochrome ¢ reduction
and NO synthesis when CaM binds. The aromatic side chain of
F1395 also prevents nNOS from catalyzing uncoupled electron
transfer from NADPH to O, in the absence and presence of
CaM.

Cofactor Affinity and Specificity. In view of the F1395 mutations
causing probable alterations in nNOS-NADPH binding affinity
and specificity (30, 31), we compared NADH vs. NADPH (0.3
mM each) as an electron donor for supporting ferricyanide and
cytochrome ¢ reductase activities (Table 2). Wild-type nNOS
and the F1395Y mutant exhibited relatively low NADH-
dependent ferricyanide and cytochrome ¢ reductase activities.
However, the F1395S mutant exhibited 33- and 23-fold faster
ferricyanide and cytochrome ¢ reduction at the same NADH
concentration. These results suggest that Phe-1395 has a role in
determining nicotinamide coenzyme specificity for nNOS.

We further investigated how the F1395 mutations affected
utilization of NADPH or NADH. Table 3 summarizes apparent
Ky, and Viax values for NADPH and NADH determined by the
cytochrome ¢ reduction assay for CaM-bound wild-type and
mutant nNOS proteins. For wild-type and the F1395Y mutant
the apparent Vi, Was at least 4 times greater for reactions using
NADPH than for those using NADH. However, for the F1395S
mutant, the order was reversed such that the apparent V. was
highest for reactions using NADH. Comparing apparent Kp,
values indicated that wild-type and F1395Y nNOS exhibited a
1000-fold difference for NADPH vs. NADH, whereas F1395S
nNOS showed only a 125-fold difference. Importantly, the

Table 3. Kinetic comparison of cytochrome ¢ reductase activity supported by NADPH or NADH

NADPH NADH NADPH/NADH
Vmax/Km (A)l Vmax/Km (B)l
Enzyme Km, pM Vinax, min=1 uM~tmin~? Km, pM Vinax, min~—1 pM~tmin~? (A/B)
nNOS 48 £0.2 7,952 = 700 1,656 5,000 = 500 1,600 = 100 0.32 4,987
F1395Y 40=*0.2 6,740 = 650 1,685 4,400 = 600 1,660 = 50 0.377 4,469
F1395S 1.9 £ 0.1 2,726 + 300 1,434 250 = 15 3,464 = 150 13.86 103
13518 | www.pnas.org/cgi/doi/10.1073/pnas.192283399 Adak et al.
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Fig. 2. Kinetics of NADPH-dependent flavin and heme reduction in F1395Y
and F1395S. Flavin reduction was followed at 485 nm under anaerobic con-
ditions at 10°C after mixing excess NADPH with CaM-bound (Top) or CaM-free
(Middle) F1395Y and F1395S proteins. (Bottom) Heme reduction was detected
by CO binding under anaerobic conditions and the kinetics were determined
from the change in absorbance at 444 nm with time. CaM-bound enzymes
were rapidly mixed with excess NADPH to trigger flavin and heme reduction
at 10°C. Data shown are an average of 7-10 individual scans.

F1395S mutation resulted in a 20-fold increase in apparent Kp,
for NADH, but only a 2.2-fold increase in apparent Ky, for
NADPH. Comparison of Vi, /Kn values indicated a 49-fold
increased preference for NADH in F1395S nNOS compared
with wild type. We conclude (7) the aromatic side chain of F1395
maintains nucleotide coenzyme specificity in nNOS mainly by
discriminating against NADH, and (i) the reduced specificity of
F1395S nNOS is primarily because of changes in apparent K,
and V. values for NADH.

Reduction of Flavins and Ferric Heme. To see whether F1395
controls electron transfer in nNOS, we compared rates of
NADPH-dependent flavin and ferric heme reduction in the
mutant and wild-type enzymes under anaerobic conditions.
Reactions were initiated by mixing enzymes with a 33-fold excess
of NADPH at 10°C. Flavin reduction was monitored at 485 nm,

whereas heme reduction was followed by monitoring formation
of the ferrous heme-CO complex at 444 nm (32-34).

Absorbance traces representing flavin reduction in CaM-free
and CaM-bound nNOS proteins fit well to a biphasic process in
all cases. As is shown in the Top and Middle of Fig. 2 and in Table
4, the kinetics of absorbance loss at 485 nm for CaM-bound
F1395Y and F1395S mutants were similar to one another and
also matched rates determined for CaM-bound wild-type nNOS.
This result indicates that all three CaM-bound enzymes have
generally similar flavin reduction kinetics. However, in the
CaM-free state, we observed repressed rates of flavin reduction
only in wild-type and F1395Y nNOS. Their fast phase rates were
10 and 5 times slower, respectively, compared with their CaM-
bound forms. In contrast, flavin reduction in CaM-free F1395S
nNOS was not significantly repressed, as judged by its having an
observed rate of flavin reduction (fast phase) that was 70% the
rate of the CaM-bound form. We conclude that the aromatic side
chain of F1395 is needed to repress the rate of flavin reduction
in CaM-free nNOS, but does not influence flavin reduction
kinetics after CaM binds.

As shown in the Bottom and its Inset of Fig. 2, ferric heme
reduction was much slower in F1395S than in the F1395Y mutant
or in wild-type nNOS when they were compared in the CaM-
bound state (Table 4). The F1395S mutation thus prevented
heme reduction from achieving its normal speed on CaM
binding. This effect likely explains why NO synthesis is slow in
F1395S-nNOS (see Table 1).

NADPH Oxidation and Flavin Oxidation Kinetics. The facts that the
F1395S mutant did not contain a flavin semiquinone after
purification and had a high rate of NADPH oxidation in the
absence of CaM suggest that the O, reactivity of its reduced
flavin cofactors may be much greater when compared with
wild-type nNOS. To test this hypothesis, we compared flavin
reoxidation rates among CaM-free F1395S, F1395Y, and wild-
type nNOS. The three enzymes at equal concentration were
given the same amount of NADPH, and subsequent reduction
and oxidation of their flavins was monitored over time at 485 nm.
As shown in Fig. 3, the initial absorbance decrease after NADPH
addition was almost twice as great for F1395S as compared with
F1395Y or wild-type nNOS, consistent with only the latter two
enzymes containing an air-stable FMN semiquinone at the start
of the experiment. The F1395S flavins remained reduced for a
shorter period compared with F1395Y and wild-type nNOS, as
judged from the durations of their lag period before the final
absorbance increase. This finding is consistent with the F1395S
mutant consuming NADPH 8 times faster under this circum-
stance (see Table 1). The slopes of the absorbance increase once
NADPH had become depleted indicated that flavin reoxidation
was about 20 times faster in F1395S mutant than in wild-type or
F1395Y enzymes. Their observed rates (A4 at 485 nm) were
estimated to be 1.98 min~!, 0.08 min~!, and 0.072 min~/,
respectively. The magnitude of absorbance changes during flavin
reoxidation indicates that wild-type and F1395Y enzymes were

Table 4. Rates for flavin reduction and heme reduction in wild-type and mutant nNOS

Flavin reduction, s—!

+CaM —CaM
Enzyme k1 k> k1 k> Heme reduction, s~
Wild type 23 = 2 (54%) 3.4 = 0.3 (46%) 2.3 +0.2 (18%) 0.9 = 0.1 (82%) 3.9 +0.3
F1395Y 22 + 2 (60%) 3.0 = 0.2 (40%) 4.4 + 1.3 (50%) 0.8 = 0.1 (50%) 3.6 04
F1395S 28 = 2 (50%) 6.0 = 0.5 (50%) 19 *= 2 (43%) 6.1 = 0.5 (57%) 0.005 =+ 0.001

k1 and k; are rates for the fast and slow phases, respectively. Percentages of absorbance change for each phase are in parentheses.
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Fig.3. Stability of reduced flavins. The reduction and reoxidation of reduced
flavins was monitored for wild-type or mutant nNOS at 485 nm. nNOS proteins
were diluted to 1.5 uM in air-saturated 40 mM EPPS buffer, pH 7.6, containing
0.9 mM EDTA, and reactions were started by adding 60 uM NADPH at room
temperature.

left containing a stable FMN semiquinone, whereas the F1395S
mutant was left containing fully oxidized flavins.

Discussion

F1395S nNOS had an increased affinity toward NADPH and
NADH, but a reduced ability to discriminate between them. These
characteristics suggest that F1395 influences NADPH/NADH
binding according to principles outlined for analogous aromatic
residues in related flavoproteins (30, 31, 36). Essentially, the phenyl
side chain of F1395 may antagonize productive stacking between
bound FAD cofactor and the reduced nicotinamide ring of
NADPH or NADH, and may also help dissociate oxidized nico-
tinamide coenzyme from the nNOS binding site after hydride
transfer to FAD occurs. In these ways the F1395S mutation could
increase nNOS binding affinity toward both NADPH and NADH.
However, the mutational effects may be more pronounced on
NADH binding because that process does not involve protein
interactions with the 2'-phosphate, and consequently relies more on
protein—-nicotinamide interactions (36).

CYPR and FNR mutants that are missing the corresponding
aromatic side chain exhibit a 80- to 150-fold increase in their
NADPH/NADP™* affinity (30, 36). In contrast, the NADPH
affinity of F1395S nNOS was increased only slightly over wild
type as indicated by a 2-fold difference in apparent K, for
NADPH (Table 3). The small mutational effect is consistent with
NADPH binding being more reliant on protein interactions with
the 2'-phosphate group. It is also catalytically significant because
it appears to keep NADP* release from becoming rate limiting
for electron transfer reactions catalyzed by F1395S nNOS, as
otherwise occurs in analogous CYPR and FNR mutants that
are missing the aromatic side chain (30, 31, 36). This concept is
demonstrated by CaM-free F1395S nNOS having increased
ferricyanide or cytochrome ¢ reductase activities compared with
CaM-free wild-type nNOS (Table 1). The increased activities of
F1395S nNOS could not have occurred if NADP* release
became rate limiting. Thus, the aromatic side chain of F1395
may not be essential for timely displacement of NADP* from
nNOS, and therefore is likely to impact catalysis by a different
mechanism.

We also found that the aromatic side chain of F1395 is needed
to stabilize the FMN semiquinone and, perhaps, hydroquinone
states against air oxidation. Because the C-terminal control
element of nNOS also protects its reduced flavins from air
oxidation (21-23), F1395 may function through an effect on the
C-terminal element. However, this is not necessarily the case,
because destabilization of the FMN semiquinone also occurs in
similar CYPR mutants (30), despite their not having a C-
terminal control element. In any case, it will be important to
understand the structural basis for the protection because it
keeps NADPH oxidation coupled to NO synthesis and mini-
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mizes nNOS production of reduced oxygen species such as H,O,
or superoxide.

Remarkably, we found that the phenyl side chain of F1395
governs electron transfer both into and out of the nNOS
reductase domain. This role is unexpected and stands to broaden
our understanding of flavoproteins. Evidence that F1395 regu-
lates electron flux in CaM-free nNOS includes the following: (7)
the F1395S mutant displayed faster flavin reduction and greater
ferricyanide and cytochrome ¢ reductase activities as compared
with wild-type nNOS; and (if) F1395 nNOS displayed some NO
synthesis and, therefore, heme reduction, which does not occur
in CaM-free nNOS. These effects contrast from what is seen for
comparable aromatic residues in CYPR and FNR. In these
enzymes, removal of the aromatic side chain causes little change
in their flavin reduction rates. It also slows down their ferricya-
nide or cytochrome c reductase activities and cytochrome P450-
dependent reactions because of a slower NADP™* release (30,
31). Thus, besides having a prototypical role in controlling
NADPH/NADH binding specificity, F1395 has an additional
unique function in regulating nNOS electron transfer.

CaM binding relieves repression of electron transfer into and
out of the nNOS reductase domain (14, 18). Because the F1395S
mutation relieved some of the repression in CaM-free nNOS, we
conclude that the aromatic side chain of F1395 must help to
repress electron transfer. It also appears essential for proper
response to CaM. This concept is demonstrated by CaM-bound
F1395S nNOS having slower cytochrome ¢ reductase activity,
heme reduction, and NO synthesis, compared with CaM-bound
wild-type nNOS. Thus, the aromatic side chain of F1395 is
needed to repress electron transfer and to fully relieve the
repression once CaM binds. Remarkably, the same holds true for
the autoinhibitory insert and C-terminal control elements as
shown through deletion studies (19-22). In particular, the cat-
alytic profile of a C-terminal-deleted nNOS (21) is quite similar
to that of our F1395S mutant. We speculate that proper negative
and positive functions of the C-terminal control element require
and possibly involve the F1395 aromatic side chain. The follow-
ing conceptual model is consistent with results to date. In the
CaM-free state, the autoinhibitory insert and C-terminal control
elements act in conjunction with F1395 to repress electron
transfer into and out of the nNOS reductase domain. When CaM
binds, the repression by these elements is relieved and F1395
functions primarily like analogous aromatic residues in related
flavoproteins to control NADPH-binding specificity. Removal
of the F1395 aromatic side chain prevents proper repressive
functioning of the C-terminal element, and also diminishes its
ability to relieve repression once CaM is bound.

How might F1395 regulate electron transfer events in con-
junction with the C-terminal element? Its influence on the
C-terminal element is easy to imagine because F1395 lies
immediately upstream in sequence (see Fig. 1). Perhaps it is
simplest to consider how F1395 might repress electron import
into the reductase domain of CaM-free nNOS. A crystal struc-
ture of an nNOS FNR fragment shows that the phenyl ring of
F1395 stacks nearly parallel with the isoalloxazine ring of FAD,
and thus can block stacking between FAD and reduced nico-
tinamide as required for hydride transfer (12). One mechanism
would have the C-terminal element stabilize the F1395 phenyl-
FAD stacking interaction such that forming a productive nico-
tinamide—FAD stacking interaction (which requires the phenyl
group to swing away) becomes rate limiting. Alternatively, the
phenyl side chain of F1395 might act in conjunction with the
C-terminal control element to stabilize a nonoptimal stacking
geometry between FAD and nicotinamide in CaM-free nNOS.
Binding CaM would then alter the C-terminal control element
such that the negative effects were removed.

Cytochrome ¢ reduction, NOS heme reduction, and NO
synthesis were also altered in F1395S nNOS. Besides involving
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hydride transfer between NADPH and FAD, these activities
require electrons to pass from FAD to FMN and then out from
the reductase domain to an exogenous hemeprotein or the NOS
heme. Their inherent complexity makes interpretation difficult,
but we know that F1395 has both positive and negative effects on
these downstream electron transfer events, depending on
whether CaM is bound or not. Recently, Daff and colleagues (37)
reported that NADPH or NADP* must be bound for these
activities to be repressed in CaM-free nNOS. Their finding
provides a clue to F1395 function. Because the phenyl side chain
of F1395 can flip away from FAD to accommodate NADPH or
NADP*, we suspect that phenyl side chain movement is a
component of a conformational trigger mechanism that regu-
lates electron transfer out of the nNOS reductase domain. This
side chain movement would act in conjunction with and influ-
ence the C-terminal and autoinhibitory control elements. In this
model, binding NADPH or NADP* to nNOS causes phenyl side
chain displacement that triggers repression of electron export
from CaM-free nNOS. The same movement may trigger full
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relief of repression once CaM is bound. Such use of the
conserved aromatic residue would be in keeping with other
unique aspects of the nNOS flavoprotein (19-26) and certainly
deserves further investigation.

In summary, our work identifies NOS as, to our knowledge,
the first redox protein to use the conserved aromatic shielding
residue to control electron transfer into and out of its flavopro-
tein. This finding helps to explain how CaM can regulate a redox
enzyme such as NOS. These concepts together provide a dif-
ferent structure—function perspective on flavoproteins, particu-
larly in how residues surrounding the NADPH-FAD interface
can participate in more global and distant regulatory processes,
and thus be used in ways much broader than previously
imagined.
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