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Architecture of the Nitric-oxide Synthase Holoenzyme
Reveals Large Conformational Changes and a Calmodulin-
driven Release of the FMN Domain*□S �
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Background: NOS enzymes are large, dimeric complexes essential in mammalian physiology.
Results: EM structural analysis and three-dimensional models reveal nNOS reductase-oxygenase arrangements and a CaM-
dependent rotation of the FMN domain.
Conclusion: Coordinated conformational changes act to reposition the FMN domain for electron transfer.
Significance: This work captures structural states of the NOS holoenzyme that drive the NO synthesis cycle.

Nitric-oxide synthase (NOS) is required in mammals to gen-
erate NO for regulating blood pressure, synaptic response, and
immune defense. NOS is a large homodimer with well charac-
terized reductase and oxygenase domains that coordinate a
multistep, interdomain electron transfer mechanism to oxidize
L-arginine and generate NO. Ca2�-calmodulin (CaM) binds
between the reductase and oxygenase domains to activate NO
synthesis. Although NOS has long been proposed to adopt dis-
tinct conformations that alternate between interflavin and
FMN-heme electron transfer steps, structures of the holoen-
zyme have remained elusive and the CaM-bound arrangement is
unknown. Here we have applied single particle electron micros-
copy (EM) methods to characterize the full-length of the neuro-
nal isoform (nNOS) complex and determine the structural
mechanism of CaM activation. We have identified that nNOS
adopts an ensemble of open and closed conformational states
and that CaM binding induces a dramatic rearrangement of the
reductase domain. Our three-dimensional reconstruction of the
intact nNOS-CaM complex reveals a closed conformation and a
cross-monomer arrangement with the FMN domain rotated
away from the NADPH-FAD center, toward the oxygenase
dimer. This work captures, for the first time, the reductase-
oxygenase structural arrangement and the CaM-dependent
release of the FMN domain that coordinates to drive electron
transfer across the domains during catalysis.

Nitric oxide (NO) serves fundamental roles in neurotrans-
mission, cardiovascular function, and cellular defense (1, 2).
The three major NOS isoforms in mammals, neuronal

(nNOS),2 endothelial (eNOS), and inducible (iNOS), produce
NO in diverse signaling pathways critical to physiology. Cal-
modulin (CaM) is an essential activator of NOS, binding to
nNOS and eNOS in a Ca2� concentration-dependent manner,
but it binds iNOS at all intracellular Ca2� concentrations (3).
Dysfunctional NOS produces reactive oxygen species and low-
ers NO, contributing to oxidative stress in stroke, diabetes, and
neurodegeneration (4).

NOS is a large (260 –330-kDa) homodimer distinguished by a
C-terminal reductase and N-terminal oxygenase domains that
together catalyze the conversion of L-Arg and molecular oxygen
to citrulline and NO. Crystal structures of the oxygenase
domain identified substrate, heme, and BH4 binding sites that
are required for oxidizing Arg during catalysis and stabilizing
the dimer interface in the holoenzyme complex (5, 6). NOS is a
diflavin oxidoreductase, homologous to cytochrome P450, that
contains distinct FAD and FMN domains that are connected by
a hinge that facilitates stepwise NADPH-FAD-FMN-heme
electron transfer (7). The final FMN-heme electron transfer
step is rate-limiting and proposed to involve a trans-monomer
mechanism (8, 9). CaM interacts with a recognition sequence in
a flexible region between the reductase and oxygenase domains
and accelerates flavin reduction and FMN-heme electron
transfer steps (10, 11).

In the nNOS reductase domain structure, the FMN cofactor
is buried and positioned adjacent to the NADPH and FAD sites
to give a 5 Å separation that would facilitate FAD-FMN elec-
tron transfer (12). However, this orientation is not compatible
for subsequent electron transfer to the heme. Kinetic and bio-
chemical experiments have led to models proposing that the
FMN subdomain rotates about the hinge in a conformational
switch from a “shielded” to “deshielded” state where the FMN
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becomes accessible and transfers electrons to the oxygenase
domain of the adjacent monomer (13, 14). Although structures
of cytochrome P450 have identified flexibility about this hinge,
the large change in the position of the FMN domain proposed
by kinetic experiments and other models has never been
observed structurally (15). CaM interactions increase FMN-
heme electron transfer, possibly by destabilizing the shielded
state through bridging contacts with the FMN or interactions
with the reductase connecting domain (CD) (16 –20). Electro-
static interactions via structural control elements in the reduc-
tase domain, including the autoinhibitory loop, C-terminal tail,
and connecting domain, favor the shielded state and are pro-
posed to become disrupted for precise release of the FMN
domain during the catalytic cycle (21, 22).

The dual function of CaM in promoting both intradomain
and interdomain electron transfer in nNOS indicates that the
CaM-bound complex is likely structurally dynamic and can
support conformational states that coordinate FAD-FMN and
FMN-heme electron transfer (23, 24). Recent hydrogen-deute-
rium exchange experiments of isolated iNOS domains identify
interaction surfaces between the oxygenase, FMN domain, and
CaM, supporting a CaM-dependent arrangement for electron
transfer to the heme (25). However, structures of the full-length
complex have not been solved, and thus the arrangement of the
reductase and oxygenase domains and the CaM-bound confor-
mation of the holoenzyme remain fundamental questions in
understanding the NOS catalytic cycle.

Here we have characterized the structure of the nNOS
holoenzyme complex by electron microscopy (EM) and identi-
fied distinct domain arrangements of the dimer and a CaM-de-
pendent reorganization of the reductase domain that together
explain the conformational changes required for FMN-heme
electron transfer. Two-dimensional classification and analysis
of nNOS reveal an ensemble of extended, V-shaped, and closed
conformations, as well as a dramatic opening of the reductase
domain following CaM binding. By chemical cross-linking, we
stabilized nNOS-CaM in the closed conformation and per-
formed a three-dimensional reconstruction. In the complete
three-dimensional model, the reductase domains are posi-
tioned adjacent to the oxygenase dimer, whereas the FMN
domain is rotated away from the NADPH-FAD center toward
the oxygenase domain of the adjacent monomer. From this
work, we propose that the NO synthesis cycle involves large
conformational changes that transiently position the reductase
domains across the oxygenase dimer, whereas CaM-specific
activation triggers release and rotation of the FMN subdomain
to expose the flavin for electron transfer to the heme.

EXPERIMENTAL PROCEDURES

Expression and Purification of nNOS and CaM—The cDNA
for rat nNOS was kindly provided by Dr. S. Snyder (Johns Hop-
kins University). BH4 was purchased from Schircks Laborato-
ries (Jona, Switzerland). Heme, ATP, creatine phosphokinase,
L-arginine, NG-nitro-L-arginine, and NG-nitro-D-arginine were
purchased from Sigma, and creatine phosphate was from Fluka
(St. Louis, MO). Untagged nNOS dimer protein was expressed
using a recombinant baculovirus/Sf9 insect cell system and
purified by 2�,5�-ADP-Sepharose and gel-filtration chromatog-

raphy as described (26). Heme was added as an albumin conju-
gate during the expression to convert all of the nNOS to the
holo-nNOS dimer. The human CaM plasmid, pACYC/
trc-hCaM, was a gift from the R. Neubig laboratory (University
of Michigan), and expression and purification were performed
essentially as described (27).

NOS Activity assay and SEC-MALS Analysis—NO synthesis
activity was determined by measuring the conversion of oxy-
hemoglobin to methemoglobin, as described (28). Samples
were incubated at 37 °C in 100 �M CaCl2, 100 �M L-arginine,
100 �M BH4, 100 units/ml catalase, 5 �g/ml CaM, 25 �M oxy-
hemoglobin, and an NADPH-regenerating system consisting of
400 mM NADP�, 10 mM glucose 6-phosphate, and 1 unit/ml
glucose-6-phosphate dehydrogenase, expressed as final con-
centrations, in a total volume of 180 �l of 50 mM potassium
phosphate, pH 7.4. The rate of oxyhemoglobin oxidation was
monitored by UV absorbance (� � 401– 411 nm) with a micro-
plate reader. The average molecular weight (Mw) and hydrody-
namic radius (RH) of nNOS and nNOS-CaM were determined
by separation using a WTC-050S5 SEC column (Wyatt Tech-
nology Corp.) with an ÄKTAmicro (GE Healthcare) and anal-
ysis with a DAWN HELEOS II MALS detector equipped with a
WyattQELS dynamic light scattering detector, and Optilab rEX
differential refractive index detector using ASTRA VI software
(Wyatt Technology). The Mw was determined from the Raleigh
ratio calculated by measuring the static light scattering and cor-
responding protein concentration of a selected peak. Bovine
serum albumin served as a calibration standard. For size exclu-
sion chromatography and multiangle light scattering (SEC-
MALS), 30 �M nNOS was incubated with or without 60 �M

CaM for 20 min on ice in the running buffer, containing 20 mM

HEPES, pH 7.5, 100 mM KCl, 1 mM DTT, 2 mM CaCl2, and 15
�M BH4.

EM Sample Preparation and Data Collection—Peak frac-
tions collected following SEC-MALS were diluted 1/20 in
buffer and negatively stained with 0.75% uranyl formate (pH
5.5– 6.0) on thin carbon-layered 400-mesh copper grids (Pelco)
as described (29). Chemical cross-linking was performed fol-
lowing SEC-MALS by incubating nNOS-CaM with 0.01%
glutaraldehyde for 20 min and then quenching with 20 mM Tris,
pH 7.5, as described previously (30). Cross-linked nNOS-CaM
was then repurified by SEC using a Superdex 200 precision
column (GE Healthcare), and EM grids were prepared as above.
Samples were imaged under low dose conditions using a G2
Spirit transmission electron microscope (FEI) operated at 120
keV. Micrographs were taken at 52,000� magnification with
2.16 Å per pixel using a 4k x 4k CCD camera (Gatan). Single
particles of nNOS and nNOS-CaM were manually selected
using E2boxer (EMAN2) (31) and totaled 12,207 and 13,340,
respectively. Data for random conical tilt (RCT) reconstruc-
tions were collected by imaging at 0° and 60° and selecting
12,323 single particle tilt pairs using e2RCTboxer (EMAN2).

EM Data Processing and Molecular Modeling—Reference-
free classification of uncross-linked nNOS and nNOS-CaM was
performed using the Iterative Stable Alignment and Clustering
(ISAC) method (32). The total particle sets were processed
through 20 initial iterations of classification and then five iter-
ations of two-way matching, generating 124 classes from 7,326
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particles for nNOS and 139 classes from 8,818 particles for
nNOS-CaM. For the RCT reconstructions, reference-free two-
dimensional classification of the untilted data was performed,
and initial three-dimensional maps were calculated from the
single classes using the corresponding tilted data with SPIDER
(33, 34). Three-dimensional refinement using the untilted data
was then performed with RELION (35) where the RCT model
was used as an initial model and low pass-filtered to 60 Å, and
two-fold symmetry was imposed. The 3D classification proce-
dure was used with two classes and 20 rounds of refinement.
The map that agreed best with the oxygenase dimer crystal
structure was from 5,570 particles and selected for an addi-
tional six rounds of refinement using 3D auto-refine. Crystal
structures were docked in the final map using Chimera, with
the Fit in Map command for the oxygenase dimer and manually
for the reductase domain (36). The deshielded arrangement
was achieved by manually rotating the FMN domain around a
pivot point between residues 944 and 968. The structure of the
CaM-FMN-CaM binding helix complex was aligned to the
FMN domain, and the arrangement was symmetrized for
the final molecular model. The degree of rotation between the
FMN positions was determined from the angle between two
planes drawn through the center of the domains using
Chimera.

RESULTS

Solution Conformation, Activity, and Negative Stain EM of
nNOS and nNOS-CaM—Current models indicate that NO syn-
thesis by NOS likely involves large conformational changes and
CaM-dependent rearrangements to bring the reductase and
oxygenase domains together (15). However, the architecture of
the full-length NOS holoenzyme complex is unknown. To
begin we examined the overall size and shape of purified,
recombinant rat nNOS with and without CaM by SEC-MALS.
In the absence of CaM, nNOS elutes as a single peak at 7.9 ml by
SEC with an Mw of 330,000 (Fig. 1A). This indicates that puri-
fied nNOS alone forms a stable dimer complex when compared
with the 164,000 Mw of the monomer calculated from the
amino acid sequence (Mwaa). Following incubation with excess
CaM, a single peak elutes earlier, at 7.7 ml with a Mw of 360,000
determined by MALS, indicating complete binding of CaM at a
2:2 ratio of nNOS to CaM when compared with the Mwaa of
361,000 for the holoenzyme complex. To characterize the over-
all shape of nNOS in solution, the hydrodynamic radius (RH)
was determined by dynamic light scattering. For nNOS alone
and nNOS-CaM, an RH of 85 and 86 Å was determined, respec-
tively (Fig. 1A). Based on comparison with a known globular
protein of similar size, mammalian phosphofructokinase
tetramer (345 kDa), which has an RH of 63 Å (37, 38), nNOS is
predicted to be in an elongated arrangement in solution, and
CaM binding results in no significant change in the overall RH.

NO synthesis activity was investigated by an oxyhemoglobin
activity assay for these nNOS and nNOS-CaM preparations,
and the rates were determined to be 6 and 492 nmol of
NO/min/mg, respectively (Fig. 1B). This significant 80-fold
increase in activity indicates the critical dependence on CaM
binding for the catalytic activation of nNOS. Based on the
unchanged elongated state of nNOS-CaM in solution, it

remained unclear how electron transfer could occur across the
domains. We hypothesized that although the average shape of
nNOS-CaM may be extended, additional conformations that
support NO synthesis may exist in equilibrium.

To explore the conformation and structure of nNOS and
nNOS-CaM, we used single particle EM. Because of the
expected flexibility of the nNOS complexes, high contrast neg-
ative-stain methods were used. Following SEC-MALS analysis,
samples were collected and immediately prepared for EM. In
micrographs and single particle images, nNOS (Fig. 1C) and
nNOS-CaM (Fig. 1D) were confirmed to be in an overall elon-
gated conformation with an approximate length of 250 Å. Addi-
tional conformations were also prevalent including V-shaped
structures with a variable open angle and a more compact,
closed structure. This demonstrates that indeed nNOS exists in
an ensemble of conformational states. The presence of saturat-
ing amounts of substrate (Arg) and active site inhibitors (NG-
hydroxy-L-Arg and 7-nitroindazole) was also tested with and
without CaM; however, no differences in nNOS were observed
(data not shown).

Distinct Conformational States of nNOS and nNOS-CaM by
Two-dimensional EM Analysis—To further characterize the
conformational states of NOS and the consequence of CaM
binding, we collected single particle data sets of nNOS alone
and nNOS-CaM and performed two-dimensional reference-

FIGURE 1. Solution analysis, activity, and EM images of nNOS and nNOS-
CaM. A, SEC-MALS analysis of the nNOS dimer (blue), showing a 7.9-ml elution
volume, a 330,000 Mw (Mwaa � 164,000 for the monomer), and an 85 Å RH.
Following incubation with CaM, the nNOS-CaM complex (red) elutes at 7.7 ml
with a 360,000 Mw (Mwaa � 361,000 for a 2:2 tetramer) and an 86 Å RH. B, NO
synthesis activity for nNOS incubated with CaM and nNOS alone, measured
by the oxyhemoglobin assay. Error bars indicate mean � S.D calculated from
six experiments. C and D, representative micrograph images and boxed single
particles of negatively stained nNOS (C) and nNOS-CaM isolated by SEC-MALS
(D) (scale bars � 200 Å).
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free averaging and analysis using the recently developed ISAC
method (32). Three lobes of density are well defined in the
majority of two-dimensional averages of nNOS alone, enabling
domain localization based on comparisons with crystal struc-
tures (Fig. 2A). The oxygenase dimer forms a central, oval-
shaped structure, whereas reductase domains are distal with
little density connecting the domains. Extended, V-shaped, and
closed conformations are clearly apparent in the two-dimen-
sional averages. Notably, the V-shaped structures have a sym-
metrical arrangement of the reductase domains, indicating that
the extended-to-closed conformational change is potentially
coordinated across the monomers.

In the two-dimensional averages of the nNOS-CaM com-
plex, both reductase domains are well defined, and similar
extended, V-shaped, and closed conformations are observed
(Fig. 2B, left panel). However, two significant distinctions are
apparent when compared with nNOS alone. First, additional
density is observed between the reductase and oxygenase
domains. Although small, this density is observed on both sides
of the dimer and appears to increase the connectivity between
the domains when compared with NOS alone. This likely cor-
responds to CaM based on the known binding site between the
domains. Difference images were generated between nNOS
and nNOS-CaM in an attempt to better visualize the density,
but additional conformational changes prevented precise align-
ment (data not shown).

Secondly, in the CaM-bound complex, the reductase
domains are in an alternate conformational state, forming a
clamp-like structure with a subdomain portion that separates
and rotates away from the complex in several distinct arrange-
ments (Fig. 2B, right panel). This large rearrangement of the
reductase domain is not observed in the averages of nNOS
alone.

The overall conformational equilibrium was characterized
for nNOS and nNOS-CaM by comparing the fraction of par-
ticles that adopt extended, intermediate, and closed confor-
mations, based on the two-dimensional averages (Fig. 2C).
For nNOS alone, about 40% are extended, whereas 10% are in
the closed conformation when compared with 30% extended
and 15% closed for nNOS-CaM. This indicates a slight shift
to the closed conformation for nNOS-CaM; however, both
complexes are primarily in an intermediate arrangement (53
and 55%, respectively). From this we conclude that CaM
binding does not significantly alter the overall conforma-
tional equilibrium of the dimer, supporting our SEC-MALS
analysis.

For complete characterization of the changes in the reduc-
tase domain resulting from CaM binding, the entire set of
class averages of nNOS alone and nNOS-CaM is shown (Fig.
3). The reductase domains remain globular for nearly all
averages of nNOS alone, but clearly adopt a variety of differ-
ent structural states in the averages of the nNOS-CaM com-
plex. Although this conformational change appears symmet-
rical in some averages, many are asymmetric with each
reductase domain adopting a different arrangement. Fur-
thermore, these reductase conformations are present in
combination with the different extended-closed states of the
dimer. Overall these results demonstrate that nNOS and
nNOS-CaM undergo a large extended-to-closed conforma-
tional change that brings the reductase domains together.
CaM is localized between the domains and induces a signif-
icant rearrangement of the reductase domain appearing as
an opening clamp that separates the reductase domain into
two distinct subdomains.

Chemical Cross-linking Stabilizes nNOS-CaM in a Closed
State—Although our two-dimensional EM analysis points to
significant structural changes that result from CaM binding, a
three-dimensional reconstruction was required to determine
the architecture of this CaM-stabilized arrangement. However,
the ensemble of different conformational states we identified
presented significant challenges for determining a three-di-
mensional reconstruction. Chemical cross-linking, typically
with glutaraldehyde, is an established method we and others
have used previously to stabilize a single conformation and
improve homogeneity (39, 40). Therefore, we tested a glutaral-
dehyde cross-linking method where nNOS-CaM, isolated by
SEC-MALS, was incubated with low concentrations (0.01%) of
cross-linker for short time points and then quenched. Uniform
cross-linking and the absence of aggregation were established
by additional SEC separation of a single species (data not
shown). In negative-stain micrographs and single particle
images, glutaraldehyde-cross-linked nNOS-CaM appeared
remarkably homogeneous and in a closed conformational state
(Fig. 4A). An initial single particle data set was collected and

FIGURE 2. Comparison of the conformational states of nNOS and nNOS-
CaM by EM. A and B, representative averages and single particle images from
each class, highlighting an extended-to-closed conformational change for
the nNOS dimer (A) and nNOS-CaM (B, left panel), with the indicated location
of the reductase domain (Red), oxygenase dimer (Oxy), and CaM. B, right panel,
representative averages and single particles of nNOS-CaM are shown high-
lighting conformational changes in the reductase domain. The number of
single particle images for each average is shown (scale bar � 100 Å). C, bar
graph showing the fraction of nNOS and nNOS-CaM single particles that
adopt extended, intermediate V-shaped, or closed conformations, based on
the arrangements identified in the two-dimensional averages.

Architecture of Nitric-oxide Synthase Holoenzyme

16858 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 24 • JUNE 13, 2014

 at C
A

PE
S - U

SP on June 13, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


analyzed by reference-free two-dimensional averaging meth-
ods. In the projection averages, the reductase domains are
clearly identifiable in a closed arrangement adjacent to the oxy-
genase dimer (Fig. 4B). This closed arrangement is similar to
the small population of closed particles observed with nNOS-
CaM (Fig. 4C). For the cross-linked complex, the domains
appear better defined with significant additional views. Cross-
linked nNOS dimer alone was also tested and appeared to form
a similar closed state (data not shown). Because nNOS is inac-
tive in the absence of CaM and the reductase domain rear-
rangement we observe was only found in the presence of CaM,
additional structural characterization of the nNOS dimer alone
was not performed. In previous work, cross-linking by glutar-
aldehyde was shown to stabilize nucleotide-dependent struc-
tural states of the heat shock protein 90 that are normally sam-
pled during the conformational cycle (30). Our data here
demonstrate that cross-linking nNOS-CaM similarly captures
a functional arrangement we observe in the uncross-linked
sample. Based on the shorter distance between the reductase
and oxygenase domains when compared with the other states,
this closed conformation is the most probable arrangement for
supporting a cross-monomer FMN-heme electron transfer
mechanism.

Three-dimensional EM Reconstruction of nNOS-CaM Identi-
fies a Closed, Cross-monomer Arrangement—From our two-di-
mensional analysis, the cross-linked nNOS-CaM complex
appeared homogenous and adopted multiple orientations with
clearly defined features, making it suitable for three-dimen-
sional reconstruction methods. To achieve an accurate three-
dimensional initial model, we relied on the RCT method, where
a three-dimensional reconstruction from a single two-dimen-
sional class is determined from data tilted to 60° (33). We uti-

FIGURE 3. The complete set of reference-free two-dimensional class averages of nNOS and nNOS-CaM. A total of 124 averages were determined from 7,326
particles for nNOS alone (left panel), and 139 classes were determined from 8,818 particles for nNOS-CaM (right panel) using the ISAC image clustering method (32).

FIGURE 4. Two-dimensional EM analysis of nNOS-CaM cross-linked with
glutaraldehyde. A, nNOS-CaM cross-linked (CXL) with 0.01% glutaraldehyde
is shown in a representative micrograph image and selected particles (scale
bar � 200 Å). B, two-dimensional reference-free averages of nNOS-CaM CXL
with the number of single particles per average (scale bar � 100 Å). C, com-
parison of two-dimensional averages of uncross-linked nNOS-CaM in the
closed conformation and nNOS-CaM CXL, following two-dimensional
alignment.
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lized this method to compare several reconstructions from dif-
ferent classes without imposing symmetry to generate unbiased
initial models. The RCT models were then used as starting
models in three-dimensional refinements carried out with the
entire untilted dataset. As with our analysis above, untilted pro-
jection averages showed that the particles adopt multiple ori-
entations (Fig. 5A). Following three-dimensional back projec-
tion of the tilted data from well populated classes (�200
particles), it was clear that particles that orient with “side” views
with three distinct domains provided the most consistent RCT
reconstruction (Fig. 5B). Similar RCT reconstructions were
achieved from several different classes, identifying a two-fold
symmetric arrangement of the complex. The model from class
13 was used for the refinements with the full data set, but all
models were tested and converged similarly (data not shown).
Three-dimensional refinements were then carried out using
the RELION method (35). Projections of the final model match

the reference-free averages generated independently, and there
is good particle distribution among the projection angles,
although some views were preferred (Fig. 5, C and D).

The final model was calculated to be at 23 Å resolution using
the gold standard Fourier shell correlation procedure (Fig. 6A).
The model appears similar to the RCT models but with
improved definition of the three lobes of density, identifying a
cross-monomer arrangement (Fig. 6B). In the structure, a large
“head” domain is connected to two globular base domains by an
“arm” that extends across the structure, with a central space
between the head and base domains. The crystal structure of
the nNOS oxygenase dimer fits well into the head region of the
structure with the C terminus and �1-�2 helices aligning to
where the arms project downward (Fig. 6C). Agreement with
the crystal structure is further confirmed in a cross-section side
view that reveals a cavity that matches the solvent-accessible
site of the heme binding pocket (Fig. 6D). Overall no significant

FIGURE 5. RCT initial model generation and analysis of the final reconstruction. A, two-dimensional reference-free class averages of cross-linked nNOS-
CaM from untilted images with the indicated classes used in the RCT reconstructions. B, three-dimensional RCT reconstructions, generated from tilted data
corresponding to the indicated two-dimensional class. The reconstruction from class 13 was used as the starting model for additional three-dimensional
refinement. C, two-dimensional projections (Proj.) of the final three-dimensional reconstruction aligned to reference-free class averages (RF Av.) of cross-linked
nNOS-CaM. D, angle distribution image from the final round of refinement with a 7.5° increment, generated with XMIPP (48).
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conformational change is observed in the oxygenase dimer
when compared with the crystal structure. In this structural
arrangement, CaM is expected to be located in the connecting
arms across the complex, whereas the reductase domains are
positioned adjacent the oxygenase domain of the alternate
monomer.

Molecular Model of the nNOS-CaM Complex Reveals an
FMN Rotation to a Deshielded State—Next we worked to build
a complete molecular model of the nNOS-CaM complex to
determine whether nNOS is in a conformation that could sup-
port electron transfer across the domains. When the crystal
structure of the nNOS reductase domain was docked into the
EM map, the NADPH and FAD domains aligned well to the
curved globular base and the FMN domain was positioned
above, near where the arms connect across to the oxygenase
domain and where CaM is expected to be localized (Fig. 7A)
(12). The CaM binding helix was included in the fit and oriented
based on the crystal structure of the FMN domain-CaM com-
plex (19). In this arrangement, the CaM binding helix projects
away from the oxygenase domain, across the dimer in an orienta-
tion that is incompatible with the EM model. Furthermore, the
FMN cofactor is positioned in the center of the reductase domain

in a shielded conformation, nearly 100 Å away from the heme
pocket; thus a different arrangement of the FMN domain would be
required for electron transfer to the oxygenase domain.

To achieve a more accurate model, the FMN domain, includ-
ing the CaM binding helix, was rotated to fit in the density that
extends toward the oxygenase domain (Fig. 7B). This was
achieved by treating residues 511–951 as a rigid body and rotat-
ing around a pivot point set in the flexible “hinge” region (resi-
dues 944 –968). Notably, there are two forms of the reductase
domain in the crystal structure that are related by a minor rota-
tion about this hinge, supporting the basis for the rotation
tested here (12). The autoinhibitory helix was excluded from
the fit because of its known flexibility. In this proposed
deshielded state, the FMN domain fits more completely into
the density and the cofactor is now exposed and projects
upward toward the oxygenase domain of the adjacent
monomer (Fig. 7B and supplemental Movie S1). In addition,
CaM fits into the connecting arm with the CaM binding helix
oriented toward the oxygenase domain. The 29 residues
between the CaM binding helix and the oxygenase domain that
are missing in existing crystal structures likely make up the
remaining density in the connecting arm.

FIGURE 6. Final three-dimensional model of the cross-linked nNOS-CaM complex. A, gold standard Fourier shell correlation (FSC) curve of the final
round of refinement showing a 23 Å resolution at a Fourier shell correlation � 0.5 criterion. B, three-dimensional model of nNOS-CaM, colored along the
two-fold axis to show the monomer arrangement. C, the oxygenase dimer (Protein Data Bank (PDB) ID: 1RS9) docked into the EM map and locally
optimized using Chimera. The heme cofactors are shown in red. D, cross-section view showing a pocket in the EM model that matches the location of the
heme cofactor.
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When this reductase-CaM conformation is symmetrized to
form a complete holoenzyme complex, there are no clashes
across the dimer, supporting the overall arrangement (Fig. 7C
and supplemental Movie S1). The �-finger that includes the
CD2A loop (residues 1060 –1082) in the reductase domain is
positioned along the two-fold axis in our model, making possi-
ble contacts across the dimer that could support this closed
dimer conformation. This loop forms part of a dimer interface
in the crystal form of the reductase structure and has functional
roles in facilitating CaM binding and NO synthesis (12, 20). The
shielded-deshielded conformational change we identify here
involves a large, 115° rotation of the FMN domain that reorients
the cofactor below the oxygenase domain of the adjacent
monomer, at about 25 Å away (Fig. 7D). Importantly, this alter-
nate reductase conformation highlights a rotation that would
increase accessibility to the FMN cofactor and potentially favor
electron transfer to the heme or other electron acceptors. To
further verify the rotated position of the FMN domain, we com-

pared two-dimensional projections of our reductase-CaM
deshielded model, calculated from the crystal structures, with
the two-dimensional averages of the uncross-linked nNOS-
CaM complex (Fig. 7E). An open clamp structure is identified in
the two-dimensional projections of the deshielded model, and
the conformation and position of CaM and the FMN domain
agree with the two-dimensional experimental class averages of
nNOS-CaM. Although a more extended reductase conforma-
tion is observed in some two-dimensional averages, suggesting
an increased rotation, the majority are similar to this open
clamp structure, confirming that the proposed rotation of the
FMN domain is the underlying CaM-dependent conforma-
tional change.

DISCUSSION

From the data presented here we propose a model where
large conformational changes of the nNOS dimer are coupled

FIGURE 7. Molecular model of the nNOS-CaM holoenzyme identifying a rotation of the FMN domain to a deshielded state. A, fit of the reductase
domain (PDB ID: 1TLL) showing the FMN domain (orange) in the shielded arrangement with the aligned CaM binding helix (PDB ID: 3HR4) and
NADPH-FAD domains (blue). B, fit of the reductase domain with CaM (pink) and showing the rotation of the FMN domain around the flexible hinge (*) to
a proposed FMN-released, deshielded state. Cofactors are shown in red. C, complete molecular model the nNOS-CaM complex in the deshielded state.
D, close-up view of the reductase domain with the FMN in the shielded (light orange) and deshielded (dark orange) states indicating a 115° rotation. E,
comparison of two-dimensional averages of uncross-linked nNOS-CaM (left panels) and two-dimensional projections of the proposed reductase-CaM
deshielded arrangement (right panels).
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to CaM-driven release of the FMN domain during the NO syn-
thesis cycle (Fig. 8). In the absence of CaM, nNOS exists in an
equilibrium of extended, intermediate, and closed states,
defined by changes in the connecting arm that alter the relative
reductase-oxygenase position. The FMN domain remains pro-
tected in the shielded conformation, and NO synthesis does not
occur. CaM binding does not significantly change this equilib-
rium but induces flexibility in the reductase domain that causes
the FMN domain to release and undergo a large rotation that
exposes the FMN cofactor, enabling electron transfer across the
domains.

Our EM structure and pseudo-atomic model of nNOS cap-
tures, for the first time, this CaM-dependent conformational
change in the FMN that has been proposed in previous kinetic
studies (13, 14). Our two-dimensional averages indicate that
the deshielded, FMN-released state occurs in extended, inter-
mediate, and closed dimer arrangements. Because of the long
distance between the reductase and oxygenase domains in the
more extended states (potentially �100 Å), we argue FMN-
heme electron transfer across the monomers would be optimal
in the closed state. However, given the dynamic conformations
of nNOS-CaM we have identified, certain asymmetric arrange-
ments of the complex may also facilitate FMN-heme electron
transfer.

Flanking hinge elements are thought to enable the FMN to
shift between shielded and deshielded states to favor respec-
tive NADPH-FAD-FMN and FMN-heme electron transfer
(22). Although the requirement of CaM binding is unique to
NOS, flexibility of the FAD-FMN hinge has been observed in
several cytochrome P450 structures and is known to be
important to catalytic function (7, 41). Thus, the large rota-
tion of the FMN we have identified here may be a conserved
mechanism to control redox cycling by the oxidoreductase
enzymes.

From our model the FMN domain does not directly contact
the oxygenase domain, as proposed from previous work (21,
25). However, a minor rotation of the connecting arm would
bring the domains closer and position the FMN adjacent the
heme pocket. Therefore, the cross monomer arrangement and
FMN domain rotation captured in the EM structure are argu-
ably the primary conformational changes on-path for the final
steps of NO synthesis. The closed conformation in the three-
dimensional reconstruction appears to be supported by addi-
tional reductase-reductase interactions based on our molecular
model. Although this supports a potential role for a reductase-
reductase interaction in stabilizing the arrangement, previous
experiments established that heterodimer complexes contain-
ing one reductase domain are catalytically active (42). There-
fore this interaction would not be required for synthesis, but
based on our model we argue the contacts, such as through the
CD2A loop (12, 20), could provide additional catalytic or regu-
latory control. Additional experiments and higher resolution
structures are required to better characterize this interaction
and potential function.

From the two-dimensional classification of nNOS-CaM, the
reductase domain adopts several conformations, suggesting
that both shielded and deshielded states are accessible in the
CaM-bound state. This fits with kinetic models where CaM
remains bound throughout the catalytic cycle to accelerate
both interflavin and FMN-heme electron transfer steps (43).
The conformational equilibrium we observe indicates that the
FMN domain would be closest to the oxygenase domain of the
adjacent monomer in the closed state, supporting a cross-
monomer electron transfer mechanism when this conforma-
tion is sampled. Although the V-shaped and closed conforma-
tions in the two-dimensional averages appear to be symmetric,
indicating a coupling between the monomers, the CaM-depen-
dent opening of the reductase domains is largely asymmetric.

FIGURE 8. Proposed conformational model for NO synthesis by nNOS. NO synthesis involves two distinct changes in the NOS holoenzyme complex:
1) an extended-to-closed conformational equilibrium that brings the reductase domains together in a cross-monomer arrangement, and 2) release and
rotation of the FMN domain triggered by CaM binding that positions the FMN cofactor for electron transfer across to the adjacent oxygenase domain
in the closed state.
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Thus, the final electron transfer step may occur independently
or alternate between the monomers.

A conserved reductase domain Arg residue (Arg-753 in
nNOS), identified to form a salt bridge with CaM in the iNOS
FMN domain-CaM structure, was shown in recent studies to be
important for enhancing CaM-dependent catalytic activity (19,
21, 44). Our results provide additional structural framework for
this interaction and support a model whereby this salt bridge
and other interactions that stabilize the FMN domain-CaM
arrangement function to drive the release of the FMN domain
from the shielded state and stabilize the open-clamp conforma-
tion we have identified. We argue that these changes function
together with the inherent extended-to-closed conformational
equilibrium to transiently position the FMN adjacent to the
oxygenase domain.

Finally, although the core mechanism of electron transfer
is highly conserved, the NO synthesis rates vary significantly
among the isoforms and have been attributed to differences
in sequence elements between the domains (45, 46). In par-
ticular, the 40-residue autoinhibitory loop found in nNOS
and eNOS affects the Ca2� response in CaM binding,
whereas the C-terminal tail segment has been shown to reg-
ulate multiple steps in electron transfer (47). Structurally
how these elements might control the catalytic cycle is
unknown, but this could occur by altering the open-closed
conformational equilibrium or FMN-release state observed
with nNOS, and thus provide a unique means for regulatory
control of NO synthesis for the different, isoform-specific
aspects of cellular function.
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