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ABSTRACT: Electron transfer through neuronal nitric oxide synthase (nNOS) is regulated by the reversible
binding of calmodulin (CaM) to the reductase domain of the enzyme, the conformation of which has
been shown to be dependent on the presence of substrate, NADPH. Here we report the preparation of the
isolated flavin mononucleotide (FMN)-binding domain of nNOS with bound CaM and the electrochemical
analysis of this and the isolated flavin adenine dinucleotide (FAD)-binding domain in the presence and
absence of NADP and ADP (an inhibitor). The FMN-binding domain was found to be stable only in the
presence of bound CaM/€3 removal of which resulted in precipitation of the protein. The FMN formed

a kinetically stabilized blue semiquinone with an oxidized/semiquinone reduction potental7& mV.

This is 80 mV more negative than the potential of the FMN in the isolated reductase domain, that is, in
the presence of the FAD-binding domain. The FMN semiquinone/hydroquinone redox couple was found
to be similar in both constructs. The isolated FAD-binding domain, generated by controlled proteolysis
of the reductase domain, was found to have similar FAD reduction potentials to the isolated reductase
domain. Both formed a FABhydroquinone/NADP charge-transfer complex with a long-wavelength
absorption band centered at 780 nm. Formation of this complex resulted in thermodynamic destabilization
of the FAD semiquinone relative to the hydroquinone and a 30 mV increase in the FAD semiquinone/
hydroquinone reduction potential. Binding of ADP, however, had little effect. The possible role of the
nicotinamide/FADH stacking interaction in controlling electron transfer and its likely dependence on
protein conformation are discussed.

Nitric oxide (NO) is produced physiologically to fulfill a  as the inducible isoform; it was first discovered in macro-
range of signaling functions and as an immune responsephages and binds CaM even at negligibl&'Gancentrations
agent (, 2). The mammalian NO synthases (NOS) generate and is regulated at the transcriptional level. The NO synthase
NO by catalyzing the monooxygenation ofarginine to oxygenase domain is structurally unique and forms the main
N-hydroxy-arginine and the subsequent conversion of this dimer interface in the enzym®,(6), whereas the reductase
to citrulline (3, 4). During each cycle, 2 equiv of dioxygen domain is closely related by sequence and structure to
and 1.5 equiv of NADPH are consumed. Four cofactors are mammalian cytochrome P450 reductase (CPR)1(1). For
required for activity: a cysteine-ligated heme, bound by the both CPR and NO synthase, the reductase domains are
oxygenase domain, around which the active site is con- composed of a FAD-binding domain, related to ferredoxin
structed b, 6), tetrahydrobiopterin, an electron donor/ reductase (FNR), which is fused to a FMN-binding domain,
acceptor required during oxygen activation, and one eachrelated to flavodoxin. Electrons derived from NADPH
of flavin mononucleotide (FMN) and flavin adenine dinucleo- dehydrogenation at the FAD site are transferred sequentially
tide (FAD), bound by the reductase domain. The mammalian via the FMN to the heme. The FMN oscillates between the
NO synthases are homodimers with each subunit arrangechydroquinone and semiquinone oxidation states during
such that the reductase domain of one subunit supplies thecatalysis and functions as a single electron doddy.(The
oxygenase domain of the other with electrois8). There FMN to heme electron transfer appears to be the critical rate-
are three isoforms, two of these are constitutively expresseddetermining event for NO synthesis and is also the step
(neuronal, nNOS ,and endothelial, eNOS) and are activated activated by CaM 13). Electrons can also be transferred
by the reversible binding of calmodulin (CaM) at elevated

concentrations of intracellular calcium. The third is known  Abbreviations: nNOSrd, recombinant neuronal nitric oxide synthase
reductase domain; nNOS, iINOS, and eNOS, neuronal, inducible, and
endothelial nitric oxide synthases; NnNOSFMNCaM, the recombinant
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specifically from the FMN to the external electron acceptor, were further purified by Superdex S200 FPLC chromatog-
cytochromec. This process was also found to be CaM- raphy in 50 mM Tris-HCI, pH 7.5, 0.2 M KCI, M CaCl.
dependent in both the holoenzyme and the isolated NNOS  preparation of Recombinant nNOSrd and nNOS FAD
reductase domainld, 15). The redox properties of the  pomain (NNOSFAD).Recombinant rat nNOS reductase
cofactors are largely independent of CaM, suggesting that yomain residues 6951429 (nNNOSrd) and synthetic bovine
the activation mechanism involves a structural rearrangementy . ~in calmodulin were expressed i coli strain JM109
of the reductase domaini, 17). . ~ (DE3) using plasmid pCRNNR26) and purified as described
The nNOS and eNOS reductase domains both contain apreviously on 25-ADP-agarose (Sigma) and CaM-agarose
series of additional protein inserts/extensions, which have (Sigma) @4). NNOS FAD domain was generated by digesting
been shown to control their calmodulin dependert®.( 10 mL of 20uM nNOSrd with 1 mL of immobilized trypsin
These include the CaM binding site, which is located at the (Sigma) in 50 mM Tris-HCI, pH 7.5, 0.1 M KClI, (buffer B)
N-terminus and consists of approximately 20 amino acids, at room temperature for 2 h with gentle stirrint0f. The
an autoinhibitory insert of 4245 amino acids located in the suspension was centrifuged at 26@6r 10 min and filtered
middle of the FMN-binding domain10-21), and an  to remove the trypsin, and the supernatant was applied to a
autoinhibitory C-terminal extension of 20 amino acids 2’ 5-ADP-agarose column (1 cx 10 cm). The yellow band
(21, 23). The sequences of the inserts are all isoform-specific \was washed with 100 mL of buffer B and eluted with 20
and help to define the three different enzyme groups. The m| of 1 mM 2,5-ADP in buffer B plus 0.3 M KCI. Enzyme-
autoinhibitory domains appear to suppress the reductase angontaining fractions were concentrated to approximately 200
NO-synthesis activity of the enzyme, and CaM binding M and stored at-80 °C. It should be noted that the nNOS

relieves this effect. Recently the substrate, NADPH, was also FAD domain generated in this way is truncated by 22 amino

cytochromec by stabilizing a conformation in which the 1407 of rat nNOS 10).
FMN is inaccessible to electron accepto?d)( The mech-
anism by which NADPH exerts conformational control may
involve the FAD stacking residue F13985), which lies at
the start of the autoinhibitory C-terminal extension, and may
also be dependent on the redox state of the FAD.

This study focuses on the redox properties of the isolated
FMN- and FAD-binding domains, particularly the effect of
substrate (NADP) binding on the reduction potentials of
the FAD cofactor.

Spectroelectrochemistr$gpectroelectrochemical analysis
of NNOSFMNCaM, nNOSrd, and nNOSFAD was conducted
in an OTTLE cell constructed from a modified quartz
electron paramagnetic resonance (EPR) cell with a 0.3 mm
path length containing a Pt/Rh (95/5) gauze working
electrode (wire diameter 0.06 mm, mesh size 1024¢cm
Engelhardt, U.K.), a platinum wire counter electrode, and a
Ag/AgCl reference electrode (model MF2052, Bioanalytical
Systems, West Lafayette, IN 4790&@)7}. Enzyme samples
(I mL x 200 uM) were eluted through a G25 column
EXPERIMENTAL PROCEDURES preequilibrated with 0.1 M Tris pH 7.5, 0.5 M KCI,

Expression and Purification of Recombinant n(NOS FMN concentrated to 30@M, and stored overnight in an anaerobic
Domain Plus Calmodulin (1NOSFMNCaMJhe nNOS- glovebox at 0°C. The following mediators were then
FMNCaM (pCRNNFMN) expression plasmid was con- added: pyocyanine (1M), 2-hydroxy-1,4-naphthoquinone
structed from plasmid pCRNNR, the expression plasmid for (204M), FMN (5 uM), benzyl viologen (13:M), and methyl
rat NNOS reductase domain (nNOSrd) residues-6989 viologen (10uM). Spectroelectrochemical titrations were
(including the CaM binding site) and synthetic bovine brain Performed at 25+ 2 °C using an Autolab PGSTAT10
calmodulin @6). The gene for NNOSrd was excised using Potentiostat and a Cary 50 UV/vis spectrophotometer. The
EcoR1, and a fragment corresponding to the FMN-binding Potential of the working electrode was typically decreased
domain (residues 695946) was amplified using PCR. The in 30 mV steps until the enzyme was fully reduced and
following PCR primers were used to introduEecR1 sites increased stepwise until reoxidation was complete. After each
at either end of the sequence’-gactcatgaattcatgctcaactata- Step, the current and UV/vis absorption spectrum was
gactc-3 (forward) and 5tcaggatccgaattctcaatcccccacgcagaac- monitored until no further change occurred. This equilibration
3 (reverse). The resultant gene fragment was cloned backprocess typically lasted 15 min. The Ag/AgCl reference
into the EcaR1 site of the original vector in place of the electrode employed in the OTTLE cell was calibrated against
nNOSrd sequence. Recombinant n(NOSFMN and CaM wereindigotrisulfonic acid B’ = —99 mV vs SHE) and FMN
coexpressed irEscherichia colistrain JM109 (DE3) as (B¢’ = —220 mV vs SHE) in the same buffer conditions
described for nNOSrd 26). The cells were lysed by and found to bet205 + 2 mV relative to the standard
sonication on ice in 50 mM Tris-HCI, pH 7.5, 0.1 M KCI, hydrogen electrode (SHE). All electrode potentials have been
and 1 mM Cad (buffer A) with 1 mL of protease inhibitor ~ corrected accordingly. Absorbance changes were plotted
cocktail for non-His-tagged proteins per 30 g Bf coli against the potential of the working electrode and analyzed
(Sigma) and 1 mM PMSF. The lysate was centrifuged at by fitting absorbance data at one or more wavelengths
20 00@ for 1 h, and the supernatant was passed through asimultaneously to a modified Nernst equation (eq 1) using
DEAE Sepharose column (2.5 cm15 cm) and eluted with ~ Origin 7.0 (Microcal). nNOSFAD redox titrations were also
buffer A. The nNOSFMNCaM fractions were loaded on to conducted in the presence of equimolar amounts of ADP
a Q-Sepharose FPLC column (Pharmacia) and eluted with aand NADP". In the latter case, the data were analyzed with
gradient of 0.13-0.4 M KCl in buffer A. Enzyme-containing  eq 2, which incorporates the additional NADRADPH 2 e
fractions were concentrated to approximately 100 and redox couple E3'). The nNOSrd data were analyzed as
stored at-80°C. To remove excess CaM, enzyme fractions described previousl?
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wherea, b, andc are the absorbances of oxidized flavin,
flavin semiquinone, and hydroquinone, respectivElis the
potential of the working electrode, ari]' andE;’ are the
midpoint potentials of the oxidized flavin/semiquinone and
semiquinone/hydroquinone redox coupl&8)( Parameters
a, b, ¢, &', andE;' are variables determined by least-squares
fitting.
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wherea, b, ¢, andd are the absorbances of oxidized flavin,
flavin semiquinone, flavin hydroquinoreNADP* charge-
transfer complex, and flavin hydroquinonADPH com-
plex, respectively is the potential of the working electrode,
and E//, E;, and E5' are the midpoint potentials of the
oxidized flavin/semiquinone, semiquinone/hydroquinene
NADP* CT complex, and hydroquinoreNADP* CT com-
plex/hydroquinoneNADPH complex redox couples, re-
spectively. Parametegsb, ¢, d, B/, E;', andEs' are variables
determined by least-squares fitting.

RESULTS

Preparation of nNOSFMNCaMNeuronal NO synthase
FMN-binding domain was coexpressed with calmodulin in
E. coli and purified with CaM bound throughout. Removal
of CaM at any stage during the purification procedure by
addition of EGTA led to proteolysis of the domain, precipi-
tation of the protein or both. Addition of the detergents
Tween 20 and deoxycholate did not prevent this. Purification

by DEAE and Q-sepharose anion-exchange chromatography

and Superdex S200 gel filtration resulted in a 1:1 complex
of NNOS FMN domain and Ca-bound CaM with a purity

of >90% as judged by SDSPAGE (Figure 1). Typical
yields were 10 mg of pure protein from 30 g Bf coli, wet
weight. In the initial lysate, the nNOSFMNCaM complex
was dark gray/blue, indicative of the stable semiquinone
form. As the purification progressed, the FMN turned yellow
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Ficure 1: SDS-PAGE of nNOS FMN domain with bound CaM

at different stages of purification: lane 1, cell lysate; lane 2, after
DEAE Sephacel; lane 3, after Q-Sepharose FPLC; lane 4, after
Superdex S200 FPLC.
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Ficure 2: UV/visible spectra of nNOS FMN domain with bound
CaM during spectroelectrochemical redox titration. NNOSFMNCaM
(275 uM) was reduced electrochemically in 0.1 M Tris/HCI, pH
7.5, 0.5 M KCI at 25°C with steps of—30 mV between each
spectrum. Arrows indicate how the spectra change as reduction
proceeds.
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800

as oxidation occurred. The blue-gray semiquinone was easily Spectroelectrochemical Analysis of nNNOSFMNCale

regenerated by addition of dithionite and remained in this
oxidation state for several hours in the presence of air.
Inclusion of 10 mM DTT in the buffers during purification
was found to prevent oxidation; however, this was not
necessary for the stability of the enzyme or its purification.
Figure 1 shows an SDSPAGE gel of purified NNOSFMN-

midpoint potentials of the FMN/FMNH and FMNH/FMNH
redox couples of nNOSFMNCaM were determined using
OTTLE potentiometry. Figure 2 shows the UV/vis spectrum
of NNOSFMNCaM as it is reduced and oxidized stepwise
in an OTTLE cell. The oxidized enzyme has absorbance
maxima at 457 and 375 nm. These decay on reduction to

CaM; the bands observed at 28 and 16 kDa correspond tothe semiquinone form, which has absorbance maxima at 350

the masses of NNOS FMN domain (28 209 Da) and CaM
(16 707 Da). The molar absorption coefficient of nNOS-
FMNCaM was determined to be 10 400 Mcm™! at 457
nm for the oxidized enzyme and 4300 Mcm™* at 592 nm

for the semiquinone form.

and 592 nm typical of the neutral blue FMN semiquinone
formed by flavodoxin 81). Further reduction results in the
disappearance of these bands. The two FMN redox couples
were found to have fundamentally different electrochemical
characteristics; this is illustrated in Figures 3 and 4. Typically,
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: ; transitions. In Figure 3B, a similar plot is shown in which
0.03 A the solution was left to equilibrate fully after each redox step.

: 5 At the higher potentials, equilibration took place over as
much as 5 h, that is, 20-fold more slowly than at low

0.024 potentials. This is illustrated in Figure 4. The protracted
relaxation of the current shown was accompanied by a slowly
0.01- changing visible spectrum. The data plotted in Figure 3B
o were used to calculate the equilibrium reduction potentials
2 of the two FMN redox couples; these werel79 mV for
< 0.00 FMN/FMNH and —314 mV for FMNH/FMNH, (Table 1).
0.03 -

Spectroelectrochemical Analysis of NNOSFAe mid-
point potentials of the oxidized flavin/semiquinone and
semiquinone/hydroquinone redox couples of the nNOS FAD-
binding subdomain were determined in the absence and
presence of stoichiometric amounts of ADP and NADP
The enzyme and ligand concentrations in these experiments
were 300-500uM, which is well in excess of thg, values

; ; of these inhibitors 32). They should therefore form 1:1

400 -300 -200 -100 O complexes §3). Figure 5A shows how the UV/visible
. spectrum of nNOSFAD changes during electrochemical
Electrode Potential (mV' v SHE) reduction. The absorbance maximum at 460 nm decays
Ficure 3: Determination of reduction potentials for n(NOS FMN rapidly during the early stages of reduction and a band at

domain with bound CaM: (A) spectroelectrochemical titration with . P
20 min intervals between 40 mV redox steps in the reductje ( 597 nm appears, characteristic of a neutral blue semiquinone.

and oxidative Q) directions; (B) spectroelectrochemical titration 1his ultimately decays away as the FAD hydroquinone is
with full equilibration after each redox step. Data are shown fitted formed. In Figure 5B, the absorbance at 460 nm and the

to eq 1; the broken lines mark the midpoint potentials of the two difference in the absorbances at 650 and 700 nm are plotted
FMN redox couples for the data in panel B. against the corrected potential of the working electrode. The
two sets of data were fitted simultaneously to eq 1 to give
reduction potentials of-291 and—326 mV for the FAD/
FADH and FADH/FADH, couples, respectively.

0.02 4

0.01 1

0.00

Time (hr:min)
02:00 04:00 06:00 08:00 10:00
1 1 1 1 1

I N In the presence of NADPR there were significant differ-
% ey 208 23 ences in both the UV/vis spectra of intermediates formed
< 20 during reduction (Figure 6) and the final reduction potentials
et -298 determined. As the nNOSFABNADP' complex was
30 268|418 reduced, the 460 nm band disappeared and the neutral, blue
-328 FAD semiquinone appeared (at 697 nm), as observed for
-40 the uncomplexed enzyme (Figure 6A). However, further

FiIGURE 4: Spectroelectrochemical time-course for nNOS FMN reduction resulted in the appearance of a broad absorbance

domain with bound CaM. The current flowing between working it PHN + -
and counter electrodes) (s plotted against time. The potential of band at 780 nm, characteristic of a FA ADP™ charge

the working electrode was stepped down by 30 mV after each transfer complex. NADPis the product of NADPH dehy-
equilibration. Data relate to Figure 3, panel B. drogenation at the FAD site of nNOS and is known to form

a charge-transfer complex with the FAD hydroquinone as
after the potential of the working electrode is stepped by 30 the nicotinamide and isoallaxazine rings stack above one
mV, the resulting surge in current relaxes back to the baseanother 82—34). At lower potentials, the charge-transfer
level within 10-15 min. Providing the concentration of complex was reduced, resulting in the formation of the
enzyme and mediators are sufficient, the relaxation rate isFADH,—NADPH complex and loss of the charge-transfer
limited by the conductivity of the solution as determined by band. Formation of NADPH was accompanied by an increase
the concentration of electrolyte present and the arrangementin absorbance at 355 nm (Figure 6). The absorbance at 355
dimensions of the cell. During both reduction and oxidation nm is the approximate position of an isosbestic point in the
of the FMN through the oxidized flavin/semiquinone redox nNOSFAD redox titration and is mainly influenced by
couple, a significant slowing of the equilibration process changes in the relative concentrations of NADRNd
occurred. The semiquinone/hydroquinone redox couple, onNADPH. Absorbance changes at 460 nm are mainly due to
the other hand, exhibited normal relaxation behavior. Figure the disappearance of oxidized FAD. TA&ss0-700 (differ-

3 shows the results of two different spectroelectrochemical ence in the absorbances at 650 and 700 nm) indicates the
titrations. In Figure 3A, the absorbance due to semiquinone formation and decay of FAD semiquinone (the subtraction
generated is plotted against reduction potential as the workingminimizes contributions from the charge-transfer complex),
electrode was stepped down by 30 mV at 15 min intervals and the absorbance at 780 nm is due to the FADIADP*

until the FMN was fully reduced and then the process was charge-transfer complex. In Figure 6B, all these values are
reversed. While the semiquinone/hydroquinone couple wasplotted against the potential of the working electrode.
freely reversible, the oxidized flavin/semiquinone couple was Together they indicate how the concentrations of each of
observed to be severely hysteretical under these conditionghe four redox states (FABDNADP', FADH—NADP®,

with some 80 mV separating the forward and reverse redox FADH,—NADP*, FADH,—NADPH) vary with potential.
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Table 1: Reduction Potentials of the FMN, FAD, and NAD@ofactors of nNOSrd, nNOSFMNCaM, and nNOSFAD
redox couple

FMN/HP FMNH/H® FAD/HP FADH/H® NADP/Hd hemé Fe'""
nNOSrd+ CaM —98+5 —300+ 8 —296+ 6 —3204+ 10
NnNOSFMNCaM —-179+3 —-314+3
NnNOSFAD —291+3 —326+3
NNOSFAD+ ADPf —297+6 —-323+7
NNOSFAD+ NADP*f —304+5 —290+5 —356+ 3
free NADPd —332
nNOS heme domatn —-306°

aMeasurements were taken at25L °C in 100 mM Tris/HCI buffer, pH 7.5, 0.5 M KCE Reduction potential of the flavin oxidized/semiquinone
redox couple® Reduction potential of the flavin semiquinone/hydroquinone redox cofijiteduction potential of the NADPNADPH two-
electron redox couple adjusted by 30 mV per pH uB)( ¢ Reduction potential of the isolated NNOS oxygenase domain hethé&eredox
couple in the presence ofarginine B0) repeated under above conditioh the presence of stoichiometric amounts of bound CaM, ADP, and
NADP™, respectively.

A (nm) A (nm)
300 400 500 600 700 800 300 400 500 600 700 800 900

0.15 1

0.10 1

0.05 1

< 0.00

0.15 1

0.10 1

X 10 0.05 4

0.00 -

400 -350 -300 -250 -200 -150
Electrode Potential (mV v SHE) Electrode Potential (mV v SHE)

FiGURe 5: Determination of reduction potentials for n(NOSFAD:  FiGURE 6: Determination of reductic_m potentials for NNOSFAD
(A) UV/vis spectra collected during spectroelectrochemical titration in the presence of NADP (A) UV/vis spectra collected during
of 300uM enzyme in 100 mM Tris/HCI, pH 7.5, 0.5 M KCl at 25  spectroelectrochemical titration of 300 enzyme and NADP

°C; (B) plot of electrode potential vs absorbance at 460 amn ( (1:1 complex) in 100 mM Tris/HCI, pH 7.5, 0.5 M KCl at 2&;
and the difference in the absorbances at 650 and 70 dit{ed (B) plot of electrode potential vs absorbance at 355 ary) 460
simultaneously to eq 1. nm (©), and 780 nm 4) and the difference in the absorbances at
650 and 700 nmQ®) fitted simultaneously to eq 2.

The data were fitted simultaneously to eq 2 to give
equilibrium reduction potentials for the three transitions
(Table 1). The data were also used to calculate the molar
absorption coefficient for the FADHNADP* charge-
transfer complex at the absorption maximum of 780 nm to
be 970 M1 cmL. The molar absorption coefficient for the
oxidized isolated FAD domain used in this calculation was
determined to be 10 560 Mcm™ at the absorption maxi-
mum of 456 nm.

The presence of ADP had much less influence on the UV/
vis spectra of the different NNOSFAD redox species (Figure
7). The proportion of semiquinone generated during the redox T )
titration was less than that for the uncomplexed enzyme but _The NNOSFAD redox titrations were all freely reversible
was more than that in the presence of NADRo charge- with no hysteresis observed in any of the redox couples.
transfer species were observed. In Figure 7B, the absorbance Spectroelectrochemical Analysis of NNOS Reductase Do-
at 460 nm and the difference in absorbance at 650 and 700main. OTTLE cell potentiometric titration of nNOSrd (not
nm are plotted against the potential of the working electrode. shown) was conducted under the same conditions as used
The data were fitted to eq 1. In this case, the semiquinonefor the subdomains above (0.1 M Tris/HCI, pH 7.5, 0.5 M
absorbance parameter was fixed to the same value obtainedKCl). The changes in UV/vis spectrum observed closely

in the absence of ADP (which was the same as that obtained
in the presence of NADB. Fixing this parameter is likely

to give better consistency because the extinction coefficient
is unlikely to change much in the presence of the inhibitor
(it is otherwise spectroscopically identical). The error margins
given in Table 1 reflect the uncertainty in this value. ADP
appeared to affect the oxidized FAD/semiquinone redox
couple, disfavoring semiquinone formation slightly. Although
it is clear that there is slightly less semiquinone formed
during this redox titration, the shifts in potential observed
are similar to the experimental errors.
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FiGURE 8: UV/vis absorbance spectra of nNOSrd during electro-
chemical reduction. The solid thin lines are the oxidized (with stable
FMN semiquinone) and fully reduced spectra from electrochemical
reduction of nNOSrd. The solid thick line is the spectrum of
NADP*-bound nNOSrd with maximum charge-transfer band. The
dotted line is unbound NNOSrd at a similar stage of reduction. All
spectra were recorded in 100 mM Tris/HCI, pH 7.5, 0.5 M KCI at
25°C.
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Ficure 7: Determination of reduction potentials of n(NOSFAD in .
the presence of ADP: (A) UVMis spectra collected during Catalytic steps repress electron transfer through nNOSrd have

spectroelectrochemical titration of 3g®M enzyme and ADP (1:1  resulted in controversy with electron transf@6,38, 39),

complex) in 100 mM Tris/HCI, pH 7.5, 0.5 M KCl at 2C; (B) hydride transfer 15), and product dissociatior24, 36) all
plot of electrode potential vs absorbance at 460 @y dnd the being suggested

difference in the absorbances at 650 and 700 ) fitted .
simultaneously to eq 1. It has recently been shown that the conformation of

NNOSrd is dependent on NADP/H binding4j and that in

. ) . the holoenzyme, the FAD-stacking residue (F1395) helps to
matched those reported previously7) using chemical  eqyate electron transfer from the reductase domain to heme
reduction/oxidation in 0.05 M Tris/HCI, pH 7.1, 0.1 MKCI. (25 The possibility that the conformation of the reductase
The data (see Table 1) were fitted in a similar way, using gomain, NADP/H binding, or both influence the redox
absorption coefficients calculated for the separate domainsy operties of the flavin cofactors and therefore the electron
(above) and show a broad shift in potential of-JD mV transfer steps was assessed by studying the separate FMN-
largely attributable to the increase in pH. The results are 5ng FAD-binding subdomains. The FMN domain (nNOS-
useful for comparison with the subdomains and show how FMNCaM) was found to be stable only in the presence of
their separation affects the properties of the FMN and FAD 5,,nq CaMI/C#, preventing analysis of the CaM-free form.
cofactors. The only significant difference is in the potential The EMN cofactor formed a stable blue semiquinone, which
of the FMN/FMNH redox couple, which is 80 mV higher  oyigized slowly in air, much like the FMN semiquinone
in NNOSrd than in the isolated FMNCaM domain. This  formed in nNOS holoenzyme and in the reductase domain
indicates that contacts between the two subdomains argnNOSrd). However, the reduction potential for the FMN
important for controlling the environment of the FMN  yiqized/semiquinone redox couple was 80 mV lower than
cofactor. The experiment with nANOSFAD was repeated in that in nNOSrd. This indicates that the FAD-domain has a
the presence of a stoichiometric amount of NAD®hich large influence on the environment of the FMN and acts to
produced a charge-transfer complex with similar spectral gapjlize the semiquinone thermodynamically. This effect was
characteristics (i.e., band position and intensity) to that ot opserved with the related enzymes human GRIRgnd
observed with the isolated FAD domain (Figure 8). Fitting ethionine synthase reductad) The same redox couple

of the electrochemical data obtained was abandoned due Qy45 also found to exhibit strong hysteresis during electro-
the complexity of the system, which has five separate redox chemical reduction and oxidation, as shown in Figures 3 and

couples. However, the data appeared to be consistent withy By analogy with related flavodoxins, the cause of this
the behavior of the NADPfree enzyme and NADRbound effect is likely to be a hydrogen bonding interaction between
NNOSFAD in the analogous experiments. the peptide carbonyl of Gly810 and the flavin N5, which is
protonated in the semiquinone form but not in the oxidized

DISCUSSION form (31). The result is a kinetically stable semiquinone,
Electron transfer through neuronal NO synthase is con- which does not oxidize during the normal catalytic turnover
trolled by a remarkable series of structural features and of nNOS. The FMN sqg/hg redox couple is, however, the
ligands. These include autoinhibitory domains and the same in both nNOSFMNCaM and nNOSrd. This redox
reversible ligation of calmodulin (CaM) and inhibitor proteins couple is freely reversible and is utilized in the transfer of
(13, 14, 18-23, 37). The reductase domain of nNOS is electrons from FAD to heme in nNOS. The FAD-domain,
considered to be catalytically repressed in the absence oftherefore, appears to have little influence on the potential of
CaM with both reduction and oxidation of the flavins being the viable electron on the FMN cofactor. Given this, it also
affected. However, attempts to determine which individual seems unlikely that the conformation of the FAD domain
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A B

NADP

F1395 E1393

H1032

Y1175
Ficure 9: The active sites of NNOS FAD domain (A)Q) and ferredoxin reductase Y308S mutant (BR)(with NADP* bound.

could affect the reduction potential of the FMN sg/hqg couple. occur from NADPH, which is shown bound in a nonproduc-
The kinetic and thermodynamic stability of the FMN tive conformation. The analogous residues in FNR and CPR
semiquinone toward oxidation ensures that the FMN cofactor are Y308 and W677, respectively. The X-ray structures of
acts only as a one-electron donor. This is likely to be the Y308S mutant of FNR36) and the W677G mutant of
important to the mechanism of nitric oxide synthesis, which CPR @3) show the NMN substituent stacked with the FAD
requires the delivery of single electrons at an optimum rate. in a productive conformation. Figure 9 illustrates the
According to the kinetic model defined by Santolini et al., conformational change required for the NADPH to initiate
(40) transfer of electrons pairwise to the heme would result hydride transfer. Substantial movement of the active site
in a build up of stabilized ferrous NO complex during residues must also occur during this process; however, these
turnover, which would ultimately slow the overall rate of cannot be predicted from the mutant structure. The nonpro-
catalysis. ductive conformation of bound NADP appears to be
The reduction potentials of the FAD cofactor were also dominant for NOS, FNR, and CPR. This stems from the high
found to be unchanged in the isolated nNOS FAD domain, affinity of the enzymes for the ADP substituent of the
indicating that the FMN domain has little effect on the redox Substrate, which guarantees a lw and negative binding
properties of this cofactor. It seems unlikely, therefore, that affinity for the NMN group, as demonstrated for CP4#2)
the conformation of the reductase domain alone could control It has therefore been proposed that the stacking residue acts
the driving force for electron transfer through the flavins. to dislodge the NMN group from the FAD as part of the
This is consistent with the fact that CaM binding has little catalytic process. Mutants lacking a bulky aromatic at this
effect on the flavin reduction potentiald?). Substrate  position bind NADP(H) more tightly and are catalytically
(NADP") binding, however, was found to stabilize the limited by product dissociation. The charge-transfer complex
hydroquinone form of the FAD, by increasing the reduction formed by the CPR FAD domain W676 mutant and NADPH
potential of the sg/hq couple by 3@0 mV. Some destabi- was found to be particularly stable, releasing NAD&R a
lization of the semiquinone also occurred, as indicated by amuch lower rate41). Recent evidence also suggests a link
decrease in the potential of the ox/sq couple. The inhibitor between the conformation of bound NADP(H), the FAD-
ADP did not cause stabilization of the FAD-hydroquinone, stacking residue, and the accessibility of the FMN to external
suggesting that interactions between the nicotinamide sub-electron acceptors (e.g., the oxygenase domain and cyto-
stituent (NMN) and the reduced enzyme are responsible for chromec) in nNOS. We can now add that the conformation
the effect. The most likely cause is a favorable interaction of the NADP" is also likely to affect the reduction potentials
between the oxidized NMN and the FAD hydroquinone, of the FAD, assuming tha-stacking interaction is respon-
which form azn-stacked charge-transfer complex. Similar sible for the shifts observed in the presence of NADP
complexes are formed by the nNOSFAD and nNOSrd Therefore, with bound NADP, the conformation of the
constructs as shown in Figures 6 and 8 and have beenthree-electron reduced nNOS reductase domain may influ-
characterized for the related enzymes P450 reductase (CPRgnce the equilibrium distribution of electrons in the FAD
(41) and ferredoxin reductase (FNR) among oth8e).(For and FMN cofactors and vice versa. The shift in the FAD
FNR, it has also been shown that the two-electron reductionsa/hq potential observed is only 380 mV, which would
potential of the FAD/NADP system increases on formation be too small to have a significant effect on overall catalytic
of a charge-transfer complex, although in this case the rate constants. However, this shift is averaged over all the
NADP™ is preferentially reduced rather than the FAD. This conformations existing at equilibrium and takes no account
is due to a more negative FAD reduction potential in FNR, of the proportion of enzyme molecules with NMN and FAD
which generally operates in the reverse direction to nNOS- in the stacked conformation.
FAD, catalyzing NADPH formation rather than dehydroge- =~ Scheme 1 shows a simple model describing the NADP
nation 84). The X-ray crystal structure of the nNOSFAD bound FAD sg/hq redox couple. The nNOSFAD is assumed
construct 10) shows the FADs-stacked with the F1395  to exist in two conformations, which are roughly assigned
residue (Figure 9); this must move for hydride transfer to to the w-stacked and unstacked conformations depicted in



11042 Biochemistry, Vol. 43, No. 34, 2004 Garnaud et al.

Scheme 1 semiquinone suggests that the effect is electronic, perhaps
% FADsq benefiting from the same factors stabilizing the transition
stacked state of the active hydride-transfer complex. Parallels can
be drawn with FNR and CPR. Deng et a85) calculated
FADH® —— FADH™ NMN that for wild-type FNRz-stacking between bound NADP

and oxidized FAD was approximately 10% on the basis of
spectral changes. The magnitude of the charge-transfer band
E, Ey formed by the FAD hydroquinone of wild-type FNR and
bound NADF (34) indicates that a much larger proportion
lies in the m-stacked conformation, as compared to the

FADH, FAD - H - NMN charge-transfer band formed by the Y308S mutant.
0 Given the available evidence, it is impossible to say exactly
7o FADhq what thes-stacking coefficients are or what the valuekgf
stacked is in Figure 10. However, if the FAD semiquinone is unable

to form energetically favorabla-stacked complexes with
the NMN, it is possible thaEy lies in the—200 to —250

mV range. This would influence the equilibrium distribution
of electrons between the FAD and FMN, particularly for the
three-electron reduced enzyme form, such that when the
NADP* is in the stacked conformation, the FAD hydro-
qguinone would be favored, preventing formation of FMN
hydroquinone. In the unstacked conformation, the reverse
would be true. Addition of NADPH to fully reduced nNOSrd
causes the enzyme to adopt a conformation in which the
FMN hydroquinone is inaccessible to the external electron
acceptor, cytochrome (24). It is likely that the NADPH
adopts an unstacked conformation in this case, since forma-
tion of a charge-transfer complex between the two reduced
nucleotides is improbable. If ther-stacked NADP(H)
conformation corresponds with the open enzyme conforma-
tion, it may be that electron transfer from nNOSrd is inhibited
by a FAD-NADPH reduction potential switch in this
conformation and by inaccessibility of the FMN in the other
conformation (with unstacked NAD®. Since CaM binding
relieves conformational restriction of nNOSrd, this would
activate electron transfer through the enzyme.

E, - Reduction potential of
unstacked I'AD

E, — Reduction potential of
FFAD stacked with NMN

Figure 9. The unstacked reduction potential is giverEpy
(—323 mV, i.e., ADP-bound nNOSFAD) and the reduction
potential of fully z-stacked enzyme is given biy. The
reduction potential shift observed experimentally (33 mV)
is dependent on the value &y and the proportions of
m-stacked FAD hydroquinone and semiquinone at equilib-
rium. All of these are unknown. The relationships among
the three unknowns can be modeled using the Nernst
equation and Scheme 1 to produce the plot in Figure 10.
The plot shows thaEy can be any value lower than the
experimentally observed reduction potential in the presence
of NADP* (—290 mV) but that ther-stacking coefficients
are limited to greater than 70% for the hydroquinone and
less than 30% for the semiquinone. Tiestacking interac-
tion is likely to be dependent on the redox state of the FAD.

Electrostatics, hydrogen bonding, and electronic interactions !N @ recent report by Dunford et ak), the potentials of
may all be involved in defining the energy of interaction. the FAD in an isolated FAD-domain construct were reported

The high value for the hydroguinone compared to the to bg markedly different=177 mV for the .oxi.dized FAD/
semiquinone and-310 mV for the semiquinone/hydro-
quinone couples (at pH 7). However, the data are of poor
AgPeond 130 quality and appear to have been analyzed inappropriately.
These potentials would result in almost total FAD semi-
guinone formation at the reduction midpoint, yet it is clear
from the spectra presented that this is not the case. Mutation
of the FAD-stacking residue F1395 to serine is also reported
in the paper to have little effect on the FAD reduction
potentials, although the spectral data show that much less
semiquinone (2630%) is formed during reductive titration

15 of the mutant enzyme, indicating a divergence in the two
potentials of more than 60 mV favoring hydroquinone
10 formation.

E

1004
125
95 -
90 +

85

% FAD hq stacked
>
% FAD sq stacked

80

754

-100 150 -200 -250 -300
E\ (mV) CONCLUSIONS

Ficure 10: A simulation showing the dependence of nicotinamide . .

FAD stacking in the nNOS FAD domain on the sg/hq reduction ~ 1he reduction potentials of the FAD/FADH, FADH/

potential of the stacked form. The model assumes that the boundFADH,, FMNH/FMNH;, and heme F&/Fe' redox couples

N_ADP+ has two distinct conformations (stacked/unstacked) as _in for the isolated nNOS domains all lie within a 30 mV range

Figure 8 and that the unstacked form has the same reductionjn the presence or absence of substrates. This facilitates

otential as the ADP-bound enzymigy(= —323 mV). Ey is the _
Peduction potential of the stack)éd fo(rm (as in S)cheNme 1) and efficient electron transfer through the enzyme and ensures

Enapp-bound iS the experimentally determined reduction potential that all these redox states are populated at equilibrium. The
of the substrate-bound enzyme. FMN semiquinone was found to be kinetically and thermo-
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dynamically stabilized toward oxidation, although the ther-
modynamic stability was greater in the presence of the FAD

domain. NADP was found to induce a modest shift in the
FADH/FADH, redox couple from—326 to —290 mV,
probably induced by the formation ofastacked charge-

transfer complex. The significance of this effect is dependent
on the relationship between the enzyme conformation and

the

fraction of bound NADP molecules adopting the

mr-stacked conformation. It is possible that electron transfers
between both FAD and FMN and FMN and heme are
influenced by the conformation of bound NADPwhich
may act to inhibit electron flow through nNOS in the absence
of CaM. Further studies are required to determine whether
the shift in the FAD reduction potential is tightly coupled to
conformational changes and whether the resulting electron
redistribution is enough to inhibit electron transfer from FMN
to heme in the CaM-free enzyme under turnover conditions.
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