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ABSTRACT: Nitric oxide synthases (NOS) are modular, calmodulin- (CaM-) dependent, flavoheme
enzymes that catalyze oxidation of L-arginine to generate nitric oxide (NO) and citrulline. During
catalysis, the FMN subdomain cycles between interaction with an NADPH—FAD subdomain to
receive electrons and interaction with an oxygenase domain to deliver electrons to the NOS heme. This
process can be described by a three-state, two-equilibrium model for the conformation of the FMN
subdomain, in which it exists in two distinct bound states (FMN-shielded) and one common unbound
state (FMN-deshielded). We studied how each partner subdomain, the FMN redox state, and CaM
binding may regulate the conformational equilibria of the FMN module in rat neuronal NOS (nNOS).
We utilized four nNOS protein constructs of different subdomain composition, including the isolated
FMN subdomain, and determined changes in the conformational state by measuring the degree of
FMN shielding by fluorescence, electron paramagnetic resonance, or stopped-flow spectroscopic
techniques. Our results suggest the following: (i) The NADPH—FAD subdomain has a far greater
capacity to interact with the FMN subdomain than does the oxygenase domain. (i) CaM binding has
no direct effects on the FMN subdomain. (iii)) CaM destabilizes interaction of the FMN subdomain
with the NADPH—FAD subdomain but does not measurably increase its interaction with the
oxygenase domain. Our results imply that a different set point and CaM regulation exists for either
conformational equilibrium of the FMN subdomain. This helps to explain the unique electron

transfer and catalytic behaviors of nNOS, relative to other dual-flavin enzymes.

Nitric oxide (NO)' has important functions in the cardi-
ovascular, immune, and neuronal systems during normal
and disease states (/—4). NO synthases (NOS; EC
1.14.13.39) are a family of homodimeric enzymes that
catalyze a two-step oxidation of L-arginine (L-Arg) to gen-
erate NO and citrulline (5). Mammals express three NOS
isoforms that are known as neuronal (nNOS), endothelial
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(eNOS), and inducible NOS (iNOS). All three are mo-
dular enzymes comprised of an N-terminal oxygenase
domain (NOSoxy) that contains binding sites for iron
protoporphyrin IX (heme), (6 R)-5,6,7,8-tetrahydro-L-biop-
terin (H4B), and L-Arg, a C-terminal flavoprotein domain
that contains binding sites for flavin adenine dinucleotide
(FAD), flavin mononucleotide (FMN), and nicotinamide
adenine dinucleotide phosphate (NADPH) and an inter-
vening calmodulin (CaM) binding sequence (6). The NO-
Soxy, flavoprotein, and CaM binding domains can be
expressed independently and have been subject to detailed
structural, kinetic, and regulatory studies (7—23).

The flavoprotein domain of NOS shares structural and
catalytic features with a family of NADPH-utilizing dual-
flavin enzymes, including cytochrome P450 reductase
(CPR), methionine synthase reductase, sulfite reductase
flavoprotein, and novel reductase-1 (24—32). These enzy-
mes are all comprised of a NADP " /FAD-binding subdo-
main that is related to ferredoxin—NADP" reductase
(FNR) (33—35) and a FMN-binding subdomain that is
homologous to flavodoxin (36). During catalysis, NADPH
reduces bound FAD via hydride transfer, and then
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electrons are passed individually from FAD to FMN to
eventually form FMN hydroquinone (FMNH,). During
catalysis the reduced FMN subdomain (containing
FMNH.,) is thought to undergo a large conformational
motion that frees it from the FNR subdomain and enables it
to transfer an electron to either an attached heme domain
(as in NOS) or to an exogenous electron acceptor protein
(like cytochrome P450 or cytochrome c¢). Once this is acc-
omplished, the FMN subdomain (containing FMN semi-
quinone, FMNsq) must then recombine with the FNR
subdomain in order to receive another electron and conti-
nue catalysis. A simple three-state, two-equilibrium model
describing FMN subdomain function is illustrated in Fig-
ure 1. The model stipulates that electron input into FMN
and output from FMN are mutually exclusive steps that
involve two distinct binding events of the FMN subdomain.

Molecular details of FMN subdomain interactions and
how they are regulated in dual-flavin enzymes are topics of
ongoing interest (18, 21, 27, 37—39). Recent studies have
focused on either one of the two FMN subdomain inter-
actions (depicted as equilibrium A or Bin Figure 1) (13, 18,
27,37, 38, 40—44). Evidence suggests that NADPH bind-
ing site occupancy (45, 46) and flavin redox state (15, 20)
may be two facets that regulate equilibrium A in the dual-
flavin reductases. Besides these, NOS enzymes display
unique additional aspects because interactions of their
FMN subdomains are also controlled by CaM binding
(12,18,19,41,47,48). CaM binding destabilizes the FMN-
shielded conformation in eNOS and nNOS flavoprotein
domains (shifts equilibrium A to the right in Figure 1),
thereby increasing rates of cytochrome ¢ reduction in either
steady-state or single turnover reactions (20, 39, 41). CaM
also impacts equilibrium B in NOS, because CaM binding
is required for electron transfer from FMNH, to the
NOSoxy domain heme (49—353).

The molecular mechanisms by which CaM impacts equi-
libria A and B in NOS are under active investigation.
Intriguingly, evidence suggests that CaM effects on equilib-
ria A and B may be largely independent of one another and
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may even involve different lobes of CaM (21, 54—56). CaM
binding alters the behavior of at least one and perhaps as
many as three unique protein regulatory elements that are
inserted within the NOS flavoprotein domain and act to
repress electron transfer from the FMN subdomain in the
absence of CaM (18, 19, 57). Comparatively, our under-
standing of how CaM binding impacts equilibrium B
has lagged, although valuable investigations have been
initiated recently using NOS protein constructs consisting
of the attached FMN, CaM, and NOSoxy subdomains
(FMNCaMoxy) (42, 58, 59). Questions that remain include
the following: How do the interactions of each partner
subdomain (FNR and NOSoxy) influence FMN subdo-
main conformational states in equilibria A and B (Figure 1)?
How does CaM binding impact these distributions? To
what extent do the partner subdomains (FNNR and NO-
Soxy) mediate CaM effects on the FMN subdomain versus
CaM having a direct effect on the FMN subdomain itself?
Finally, does the flavin redox state influence these aspects?

To address these questions, we took advantage of the
modular structure of NOS and studied FMN subdomain
function using four protein constructs that are each a
fragment of the holo-nNOS enzyme (Figure 2). The con-
structs allowed us to study the free FMN subdomain itself,
and the separate impact of each partner subdomain (FNR
and NOSoxy) on the conformation and function of the
FMN subdomain, in the presence or absence of bound
CaM and with FMN poised in each of its three redox
states (FMNox, FMNsq, FMNH,). Our results provide
insight into the regulation of equilibria A and B in nNOS
(Figure 1) and can serve as a blueprint to study these
aspects in other dual-flavin reductases.

MATERIALS AND METHODS

General. All reagents and materials were obtained from
Sigma, Amersham Biosciences, or other resources as
previously reported (46). Absorption, fluorescence,
EPR, and stopped-flow spectroscopic experiments were
done as previously described (39). For all experiments

FIGURE 1: A three-state, two-equilibrium model of FMN subdomain function in electron transfer in NOS. Two protein hinge elements (H1 and
H2) connect the FMN subdomain to the FNR and NOSoxy subdomains. The CaM binding site is located on the H2 hinge. Interaction of the
FMN subdomain with either partner is described by equilibria A and B. The model assumes that the same face of the FMN subdomain (red)
interacts with specific surface regions (blue) on the FNR and NOSoxy partners in order to receive and give electrons and that the FMN subdomain
of one NOS subunit (green) interacts exclusively with the NOSoxy subdomain of the partner subunit (black) in a NOS dimer.
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FIGURE 2: Schematic illustration of the rat nNOS polypeptide with its subdomains, hinge elements (purple), and a C-terminal control element
(CT, red) as marked. nNOS protein constructs used in the study: nNOSr (amino acids 695—1429); FNR (amino acids 987—1407); FMNCaM

(amino acids 695—956); FMNCaMoxy (amino acids 295—951).
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and protein purification, the buffer contained 40 mM
EPPS (pH 7.6), 10% glycerol, and 250 mM NaCl
(buffer A), unless noted otherwise.

Generation of Rat nNOS FMNCaM and FMNCaMoxy
Constructs. The FMNCaM construct (amino acids
695—956) was created using PCR. The PCR primers
introduced a Ndel and a start codon at the 5’ end
(5-TTTTCATATGTCGGGCAGCATCACCCCTG-3')
and stop codon at 956 followed by a Xbal site at the 3’ end
(5-TTTTGGATCCTCTAGATCACTCGATGTTGA-
CGTCATCCCC-3'). The PCR product fragment was
gel-purified and inserted into the TOPO vector (pSC-b)
using the StrataClone blunt PCR cloning kit (Stratagene).
This was then digested using Ndel and Xbal, and the
FMNCaM fragment was inserted into the pCWori vector
and transformed into JM 109 cells. After confirmation of
the DNA insert sequence, the expression vector was
transformed into Escherichia coli BL21(DE3) cells that
contained the pACYC human calmodulin (CaM) plas-
mid and selected with ampicillin and chloramphenicol.

The FMNCaMoxy construct (amino acids 295—951)
was generated by PCR. A fragment was generated using
the forward primer (5-AACGGGGAGAAATTCGG-
CTGTGC-3') and the reverse primer (5-AAAAAGCT-
TTCTAGATCATTACTCGATGTTGACGTCATCC-
CCCAC-3') with the latter creating a translational stop
site at residue 952 and a new Xbal site. PCR was done
using nNOS full length as a template. The PCR product
was gel-purified and digested with HindIII and Xbal. The
resulting 66 base pair fragment was subcloned into a
pCWori/A295nNOS vector (60) that had been digested
with Hindlll and Xbal. After confirming the construct
DNA sequence, the expression vector for FMNCaMoxy
was transformed into E. coli Rosetta cells and selected
using ampicillin and chloramphenicol.

Protein Expression and Purification. The FMNCaM or
FMNCaMoxy proteins were expressed in E. coli BL21
(DES3) cells carrying the pACYC plasmid encoding hu-
man calmodulin or in E. coli Rosetta cells, respectively.
The transformed bacteria were grown at 37 °C in 4 L of
terrific broth supplemented with 125 mg/mL ampicillin
and 50 mg/mL chloramphenicol. Protein expression was
induced when the cultures reached an ODygg of 0.8 to 1 by
adding 1 mM isopropyl [-pD-thiogalactoside. After
further growth at room temperature for 24 h, the cells
were harvested. The FMNCaM cell pellets were resus-
pended in buffer B (40 mM EPPS and 50 mM NacCl)
containing | mM EDTA, 0.5 mg/mL each of leupeptin
and pepstatin, 1 mg/mL lysozyme, and 1 mM phenyl-
methanesulfonyl fluoride (PMSF). Cells were lysed by
sonication with five 30 s pulses with a 1 min rest on
ice between pulses. Cell lysates were centrifuged at 4 °C
for 30 min to remove debris, and the cell-free supernatant
was loaded at 4 °C onto a Q-Sepharose column that had
been equilibrated with buffer B on an FPLC. The loaded
column was washed with 5 column volumes of buffer B.
The FMNCaM protein was eluted with buffer C (40 mM
EPPS and 150 mM NacCl) containing 1 mM EDTA. The
eluted protein sample was buffer-exchanged with 40 mM
EPPS, 10% glycerol, 250 mM NacCl, and 2 mM CaCl,
and applied to a column of CaM—Sepharose preequili-
brated with buffer A plus 2 mM CaCl,. The bound
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protein was washed extensively with the equilibra-
tion buffer and then eluted with buffer A containing
4 mM EDTA. The pure protein was concentrated, dia-
lyzed against buffer A to remove the EDTA, and stored
frozen in aliquots at —80 °C. The purity of protein
was verified by SDS—PAGE and absorption spec-
troscopy. The concentration of FMNCaM proteins
was estimated using an extinction coefficient of
104 mM™" em™' at 457 nm for the fully oxidized
form (15). To quantify protein-bound FMN, a known
amount of FMNCaM was boiled in a sealed vial shielded
from light to release the FMN, followed by centrifugation
to remove the denatured protein. The concentration of
FMN in the supernatant was determined by absor-
bance spectroscopy (Amax = 447 nm; €447nm = 12.2
mM ™' em ™) (61).

Cell pellets that contained FMNCaMoxy were resus-
pended in buffer A containing 4 uM FMN, 0.5 mg/mL
each of leupeptin and pepstatin, 1 mg/mL lysozyme, 1| mM
PMSF, I mM r-Argand 10 uM H4B. Cells were lysed and
centrifuged at 4 °C as described above. Imidazole (60 mM)
was added to the supernatant before loading to a Ni*"-
NTA column that had been equilibrated with buffer A
containing 60 mM imidazole. The protein in the column
was washed with 5 column volumes of equilibration buffer,
and then bound protein was eluted with buffer A contain-
ing 250 mM imidazole. CaCl, (2 mM) was added into
the eluate, which was then loaded onto a CaM—Sepharose
column and eluted as described above. The eluted
FMNCaMoxy protein was concentrated, dialyzed against
buffer A to remove the EDTA, and stored frozen in
aliquots at —80 °C. The concentration of FMNCaMoxy
protein was determined based on heme content by the
reduced CO difference spectra (¢ = 74 mM ™' cm™! for
AAy45—500)- The bound FMN to heme ratio was obtained
by boiling known amounts of FMNCaMoxy protein and
analyzing for free FMN by absorbance spectroscopy as
described above. The nNOSr was expressed and purified as
previously described (46). The FNR fragment of nNOSr
was generated by limited trypsin proteolysis of nNOSr and
purified as previously described (67).

Redox Potentiometry. Protein sample manipulations
and redox titrations were carried out in an anaero-
bic glovebox (Belle Technology) at 15 + 1 °C under
N, atmosphere with oxygen levels below 5 ppm as pre-
viously described (39). The FMNCaM protein concen-
tration was 40—50 uM containing either EDTA (1 mM)
or CaCl, 2 mM) plus CaM (80—100 uM) in buffer A. The
six redox mediators we added (0.5—1 uM) and their mid-
point potentials (parentheses) were 2-hydroxy-1,4-
naphthoquinone (—152 mV), anthraquinone 2,6-disul-
fide (—184 mV), phenosafranine (—252 mV), safranine
O (—280 mV), benzyl viologen (—348 mV), and methyl
viologen (—443 mV). The absorption changes at 457 nm
and at 600 nm were plotted with electrochemical
potentials (millivolt). The midpoint potentials for the
FMNox/FMNsq and FMNsq/FMNH, redox couples
were calculated using the 2-electron Nernst equation

(eq 1):
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where A4 is the absorbance, a—c are the relative absor-
bance values contributed by the FMN in each of three
nondegenerate oxidation states, E is the observed system
potential, and E, — E, are the two midpoint potentials
for FMN.

Fluorescence Spectroscopy. Flavin fluorescence emis-
sion was measured at room temperature using a Hitachi
model F-2000 spectrofluorometer as described in ref 39.
Briefly, different concentrations from 0.5 to 3 uM of the
oxidized nNOSr, FNR, FMNCaM, FMNCaMoxy pro-
teins and free FMN were dissolved in buffer A. The
samples were placed in a 1 mL quartz cuvette and were
excited at 457 nm wavelength, and their fluorescence
emission spectra were monitored from 480 to 700 nm.
In some cases, nNOSoxy was added (0—3 uM) to samples
of the FMNCaM protein to investigate possible quench-
ing by the nNOSoxy heme. The FAD fluorescence of the
FNR protein was subtracted from the total flavin fluor-
escence intensity of the nNOSr to obtain the FMN-
specific fluorescence value, as described previously (39).

EPR Spectroscopy. EPR sample preparation and
power saturation experiments were carried out essentially
as previously described (39, 46). Briefly, solutions (ap-
proximately 40 uM) of nNOSr, FMNCaM, or FMNCa-
Moxy were prepared in 20 mM HEPES buffer (pH = 7.4)
containing 25% glycerol (v/v). The FMNCaMoxy sam-
ple contained 1 mM N-nitro-L-arginine methyl ester
(L-NAME), 90 uM H4B, and 1 mM DTT. CaM-bound
samples of nNOSr, FMNCaM, and FMNCaMoxy also
contained CaM (80 uM) and CaCl, (2 mM). The nNOSr
samples were given a slight molar excess of NADPH while
the FMNCaM and FMNCaMoxy samples were treated
with a small excess of sodium dithionite and were all
allowed to air oxidize to generate the bound, air-stable
FMN semiquinone radical. Varying amounts (0, 3.3, 6.7,
10, or 13 mM) of the dysprosium(III)-HEDTA complex
(Dy(III)-HEDTA) were added to the samples followed
by immediate freezing and were then kept in liquid N, for
EPR measurements. The EPR parameters and data ana-
lysis were previously described in detail (39). At Ohio
State University (OSU), EPR spectra were recorded on a
Bruker ESP 300 EPR spectrometer equipped with an
ER 035 NMR gauss meter and a Hewlett-Packard
5352B microwave frequency counter. The EPR data
from Kent State University (KSU) were recorded on a
Bruker EMX-A spectrometer equipped with an ER
041XG microwave X-band solid-state bridge and ER
4119HS-WI1 high-sensitivity resonator and a Bruker
BVT 3000 temperature controller. All spectra were ob-
tained at a temperature of 150 K and a microwave
frequency of 9.45 GHz, modulation amplitude of 4.01
G at 100 kHz modulation frequency, and a center field of
3375 G (OSU) or microwave frequency of 9.19 GHz,
modulation amplitude of 10.0 G at 100 kHz modulation
frequency, and a center field of 3275 G (KSU). Sweep
width was 400 G. Five scans were accumulated and
averaged for each spectrum. A total of 17 power settings,
ranging from 0.020 to 200.0 mW, were used for the
saturation experiments.

Anaerobic Pre-Steady-State Cytochrome ¢ Reduction.
Anaerobic solutions of nNOSr, FMNCaM, or FMNCa-
Moxy proteins were initially fully reduced by titration
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with sodium dithionite solution in a spectrophotometer.
CaM-free proteins contained EDTA (I mM) while the
CaM-bound samples had CaCl, (2 mM) and CaM (three
times the concentration of the nNOS protein). For the
FMNCaMoxy sample, | mM r-Arg, 50 uM HyB, and
1 mM DTT were added. Each fully reduced protein at
different initial concentrations (9, 15, 21, and 27 uM) was
rapidly mixed with a fixed solution of cytochrome
¢ (3 uM) in the stopped-flow instrument at 10 °C. The
reaction was monitored by absorbance changes from 300
to 700 nm, and the kinetic traces of absorbance gain at
550 nm were fit to a single-exponential function. The
observed rate constants (s_') were plotted against the
corresponding protein concentrations. The data points
were subject to a linear fit through the origin, and we
obtained the second-order rate constants from the slope
of the line (uM~'s™).

Solvent-Accessible Surface Calculations. The solvent-
accessible surface of each protein residue was calculated
using Surface Racer 5.0 software (62) on the ITLL
structure of rat nNOSr (only one monomer was used,
and the part of the FMN—FNR linker visible in the
structure (residues 943—951) was removed for the calcu-
lations) or on the designed oxy—FMN complexes de-
scribed below. A probe diameter of 10 A, mimicking the
Dy(III)-HEDTA complex (63), was used. The values
obtained for the FMN domain alone (ITLL, residues
750—942) were compared to those obtained for the
various FMN—oxy or FMN—FNR complexes to identify
which residues have a decrease in solvent accessibility in
the complexes.

Models of Oxy—FMN Domain Interaction. Four dif-
ferent models of the oxy—FMN domain interaction were
constructed manually using the structures 1ZVL (nNO-
Soxy domain dimer) and ITLL (nNOSr FMN domain,
residues 750—942). The restrictions used were as follows:
there should be no overlapping of the two structures; the
FMN to heme distance should be equal or less than 15 A;
Lys423 (oxy domain) and Glu762 (FMN domain) must
be in the interface (both have been shown to be essential
for FMN to heme electron transfer) (38, 64); residues 716
(oxy domain) and 750 (FMN domain) must remain with-
in a reasonable distance to reflect their being linked by a
34 amino acid hinge (the structure of part of this linker (20
amino acids) in complex with CaM is available as PDB
2060). Two of the oxy—FMN complexes we designed are
shown in Supporting Information Figure S1.

RESULTS

Generation and Purification of nNOS FMNCaM and
FMNCaMoxy Proteins. The FMNCaM protein was
purified by tandem Q-Sepharose and CaM affinity chro-
matography. Coexpressed CaM was removed from the
FMNCaM protein in the Q-Sepharose step by adding
EDTA. Following clution from the CaM—agarose col-
umn, we obtained for the first time a FMNCaM protein
that was stable in the absence of CaM. It was more stable
at a higher salt concentration (250 mM NaCl) than at
150 mM NaCl. The FMNCaMoxy protein was purified
using a Ni*"-NTA column followed by a CaM affinity
column, similar to the nNOS full-length purification (65).
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The typical yield of purified FMNCaM and FMNCa-
Moxy proteins was 3—4 mg/L of culture. The FMNCaM
protein preparations typically contained a 1:1 stoichio-
metric FMN-to-protein ratio, while the FMNCaMoxy
preparations contained approximately 0.8 FMN per
heme (data not shown). Gel-filtration chromatography
was used to determine the ratio of monomer and dimer.
The FMNCaM protein was predominantly monomeric,
while the FMNCaMoxy protein was predominantly di-
meric (Supporting Information Figure S2). Dithiothreitol
(DTT) had to be present to prevent the reversible forma-
tion of FMNCaMoxy multimers cross-linked via inter-
molecular disulfide bonds.

FMN Midpoint Potential. We investigated if an at-
tached FNR subdomain or if CaM binding would affect
the thermodynamic properties of the FMN cofactor. We
performed a reductive titration using sodium dithionite
followed by an oxidative titration of the same protein
sample using potassium ferricyanide. Representative
spectra collected during titration of the CaM-free
FMNCaM protein are shown in Figure 3A. We obtained
similar data when titrating the CaM-bound protein (data
not shown). In the reductive direction there was an initial
absorbance decrease around 457 nm and a broad absor-
bance increase around 600 nm (FMNsq formation), with
an isosbestic point near 510 nm as the first electron
equivalent was added. A second phase then took place
that was characterized by a decrease in absorbance from
450 to 700 nm until the fully reduced state (FMNH,) was
reached. Plots of the absorbance at 457 and 600 nm versus
the recorded potential for the CaM-free and CaM-bound
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FIGURE 3: Potentiometric titration of the FMNCaM protein in the
presence and absence of CaM. (A) Representative set of visible
spectra collected during titration of CaM-free FMNCaM with
sodium dithionite. (B, C) Plots of absorbance at 457 nm (solid
squares) and at 600 nm (open squares) versus the electrochemical
potential (mV) for CaM-free and CaM-bound FMNCaM protein
along with the lines of best fit as calculated using the 2-electron
Nernst equation described in Materials and Methods. Data were
collected at 15 °C and are representative of at least two experiments.
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Table 1: Equilibrium Midpoint Potentials (£,,) of NOS Constructs vs
Standard Hydrogen Electrode

FMN FAD

sample  condition  o0x/sq sq/hq ox/sq sq/hq

FMNCaM —CaM —121+2 —25243

+CaM —117£2 —2584+3
FNR —CaM —264+2 27943
nNOSr —CaM —49+£2 —273+6 —269+23 —286=£13

“The midpoint potentials of FAD and FMN cofactors (ox/sq and sq/
hq) were determined for the NOS constructs by potentiometric titration
at 15 £ 1 °C under a N, atmosphere as described in Materials and
Methods.

FMNCaM protein are shown in Figure 3B,C. The plots at
457 nm showed a sigmoidal shape while at 600 nm
produced a bell-shaped curve, reflecting the appearance
and disappearance of the neutral FMNsq. The two sets of
data obtained at both wavelengths were fit simulta-
neously to the 2-clectron Nernst equation as described
under Materials and Methods. The equilibrium midpoint
potentials (E,,) of the FMN redox couples (oxidized/
semiquinone (o0x/sq) and semiquinone/hydroquinone
(sq/hq)) obtained from the fitting are reported in Table 1.
The data show that the FMN midpoint potentials in the
FMNCaM protein are not altered by bound CaM.

For comparison we carried out potentiometric titra-
tions of the nNOS FAD-containing FNR subdomain and
of the CaM-free nNOSr. Flavin midpoint potentials that
we obtained for these proteins (Table 1) are in good
agreement with previously published data (15, 61, 66).
The midpoint potentials of the FAD (ox/sq, sq/hq)
cofactor in the FNR protein are essentially identical to
those for FAD in CaM-free nNOSr (Table 1). In contrast,
the FMNox/sq midpoint potential in the FMNCaM
protein is approximately 70 mV lower than its value in
CaM-free nNOSr. This indicates an attached FNR sub-
domain alters the redox properties of the FMN cofactor
in nNOSr, as previously seen (/5), such that the FNR
subdomain tends to thermodynamically stabilize the
FMNsq.

FMN Shielding. We next used our four nNOS protein
constructs to study what regulates FMN shielding in
nNOS when the FMN is poised in each of its three redox
states. We reasoned that data obtained with the
FMNCaM subdomain should provide lower boundary
values for FMN shielding (i.e., it will represent the least-
shielded form of FMN that is possible within nNOS) in
each redox state, while the nNOSr and FMNCaMoxy
constructs would indicate how each individual partner
subdomain (FNR and NOSoxy, respectively) can influ-
ence FMN shielding in the presence or absence of bound
CaM.

Shielding of fully oxidized FM N. Previous work showed
that the intensity of flavin fluorescence is inversely propor-
tional to the degree of FMN shielding in NOSr proteins
whose flavins are in the fully oxidized state (20, 39). We
therefore measured the fluorescence intensities (per mole)
of the oxidized FMNCaM, FMNCaMoxy, nNOSr,
FNR, and free FMN in buffer to compare their levels of
FMN shielding (Figure 4). We estimated the fluorescence
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emission that is solely due to the bound FMN cofactor
within nNOSr by subtracting” the fluorescence emission
obtained for corresponding concentrations of the FNR
subdomain (39), whose FNR fluorescence emission is only
due to its bound FAD cofactor. FAD fluorescence typi-
cally accounts for a minor portion (6—15%) of the total
fluorescence of nNOSr due to the fluorescence of FAD
being quenched by its adenine ring (67). In Figure 4B, the
fluorescence of the FNR subdomain (black bar) is super-
imposed onto the bar value for nNOSr and was then
subtracted to obtain an estimate of the FMN-specific
fluorescence for nNOSr as shown in Figure 4B, inset.
The fluorescence intensity of the FMNCaM protein was
about 4-fold less than that of free FMN, similar to but
somewhat less than the quenching that is observed in other
FMN-containing flavoproteins (67). The FMNCaMoxy
protein exhibited slightly lower fluorescence than the
FMNCaM protein. Control experiments showed that this
difference was not due to a through-solution quenching of
FMN fluorescence by the NOSoxy heme (data not shown).
In comparison, the nNOSr protein exhibited much less
FMN fluorescence. CaM binding to each construct did not
detectably alter their FMN fluorescence (data not shown).
Our data imply the following hierarchy exists for FMN
shielding in the three NOS proteins (with or without bound
CaM) when the FMN is in the fully oxidized state:
FMNCaM < FMNCaMoxy < nNOSr.

Shielding of the FMNsq. The FMNCaM, FMNCa-
Moxy, and nNOSr proteins can all form air-stable
FMNsq radicals (10, 15, 47, 59). This enabled us to
measure FMNsq shielding by determining the effect of
an added spin-relaxing agent Dy(III)-HEDTA on the
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FIGURE 4: Fluorescence intensities of the FMN subdomain in var-
ious nNOS protein constructs. (A) Fluorescence intensities of fully
oxidized FMNCaM, FMNCaMoxy, and nNOSr proteins and free
FMN were determined at the indicated concentrations by excitation
at 457 nm and monitoring emission at 525 nm. The fluorescence
intensities of the FNR subdomain were also obtained to subtract its
contribution from the total flavin fluorescence intensity in the
nNOSr. (B) Fluorescence intensity versus the concentration slope
value for each protein obtained by linear regression analysis of the
data in panel A. The slope of the FNR subdomain is depicted as a
black bar that is superimposed onto the bar value for nNOSTr. It was
then subtracted to obtain an FMN-specific fluorescence value for
nNOSr. Inset: Scale-up plot of the FMN-specific fluorescence values
for each nNOS protein. Data are representative of at least two
experiments.

Biochemistry, Vol. 48, No. 18, 2009 3869

EPR microwave power saturation characteristics of the
FMNsq radical (68, 69). We have previously used this
method to compare FMNsq shielding in various NOSr
proteins (39, 46). Here we treated the CaM-free and CaM-
bound FMNCaM and FMNCaMoxy proteins with a
slight molar excess of sodium dithionite and then allowed
them to air-oxidize to their FMNsq state, as judged by
their visible spectra (data not shown). Known amounts of
Dy(III)-HEDTA were then added, and the protein
solutions were immediately frozen in liquid nitrogen for
EPR measurements. A representative set of EPR spectra
that was recorded for each of the three proteins is shown
in Supporting Information Figure S3.

The power saturation of the FMNsq radical in the
nNOSr, FMNCaM, and FMNCaMoxy proteins was
affected by Dy(III) -HEDTA in a concentration-depen-
dent manner (Supporting Information Figure S4), similar
to what we observed previously for nNOSr (39, 46). We
obtained P, values for each sample by fitting the power
saturation curves (Supporting Information Figure S4),
which were converted to AP;, values as previously
described (46). The AP, values for a set of nNOSr and
FMNCaM samples are plotted versus the Dy(III)-~HED-
TA concentration in Figure 5A,B. Linear regression
analysis of the data gave the slopes of the lines, m (mW/
mM), as noted in the figure. A larger slope indicates an
FMNsq that is more solvent-accessible and therefore less
shielded. Our data confirm that FMNsq shielding in
nNOSr is significantly diminished upon CaM binding,
as reported previously (39, 46). In contrast, CaM binding
to the FMNCaM protein did not significantly alter its
FMNsq shielding. Also, the degree of FMNsq shielding
that was observed in the CaM-bound nNOSr was similar
to the level of FMNsq shielding observed in the
FMNCaM protein with or without CaM. This indicates
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FIGURE 5: Comparative shielding of the FMNsq in nNOSr,
FMNCaM, and FMNCaMoxy as measured by EPR spectroscopy.
EPR power saturation measurements were recorded at 150 K for
nNOS constructs in the presence of the indicated concentrations of
Dy(III)-HEDTA, and the AP, , values were calculated as described
in Materials and Methods and are plotted versus [Dy(II[)-HEDTA]
in the presence (filled circles) or absence (open circles) of bound CaM.
EPR data for samples of (A) nNOSr and (B) FMNCaM were
obtained at The Ohio State University, and EPR data for samples
of (C) FMNCaMoxy and (D) FMNCaM were obtained at Kent
State University. The lines of best fit were calculated by linear
regression. Data are representative of at least two experiments.
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a near minimal degree of FMNsq shielding exists in
nNOSr when CaM is bound.

The AP, values for a distinct set of FMNCaM and
FMNCaMoxy proteins are plotted versus the Dy(III)—
HEDTA concentration in Figure 5C,D.? FMNsq shielding
in the FMNCaMoxy protein was not significantly affected
by CaM binding, and its absolute degree of FMNsq
shielding was equivalent to that observed in the FMNCaM
protein. These results indicate that a near minimal degree
of FMNsq shielding exists in the FMNCaMoxy protein
irrespective of bound CaM. The results also suggest
the following hierarchy exists for FMNsq shielding in
the nNOSr proteins: FMNCaM = FMNCaMoxy =
CaM-bound nNOSr < CaM-free nNOSr.

Shielding of FMNH,. We measured FMNH, shielding
in our nNOS proteins by an established stopped-flow
spectroscopic method that monitors reaction of the
FMNH, with cytochrome ¢ as an external electron ac-
ceptor (39, 41, 46). Pseudo-first-order rate constants for
cytochrome c¢ reduction were determined after rapid
mixing a 3-, 5-, 7-, or 9-fold molar excess of each
dithionite-reduced nNOS protein with cytochrome ¢ in
a stopped-flow spectrometer and fitting each absorbance
increase at 550 nm to a single-exponential function. We
also ran replica reactions using nNOSoxy protein as a
control for possible reduction of cytochrome ¢ by the
ferrous heme in our FMNCaMoxy construct. Represen-
tative spectra recorded during reactions of each nNOS
protein, along with averaged kinetic traces obtained at
550 nm, are shown in Supporting Information Figures S5
and S6. The derived rate constants were plotted versus
NOS protein concentration and found to be linearly
dependent in all cases (Figure 6). Regarding the FMNCa-
Moxy data, our control nNOSoxy reactions showed that
cytochrome ¢ reduction by the NOS ferrous heme was
kinetically insignificant (Figure 6C). From these plots we
calculated the second-order rate constants for FMNH,-
based cytochrome ¢ reduction by linear regression ana-
lysis. The values are reported in Figure 6. We observed
that CaM binding to nNOSr* approximately doubled the
second-order rate constant relative to that observed for
the CaM-free enzyme. In contrast, CaM binding to the
FMNCaM protein diminished its second-order rate con-
stant by 17%, and CaM caused no significant change on
the rate constants obtained for the FMNCaMoxy pro-
tein. The second-order rate constant for CaM-bound
nNOSr was of similar magnitude to the rate constants
we obtained for both the FMNCaM and FMNCaMoxy
proteins. Together, the data indicate that CaM binding
diminished FMNH, shielding in the NOSr protein and
appeared to do so to the full extent possible, whereas

The flavin fluorescence intensity of nNOSr may not be a simple
sum of the individual FNR and FMN subdomain fluorescence
values. However, this potentially confounding factor is lessened
here by the FNR fluorescence being much weaker than that of the
FMN subdomain.

“Due to instrument availability, two sets of protein samples (one
representing the nNOSr versus the FMNCaM protein and the other
representing FMNCaMoxy protein versus the FMNCaM protein)
were each run on a different EPR instrument, and this resulted in the
nNOSr protein samples having different absolute slope values for
eitélller set (see Figure 5).

NADPH-free enzyme.
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CaM binding to the FMNCaMoxy protein did not
increase its FMNH, shielding.

DISCUSSION

The FMN subdomain has coordinate electron-accepting
and electron-donating roles in nNOS and in related dual-
flavin enzymes. Here we examined how the conforma-
tional properties of the FMN subdomain in nNOS are
influenced by its two partner subdomains, the FMN redox
state, and CaM binding. Investigating these facets within a
single study has advantages over studies that typically
focused only on individual facets (14, 39, 45, 46, 58, 61).
Our findings help to discern regulation in the NOS en-
zymes and also provide a foundation for studies on related
dual-flavin enzymes. We discuss our results below in terms
of the three-state, two-equilibrium model for FMN func-
tion that was introduced in Figure 1.

Effects of CaM on the Isolated FM N Subdomain. Given
that CaM is of similar size to the FMN subdomain (17 vs
28 kDa, respectively) and binds to an adjacent helical
hinge element on the NOS polypeptide (H2 in Figure 1), it
is conceivable that CaM could directly affect the proper-
ties of the FMN subdomain. Previously, this possibility
could not be examined because the expressed FMNCaM
proteins were found to be unstable in the absence of
CaM (/5). However, in our hands, CaM binding was
not required for protein stabilization. We found that
CaM binding had little or no discernible impact on the
properties of the isolated FMN subdomain when the
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FIGURE 6: Second-order rate constants for pre-steady-state cyto-
chrome ¢ reduction by excess nNOS proteins in the presence and
absence of bound CaM. The indicated initial concentrations of fully
reduced (A) nNOSr, (B) FMNCaM, and (C) FMNCaMoxy proteins
were rapidly mixed with cytochrome ¢ (3 M initial concentration) in
the stopped-flow instrument under anaerobic conditions at 10 °C.
Data obtained from reactions of fully reduced nNOSoxy and cyto-
chrome c are also indicated in panel C (solid circle). The kinetic traces
at 550 nm were fit to a single-exponential function, and the measured
rate constants are plotted in the panels versus the initial concentra-
tions (premixing) of the various nNOS proteins. The second-order
rate constants (#M ' s7') were obtained by linear regression analy-
sis. Data are representative of at least two experiments.
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FMN was poised in each of its three redox states. This
establishes that CaM affects the behavior of the FMN
subdomain in nNOS (redox potential, FMN shielding,
electron transfer activities) through a coordinate effect
involving the partner subdomains (FNR and NOSoxy).
By excluding a direct effect of CaM on the FMN sub-
domain, our findings also help to discern how CaM may
impact equilibria A and B in nNOS (Figure 1).

Equilibrium A: Interaction of the FNR and FMN Sub-
domains. Measuring the degree of FMN shielding is one
approach to study equilibrium A in NOSr proteins, as
done previously for nNOSr and eNOSr proteins poised in
the 0-electron (FAD/FMN), 1-electron (FAD/FMNsq),
and 4-electron (FADH,/FMNH,) reduced states (39).
However, data interpretation had been limited due to
the uncertainty of a direct CaM effect on the FMN
subdomain, which we have now ruled out (see above),
and by the unavailability of boundary values for the
isolated FMN subdomain (i.e., providing the maximally
and minimally FMN-shielded values). Our measures of
FMN shielding in the FMNCaM protein now provide the
minimal FMN-shielding boundary values for nNOS and
can be used to extend the previous and current findings.
Our measures indicate that FMN shielding in CaM-free
nNOSr is 4x, 2.5x, and 2x greater compared to the
minimum FMN shielding that we observed for the
FMNCaM protein, when nNOSTr is poised in the 0-, 1-,
and 4-electron-reduced states, respectively. This estab-
lishes that the attached FNR subdomain causes signifi-
cant FMN shielding in CaM-free nNOSr, in each of the
three FMN redox states.

The boundary values for a maximally shielded FMN in
nNOSr are not yet available and are expected to be
nonzero when the FMN is poised in a 0- or 1-electron-
reduced state (if FMN shielding in these two redox states
is measured by FMN fluorescence emission and FMNsq
paramagnetic interaction with Dy(III) -HEDTA, respec-
tively). This means that we cannot yet estimate the
equilibrium A distribution of CaM-free nNOSr when
the FMN is in the 0- or l-electron-reduced states. In
comparison, the maximal boundary value for FMNH,
shielding in nNOSr is expected to be zero (i.e., it should
display no measurable reduction of cytochrome ¢).” If we
assume the maximal boundary value is zero, then a
comparison of our FMN-shielding measures for the fully
reduced nNOSr and FMNCaM proteins implies that the
equilibrium A distribution of the reduced, CaM-free
nNOSr is an approximate 50:50 mixture of the shielded
and deshielded conformations depicted in Figure 1 (i.e.,
K.qA = 1). We recently derived a similar K.4A estimate
for a fully reduced CaM-free nNOSr using a somewhat
different technique (39). Thus, our data indicate that a
significant fraction (50%) of fully reduced CaM-free
nNOSr exists in an FMN-deshielded conformation in
solution. In principle, this distribution should enable a
significant interaction in unit time between the FMNH,
of nNOSr and electron acceptor proteins (or partner
subdomains), which in turn would be consistent with
CaM-free nNOSr catalyzing a robust cytochrome c

3In this circumstance, the FNR and FMN subdomains would be
permanently associated with one another.
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reductase activity. However, the analysis also points out
that, despite the fully reduced FMN subdomain being in a
conformation that is able to interact with electron accep-
tors, the electron transfer to the heme in the nNOS
oxygenase domain still does not occur in the absence of
bound CaM (49, 52). Thus, we conclude that heme
reduction in nNOS is not primarily controlled at the level
of equilibrium A.

CaM binding diminishes FM N shielding in nNOSr (20,
39, 41). Here we found that FMN shielding in CaM-
bound nNOSr dropped to a level that was nearly equiva-
lent to the FMN shielding we observed for the FMNCaM
protein, which represents the lower boundary value. This
implies that CaM binding to nNOSr shifts equilibrium A
to the right such that nearly all of the nNOSr molecules
exist in an FMN-deshielded conformation (Figure 1). In
addition, our data imply that CaM caused equilibrium A
to shift in this way regardless of whether nNOSr is in a
1- or 4-electron-reduced state. A shift in equilibrium A to
favor the FMN-deshielded conformation would seem
desirable for a 4-electron-reduced nNOSr, because it is
an obligate electron-donating species whose FMNH,
needs to interact with an electron-accepting partner or
domain. But this same shift in the FMN conformation
may not be desirable for the 1-electron-reduced nNOST,
because in this case the FMN subdomain contains
FMNsq, which is an obligate electron acceptor that must
interact with the FNR subdomain in order to receive an
electron to continue catalysis. The apparent dilemma
could be resolved if NADPH binding and/or FAD re-
duction in nNOSr causes equilibrium A to shift to the left,
thereby facilitating reduction of the FMNsq by the
reduced FNR subdomain. How NADP " /NADPH bind-
ing and combinations of FAD or FMN redox states other
than those studied heres might impact equilibrium A in a
dual-flavin enzyme is not clear and is being investigated in
several laboratories (20, 41, 43,61, 70, 71).

Remarkably, for the related dual-flavin enzyme CPR,
the measures of its FMN subdomain interaction with
cytochrome ¢ by isothermal titration calorimetry (43)
imply that the equilibrium A for the 1-electron-reduced
CPR (containing FMNsq) lies heavily toward the left.
The basis for this apparent difference between nNOSr
and CPR is unclear, but it could certainly involve inherent
differences in the measurement techniques. Indeed, we
measured FMNsq shielding in 1-electron-reduced nNOSr
based on the through-space paramagnetic interaction of
FMNsq with Dy(III)~HEDTA, the latter which has an
estimated molecular diameter of 10—12 A in solution
(63, 69) (Supporting Information Figure S7). The crystal
structure of nNOSr depicts the protein in one of the
tightest possible “FMN-shielded” conformations, such
that the FNR and FMN subdomain interface is tight
enough to exclude water or Dy(III) - HEDTA and thus
prevent its close approach to the bound FMNsq (Sup-
porting Information Figure S8A—C). However, because
interactions between subdomain redox partners can be
multiple and highly dynamic (72), the conformer that is
depicted by the nNOSTr crystal structure is likely to be only
one of many similar conformations that are being
sampled in unit time in solution and, therefore, are
present as an ensemble during our EPR measurement.
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Because of the small diameter of Dy(III)-HEDTA, rela-
tively small movements of the FMN subdomain could
loosen up the FNR—FMN subdomain interface enough to
allow a closer approach of Dy(III)-HEDTA to the bound
FMNsq. Thus, our measurements based on Dy(IIl)—
HEDTA are almost certain to score a greater percentage
nINOSr molecules to be in an “FMN-deshielded” confor-
mation as compared to measures that are based on an
interaction between the FMN subdomain and cytochrome
¢. This is partly because cytochrome ¢ has a much larger
molecular diameter (at least 35 A) that is similar to the
diameter of the FMN subdomain itself (Supporting
Information Figure S7) and so would require that nNOSr
undergo a more significant structural perturbation before
its FMN subdomain could interact and consequently be
scored as being in an FMN-deshielded state.

This caveat underscores the need to consider how a
given measurement technique might score the degree of
FMN shielding in a given dual-flavin enzyme and how the
scoring may relate to the subset of protein conformations
that are relevant to the catalytic function of interest. For
nNOSr, the relevant reactions include electron transfer to
FMNsq (via the FNR—FMN subdomain interaction,
equilibrium A) and electron transfer from FMNH, to
either cytochrome ¢ or NOSoxy (equilibrium B) or to O,
(i.e., flavin autoxidation). Because cytochrome c¢ is of
similar size to the FMN subdomain, measuring their
interaction is likely to be a good indicator for the subset
of nNOSr conformers whose FMN subdomain is posi-
tioned far enough from the FNR subdomain to deliver
electrons to a partner protein or domain. In comparison,
we expect that Dy(III) ~HEDTA would score these con-
formers as FMN-deshielded, along with an additional
subset of nNOSr conformers whose FMN subdomain
may be loosened from the FNR subdomain but not yet in
a position to deliver electrons to a large acceptor like
NOSoxy or to cytochrome c.

Equilibrium B: Interaction of the FMN and NOSoxy
Subdomains. The model in Figure 1 suggests that the FNR
subdomain, when present, might compete with and an-
tagonize NOSoxy domain interaction with the FMN
subdomain. Because our FMNCaMoxy protein is miss-
ing the FNR subdomain, it conceivably provides the best
chance for maximum complex formation between NO-
Soxy and the FMN subdomain as determined by equili-
brium B (Figure 1). We therefore surmised that the
FMNCaMoxy protein would display greater FMN
shielding than the FMNCaM protein and might further
increase its FMN shielding in the presence of bound
CaM. However, this was not the case. Instead, our
measures show that the extent of FMN shielding in the
CaM-free FMNCaMoxy protein was similar to that in
the FMNCaM protein, irrespective of whether the FMN
was in the 0-, 1-, or 2-electron-reduced state. In addition,
CaM binding to the FMNCaMoxy protein did not sig-
nificantly increase our measures of FMN shielding in any
circumstance. Given that the FMN-shielding level in the
FMNCaMoxy protein always remained close to the
minimal boundary value as indicated by the FMNCaM
protein, we conclude that the attached NOSoxy domain
has little or no capacity to influence FMN shielding in
the CaM-free or CaM-bound FMNCaMoxy protein.
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This contrasts sharply with how the attached FNR sub-
domain can significantly increase FMN shielding in
CaM-free nNOSr. Together, these results distinguish
the two protein partners of the FMN subdomain (FNR
and NOSoxy) in nNOS and imply that there are funda-
mental differences in the protein interactions that define
equilibria A and B.

What can our FMN-shielding measures tell us about
equilibrium B in nNOS? Any increase in FMN shielding
in the FMNCaMoxy protein would have been straight-
forward to interpret, because it could only have been
caused by an increased interaction between the FMN
subdomain and NOSoxy. Instead, our measures indi-
cated that FMN shielding in the FMNCaMoxy protein
nearly matched the minimum boundary value for FMN
shielding, irrespective of CaM or the reduction state of
the FMN. This could either mean (i) FMN—NOSoxy
complexes form infrequently and/or transiently and so
exist only to a minor extent at equilibrium (i.e., equili-
brium B is set far to the left) or mean (ii) stable FMN—
NOSoxy complexes form and are a major conformer (i.e.,
equilibrium B is set to the right) but do not cause the
measured FMN-shielding level to increase. Possibility
(1) is the simplest interpretation of our data and will be
further discussed below. Possibility (ii) hinges on whether
FMN shielding is measurably increased when a complex
forms between the FMN subdomain and the NOSoxy
domain. Although a definitive answer is not yet possible,
we may have enough information to consider this ques-
tion. Despite there being no crystal structure fora FMN—
NOSoxy complex, a model for the interaction was
proposed, based on the existing crystal structures of
nNOSr and NOSoxy (/3, 73), point mutagenesis studies
of protein surface residues (38, 64), and known distance
constraints for electron transfer (74). Specifically, an
electronegative surface patch on the FMN subdomain
that surrounds the bound FMN cofactor is thought to
dock against a complementary electropositive patch on
the surface of the NOSoxy dimer near the heme (73, 75).
This complex would enable the FMN and heme to
achieve a 12—17 A edge-to-edge distance that is suffi-
ciently close for electron transfer (/3). But would such an
FMN—-NOSoxy complex, if formed, measurably increase
FMN shielding in our FMNCaMoxy protein? At this
point, we know too little about how the complex forma-
tion might affect the FMN fluorescence emission to know
whether complex formation in the FMNCaMoxy protein
would be detectable by our fluorescence measures. How-
ever, this is not likely the case for our other measurements
of flavin shielding when the FMNCaMoxy protein was
poised to contain the reduced forms of FMN (FMNsq or
FMNH,). For these cases, we used the existing informa-
tion as a guide to build models of the docking between the
FMN subdomain and NOSoxy and then calculated the
corresponding surface region on the FMN subdomain
that would be shielded from a direct interaction with
Dy(III)-HEDTA or water molecules. As shown in
Supporting Information Figure S§D—F, the docking
interfaces we modeled would shield at minimum a surface
area on the FMN subdomain of 400—900 A? (water-
excluded surface, 1.2 A probe radius) that surrounds the
FMN cofactor in a nonsymmetric manner. The docking
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interface would shield a larger surface area (2200—2500
A?) from Dy(III)~HEDTA, due to its larger radius (5 A
probe radius). In general, this modeled FMN—NOSoxy
interface is somewhat smaller and less protective of
the bound FMN than is the known interface formed
by the FMN—FNR subdomain complex in the crystal
structure of nNOSr (around 2500 A? (13) for the water-
excluded surface or 4100 A® when calculated with a 5 A
probe radius; FMN—NOSoxy and FMN—FNR surfaces
are compared in Supporting Information Figure S8).
On the basis of our analysis, we expect that if a stable
FMN—NOSoxy complex were present at equilibrium,
it might be somewhat more difficult, but not impossible,
to detect with Dy(II[)~HEDTA as a probe to measure
FMNsq shielding in the FMNCaMoxy protein. On
the other hand, our analysis suggests that a FMN—
NOSoxy complex would be ecasily detected by using
the cytochrome ¢ reaction as a probe to detect shielding
of bound FMNH, in FMNCaMoxy. Thus, the cyto-
chrome ¢ and EPR data we obtained for our FMNCa-
Moxy protein leads us to favor interpretation (i) above.
Namely, FMNsq or FMNH, shielding in the FMNCa-
Moxy protein, with or without bound CaM, remains
near the minimal boundary level because FMN—NOSoxy
complexes either form infrequently or are transient and do
not build up. This suggests that equilibrium B is poised far
to the left in nNOS and is little affected by CaM binding.

Our current results, when combined with previous
information, can update the model for FMN subdomain
function in nNOS. The model has FMN subdomain
interactions with its FNR and NOSoxy partners being
mutually exclusive and under their own regulation. Equi-
librium A, which defines the FNR—FMN subdomain
interaction, has a range of set points that include K.,A
values both below and above unity. K.qA appears to be
influenced by NADPH binding site occupancy (41, 46),
flavin redox state (15, 20), and CaM binding (12, 18, 48).
When the FMN subdomain is in an obligate electron-
donating redox state (in our case, FMNH; in 4-electron-
reduced nNOSTr), equilibrium A is an approximate 50:50
distribution between FMN-shielded (nonreactive) and
FMN-deshielded (reactive) conformers in the CaM-free
nNOSr. Subsequent CaM binding shifts equilibrium A
almost completely to the right so that nearly all of the
nNOSr molecules are in a reactive, FMN-deshielded
conformation. Equilibrium B, which defines the FMN—
NOSoxy interaction, appears to have a more narrow
range of K.4B values that are all below unity, such that
the FMN-deshielded conformer predominates. K.qB does
not appear to be significantly influenced by CaM binding
or possibly by the FMN redox state. Thus, equilibrium B
is set in nNOS such that FMN—NOSoxy complex for-
mation may be infrequent and/or transient in practically
all circumstances.

The model described for equilibria A and B can help to
explain the catalytic behaviors of nNOS. For example, it
is consistent with (i) cytochrome ¢ reduction being much
faster than is heme reduction in NOS (39, 76), (i) CaM
increasing the cytochrome ¢ reductase activity of nNOS,
(iii) cytochrome ¢ blocking NO synthesis by “stealing”
electrons from the NOSr domain (77), (iv) the poor
capacity of isolated nNOSr and nNOSoxy proteins to
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interact and catalyze heme reduction or NO synthesis
when they are mixed together (78), and (v) NOS enzymes
having slow rates of heme reduction compared to other
flavoheme proteins (76).

If one accepts that CaM binding does not cause sig-
nificant FMN—NOSoxy complex formation, how might
it trigger heme reduction in nNOS? Although our data
indicate that CaM binding to NOS deshields the fully
reduced FMN module almost completely, we know this
alone is insufficient. Perhaps without CaM bound to the
hinge linker (H2 in Figure 1), a deshielded FMN sub-
domain has too much freedom of motion and cannot
“find” the NOSoxy docking site, or perhaps it is physi-
cally blocked from forming a complex with NOSoxy that
is productive for electron transfer. Accordingly, bound
CaM might lower the degrees of freedom by restricting
the motions of the FMN subdomain and might also
eliminate a steric block to productive complex formation
with nNOSoxy, perhaps manifested through an effect on
inhibitory control elements present in nNOSr (18, 19).
Even so, when CaM binds, it appears to enable only a low
yield of productive FMN—NOSoxy complexes. This is
consistent with a dynamic conformational sampling mod-
el as described by Scrutton and colleagues for the electron
transfer flavoprotein (72), where rapid sampling of many
conformations yields a range of transient protein donor—
acceptor complexes, only a subset of which are competent
for electron transfer. Under this circumstance, the macro-
scopic rate of heme reduction that is observed in a
population of nNOS molecules is limited by the relatively
infrequent formation of competent FMN—NOSoxy
complexes. Related work suggests that productive
FMN-—NOSoxy complex formation in nNOS is influ-
enced by several structural factors including the composi-
tion and length of interdomain hinges (79) and charge
pairing at subdomain interfaces (38) and also by an
overriding selective pressure to keep NOS heme reduction
slow enough to allow the enzyme to release the NO that it
makes (76). This latter facet may explain why NOS
enzymes would have a low-frequency formation of pro-
ductive FMN—NOSoxy complexes, despite their bido-
main structure potentially enabling a much more efficient
and rapid rate of heme reduction as occurs in the related
bidomain enzyme cytochrome P450BM3 (80).

Relationship to Similar Work. Feng and colleagues have
used laser flash techniques to show that electron transfer
can occur between the FMNsq and ferrous heme groups in
various NOS FMNCaMoxy proteins (42, 81). Their data
suggest that a small percentage of the protein molecules are
in a conformation that allows the electron transfer, even in
the absence of CaM. This is consistent with our data
suggesting that equilibrium B is set far to the left in nNOS.
For the related dual-flavin enzyme CPR, recent FRET and
surface plasmon resonance studies have measured binding
of the oxidized reductase or its FMN subdomain to a
physiologic partner protein, heme oxygenase 1. The data
gave binding Ky values of 0.5—2.5 uM, depending on
NADP " binding site occupancy (82, 83). In addition, a
significant degree of FRET was observed at equilibrium,
implying a significant amount of stable protein complexes
can form in the system. For the related dual-flavin enzyme
methionine synthase reductase, flavin fluorescence and
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isothermal titration calorimetry were used to measure
binding of the oxidized reductase or its isolated FMN
subdomain to the activation domain of methionine syn-
thase (27). Besides reporting Ky values that ranged from
1.5 to 5 uM, the study provided evidence for stable protein
complex formation, as indicated by their observing a
significant decrease in FMN fluorescence at equilibrium
and a significant extent of chemical cross-linking across the
protein—protein interface. In general, we surmise that
these types of dual-flavin enzymes have maintained a
relatively stronger binding affinity between their FMN
subdomains and their exogenous protein partners (44, 78,
84, 85) because their equilibrium B involves a through-
solution bimolecular reaction instead of a unimolecular
reaction as occurs in the NOS enzymes. Clearly, there is
still more to be learned about what regulates the confor-
mational equilibrium of the FMN subdomain, its binding
interactions, and electron transfer within this diverse fa-
mily of enzymes. Our current study provides insight into
these issues for nNOS and may provide a useful strategy to
study the related dual-flavin enzymes.
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