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Nitric oxide (NO) is a physiological mediator synthesized by
NO synthases (NOS). Despite their structural similarity, endo-
thelial NOS (eNOS) has a 6-fold lower NO synthesis activity and
6 —16-fold lower cytochrome c reductase activity than neuronal
NOS (nNOS), implying significantly different electron transfer
capacities. We utilized purified reductase domain constructs of
either enzyme (bovine eNOSr and rat nNOSr) to investigate the
following three mechanisms that may control their electron
transfer: (i) the set point and control of a two-state conforma-
tional equilibrium of their FMN subdomains; (ii) the flavin mid-
point reduction potentials; and (iii) the kinetics of NOSr-
NADP™ interactions. Although eNOSr and nNOSr differed in
their NADP(H) interaction and flavin thermodynamics, the dif-
ferences were minor and unlikely to explain their distinct elec-
tron transfer activities. In contrast, calmodulin (CaM)-free
eNOSr favored the FMN-shielded (electron-accepting) confor-
mation over the FMN-deshielded (electron-donating) confor-
mation to a much greater extent than did CaM-free nNOSr
when the bound FMN cofactor was poised in each of its three
possible oxidation states. NADPH binding only stabilized the
FMN-shielded conformation of nNOSr, whereas CaM shifted
both enzymes toward the FMN-deshielded conformation. Anal-
ysis of cytochrome c reduction rates measured within the first
catalytic turnover revealed that the rate of conformational
change to the FMN-deshielded state differed between eNOSr
and nNOSr and was rate-limiting for either CaM-free enzyme.
We conclude that the set point and regulation of the FMN con-
formational equilibrium differ markedly in eNOSr and nNOSr
and can explain the lower electron transfer activity of eNOSr.
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Nitric oxide (NO)? is a mediator of many cell functions (1).
NO is synthesized from 1-Arg by the NO synthases (NOS; EC
1.14.13.39), a family of homodimeric enzymes that are com-
monly known as neuronal NOS (nNOS), endothelial (eNOS),
and inducible NOS in mammals (2). Each NOS monomer con-
sists of an N-terminal oxygenase domain (NOSoxy) that con-
tains binding sites for iron protoporphyrin IX (heme), (6R)-
5,6,7,8,-tetrahydro-L-biopterin (H,B), and L-Arg, a flavoprotein
subdomain that contains binding sites for FAD, FMN, and
NADPH, and an intervening calmodulin (CaM)-binding
sequence (3).

The NOSoxy domains and the NOS flavoprotein domains
with their attached CaM-binding sequences (NOSr) can be
expressed separately, and this has facilitated detailed studies of
their structure and functions (3-5). Although the NOSoxy
structure is unique, NOSr shares structural and catalytic fea-
tures with a family of NADPH-utilizing dual-flavin enzymes,
including cytochrome P450 reductase (CPR), methionine syn-
thase reductase, sulfite reductase flavoprotein, and novel
reductase-1 (6 —8). The dual-flavin enzymes all consist of a sub-
domain that binds NADPH and FAD (FNR subdomain) and a
subdomain that binds FMN (FMN subdomain). Their bound
FAD receives electrons from NADPH via hydride transfer and
then passes electrons to the bound FMN, from which electrons
exit the reductase. All the dual-flavin enzymes exhibit cyto-
chrome ¢ and ferricyanide reductase activities (6—11). How-
ever, NOSr display unique properties in relation to CaM bind-
ing. CaM triggers NO synthesis by enabling the FMN
subdomain to transfer electrons to the heme in NOSoxy (9, 12),
and CaM also increases the reductase activities of NOSr, which
indicates that it directly affects NOSr function (3, 13).

Despite their structural similarity, the three NOS isoforms
each have a unique catalytic profile (14). The differences are
greatest for eNOS and nNOS; eNOS has a 6-fold lower NO
synthesis activity and a 6 —16-fold lower cytochrome ¢ reduc-

2The abbreviations used are: NO, nitric oxide; NOS, nitric-oxide synthase;
NOSr, NOS reductase domain; eNOSr, endothelial NOSr; nNOSr, neuronal
NOSr; NOSoxy, NOS oxygenase domain; CaM, calmodulin; Dy"-
HEDTA, dysprosium-hydroxyethylethylenediaminetriacetic acid complex;
S-NADP™, thio-NADP™; FNR, ferredoxin NADP™ reductase; FMNH,, FMN
hydroquinone; FMNsq, FMN semiquinone; EPPS, 4-(2-hydroxyethyl)-1-
piperazinepropanesulfonic acid; CPR, cytochrome P450 reductase.
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FIGURE 1. Conformational equilibrium of the nNOSr FMN subdomain. The
diagram illustrates a two-state conformational equilibrium that may control
the electron transfer reactions of the FMN subdomain (triangle). A connecting
hinge links the FMN subdomain to the FNR subdomain (upper left). The FMN
subdomain is expected to move back and forth to contact the FNR subdo-
main (Shielded) and an electron acceptor like cytochrome c (cyto ¢) or NOSoxy
(Deshielded). The C-terminal tail (CT) is known to regulate the equilibrium by
stabilizing the FMN-shielded conformation. This figure has been adapted
from Ref. 27.

tase activity than nNOS (15, 16). The basis for these differences
is unclear, but it appears to involve slower electron transfer by
eNOSr. Previous studies have investigated structural elements
that appear to regulate NOS activity. These include an autoin-
hibitory element in the FMN binding subdomain (a 40-50-
amino acid loop) (17-19), a connecting hinge domain between
the FMN and FAD binding subdomains (23—-25-amino acid res-
idues) (15, 20), and the C-terminal tail (21-42-amino acid
extension) (16, 21, 22). It has also been shown that an FAD
stacking residue (Phe-1160 in bovine eNOS and Phe-1395 in rat
nNOS) and site-specific phosphorylation (Ser-1179 in bovine
eNOS and Ser-1412 in rat nNOS) are involved in the catalytic
regulation of NOS enzymes (21, 23-25).

Studies with nNOSr suggest that it exists in a two-state con-
formational equilibrium that may determine the movement
and electron transfer functions of its FMN subdomain (4, 22,
24, 26 —-30). In this model the nNOSr structure shifts between
an “FMN-shielded” conformation that has the FMN subdo-
main interacting with the FNR subdomain to receive electrons,
and an “FMN-deshielded” conformation that has the FMN sub-
domain moved away from the FNR subdomain and exposing
the FMN surface so it may transfer electrons to protein accep-
tors like the NOSoxy domain or cytochrome ¢ (Fig. 1).

The conformational equilibrium of nNOSr is known to be
regulated by CaM and NADPH binding (27, 28, 31), through a
mechanism involving the nNOSr C-terminal tail regulatory ele-
ment (16, 22), which holds the FMN subdomain against the
FNR subdomain in the nNOSr crystal structure (4). One resi-
due located just upstream in sequence from the C-terminal tail
(Phe-1395 in nNOS) is also critical for regulation of the nNOSr
conformational equilibrium. The presence of this Phe is
required to shift the nNOSr conformational equilibrium
toward its FMN-shielded form in the absence of bound CaM
(24). Phe-1395 is also required to facilitate NADP* dissociation
so that this step does not become rate-limiting during catalysis
by the CaM-bound form of nNOSr.

CaM binding destabilizes the FMN-shielded state of nNOSr,
and this has been proposed to be a primary mechanism by
which CaM may increase the cytochrome ¢ reductase activity of
nNOSr (28, 32). However, CaM binding is also proposed to
speed intermolecular electron transfer between the bound FAD
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and FMN cofactors (33), and recently it was reported to perturb
the midpoint reduction potentials of the FAD and FMN cofac-
tors in nNOSr (32). Conceivably, all these effects could help
determine the catalytic activity of NOSr. In addition, although
the properties and electron transfer reactions of nNOSr have
been studied in depth (11, 28, 31-37), the amount of data avail-
able for eNOSr is much less (20, 38, 39).

To address this issue we characterized an Escherichia coli-
expressed bovine eNOSr, focusing on three mechanisms that
could possibly cause its low activity. These mechanisms are a
slow NADP™ release, altered flavin midpoint potentials relative
to nNOSr, and a different native FMN-shielded:FMN-
deshielded ratio (or equilibrium “set point”) plus differential
effects of CaM and NADPH binding on the eNOSr set point
relative to nNOSr (i.e. regulation of the conformational equilib-
rium). We ran identical experiments with nNOSr to enable a
direct comparison. Our results show there are significant dif-
ferences in the set point and regulation of the conformational
equilibrium of eNOSr and nNOSr that can explain their indi-
vidual catalytic activities.

EXPERIMENTAL PROCEDURES

General Methods and Materials—All reagents and materials
were obtained from Sigma, Amersham Biosciences, or other
sources as reported previously (24). Absorption spectra and
steady-state kinetic data were obtained using a Shimadzu
UV-2401PC or Cary 50 Biospectrometer. Single wavelength
stopped-flow kinetic experiments were performed using a Hi-
Tech Scientific (Salisbury, UK) SF-61 instrument equipped
with anaerobic setup and photomultiplier detection. Full-spec-
tra stopped-flow experiments were performed using a Hi-Tech
Scientific KinetAsyst SF-61DX2 stopped-flow system equipped
with anaerobic setup and rapid-scanning photodiode array
detector. Data from multiple identical stopped-flow experi-
ments were averaged to improve the signal-to-noise ratio. The
spectral traces were fit according to single or multiple exponen-
tial equations using software provided by the instrument man-
ufacturer. The best fit was determined when adding further
exponentials did not improve the fit as judged from the residu-
als. All plots and some additional curve-fitting were done using
Origin® 7.5 (OriginLab, Northampton, MA). All experiments
were repeated two or more times with at least two independ-
ently prepared batches of proteins to ensure consistent repro-
ducibility of the results. Data were analyzed and are expressed
as mean * S.D. For all experiments and protein purifications,
the buffer used contained 40 mm EPPS (pH 7.6), 10% glycerol,
and 150 mm NaCl (buffer A), unless noted otherwise. Anaerobic
samples were prepared in an air-tight cuvette using repeated
cycles of vacuum followed by a positive pressure of catalyst-
deoxygenated nitrogen gas. All NOSr proteins samples were
fully oxidized by adding potassium ferricyanide, and the excess
potassium ferricyanide was removed by passing through a
Sephadex G-25 column (PD-10, GE Healthcare).

Molecular Biology, Protein Expression, Purification, and
Analysis—A recombinant bovine eNOSr construct that con-
tains an intact CaM -binding site (amino acids 445-1204) was
created using a PCR-based approach. The PCR primers were
used to amplify a fragment from eNOS that introduced an Ndel
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and a start codon at the 5’ end (5'-TTTT CAT ATG GTC AAC
TACATCCTGTCCCCT-3'; reverse 5'-AAT GCCGCCTTT
GCC CAA CCA C-3'). The PCR product was gel-purified and
digested with Ndel and Sacl. The resulting 673-bp fragment
was cloned into the pCWori vector that had been similarly
digested with Ndel and Sacl. After confirming the DNA
sequence, the vector was transformed into E. coli Rosetta cells
and selected using ampicillin and chloramphenicol. The rat
nNOSr construct (695-1429) was prepared as described previ-
ously with modifications (35). The nNOSr proteins were over-
expressed in E. coli BL21(DE3) cells transformed witha pACYC
plasmid containing human CaM and selected with chloram-
phenicol to co-express CaM with the protein. The eNOSr and
nNOSr proteins were purified using 2',5'-ADP-Sepharose
affinity chromatography followed by CaM-Sepharose affinity
chromatography as described previously (24). The purified pro-
teins were concentrated, buffer-exchanged (buffer A), and
stored at —80 °C. The purity of protein was verified by SDS-
PAGE and UV-visible spectroscopy. The concentration of
NOSr proteins was estimated using an extinction coefficient of
22,900 M~ ' cm ™! at 457 nm for the fully oxidized form. To
quantify protein-bound flavins, a known amount of NOSr was
boiled in a sealed vial shielded from light to release the flavins
followed by centrifugation to remove the denatured protein.
The concentration of free flavins in the supernatant was deter-
mined by absorbance spectroscopy (A, = 447 nm; €,4 1, =
122mMm tem™h).

Steady-state Cytochrome c¢ Reduction Assays—The cyto-
chrome c reductase activity was determined at 10 and 25 °C by
monitoring the absorbance increase at 550 nm and using an
extinction coefficient €55, = 21 mm ™ 'cm ™! as described previ-
ously (40).

Interaction between the NOSr Proteins and NADP* or
thio-NADP* —UV-visible spectral changes resulting from the
association of NADP™" or thio-NADP™" (S-NADP™") with the
eNOSr and nNOSr proteins were determined by calculating a
difference spectrum between the protein (40 wm) before and
after treatment with a 3-fold molar excess of NADP™" or
S-NADP™ (120 um). For these experiments, the eNOSr and
nNOSr proteins were incubated with 1 mm of 2'-AMP and then
passed through a PD-10 desalting column prior to use to
remove any NADP™ that remained bound to the proteins (22,
24). The observed rate constant (k) values for the dissociation
of either NADP* or S-NADP™ from the eNOSr and nNOSr
proteins were determined in the stopped-flow instrument at
10°C. A solution containing eNOSr or nNOSr (40 um) and
NADP™ or S-NADP™ (120 um) was rapidly mixed with a solu-
tion of 2',5'-ADP (4 mm). The absorbance changes were mon-
itored at 300 —700 nm spectral range. The kinetic traces were fit
to a single-exponential decay function to yield the observed
NADP™ or S-NADP™ dissociation rate (k).

Redox Potentiometry—Sample preparation and redox titra-
tions were carried out in a glove box (Bell Technology) under
nitrogen atmosphere with oxygen levels below 5 ppm as
described previously (41). The NOSr protein concentration was
30-40 uM containing either EDTA (1 mm) or CaCl, (2 mm) +
CaM (60-80 um) in buffer A. Absorption spectra were
recorded in Cary 50 using a dip probe detector, and the poten-

max
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tials were monitored using Accumet AB15 coupled to a silver/
silver chloride electrode saturated with 4 M KCl. Measurements
were done in a custom-made glass beaker kept in a water bath at
15 = 1°C. A reductive titration was performed by stepwise
addition of sodium dithionite, whereas an oxidative titration
was done by adding potassium ferricyanide. The redox media-
tors with midpoint potentials in the range of flavin potentials
used were 0.5-1 um of phenazine methasulfate (+80 mV),
indigo carmine (—125 mV), 2-hydroxy-1,4-naphthoquinone
(—152 mV), anthraquinone-2,6-disulfide (—184 mV), anthra-
quinone-2-sulfonate (—225 mV), phenosafranin (—252 mV),
safranin O (—280 mV), benzyl viologen (—348 mV), and methyl
viologen (—443 mV). The electrode was calibrated against phe-
nosafranin (—252 mV) and the potential of a 5 mMm solution of
ferricyanide/ferrocyanide in 0.1 M potassium phosphate (pH 7.0),
at 25°C (+425 mV). A correction factor of (+199 mV) was
obtained, which is in good agreement with the reported potential
of the electrode. Based on the temperature dependence of the elec-
trode potential, a correction factor of (+209 mV) at 15 °C was
used. The absorption changes at 457 and at 600 nm were plotted
with electrochemical potentials (mV). The midpoint potentials
were calculated using the four-electron Nernst Equation 1,

a10(2E*E'1*E’z)/57 + b10(E*E'2)/57 +c
+ d1o(E'3*E)/57 + e10(E'3+E'4*2E)/57

1 + 10@E €1 - Ea/57 { 1o E2/57 (Eg. 1)
< + 10(5’3—5)/57 + 10(E'3+E’4—2E)/57>

where A is the absorbance; a—e are the relative absorbance val-
ues contributed by the diflavin in each of five nondegenerate
oxidation states; E is the observed system potential, and E'; —
E', are the four midpoint potentials, two for each flavin.

Fluorescence Spectroscopy—Flavin fluorescence was meas-
ured at room temperature using a Hitachi model F-2000 spec-
trofluorometer. Different concentrations from 1-5 um of the
oxidized eNOSr and nNOSr proteins were dissolved in buffer
A. The samples were placed in a 1-ml quartz cuvette with a path
length of 1 cm. Both proteins were excited at 457 nm wave-
length, and the fluorescence spectra were recorded from 480 to
650 nm. The isolated FNR subdomain was prepared as
described previously (41). The fluorescence intensities of the
FNR subdomain in buffer A were also measured under similar
conditions. A correction factor was generated from a linear
regression fit of the FNR subdomain fluorescence intensities
versus its concentration to obtain only the FMN subdomain
fluorescence intensity in the eNOSr and nNOSr samples. This
correction factor was subtracted from the total flavin fluores-
cence intensity of each protein. The maximum fluorescence at
525 nm of eNOSr and nNOSr proteins was plotted versus pro-
tein concentration. Linear regression analysis of the data gave
the slope of the line for each sample.

EPR Spectroscopy—EPR sample preparation and power satu-
ration experiments were carried out essentially as described
previously (24). Briefly, solutions (40 um) of eNOSr and nNOSr
were prepared in 20 mm HEPES buffer (pH 7.4) containing 25%
glycerol (v/v). The proteins were initially treated with a slight
molar excess of NADPH and allowed to air-oxidize to generate
the flavin semiquinone radical species before being frozen in
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EPR tubes. For CaM-bound samples, CaM (80 um) and CaCl, (2
mwm) were added. Each sample contained either 0, 3.3, 6.7, 10, or
13 mm dysprosium(III)-HEDTA complex (Dy""-HEDTA). 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. All spectra were
obtained at a temperature of 150 K and a microwave frequency
of 9.45 GHz. Each run was done with modulation amplitude of
4.01 G at 100-kHz modulation frequency, a center field of 3375
G, and a sweep width of 400 G. Five scans were accumulated
and averaged for each spectrum. A total of 17 power settings,
ranging from 0.020 to 200.0 milliwatts, were used for the satu-
ration experiments. The resulting microwave power saturation
data were fit to the following Equation (2) as described previ-
ously (24),

S =KPV%/(1 + P/P,,,)"? (Eq.2)
where S is the signal height; K'is a proportionality factor; Pis the
microwave power; Py, is the power required for half-saturation,
and b is the inhomogeneity parameter, which was set at 1 in this
case. The values of Py, obtained in the absence of Dy"-HEDTA
were subtracted from all other corresponding Py, values to yield
the parameter APy, for each sample. The APy, values were
plotted versus the corresponding concentrations of Dy™"-
HEDTA to reveal a linear relationship. Linear regression analysis
of these data gave the slopes of the lines, m (milliwatts/mm).

Anaerobic Pre-steady-state Cytochrome c¢ Reduction—A
solution of eNOSr or nNOSr protein (15-18 um), glycine (3
mM), 5-deazariboflavin (~1 uMm), and either EDTA (1 mm) or
CaCl, (2mm) + CaM (30 um) was completely photo-reduced in
an anaerobic cuvette using a commercial slide projector bulb
until no changes in the UV-visible spectrum of the sample were
observed upon further irradiation of the sample. The fully
reduced protein sample was rapidly mixed in the stopped-flow
instrument with a solution of cytochrome ¢ (3 um) at 10 °C. The
absorbance change at 550 nm was recorded. In some cases, 1
mM of NADPH was added to the fully reduced protein sample,
and the mixture was incubated at 10 °C for 15 min prior to
mixing. The eNOSr to cytochrome c ratio was varied to 4, 8, and
12 to determine the effect on the kinetic rates. The concentra-
tion of fully reduced eNOSr was changed in the absence of
NADPH and CaM and mixed in the stopped-flow with a fixed
concentration of cytochrome ¢ (2.5 uMm). The reaction was mon-
itored using the absorbance change at 550 nm.

Reaction of Fully Reduced NOSr Proteins with Excess Cyto-
chrome c—The rate of reduction of excess cytochrome c by fully
reduced eNOSr or nNOSr protein was measured in the
stopped-flow instrument under anaerobic conditions at 10 °C.
The eNOSr (20 um) or nNOSr (5 uM) protein in buffer A con-
taining 5-deazariboflavin and either EDTA (1 mm) or CaCl, (2
mM) + CaM (three times the protein concentration) was pho-
to-reduced in an anaerobic cuvette. A solution of fully reduced
NOS protein and NADPH (200 um) was mixed with cyto-
chrome ¢ (100 wm) while monitoring the absorbance changes at
550 nm. Initially, a solution of cytochrome ¢ and NADPH was
mixed with anaerobic buffer to obtain the initial absorbance
reading at time 0. The steady-state trace was fit to linear regres-

19606 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 1
Steady-state cytochrome c reductase activities of NOSr proteins

The cytochrome c reductase activities were determined at 25 and 10 °C as described
under “Experimental Procedures.” The values are the mean = S.D. from triplicate
experiments representative of two independent protein preparations and are
expressed as mole of product formed per mol of protein per min.

Protein —CaM at25°C +CaM at25°C -CaMat10°C +CaM at 10 °C

min~! min~!

eNOSr 64 +3 264 * 11 26+ 4 67 9

nNOSr 430 £ 81 4272 = 191 227 =18 1179 =70

sion, and the slope was used to determine the cytochrome c
reductase activity.

Reaction of 1-Electron Reduced NOSr Proteins with Excess
Cytochrome c—1-Electron reduced eNOSr (20 um) or nNOSr
(5 uMm) was obtained by adding a slight molar excess of NADPH
in a cuvette and then allowed to air-oxidize until the FMN
semiquinone (FMNsq) was stable for 1 h. The 1-electron
reduced protein was rapidly mixed with a solution of cyto-
chrome ¢ (100 M) and NADPH (200 M) in the stopped-flow at
10 °C. The absorbance changes were monitored at 550 nm, and
the linear fit of the kinetic trace was measured. The slope of the
linear fit was used to calculate the cytochrome ¢ reductase
activity. The delay time was determined from the residual and
defined as the time point where there is at least 5-10% deviation
from the linear fit.

RESULTS

Purification and Properties of eNOSr and nNOSr—The
bovine eNOSr and rat nNOSr proteins were purified by tandem
affinity chromatography on 2',5'-ADP-Sepharose and CaM-
agarose resins as described previously (24). Prior to use, we
verified that both proteins contained an ~2:1 stoichiometric
flavin-to-protein ratio and a 1:1 FAD-to-FMN ratio (data not
shown).

Steady-state Cytochrome c¢ Reductase Activities—The
NADPH-dependent cytochrome c reductase activity is used to
measure electron flux through NOSr proteins and the ability of
CaM to increase this rate. Table 1 shows that the steady-state
cytochrome c reductase activity of eNOSr (either at 25 or 10 °C)
was ~6—8-fold lower than the activity of nNOSr in the CaM-
free state and was ~15-16-fold lower than the activity of
nNOSr in the CaM-bound state. This confirms that eNOSr has
a much lower electron transfer activity than nNOSr at both
temperatures and in the presence or absence of CaM.

Interaction of NADP™ with eNOSr and nNOSr—One possi-
ble mechanism for low eNOS activity might involve an altered
interaction with NADP(H). For example, a slower and rate-
limiting dissociation of product NADP™ can explain the lower
reductase activities of certain nNOSr and CPR mutants (22, 24,
42—-45). We first characterized the eNOSr interaction with
NADP(H) using visible spectroscopy. When NADPH binds to
enzymes like CPR and nNOSr, a stacking interaction must
occur between the nicotinamide ring and the FAD isoalloxazine
ring in order for hydride transfer to be possible (22, 24, 41, 46,
47). This stacking phenomenon can be observed by UV-visible
spectroscopy, because the NADP ™ -free versus NADP " -bound
difference spectrum typically shows an absorbance increase
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FIGURE 2. Binding interaction of NADP™ and S-NADP* with NOSr proteins. A and B, given difference
spectra were calculated by subtracting the spectrum of each fully oxidized protein from the spectra of the
NADP™ or S-NADP*-saturated protein. C and D, kinetics of dissociation of NADP* or S-NADP™ from NOSr
proteins. The NADP *- or S-NADP *-saturated NOSr proteins were rapidly mixed with an excess of 2/,5’-ADP in
the stopped-flow instrument at 10 °C. Data are representative of at least two experiments.

centered near 510 nm (22, 24, 47-50). The magnitude of the
absorbance increase correlates with the extent of nicotinamide-
FAD ring stacking and thus reflects the percentage of the
NADP*-bound enzyme that is in a “competent” conformation
for electron transfer at equilibrium (48). We thus examined
NADP" binding in eNOSr by recording its difference spectrum
(NADP " -saturated minus NADP*-free), and compared it with
data obtained for nNOSr under identical conditions (Fig. 2A4).
For nNOSr, there were two positive difference peaks at 508 and
406 nm, consistent with previous findings (22, 24). The difference
spectrum of eNOSr also had two positive peaks, but their wave-
lengths were shifted (500 and 375 nm), and the peak magnitudes
were about half as large as those for nNOSr. Similar differences
were observed between eNOSr and nNOSr when we used the
structural analog thio-NADP™" (S-NADP™")? in place of NADP™"
(Fig. 2B). For example, with S-NADP™ the major difference peak
was at 508 nm for eNOSr and at 512 nm for nNOSr. These results
indicate subtle but measurable differences between eNOSr and
nNOSr regarding their NADP™* interaction and a lesser degree of
nicotinamide-FAD stacking in eNOSr.

The spectral changes we observed upon NADP™ binding to
eNOSr were used to estimate the dissociation rate of NADP™,
Our previous work showed that rapid mixing of an NADP*-
bound nNOSr with an excess of 2',5'-ADP resulted in a time-
dependent absorbance decrease near 500 nm that estimates the
dissociation rate (k.g) for NADP™ (24). We utilized the same

times faster than for eNOSr. This
suggests that eNOSr may have
greater binding affinity toward
NADP* than nNOSr, assuming
they have similar association rates
for binding. However, the NADP™
k. values for eNOSr are still
40-100 times faster than its catalytic turnover rates for cyto-
chrome c reductase activity measured at 10 °C (Table 1). Thus,
the NADP™ k. does not likely limit the activity of eNOSr.
Thermodynamics of Flavin Reduction—TIt is possible that the
low electron transfer activity of eNOSr relative to nNOSr could
involve thermodynamic differences among flavin equilibrium
midpoint potentials that diminish the driving force for FMNH,
formation in eNOSr. To test this, we carried out potentiometric
titrations of the eNOSr flavins in the presence and absence of
bound CaM. We performed an initial reductive titration using
sodium dithionite followed by an oxidative titration of the same
sample using ferricyanide. Representative spectra for CaM-
bound eNOSr collected during a redox titration are shown in
Fig. 3A. We obtained similar spectra when titrating the CaM-
free eNOSr (data not shown). In the reductive direction there
was a first phase that involved an absorbance decrease around
457 nm (general flavin reduction) and a broad absorbance
increase around 600 nm (flavin semiquinone formation), with
an isosbestic point near 510 nm as the first electron equivalent
was added. A second phase then took place that was character-
ized by a decrease in absorbance at all wavelengths from 400 to
700 nm until the enzyme reached the fully reduced (4 e™) state.
The absorbance changes at 457 and 600 nm were plotted versus
the measured equilibrium potential (mV) obtained in both the
reductive and oxidative®* directions for each set of conditions

3 thio-NADP™" (S-NADP ™) is a structural analog of NADP™ that contains a car-
bothioamide substituent at the 3-position of the pyridine ring. This single
atom substitution relative to NADP™ can result in altered binding charac-
teristics in nucleotide-binding proteins (51, 52, 66), and it may also cause
larger absorbance shifts near 510 nm (50, 67).
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*We encountered some difficulty with excessive equilibration/stabilization
times for the FMN ox/sq couple during oxidative titrations of eNOSr.
Because of this, the oxidative titrations were not complete, but the poten-
tial versus absorbance values that we did obtain in the oxidative titrations
correlated well with those we collected in the reductive titration.
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FIGURE 3. Potentiometric titration of eNOSr flavins in the presence and
absence of CaM at 15 °C. A, representative set of visible spectra obtained
during potentiometric titration of CaM-bound eNOSr with sodium dithionite.
B and G, plots of absorbance at 457 nm (solid circles) and at 600 nm (solid
triangles) versus the electrochemical potential (mV) for CaM-free and CaM-
bound eNOSr along with the lines of best fit as calculated using the four-
electron Nernst equation described under “Experimental Procedures.” Data
obtained at 457 nm (open circles) and at 600 nm (open triangles) from oxida-
tive titrations of reduced protein samples using potassium ferricyanide are
also plotted. Data are representative of at least two experiments.

(CaM-bound or free), and the two sets of data obtained at both
wavelengths were fit simultaneously to the four-electron
Nernst equation (Fig. 3, B and C) as described under “Experi-
mental Procedures.” The fits gave the equilibrium midpoint
potentials (E,,) of each flavin redox couple (oxidized/semiqui-
none (ox/sq); semiquinone/hydroquinone (sq/hq) as listed in
Table 2.

eNOSr exhibited one high potential couple (FMN ox/sq) and
three low potential couples, as also observed in nNOSr (32, 34,
53) and related flavoproteins (6, 7, 54—56). For reference, we
also carried out a potentiometric titration of our CaM-free
nNOSr, and the flavin midpoint potentials we obtained (Table
2) are in good agreement with previously published data (34).
Our measured flavin midpoint potentials for eNOSr and
nNOSr were generally similar and were generally unaffected by
CaM, with the single exception of the FAD ox/sq couple in
eNOSr, which appeared to be 40 mV more positive in CaM-free
relative to the CaM-bound form. This single difference among
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TABLE 2

Equilibrium midpoint potentials (E,,,) versus standard hydrogen
electrode of NOSr proteins

Midpoint potentials of each flavin (ox/sq and sq/hq) were determined for the NOSr

proteins by potentiometric titration at 15 = 1 °C as described under “Experimental
Procedures.”

FMN FAD
Sample Condition
ox/sq sq/hq ox/sq sq/hq
eNOSr -CaM -25*2 -270*10 -226*18 -275*7
+CaM —-43*2 -267%5 -264 16 -283* 30
nNOSr —CaM -49*2 -273*6 -269 =23 -286*13

the otherwise similar midpoint potentials is relatively minor,
and may not significantly affect the driving force for electron
transfer from eNOSr to cytochrome c.

NOSr Conformational Equilibrium—The catalytic activity of
nNOSr is thought to involve a conformational equilibrium that
controls the movement and electron transfer functions of its
FMN subdomain (Fig. 1) (4, 22, 26 —30). We hypothesized that
eNOSr and nNOSr might differ regarding their conformational
equilibrium in ways that might help explain their different cat-
alytic activities. We therefore studied and compared FMN
shielding in eNOSr and nNOSr in their fully oxidized, 1-elec-
tron reduced, and 4-electron reduced states.

Oxidized eNOSr and nNOSr—FMN shielding in oxidized
nNOSr (i.e. an nNOSr that contains both flavins in the fully
oxidized state) can be investigated by fluorescence spectros-
copy (32, 35, 40). In general, the intensity of flavin fluorescence
is expected to be inversely proportional to the degree of FMN
shielding. Thus, we measured flavin fluorescence of oxidized
eNOSr and nNOSr to compare their FMN shielding. Increasing
concentrations® of our CaM-free NOSr samples were excited at
457 nm, and the intensity of their fluorescence emission was
monitored at 525 nm. To determine the fluorescence emission
that was solely because of the bound FMN cofactor, we sub-
tracted fluorescence emission values obtained for correspond-
ing concentrations of the nNOS FNR subdomain in replica
experiments (see “Experimental Procedures”). These values
were assumed to give the amount of fluorescence emission that
is due only to the bound FAD in nNOSr or eNOSr, and typically
accounted for a minor portion (6-15%) of the total fluores-
cence. The resulting corrected FMN fluorescence emission val-
ues for eNOSr and nNOSr are plotted versus protein concen-
tration in Fig. 44, along with the calculated lines of best fit. The
slopes of the two lines are plotted as bar graphs in Fig. 4B.
Similar data were obtained with the CaM-bound NOSr
enzymes (data not shown). The data show that eNOSr has
greater FMN shielding than does nNOSr in the fully oxidized
state.

1-Electron Reduced eNOSr and nNOSr—1-Electron reduced
NOSr proteins contain an air-stable FMNsq radical (31, 33, 37).
The average amount of shielding of the FMNsq radical, and
therefore its average solvent accessibility as well, can be meas-

% Each NOSr protein sample used for fluorescence measurement was subse-
quently denatured by boiling (3-5 min) in a sealed tube, and the insoluble
protein was removed by centrifugation. The fluorescence of the released
flavins in each supernatant was determined to calculate an exact flavin
concentration in each sample and to normalize the eNOSr and nNOSr sam-
ple concentrations.
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FIGURE 4. Fluorescence intensities of the FMN subdomain of the NOSr
proteins. A, fluorescence intensity of fully oxidized eNOSr and nNOSr pro-
teins were determined at the indicated concentrations by excitation at 457
nm and monitoring the fluorescence emission at 525 nm. A correction factor
for the fluorescence intensity of the FNR subdomain of NOSr was subtracted
from the total flavin fluorescence intensity to obtain the indicated values.
B, fluorescence intensity versus concentration slope values for the eNOSr and
nNOSr proteins obtained by linear regression analysis of data in A. Data are
representative of at least two experiments.

ured by determining the effect of the soluble spin-relaxing
agent Dy'""-HEDTA on the microwave power saturation char-
acteristics of the FMNsq radical (57). Previously, we used this
method to demonstrate that the amount of shielding of the
nNOSr FMN cofactor is directly correlated to its rate of elec-
tron transfer to external acceptors such as cytochrome c (24).
This method also allowed us to characterize the role of Phe-
1395 in FMN shielding in nNOSr. In this study, we used this
EPR method to determine the amount of FMN shielding in
CaM-free and CaM-bound eNOSr for comparison with
nNOSr. The CaM-bound and CaM-free eNOSr and nNOSr
proteins were first treated with a slight molar excess of NADPH
and then allowed to air-oxidize for several minutes until they
reached the 1-electron reduced state. Varying amounts of Dy™'-
HEDTA were added to the samples, and they were immediately
frozen and kept in liquid nitrogen for EPR measurements.

The power saturation of the FMNsq radical in eNOSr and
nNOSr was affected by Dy'""-HEDTA in a concentration-de-
pendent manner. Fitting of the power saturation curves
obtained for each sample yielded Py, values (data not shown),
which were converted to APy, values as described under “Exper-
imental Procedures.” The APy, values for eNOSr are plotted
versus Dy"-HEDTA concentration in Fig. 54. We performed
an identical analysis of nNOSr (Fig. 5B) utilizing the same con-
ditions and EPR instrumentation. Linear regression analysis of
the data gave the slope of the lines, m (milliwatts/mm), which is
givenin Fig. 5. A larger slope indicates an FMNsq radical that is
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FIGURE 5. Comparative shielding of the FMNsq radical in eNOSr and
nNOSr as measured by EPR spectroscopy. EPR power saturation measure-
ments were recorded at 150 K for either NOSr protein in the presence of the
indicated concentrations of Dy"-HEDTA, and the AP; , values were calculated
as described under “Experimental Procedures.” Values of AP:/, for eNOSr (A)
and nNOSr (B) are plotted versus [Dy"'-HEDTA] in the presence (filled circles) or
absence (open circles) of bound CaM. The lines of best fit were calculated by
linear regression, and the slope of the lines, m (milliwatts/mm), was deter-
mined. Data are representative of at least two experiments.

15

more solvent-accessible and is on average therefore more
deshielded. In the absence of CaM, the m value for eNOSr was
less than that for nNOSr. Binding CaM caused their m values to
increase, although the m value for eNOSr remained less than
that for nNOSr. The data show that the FMNsq in 1-electron
reduced eNOSr is more shielded than in nNOSr in both the
CaM-free and CaM-bound states.

Fully Reduced eNOSr and nNOSr—The degree of FMN
shielding in a fully reduced NOSr (i.e. the 4-electron reduced
state that contains both FADH, and FMNH,) can be deter-
mined by an established stopped-flow spectroscopic method
(24, 27, 28) that measures the rate of electron transfer to cyto-
chrome ¢ by an excess of the reduced NOSr protein. We first
confirmed that photoreduction of eNOSr would generate the
fully reduced form that contains FMNH,, (supplemental Fig. 1).
We then determined FMN shielding in photo-reduced eNOSr
under three different conditions, —CaM/—NADPH, —CaM/
+NADPH, and +CaM/+NADPH; and ran replica experi-
ments using photo-reduced nNOSr for a direct comparison. In
all cases, the reactions contained a 5-fold molar excess of NOSr
over cytochrome c. We determined the rate of cytochrome ¢
reduction by monitoring the absorbance increase at 550 nm
and fitting the kinetic trace to exponential functions.

The kinetic traces obtained for nNOSr under each of the
three reaction conditions fit well to a single exponential equa-
tion as reported previously (22, 24, 27, 41). In contrast, the
kinetic traces obtained for eNOSr fit best to a double-exponen-
tial equation under two of the three experimental conditions,
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TABLE 3

Effect of CaM and NADPH on FMN shielding in fully reduced NOSr
proteins

An excess of each pre-reduced NOSr protein in the presence or absence of NADPH
and CaM was mixed with cytochrome ¢ in a stopped-flow instrument under anaer-
obic conditions at 10 °C. The molar ratio of NOSr enzyme to cytochrome ¢ was 5:1.
The observed rates of absorbance increase at 550 nm are reported as the mean =+
S.D. of 5— 6 single mixing experiments and are representative of at least two different
enzyme preparations. The values in parentheses are the relative percentage of
absorbance change with respect to the full reduction of 1.5 uM cytochrome c used in
the reaction. ND is not detected.

Observed rate

Enzyme
—CaM/-NADPH -CaM/+NADPH +CaM/+NADPH
S*I
eNOSr
ky 52.9 = 1.8 (54%) 60.9 = 3.4 (81%) 72.5 = 3.9 (100%)“
k, 7.1 0.2 (46%) 16.3 = 1.2 (19%) ND
nNOSr 23 +1.2 58 £0.5 41*05

“ For eNOSr, the total absorption change measured after 0.5 s corresponded to 85%
of the expected calculated absorbance change at 550 nm for cytochrome c.

such that those reactions included a fast phase k; and a slow
phase k,. The rate constants and the percentage of absorbance
change occurring in each phase over 0.5 s of reaction are
reported in Table 3. Among the different reaction conditions
for eNOSr, the slow phase contributed most in the —CaM/
—NADPH condition, to a lesser extent in the —CaM/
+NADPH condition, and to an undetectable extent in the
+CaM/+NADPH condition. CaM binding increased the reac-
tion rates k; and k, for eNOSr and the single rate k; in nNOSr.
Remarkably, NADPH binding to CaM-free eNOSr did not
diminish its reaction rates. This differs from the 4-fold rate
decrease that is typically observed when NADPH binds to the
fully reduced, CaM-free nNOSr in Table 3 and in Refs. 22, 24,
27, 41. The inability of NADPH to lower the eNOSr reaction
rate was not because of eNOS containing residual bound
NADP(H), because we pre-treated eNOSr with 2'-AMP to
remove any residual NADP(H) (see “Experimental Proce-
dures”), and our eNOSr exhibited spectral changes upon
NADP™* addition that indicate it binds (see Fig. 2A). Together,
our data suggest fully reduced eNOSr has greater FMN shield-
ing than nNOSr and differs in its regulation by NADPH.
Effect of Varying the eNOSr to Cytochrome c Ratio—The reac-
tions described above contained fully reduced NOSr proteins in
5-fold molar excess to cytochrome c. Under this condition,
observing a slow phase implies that a large percentage of the
fully reduced NOSr molecules exist in a slow-reacting state. For
example, in the —CaM/—NADPH reaction of eNOSr described
above, ~9 of 10 eNOSr molecules would have to have been in a
slow-reacting state for the slow phase to represent 50% of the
total absorbance change. A similar calculation for the —CaM/
+NADPH reaction of eNOSr suggests that ~5 of 6 protein
molecules were present in a slow-reacting state. To examine
this further, we performed similar stopped-flow experiments
but varied the eNOSr to cytochrome ¢ concentration ratio. Fig.
6A contains representative stopped-flow traces that we
obtained at three different ratios (4, 8, and 12 mol of eNOSr per
mol of cytochrome c). Table 4 reports the cytochrome ¢ reduc-
tion rates and the percentage of absorbance change observed
for each phase in the reactions. The contribution of the slow
phase diminished as the eNOSr to cytochrome ¢ concentration
ratio increased. This effect was linearly related to the concen-
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FIGURE 6. Rates of cytochrome ¢ reduction by fully reduced eNOSr at
different eNOSr to cytochrome c concentration ratios. Different concen-
trations of fully reduced eNOSr were mixed with cytochrome ¢ (2.5 um) in the
stopped-flow instrument under anaerobic conditions at 10 °C. A, kinetic
traces at 550 nm obtained for the indicated eNOSr/cytochrome c ratios. B, rel-
ative percentage of the total absorbance change at 550 nm within 0.5 s of
reaction represented by the fast phase k; and slow phase k, of each reaction
as reported in Table 4. Data are representative of at least two experiments.

TABLE 4

Effect of eNOSr to cytochrome c ratio on the percentage of fast and
slow phase in the reaction

The ratio of fully reduced eNOSr versus cytochrome ¢ was varied to 4, 8, and 12 in
the absence of NADPH and CaM. A known concentration of fully reduced eNOSr
was mixed with a fixed concentration of cytochrome ¢ (2.5 um) in a stopped-flow
instrument under anaerobic conditions at 10 °C. The observed rates and percent-
ages of absorbance change of the fast and slow phase at 550 nm are reported as the
mean * S.D. of 5- 6 single mixing experiments and are representative of at least two
different enzyme preparations. The relative percentages of absorption change with
respect to the full reduction of 1.25 um cytochrome c are given together with the
observed rates, k, and k, (s ') in parentheses. The total absorbance change, A4, was
measured after 0.5 s.

Ratio eNOSr/cyt ¢ % A (k;) % A (k) AA (mA)~*
4 48 +3(38*+2) 52*3(35*02) 19.3(77%)
8 64*+5(55*+3) 36*4(94=*05) 23.1(93%)
12 82+x2(7x1) 18*x2(32*02) 24.4(98%)
“ The expected absorbance (4) chance for 1.25 um cytochrome c is 25 mA (Aes5 =
2lmm tem™h).

tration ratio (Fig. 6B). These data establish that a majority
(~80-90%) of the fully reduced, CaM-free eNOSr molecules
exist in a slow-reacting state, irrespective of bound NADPH.
Reaction of Fully Reduced NOSr Proteins with Excess Cyto-
chrome c—Another way to examine the relationship between
the NOSr conformational state and reactivity of its reduced
FMN subdomain is to monitor the reaction of a fully reduced
NOSr with excess cytochrome c. In this circumstance, the elec-
tron transfer from FMNH, to cytochrome ¢ will occur very
rapidly for the portion of NOSr molecules that are in a fast-
reacting state. Thus, the extent to which the first electron trans-
fer to cytochrome c exhibits a fast and a slow phase can directly
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FIGURE 7. Reaction of fully reduced NOSr proteins with excess cytochrome c. Solutions of pre-reduced,
CaM-free, or CaM-bound NOSr (5-20 um) containing 200 um NADPH were rapidly mixed with cytochrome ¢
(100 wm) in a stopped-flow instrument under anaerobic conditions at 10 °C. Kinetic traces were recorded at 550
nm during the first few electron transfers to cytochrome c. The absorbance change representing the first
turnover is shown by dotted lines according to the right-hand scale in each figure. Data are representative of at

least two experiments.

indicate what proportion of the NOSr molecules is in a fast-
reacting versus a slow-reacting conformation state.

The experiments mixed photo-reduced eNOSr or nNOSr
with excess cytochrome ¢ in the stopped-flow spectrometer at
10 °C, and then monitored the absorbance increase at 550 nm
during the first few electron transfers to cytochrome c (i.e. the
first few turnovers). Representative traces are shown in Fig. 7.
In these experiments it is essential that we obtain an accurate
initial absorbance reading at time = 0. We determined this
value by mixing enzyme-free reaction buffer with cytochrome ¢
in the instrument. Our experimental data were then plotted in
terms of the increase in absorbance from that point (a value
designated as 0 on the left y axis in Fig. 7, A-D). The right axis of
each panel in Fig. 7 indicates the calculated moles of cyto-
chrome ¢ reduced per mol of total NOSr protein that was pres-
ent in each reaction.

The traces in Fig. 7 show a rate deflection occurred during all
four reactions. There was an initial burst phase followed by a
slower and nearly constant rate of cytochrome c reduction, as
reported previously for pre-reduced nNOSr under similar reac-
tion conditions (28). Notably, in the reactions of fully reduced,
CaM-free eNOSr, and nNOSr (Fig. 7, A and C), it is clear that
the rate deflection occurred within the time frame of the first
turnover. This is particularly apparent in the reaction of CaM-
free eNOSr (Fig. 7A), where the slow phase describes a majority
of the first turnover. In comparison, the first turnover in the
CaM-free nNOSr reaction (Fig. 7C) is mostly described by the
fast phase, including a portion that took place within the mixing
dead time of the instrument. Together, the results confirm that
a subpopulation of fully reduced eNOSr and nNOSr maintains
their FMNH, in a slow-reacting state in the CaM-free condi-
tion. On the basis of the traces in Fig. 7, A and C, we estimate
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chrome ¢ reductase activities for
eNOSr and nNOSr in the presence
and absence of CaM. The calculated
activities are given in supplemental
Table 1 and match fairly well with
the reductase activities we deter-
mined for eNOSr and nNOSr in
steady-state assays at 10 °C (Table 1).

Reaction of 1-Electron Reduced NOSr Proteins with Excess
Cytochrome c—The reactions described above used fully
reduced NOSr proteins that had already achieved an equilib-
rium regarding the slow- versus fast-reacting states before they
were mixed with cytochrome c¢. We also wished to study our
NOSr proteins under conditions more akin to steady-state
catalysis, where their reaction with cytochrome c also includes
steps that form FMNH,. This can be accomplished by mixing
the 1-electron reduced NOSr proteins (which contain an air-
stable FMNsq) with a solution that contains excess NADPH
plus excess cytochrome ¢ in the stopped-flow spectrometer.
Under this condition, NADPH reduction of FAD and subse-
quent electron transfer to FMN must occur before the FMN
subdomain (containing FMNH,) can move away from the FNR
subdomain and react with cytochrome ¢ (as in Fig. 1). Fig. 8
contains representative absorbance traces from eNOSr and
nNOSr reactions run under this condition. The right axis of
each panel in Fig. 8 indicates the moles of cytochrome ¢ reduced
per mol of NOSr protein. A burst phase was no longer present,
consistent with the reactions containing no pre-reduced, fast-
reacting NOSr species that contains FMNH,. Instead, we
observed an initial slow phase that led to a near-linear rate of
cytochrome ¢ reduction in each reaction. The estimated delay
time required for each reaction to reach the near-linear phase is
shown in the figure. The delay period may reflect build up of
FMNH, within NOSr. The estimated delay times were similar
in eNOSr and nNOSr, except for it being a bit faster in the
CaM-bound nNOSr reaction (Fig. 8D). Notably, in both eNOSr
reactions (—/+ CaM; Fig. 8, A and B) and in the CaM-free
nNOSr reaction (Fig. 8C), the linear phase of cytochrome ¢
reduction began well before a single turnover was completed.
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FIGURE 8. Reaction of 1-electron reduced NOSr proteins with excess cytochrome c. 1-Electron reduced
CaM-free or CaM-bound NOSr proteins (5-20 um) were rapidly mixed with a solution containing excess cyto-
chrome ¢ (100 um) and NADPH (200 uMm) in a stopped-flow instrument at 10 °C. Kinetic traces were recorded at
550 nm during the first few electron transfers to cytochrome c. Arrows indicate the estimated delay time before
the start of linear phase cytochrome c reduction. Data are representative of at least two experiments.

Only the CaM-bound nNOSr reaction completed its first turn-
over mostly or completely within the delay period.

For the CaM-free nNOSr reaction in Fig. 8, it is apparent that
the linear rate achieved within the first turnover was main-
tained during subsequent turnovers. This is also true for the
CaM-free and CaM-bound eNOSr reactions when they were
followed over longer reaction times (data not shown). The rates
of cytochrome ¢ reduction that we estimated from the linear
portions of each trace in Fig. 8 (supplemental Table 1) matched
well with the steady-state activities we measured under the
same reaction conditions (Table 1). In addition, the linear phase
rates for the reactions of Fig. 8 were close to the slow-phase
reaction rates that we observed in reactions that were started
with fully reduced eNOSr and nNOSr in Fig. 7 (supplemental
Table 1). Together, these results argue that a step occurring
after FMNH, formation limits the cytochrome c reductase
activities of eNOSr and nNOSr, particularly in the absence of
CaM.

DISCUSSION

Mechanisms that control electron transfer by eNOSr and
nNOSr are of current interest in the NOS and flavoprotein
fields. Our current study reveals that eNOSr and nNOSr differ
in the set point and regulation of a conformational equilibrium
that controls the reactivity of their reduced FMN cofactors.
Moreover, the different set points appear to define the individ-
ual electron transfer activities on eNOSr and nNOSr, as will be
discussed below. Although we also found that eNOSr and
nNOSr differ in their NADP(H) interaction and thermodynam-
ics of flavin reduction, the differences were comparatively
minor and are unlikely to explain the distinct electron transfer
activities of the two enzymes.
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“dynamic” differences in its protein
conformation relative to nNOSr.
For example, an inherent structural
difference in the FMN subdomains
of eNOSr and nNOSr could reduce
the solvent exposure of bound FMN
in eNOSr. This static difference in conformation could cause
greater FMN shielding in eNOS. Likewise, a dynamic difference
in the conformational equilibrium of the FMN subdomain
could cause a greater proportion of eNOSr molecules to exist in
the FMN-shielded state, and thus result in greater FMN shield-
ing. The methods we used to measure FMN shielding in the
fully oxidized or 1-electron reduced forms of our NOSr
enzymes (fluorescence and EPR methods) cannot distinguish
the relative contributions of static and dynamic differences in
the protein conformation. However, the method we used to
measure FMN shielding in the fully reduced NOSr proteins
(cytochrome c reactivity) does by nature indicate the sole con-
tribution that dynamic differences make in determining FMN
shielding. Our results shown in Fig. 7 indicate there exists an
FMN-shielded:FMN-deshielded conformational equilibrium
of ~8:1 versus 1:1 for the fully reduced, CaM-free eNOSr and
nNOSr, respectively. Thus, the greater FMN shielding we
observed for the fully reduced eNOSr appears to be due to its
conformational equilibrium being set to favor the FMN-
shielded state more than in nNOSr. CaM binding shifted the
conformational equilibrium of both fully reduced enzymes
toward the FMN-deshielded state, suggesting a common mech-
anism for CaM function. In contrast, NADPH did not signifi-
cantly impact the conformational equilibrium of fully reduced
eNOSr, despite it shifting the conformational equilibrium of
nNOSr toward the FMN-shielded state (22, 24, 27, 41). We
conclude the following. (i) Fully reduced eNOSr and nNOSr
maintain different set points for a conformational equilibrium
that determines the distribution of their FMN-shielded versus
FMN-deshielded forms. (ii) CaM similarly regulates the confor-
mational equilibrium of eNOSr and nNOSr, whereas NADPH
does not. (iii) Whether the FMN redox state influences the set
point for the conformational equilibrium is still unclear. Our
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findings are surprising because the basis for greater FMN
shielding in eNOSr, or its lack of regulation by NADPH, is not
obvious from the protein sequences or from the crystal struc-
ture of nNOSr (4, 58). Indeed, eNOSr and nNOSr contain sim-
ilar protein regulatory elements, and their C-terminal tail ele-
ments both contain a conserved Arg residue that is implicated
in NADPH regulation of the conformational equilibrium of
nNOSr (27). The basis for their differences merits further
investigation.

Relationship between Electron Transfer from FMINH , and the
NOSr Conformational Equilibrium—During catalysis by NOSr,
the bound FMN cycles between its 1- and 2-electron reduced
states (FMNsq and FMNH,). In this context, it is informative to
consider the conformational equilibrium of NOSr when it con-
tains FMNH,, because this is the entity that donates an electron
to acceptors like cytochrome ¢ or the NOS heme domain. As
first noted by Daff and co-workers (13, 28), cytochrome c is
particularly useful for studying the reactivity of FMNH, bound
in NOSr proteins for at least three reasons. First, cytochrome ¢
reacts appreciably only with fully reduced FMN in NOSr. This
is indicated by the slow reaction of the FMNsq in NOSr (31, 33)
and by the slow reductase activity of NOSr constructs that can
only generate FADH, (i.e. FMN-free NOSr mutants or the FNR
protein fragment of NOSr) (40, 41, 53, 59). Second, electron
transfer from bound FMNH, to cytochrome c is rapid and prac-
tically irreversible. This is indicated by an estimated second-
order rate constant of 35.5 + 1.9 um ™~ s~ * for the reaction (28)
and a thermodynamic driving force of —12.7 kcal based on the
relative midpoint potentials of the reactants (—280 mV for
FMNH,/FMNsq and +270 mV for ferrous/ferric cytochrome
¢) (60). Third, cytochrome ¢ greatly amplifies detection of
FMNH, electron transfer events because of the large extinction
coefficient difference between its reduced and oxidized forms
(21 mm~'em ™). Thus, cytochrome c is useful in determining
the relative proportion of FMNH, that can react directly with
an electron acceptor, and in measuring the changes in this pro-
portion affected by the presence and absence of bound NADPH
or CaM.

A simple model that can describe the relationship between
the NOSr conformational equilibrium and the reactivity of
bound FMNH, is shown in Scheme 1. The main assumption of
the model is that bound FMNH, can only react with cyto-
chrome c after the FMN subdomain has moved away or “disso-
ciated” from the FNR subdomain to exist in the FMN-
deshielded conformation. The considerations outlined above
regarding cytochrome ¢ help simplify analysis of this model,
because they minimize or negate the importance of the reverse
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reactions (i.e. k_; and k_,) in Scheme 1. Thus, if the dissocia-
tion of the reduced FMN subdomain from FNR (k, in Scheme 1)
is slow relative to the reaction of bound FMNH, with cyto-
chrome ¢ (k,), then (i) the relative proportion of fast- and slow-
reacting enzyme that is observed in the first catalytic turnover
will be a direct indication of the NOSr conformational equilib-
rium K, and (ii) the “slow phase” rate of cytochrome ¢ reduc-
tion, if observed during the first catalytic turnover, will be an
estimate of the macroscopic dissociation rate of the reduced
FMN subdomain from FNR (k;). These experimental condi-
tions were met for the reactions reported in Fig. 7. Specifically,
cytochrome ¢ was present at a sufficiently high concentration
so that its reaction with the deshielded FMNH,, of NOSr was so
fast (estimated rate is 3550 s~ ') that it took place within the
mixing dead time of the instrument.

The estimated 8:1 ratio for the eNOSr conformational equi-
librium that we derive from data in Fig. 7 is reasonably close to
the 9:1 ratio we estimated independently using data from reac-
tions that contained fully reduced eNOSr in molar excess to
cytochrome c¢ (Table 3). The slope of the slow-phase compo-
nent recorded during the first catalytic turnovers in Fig. 7, A
and C, can provide an estimate of the macroscopic dissociation
rate k; for the reduced FMN subdomain in either CaM-free
enzyme. These values are 0.5 s~ * for eNOSr and ~8 s~ * for
nNOSr at 10 °C (supplemental Table 1). By using the ratios
noted above to derive estimated K, values for the conforma-
tional equilibrium, we can also estimate the macroscopic asso-
ciation rates (k_; in Scheme 1) for the FMN subdomain in
either fully reduced, CaM-free NOSr enzyme, according to
K, = (k;/k_,). The k_, estimates are 4.0s™ ' foreNOSrand 85"
for nNOSr at 10 °C. These rate estimates are derived from ensem-
ble measures and therefore are not equivalent to the micro-
scopic rates of FMN subdomain association/dissociation in
NOSr. However, they can advance our understanding because
they link the kinetics of a conformational step to catalysis of
electron transfer by eNOSr and nNOSr. Unfortunately, we can-
not derive similar rate estimates from the reactions of CaM-
bound eNOSr and nNOSr (Fig. 7, B and C), because their first
catalytic turnover occurred mostly within the mixing dead time
as a consequence of CaM shifting their conformational equilib-
rium toward a predominantly FMN-deshielded state.

The data we obtained from reactions of the 1-electron
reduced forms of eNOSr and nNOSr (Fig. 8) is also informative
in this regard. CaM-free eNOSr and nNOSr began a linear
phase of cytochrome ¢ reduction well before their first turn-
overs were completed. The linear-phase rates observed within
the first turnover matched fairly well with the estimated disso-
ciation rates for the reduced FMN subdomain (k;) that we
derived from the data in Fig. 7 as noted above. This equivalence
further argues that a common conformational step is rate-lim-
iting for the reductase activities of CaM-free eNOSr and
nNOSr.

The Conformational Equilibrium and the Reductase Activi-
ties of eNOSr and nNOSr—Our findings suggest that the
steady-state reductase activities of CaM-free eNOSr and
nNOSr are limited by a conformational motion of their FMN
subdomains. Specifically, dissociation of the fully reduced FMN
subdomain away from the FNR (k; in Scheme 1) appears to be
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rate-limiting for catalysis by the CaM-free enzymes. Other
potentially rate-limiting steps like inter-flavin electron transfer
or NADP ™ release need not be invoked. These results that high-
light the importance of a conformational step fully support
early work by Daff and co-workers (13, 28) who first uncovered
the existence of a CaM-sensitive “conformational lock” in
nNOSr, and related work (32, 35) that suggested the CaM-in-
duced conformational changes may be independent of flavin
redox state. Most importantly, this work provides new and spe-
cific mechanistic information; we can now state that the
approximate 10-fold difference in reductase activities of CaM-
free eNOSr and nNOSr is caused by an approximate 10-fold
difference in the macroscopic dissociation rate (k; in Scheme 1)
of their reduced FMN subdomains. Likewise, CaM must
increase the reductase activities of eNOSr and nNOSr, at least
in part, by increasing the dissociation rate (k;) of their reduced
FMN subdomains. However, for the CaM-bound enzymes our
data cannot exclude the possibility that dissociation of the
reduced FMN subdomains may become so fast that other reac-
tion steps (for example, inter-flavin electron transfer (36, 38))
could begin to limit the steady-state reductase activities of
CaM-bound eNOSr and nNOSr. Further work is needed to
clarify this issue. Another question is whether the FMN redox
state may impact the conformational equilibrium of an NOSr.
In CPR, dissociation of the FMN subdomain from the FNR
subdomain may depend on its reduction to FMNH, (61, 62).
Our current data are consistent with a similar behavior for
eNOSr and nNOSr but also point out that dissociation of the
FMN subdomain is not complete upon FMNH,, formation, as
evidenced by the sizeable fractions of fully reduced eNOSr and
nNOSr that remain in the FMN-shielded conformation under
the CaM-free condition. Perhaps CaM binding enables FMN
reduction to trigger a more complete shift in the NOSr confor-
mational equilibrium toward the FMN-deshielded state. This
possibility can now be explored.

Relationship between the NOSr Conformational Equilibrium
and NO Synthesis—The conformational equilibrium of NOSr is
also an essential component of NO synthesis because the
reduced FMN subdomain must dissociate from FNR to transfer
an electron to the NOS heme (see Fig. 1). The lowest possible
rate for this conformational step (k;) in the CaM-bound
enzymes is indicated by the linear phase slopes in Figs. 7 and 8,
which are about 1 and 20 s~ * for eNOSr and nNOSr, respec-
tively. These rates still are 5-10 times faster than the measured
rates of heme reduction in CaM-bound eNOS or nNOS at 10 °C
(0.1-4s71) (14, 15). This indicates that electron transfer from
the reduced FMN subdomain to the NOS heme is far less effi-
cient than is its electron transfer to cytochrome c. One major
difference between the two reactions is entropic; only NOS
heme reduction requires specific motions that create a rela-
tively specific interaction of the FMIN subdomain with NOSoxy.
Another factor is thermodynamic; the driving force is about 55
times less for NOS heme reduction because of the heme having
a 540-mV more negative midpoint potential in NOS than in
cytochrome c. Although shifting the conformational equilib-
rium of NOSr toward an FMN-deshielded state must increase
the probability of NOS heme reduction, a variety of evidence
suggests that this change is insufficient on its own (13-15, 22,
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26, 29, 30, 32), and implies that heme reduction must also
involve factors that may restrict the motion of the FMN subdo-
main and/or remove barriers for its productive docking with
NOSoxy.

Future Perspectives—This study provides a blueprint to
examine how various post-translational modifications (63, 64),
NOS protein structural elements (3, 4, 9), and NOS protein-
protein interactions (64, 65) control the NOSr conformational
equilibrium, and whether this is a way they influence NOS cat-
alytic activities. These studies could also extend to other mem-
bers of the dual-flavin reductase family to understand the set
points and regulation of their conformational equilibria and
what role they have in determining their respective electron
transfer activities.
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