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NOSs are homodimeric multidomain enzymes responsible for
producing NO. In mammals, NO acts as an intercellular messenger
in a variety of signaling reactions, as well as a cytotoxin in the
innate immune response. Mammals possess three NOS isoforms—
inducible, endothelial, and neuronal NOS—that are composed of
an N-terminal oxidase domain and a C-terminal reductase domain.
Calmodulin (CaM) activates NO synthesis by binding to the helical
region connecting these two domains. Although crystal structures
of isolated domains have been reported, no structure is available
for full-length NOS. We used high-throughput single-particle EM
to obtain the structures and higher-order domain organization of
all three NOS holoenzymes. The structures of inducible, endothe-
lial, and neuronal NOS with and without CaM bound are similar,
consisting of a dimerized oxidase domain flanked by two sepa-
rated reductase domains. NOS isoforms adopt many conforma-
tions enabled by three flexible linkers. These conformations
represent snapshots of the continuous electron transfer pathway
from the reductase domain to the oxidase domain, which reveal
that only a single reductase domain participates in electron trans-
fer at a time, and that CaM activates NOS by constraining rota-
tional motions and by directly binding to the oxidase domain.
Direct visualization of these large conformational changes induced
during electron transfer provides significant insight into the mo-
lecular underpinnings governing NO formation.

heme | flavin | electron microscopy | conformational heterogeneity

O has emerged as an integral signaling molecule in biology.
NOSs are the only enzymes responsible for NO production

in mammals. Disruptions in NO signaling are linked to hyper-
tension, erectile dysfunction, neurodegeneration, stroke, and
heart disease (1-3). Three NOS isoforms, which vary slightly in
size and composition from 260 to 321 kDa for the NOS homo-
dimer, are present in mammals; each is a distinct gene product
differing in subcellular localization, tissue distribution, and mode
of regulation. The constitutively expressed NOS isoforms are
found primarily in endothelial cells [endothelial NOS (eNOS)]
and neuronal cells [neuronal NOS (nNOS)], and NO produced
by these isoforms initiates diverse signaling processes, including
vasodilation, platelet aggregation, myocardial functions, and
neurotransmission (4). The activity of the constitutive NOS iso-
forms is dependent on intracellular Ca®* concentrations. The
third isoform, inducible NOS (iNOS), is transcriptionally con-
trolled and produces cytotoxic concentrations of NO at sites of
infection or inflammation. Unlike eNOS and nNOS, the activity
of iNOS is independent of the intracellular Ca** concentration.
Mammalian NOS isoforms use a complex assembly of domains
and cofactors to convert L-arginine to L-citrulline and NO, via
the intermediate N-hydroxy-L-arginine. Mammalian NOS iso-
forms are active as homodimers and composed of two primary
domains: the N-terminal oxidase domain and the C-terminal
reductase domain (Fig. 14). The reductase domain can be fur-
ther divided into the FAD/NADPH-binding and the FMN-
binding subdomains. The FMN subdomain is connected to the
oxidase domain via a polypeptide linker approximately 30 aa in
length, which forms a helical binding site for calmodulin (CaM)
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(5). During catalysis, the reductase domain passes electrons from
the reduced NADPH substrate through the bound FAD and
FMN cofactors and ultimately to the heme cofactor in the oxi-
dase domain of the opposite monomer (4, 6). The oxidase do-
main binds the arginine substrate directly above the heme and
tetrahydrobiopterin cofactors. Electron transfer is initiated when
NADPH reduces FAD by two electrons. FMN accepts one
electron through a direct interaction between the FAD/NADPH
and FMN subdomains. This interaction state, where the FMN
subdomain is buried within the rest of the reductase domain, is
known as the input state (Fig. 1B). To transition into the output
state, a large conformational change occurs that allows the FMN
subdomain to donate an electron to the oxidase domain. Al-
though progress has been made elucidating the interaction sur-
faces present in the input and output states (7-12), the trajectory
of this conformational change between the input and output is
only beginning to be explored (13). Further understanding of this
conformational change is particularly important as electron
transfer is rate-limiting during NOS catalysis (6).

For NO formation to occur, NOS requires CaM to bind the
linker region between the oxidase and reductase domains. This
binding is thought to release the FMN subdomain from the input
state (6). Our recent studies investigating iNOS through hydrogen-
deuterium exchange MS (HDX-MS) suggested an intermediate
state as the enzyme transitions from input to output state (7).
During this transition, it is thought that first CaM and then the
FMN subdomain bind sequentially and directly to the oxidase
domain. Despite these advances in domain placement during
various stages of electron transfer, the precise role of CaM during
catalysis remains poorly understood.
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Fig. 1. Mammalian NO synthases. (A) NOS domain organization. Each NOS
monomer is composed of two domains: the oxidase domain and the re-
ductase domain. The heme cofactor (red) binds within the oxidase domain.
The reductase domain is divided further into the FAD/NADPH-binding and
the FMN-binding subdomains. CaM binds to a small helical segment that
connects the oxidase and reductase domain. Three linker regions connect
these domains: linker-a is between the oxidase and the CaM-binding helix;
linker-b is between the CaM-binding helix and the FMN subdomain; and
linker-c is between the FMN subdomain and the FAD/NADPH subdomain.
Although largely similar, each NOS isoform possesses a few unique features.
iNOS is the smallest (260 kDa for the homodimer without CaM bound) and
lacks the autoinhibitory helix within the FMN subdomain and the C-terminal
extension (both shown in purple) present in eNOS and nNOS. eNOS has
a molecular weight of 266 kDa for the homodimer, and nNOS is the largest
at 321 kDa for the homodimer as a result of an N-terminal extension of ~250
aa containing a PDZ domain. (B) NO synthase electron transfer pathway.
NOS is shown as its native homodimer. The monomer on the left shows the
input state, and the monomer on the right shows the output state. In the
input state, the FMN subdomain interacts with the FAD/NADPH subdomain
allowing electron transfer between the flavin cofactors. In the output state,
the FMN subdomain interacts with the heme domain allowing electron
transfer between FMN and heme.

As the NOS holoenzyme has proven recalcitrant to crystalli-
zation, direct high-resolution structural information is limited to
the individual NOS domains and subdomains. The oxidase do-
main structure has been solved for all three NOS isoforms (14,
15). Structures of the nNOS reductase domain (8, 16) and the
iNOS FMN subdomain and CaM-binding helix bound to CaM
(17) have also been reported. Previous computational docking
studies (7, 9, 17, 18) provide an emerging view of the output state
in NOS holoenzymes, but these methods provide numerous
models, and selecting the catalytically relevant structure or
structures without direct experimental evidence is difficult. Our
recent HDX-MS studies provided detailed models of the iNOS
output state, but, because the FAD/NADPH subdomain was not
included in the truncations used in this study, the relative posi-
tioning of the entire reductase and oxidase domains could not be
determined (7). Based on the crystal structure of the nNOS re-
ductase domain (8), it has been hypothesized that the reductase
domains dimerize in the NOS holoenzyme, but this hypothesis
remains a point of major uncertainty and contention (6, 19, 20).
Furthermore, despite significant homology, it is unknown whether
all three NOS isoforms adopt a similar overall structure.

Here, we use EM to determine structures of the iNOS, eNOS,
and nNOS holoenzymes bound to CaM. To gain insight into the
mechanism of CaM activation of the constitutive NOS isoforms,
we also determined structures of eNOS and nNOS without
bound CaM. Fitting the NOS domain crystal structures into the
EM reconstructions provides a detailed model for the higher-
order architecture and quaternary organization of NOS isoforms
that is consistent with all reported structural and biochemical
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data. For each NOS isoform, numerous structures in distinct
conformations were determined that correspond to snapshots
along a continuous conformational trajectory. These structures
illustrate with exquisite detail a well-defined pathway for elec-
tron transfer between the reductase and oxidase domains and a
mechanism of CaM activation for efficient NOS catalysis.

Results

iNOS Adopts a Wide Range of Conformations. To determine the
structure and domain organization of a full-length NOS holo-
enzyme, purified murine iNOS was visualized by negative-stain
EM. With this technique, the 260-kDa iNOS homodimer bound
to CaM is distinguishable as highly flexible particles (Fig. S14).
Individual particles were chosen and sorted by using iterative
reference-free and reference-based techniques (Materials and
Methods). Approximately 17,500 particles were clustered into 78
2D class averages, revealing that iNOS is highly heterogeneous
and adopts a wide range of conformations (Fig. S1B).

All observed conformations exhibit several common features:
an ellipsoid density in the center of the class averages as well as
a similarly sized C-shape motif and two circular densities at the
peripheries (Fig. 2). The striking detail and recognizable re-
peating shapes in the 2D averages allowed for immediate as-
signment of domains based on silhouette and size information
provided by known mammalian NOS domain crystal structures
(8, 14-16, 21). The central ellipsoid density is the dimerized NOS
oxidase domain; the C-shaped density is the FAD/NADPH
subdomain; the circular density typically bound within the
C-shaped density is the FMN subdomain; the other circular
density positioned between the reductase and oxidase domains is
CaM bound to the CaM-binding helix of NOS (Fig. 2). In all the
2D class averages, at least four densities are found: the oxidase
domain and one reductase domain/CaM feature that projects
away from the oxidase domain (the bottom reductase domain in
each 2D class average in Fig. 3). The 2D class averages can be
divided into three groups based on the densities observed for the
other reductase/CaM feature (the top reductase domain in each
2D class average in Fig. 3). All the observed conformations in the
2D class averages lie along a continuous trajectory from the in-
put to the output state. Therefore, these groups are suggested

FAD/NADPH subdomain
FMN subdomain

CaM

Oxidase domain

linker-a ————
CaM
linker-b
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FMN subdomain
FAD/NADPH subdomain

»
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Fig. 2. Domain assignment. (Left) A 2D class average of iNOS composed of
136 individual particles averaged together shows clearly defined densities
for each domain and subdomain. The oxidase is dimerized in the center with
a bound CaM on either side. The round FMN subdomain and C-shaped FAD/
NADPH subdomain of the reductase domain are easily distinguished. The
approximate locations of the three linker regions are also shown: linker-a is
between the oxidase and the CaM-binding helix; linker-b is between the
CaM-binding helix and the FMN subdomain; and linker-c is between the
FMN subdomain and the FAD/NADPH subdomain. (Right) An NOS schematic
showing CaM in green and one iNOS monomer in navy blue and the other in
light blue. (Scale bar: 28.5 nm, i.e., the same length as the structure.)
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Fig. 3. iNOS 2D class averages (gray scale) with their corresponding 3D reconstructions (blue). Images were collected as detailed in Materials and Methods.
iNOS is highly flexible, and the observed iNOS conformations can be organized into three main groups. Thirty-two structures (of 45 total) are shown, selected
to illustrate the range of motion accessible in each state. Group | is defined by the presence of two well-defined reductase domains that contain easily
distinguishable FAD/NADPH and FMN subdomains. In group I, the overall range of motion remains similar to group I, but one of the FMN subdomains has
been released from the FAD/NADPH subdomain, causing the observed density to merge with the adjacent CaM in the 2D class averages. In group llI, the
second reductase domain has folded over to interact directly with the oxidase domain. Furthermore, the range of motion of the interacting oxidase/reductase
cluster is restricted relative to the other reductase domain in group Ill. (Scale bar: 20 nm in relation to 3D reconstructions.)

solely to provide a means to discuss critical conformational steps
along this continuum, not to define three discrete states. In
particular, group II conformations near the transition from
group I or to group III are difficult to definitively classify. In
group I, which is occupied by ~50% of the particles, seven
densities are clearly delineated in 2D, each corresponding to
a known NOS domain or subdomain. Approximately 30% of the
particles belong to group II, which differs from group I in that
the second FAD/NADPH subdomain is still distinguishable, but
the adjacent FMN subdomain and CaM form one continuous
density in group II, resulting in six total distinct densities. Group
II conformations likely lie along the continuous transition from
group I to group III. Group III has the fewest number of par-
ticles (~20%), and the details of the second reductase domain/
CaM are not individually defined because the protein is folded
compactly on itself; thus, five densities are readily discernable for
the group IIT conformations. To ensure that the acidic pH of the
stain was not adversely affecting the observed conformations,
iNOS was examined by using a negative stain with a neutral pH
(nanoW), and this confirmed that the protein adopts the same
range of overall conformations (Fig. S2).

iNOS Reconstructions Reveal 3D Flexibility. To better understand
the range of flexibility indicated by the 2D class averages of
iNOS, the random conical tilt (22, 23) strategy was used to vi-
sualize in 3D the multitude of conformations adopted by iNOS.
Because no other validated model of full-length NOS was avail-
able, this reference-free ab initio method allowed for 2D classes
to be reconstructed in an unbiased manner into 3D density maps,
which importantly does not rely on the generation of initial
models or masks. From 78 2D classes, 45 3D maps were recon-
structed that were fully consistent with their respective 2D class
averages (Fig. 3). These models represent snapshots of a contin-
uous movement between the distinct NOS domains. To align the
structures in a consistent orientation to facilitate comparison, an
iNOS reductase domain homology model was constructed from
the crystal structure of the complete rat nNOS reductase domain
(8) (Materials and Methods). This homology model was low-pass
filtered to 30 A and used to align to a single reductase domain
from each reconstruction. This analysis revealed that the relative
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orientation of the CaM adjacent to the aligned reductase domain
adopted a variety of positions, suggesting a flexible linker (linker-b;
Fig. 14) between the FMN subdomain and CaM-binding helix.
The pronounced flexibility of this linker was previously observed in
the crystal structure of the human iNOS subdomain and CaM-
binding helix bound to CaM (17). Our data further suggest a flex-
ible linker between the CaM-binding helix and the oxidase domain
(linker-a; Fig. 14), as these two components were also positioned
at a wide variety of angles relative to one another in the 2D class
averages (Fig. 3). The 3D motion in and out of plane of the oxidase
domain relative to the reductase domain illustrated by the 3D
reconstructions (Fig. 3) suggests that the overall motion may be
more complex than a simple 2D hinge. The linkers allow for
motions that provide structures in which the complex ranges from
a straight/extended conformation to a condensed more compact
structure. When in an elongated conformation, the maximum
vertical length of the protein is 285 A, with a width of 20 A at the
narrowest point (at the bound CaM) and as much as 60 A at the
widest point (oxidase domain; Fig. 3). To verify that the primarily
extended conformations observed by EM represent conformations
also present in solution, iNOS was subjected to analytical ultra-
centrifugation. Fitting the data to a cyhndrlcal model provided
a length of 234 A and diameter of 52 A in complete agreement
with the primarily elongated conformations observed by using EM.

Higher-Order Domain Architecture of iNOS. To provide a more de-
tailed understanding of the domain orientations and interactions
in the iNOS holoenzyme complex, homology models and pre-
viously solved crystal structures of the murine iNOS domains and
CaM (8, 17) were fit the EM maps (Fig. 4 and Movies S1-S3). A
representative structure for each group is shown, but the crystal
structures were fit and are well accommodated by all EM maps
shown in Fig. 3, indicating that these EM maps represent full-
length NOS protein and not partially proteolyzed NOS trunca-
tions accessed during purification. To further verify the consis-
tency of these fittings, the 2D class averages were compared with
forward projections of the proposed models (Fig. S3). For group I,
two copies of the reductase homology model were docked
manually into the corresponding terminal densities and further
refined using the “fit in map” function of UCSF Chimera (24).
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Fig. 4. The higher-order domain architecture of iNOS. Crystal structures and homology models of the individual domains and subdomains are shown as
ribbon structures and were fit into a representative EM map from the input (group 1), the intermediate (group Il), and the output (group Ill) state. The ribbon
structures shown in shades of brown belong to one monomer, and those in shades of gray belong to the second monomer. CaM is shown in green, the heme
cofactors are shown in red, and FAD and FMN are shown in navy blue. The progression of electron transfer can be observed by tracing the movement of the
FMN subdomain in the gray monomer. In group |, the FMN subdomain is bound within the FAD/NADPH subdomain. In group Il, CaM has docked to the
oxidase domain, and the FMN subdomain has begun to pull away from the rest of the reductase domain. By group I, the FMN subdomain has also docked to
the oxidase domain allowing electron transfer from FMN to the heme cofactor in the oxidase domain of the opposite (brown) monomer. The 2D class average
used to create the 3D reconstruction, and the corresponding forward projection of the proposed models for each of the structures are shown in Fig. S3. (Scale
bar: 10 nm.)

Crystal structures of CaM bound to the CaM-binding helix of  termini of the CaM-binding helices ~27 A apart—compatible
iNOS (17) and the murine iNOS oxidase domain (25) were fit  with the expected length of a ~20-aa linker region (26). Likewise,
into the remaining densities by the same method. The best fits  the C-termini of the CaM-binding helices and the N-termini of
placed the C-termini of the oxidase domain dimer and the N-  the FMN subdomains are located within the predicted 27-A,
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~20-aa-length linker between these domains. In the group I
conformations, the oxidase domain does not interact with the
reductase domain or a specific binding surface on CaM, sug-
gesting that the group I conformations are representative of the
input state (Fig. 4 and Movie S1).

For the group II structures, the iNOS domains and CaM were
fit in the same manner as described earlier (Fig. 4 and Movie
S2). However, unlike group I, in which the reductase domains
both adopt the input state conformation present in the crystal
structure of the nNOS reductase domain (8), in group I, one of
the FMN subdomains (of the top reductase domain in Fig. 3) is
released from its interaction with the FAD/NADPH subdomain.
This FMN subdomain and the nearby CaM are closely posi-
tioned and appeared merged in group II and therefore could not
be independently docked. In addition, the density of this CaM is
positioned near the oxidase domain dimer interface, suggesting
a direct interaction between CaM and the oxidase domain. The
location of this direct interaction between CaM and the oxidase
domain matched precisely with the interaction proposed in our
recent iNOS HDX-MS and modeling study (7). Therefore, our
NOS models of CaM docking on the oxidase domain from our re-
cent HDX-MS study (7) were used to place CaM in the group II
densities. Because, in these conformations, CaM is interacting with
the oxidase domain and the FMN subdomain is released from the
FAD/NADPH domain but not yet interacting with the oxidase
domain, the group II conformations belong to an intermediate,
transitional CaM-docked state the existence of which we previously
hypothesized (7).

Group III structures show conformations whereby one of the
reductase domains and CaM have folded over to directly interact
with the oxidase domain (Fig. 4 and Movie S3). In these con-
formations, CaM remains in the same position as in group II, but
the FMN subdomain is extended further to interact with the
oxidase domain of the opposite monomer in the NOS homo-
dimer. This interdimer interaction is necessary for the interdimer
electron transfer between the FMN and heme cofactors known
to occur during NOS catalysis (4, 6). We recently developed com-
putational models of the output state complex between CaM, the
FMN subdomain, and the oxidase domain that are entirely consis-
tent with all available HDX-MS and mutagenesis data (7). Impor-
tantly, these output state complex models (7) were fit without any
alteration into the EM density, and the FAD/NADPH subdomain
fits snugly into the remaining density (Fig. 4 and Movie S3). The
combination of the previous HDX-MS data (7) and the present EM
data allowed unambiguous fitting of the similarly sized FMN sub-
domain and CaM into the group III 3D reconstructions. Further-
more, the relative positioning of CaM, the FMN subdomain, and the
oxidase domain in group III is in agreement the proposed positioning
in a recent cryo-EM study of eNOS with and without bound CaM
(27). Thus, all available structural and biochemical data support the
conclusion that group III represents the output state of iNOS.

The known crystal structures of the domains are well accom-
modated into the EM density maps in each of the three states
with one exception. When fitting iNOS oxidase domain crystal
structures, the ol and o2 helices of each monomer of the oxidase
domain are consistently and symmetrically positioned outside
the oxidase domain EM density. This minor discrepancy between
the iNOS oxidase domain crystal structures and EM density
maps suggests either that the position of these helices in the
oxidase domain crystal structures does not reflect the positioning
in the iNOS holoenzyme or that these helices are dynamic and
adopt a variety of conformations that are lost as a result of av-
eraging during data processing. Despite this single discrepancy,
the consistency of the fittings, suggest that the domains (or sub-
domains in the case of the reductase portion) remain relatively
rigid, intervened by flexible linkers.
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Destabilization of the iNOS Input State Results in Greater Occupancy
of the Output State. To further confirm that group I represents
the input state and group III represents the output state (Fig. 3),
we perturbed the equilibrium toward the output state by con-
struction of a point mutant (iNOS E660R) that, based on our
recent HDX-MS studies (7), was predicted to selectively disrupt
the interaction of the FMN subdomain with the FAD/NADPH
subdomain but not the oxidase domain (Fig. 54). To verify that
the iNOS E660R mutant behaved as expected, the steady-state
rate of cytochrome ¢, 2,6-dichlorophenol-indophenol (DCIP),
and ferricyanide reduction as well as NADPH oxidation and NO
formation were determined as detailed in Materials and Methods
(Table S1). In NOS isoforms, cytochrome c is reduced exclusively
by the FMN cofactor; DCIP is reduced by FAD or FMN; ferri-
cyanide is reduced by FAD, FMN, or heme (Fig. 5B) (6, 10). A
mutant that selectively perturbs the interface between the FMN
subdomain and the FAD/NADPH subdomain should result in
a decreased efficiency of electron transfer from FAD to FMN.
This decreased efficiency would be more pronounced for cyto-
chrome ¢ reduction compared with DCIP or ferricyanide re-
duction. As predicted, iNOS E660R displayed a s1gn1flcantly
decreased rate of cytochrome ¢ reductlon (0.57 + 0.1 s7%) com-
pared with iNOS WT (1.50 + 0.29 s™') whereas the rates of
DCIP and ferricyanide reduction were not significantly changed
from the rates determined for iNOS WT (Fig. 5C and Table S1).
The E660R mutation may also disrupt the interaction of cyto-
chrome ¢ with the FMN subdomain (28). In addition, a de-
creased efficiency of electron transfer from FAD to FMN was
predicted to uncouple NADPH oxidation from NO formation.
Indeed the rate of NADPH oxidation for iNOS E660R (2.08 +
0.33 s™') was nearly double that of iNOS WT but the rate of NO
formation for iNOS E660R (0.60 + 0.10 s™) corresponded to the
rate for iNOS WT (0.48 + 0.02 s~") within error (Fig. 5C and
Table S1), indicative of significant uncoupling in iNOS E660R.
The increased rate of NADPH oxidation for iNOS E660R is
likely a result of increased solvent exposure of the FAD and
FMN cofactors and resulting increased rates of electron transfer
to alternative electron acceptors (e.g., oxygen) in addition to the
heme reduction required for NO formation. The observed un-
changed rate of NO formation suggests that precise tuning of the
NOS interdomain interfaces is more important to prevent uncou-
pling than to optimize the rate of the electron transfer to the oxidase
domain for NO formation. Taken together, the aforementioned
results support the hypothesis that the E660R mutant selectively
disrupts the interaction of the FMN subdomain with the FAD/
NADPH subdomain. EM data were then acquired and processed
for the iNOS E660R mutant by using the same methods used for the
WT protein. As predicted, the majority of the conformations ob-
served for the iNOS E660R mutant corresponded to group II and
group III, and no 2D class averages were found corresponding to
group I of iNOS WT (Fig. 5D). This observation provides strong
evidence that the group I conformations observed for iNOS WT
but not present in the iNOS E660R mutant represent the input
state and the group III conformations enriched for the iNOS
E660R mutant represent the output state.

All Three NOS Isoforms Adopt Similar Conformations and a Similar
Range of Motion. The iNOS EM data described thus far provides
a detailed conformational landscape for the progression between
the input and output states. However, it was unclear if the con-
stitutive NOS isoforms adopt similar overall structures and ranges
of conformations. In addition, as iNOS activity does not respond
to changes in intracellular Ca®* concentration as a result of for-
mation of a tight complex with CaM, this precluded determination
of the mechanisms through which CaM binding and dissociation
regulate NOS activity. We thus determined the structures of full-
length human eNOS and rat nNOS in the presence and absence of
bound CaM. Although closely related in sequence to iNOS, the
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nNOS and eNOS isoforms respond to the intracellular Ca**
concentration for CaM binding and subsequent NO formation;
thus, both eNOS and nNOS could be examined under two phys-
iologically relevant conditions: with and without CaM bound. EM
sample preparation, data collection, and data processing methods
closely followed those described for the iNOS datasets detailed
earlier (Materials and Methods).

Considering the basic silhouette of the structures (Fig. 6), the
range of conformations observed for all isoforms, with and with-
out CaM bound, are similar, ranging from a straight and elongated
morphology to a bent and folded-over form. When CaM is bound,
the detailed features of the domains of eNOS and nNOS appear
similar to those recognized in iNOS: a central dimerized oxidase
domain and two flexible reductase domains with CaM bound in
between. In many of the 2D class averages each representing an
individual conformation, the FMN subdomain and CaM are
readily recognizable, but, in general, the class averages of the
constitutive NOS isoforms with CaM bound are not as clearly
defined as the corresponding iNOS class averages. This might be
a consequence of incomplete occupancy of CaM on the CaM-
binding helices of eNOS and nNOS.

In eNOS and nNOS samples without CaM bound, there is
a striking lack of well-defined details of the individual domains:
neither the characteristic shape of the FAD/NADPH nor the
FMN subdomain can be identified in any single 2D class average
or 3D reconstructed density map (Fig. 6 and Fig. S4). This blurring
of the higher resolution information may arise as a result of an
increased range of rotational motion in linker-a and linker-b in the
absence of CaM. This increased heterogeneity means that very
few particles occupy the exact same conformation, and thus well-
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B NADPH FAD=-FMN

Fig. 5. Kinetic and EM analysis of iNOS E660R. (A) Homology model of the murine iNOS reductase domain based on the structure of the nNOS reductase
domain (8). E660, FMN, and FAD are shown as sticks. The FMN subdomain is colored light blue and the FAD/NAPDH subdomain is colored light gray. (B) NOS
cofactor specificity for the alternative electron acceptors used in this study. DCIP can accept electrons from FAD or FMN. Cytochrome c selectively accepts
electrons from FMN. Ferricyanide can accept electrons from FAD, FMN, or ferrous heme. (C) Bar graphs of steady-state rates of cytochrome c reduction, DCIP
reduction, ferricyanide reduction, NADPH oxidation, and NO formation for iNOS WT (dark gray) and E660R (red). Rates were normalized to the rates for iNOS
WT. Assays were performed as described in Materials and Methods. Error bars represent SD from the mean for at least five independent replicates. (D) The
constricted range of motion of iINOS E660R visualized through 2D class averages and 3D reconstructions. Approximately 25% of iNOS E660R particles occupy
group Il conformations, whereas an overwhelming 75% of particles belong to group Ill. No group | conformations characterized by two defined reductase
domains locked in the input state were observed. The abundance of group Il particles with iNOS E660R revealed several new group Il conformations that
were not defined with iINOS WT because of the lower abundance of group IlI particles in the iINOS WT dataset. Steady-state kinetics are shown in Table S1.

e e e
DCIP.  Cytochrome ¢ ferricyanide
ferricyanide

»N
o
o

EWT ME660R

- - [N
(=1 o o
o o o

o
o

Percent relative to wild type

o

o

defined features are lost because of overlay of many different
conformers during averaging.

Although the three NOS isoforms possess several notable
differences in their amino acid sequence, these differences are
not observed in the EM 2D class averages and 3D maps at the
resolution possible for these highly flexible conformers. iNOS
lacks two components found in eNOS and nNOS that are nec-
essary for Ca?" regulation: an autoinhibitory helix in the FMN
subdomain and the C-terminal extension, but the ~42-aa single
helix and ~30-aa extension are not large enough to alter the per-
ceived structure at the resolution attainable for negatively stained
NOS isoforms. nNOS incorporates an additional N-terminal ex-
tension of ~250 aa containing a PDZ domain that targets the en-
zyme to the cell membrane via protein—protein interactions (29).
Although extensions of this size are large enough to observe by
EM, a distinct extra density in nNOS was not observed compared
with eNOS and iNOS. One possible explanation is that, because
the size of the oxidase domain dimer is larger in nNOS compared
with eNOS and iNOS (as detailed later), the PDZ domain may be
closely associated with the nNOS oxidase domain. Alternatively,
the PDZ domain may be flexibly positioned relative to the oxidase
domain and therefore the density of the PDZ cannot be recovered
by averaging.

Measurements of lengths of the 3D structures in their most
elongated form (Fig. 6, i, and Fig. S4, i) show that iNOS and
eNOS occupy nearly identical dimensions to each other when
CaM is bound: a vertical length of ~285 A and a width of ~25 A
at the thinnest point (where CaM is bound) and ~60 A at the
widest point in the oxidase dimer. CaM-unbound eNOS occupies
identical dimensions, but, because the densities of the oxidase
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Fig. 6. NOS isoforms share the same basic structure. Two-dimensional class
averages of iINOS, eNOS, and nNOS arranged by column (i-viii) to emphasize
the similar set of conformations adopted by each NOS isoform. CaM binding
enhances the detail in the individual NOS domains and subdomains. iNOS is
the most highly resolved isoform; the CaM-binding helix is fully occupied in
this NOS isoform. The loss of definition in the unbound forms of eNOS and
nNOS (labeled “-CaM") is probably the result of the increased rotational flex-
ibility in the linking regions in the absence of CaM. Similarly, the loss of details
in the domains of CaM-bound eNOS and nNOS (labeled “+CaM") compared
with iNOS may arise from incomplete CaM-binding. (Scale bar: 20 nm.)

and reductase domain are discontinuous, there is no observable
thin width. nNOSo, both CaM-bound and unbound, has a vertical
length of ~320 A. The widths of CaM-bound range from ~25
to ~70 A, whereas, when CaM is not bound to nNOS, again there
is no minimum width, but the maximum width in the oxidase do-
main is ~75 A. Analytical ultracentrifugation measurements were
in agreement the overall shape and size of the unbound and CaM-
bound of eNOS and nNOS.

Discussion

The lack of information on higher-order domain architecture
and quaternary structure of NOS isoforms was a vital missing
piece of NOS enzymology and hampered a full appreciation of
the mechanisms controlling NO production. In the absence of
structural information, two critical pieces of the NOS mechanism
have remained largely unknown: (i) the pathway of the large
conformational change that the FMN subdomain undergoes to
transition from the input state to the output state; and (ii) the
mechanism through which CaM activates this conformational
change. Furthermore, it was unclear whether the three mamma-
lian NOS isoforms display similar or distinctive overall structures
and mechanisms of CaM activation. By using EM, we captured
and compared 3D reconstructions of all three full-length NOS
holoenzymes in multiple conformations, in CaM-bound and un-
bound states in the case of eNOS and nNOS. Exploring this series
of structures allowed us to define the higher-order domain ar-
chitecture, compare the NOS isoforms with each other, verify
flexible linker regions, and visualize critical interactions. This
additional information also allows in depth visualization of the
sequence of conformational changes necessary for efficient elec-
tron transfer during NOS catalysis.

By using automated high-throughput single-particle EM (30—
33), 512 individual 3D reconstructions of full-length murine
iNOS, human eNOS, and rat nNOS were generated. The overall
domain structure and range of conformations adopted by the
three NOS isoforms are largely similar, with the central oxidase
domain dimerized as a single feature and two flexible reductase
domains of varying conformations protruding at each end of the
oxidase domain (Fig. 6). The known crystal structures of CaM
and the individual NOS domains and subdomains are well ac-
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commodated in the 3D reconstructions, suggesting that the oxi-
dase domain, FMN subdomain, FAD/NADPH subdomain, and
CaM remain relatively rigid, connected by flexible linkers. Three
primary flexible linkers were observed: linker-a between the oxi-
dase domain and the CaM-binding helix, linker-b between the
CaM-binding helix and the FMN subdomain, and linker-c between
the FMN subdomain and the FAD/NADPH subdomain (Fig. 14).
Each of these linkers could adopt a variety of orientations, pro-
viding significant conformational flexibility between the reductase
and oxidase domains. The observed conformational flexibility was
consistent with the 2D class averages of a recent naNOS EM study
(13). This conformational flexibility allowed us to examine snap-
shots of the NOS holoenzyme in the input and the output state as
well as many intermediate states. The snapshots were organized
sequentially to visualize a transition pathway for the FMN sub-
domain and CaM between the input and output states (Fig. 7).
Understanding of this large conformational change is particularly
critical, as this step is rate-limiting during catalysis (6, 14, 25).

Direct visualization of the intermediates along the transition
from the input state to the output state provided several insights
into the mechanisms of CaM activation of NOS catalysis. CaM
activates NO synthesis via two proposed mechanisms (4, 6). The
first mechanism is unique to the constitutive NOS isoforms. In this
mechanism, CaM binding releases the FMN subdomain from its
interaction with the FAD/NADPH subdomain, allowing the FMN
subdomain to transfer electrons to the oxidase domain (or alter-
native acceptors such as cytochrome c; Fig. 1B) (34-39). Indeed,
in CaM-bound nNOS, many 2D class averages were observed
whereby the FMN subdomain is visualized as a blurred cloud of
density (Fig. 6), consistent with the FMN subdomain adopting
a variety of conformations upon release from the FAD/NAPDH
subdomain. This blurring also means that the FMN subdomain is
absent in the corresponding 3D reconstructions (Fig. S4).
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Fig. 7. NOS electron transfer states. In the input state, the two NOS re-
ductase domains are highly flexible with respect to the oxidase domain and
adopt a wide range of conformations (dashed gray arrows). When electron
transfer is initiated (yellow arrows), a single monomer (dark blue) undergoes
a series of conformational changes: CaM docks to the oxidase dimer, which
pulls away the FMN subdomain from the NADPH/FAD subdomain (solid gray
arrows). This locks the monomer into an intermediate, CaM-docked state.
NOS then continues to the output state, and the FMN subdomain undergoes
a second transition (gray arrow) to interact with the oxidase domain of the
opposite monomer and transfer an electron (yellow arrow) to the heme
cofactor. Throughout this electron transfer process, the second monomer
(light blue) remains in the input state and adopts a variety of conformations
(dashed gray arrows) that are unaffected by the large conformational changes
occurring in the opposite monomer.
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The second function of CaM in the constitutive NOS isoforms
is to increase the efficiency of electron transfer from the FMN
subdomain to the oxidase domain (7, 27, 40-42). CaM activates
this electron transfer by binding to the CaM-binding helix be-
tween linker-a and linker-b, which constrains the rotational
movements of the reductase domain relative to the oxidase do-
main. The increased rotational constraint is manifested as a
striking loss of resolution in the unbound compared with the
CaM-bound samples of eNOS and nNOS (Fig. 6). Consistent
with this interpretation, iNOS binds CaM with the highest af-
finity [K4q < 0.3 nM (43-45)], and the domains of iNOS are the
most clearly resolved. eNOS [Kyq = 1.6-4 nM (44, 46, 47)] and
nNOS [Ky = 1.8-5.6 nM (44, 48, 49)] display weaker CaM
binding, and therefore CaM may partially dissociate at the low
concentrations (3.2 nM for eNOS and 4 nM for nNOS) required
for EM data collection, which results in increased heterogeneity
compared with iNOS. Alternatively, even with CaM fully bound
eNOS and nNOS may be intrinsically more flexible than iNOS.

CaM also forms a direct complex with the oxidase domain in
all three NOS isoforms (Fig. 6 and Fig. S4). Formation of this
complex further restricts the movements of the FMN subdomain
to conformations near the oxidase domain, which activates elec-
tron transfer from the FMN subdomain to the oxidase domain.
Importantly, the location of the CaM-docking site on the NOS
oxidase domain is entirely consistent with the location predicted
by our recent HDX-MS and modeling studies of iNOS (7), as well
as a recent cryo-EM study of eNOS (27). Furthermore, based on
our recent HDX-MS studies (7), we hypothesized that the CaM-
docked state precedes the output state, and the CaM-docked state
is required for efficient alignment of the FMN subdomain and
oxidase domain for subsequent electron transfer in the output
state. In support of this hypothesis, we observe several con-
formations whereby CaM has directly bound the oxidase domain,
but the FMN subdomain remains unbound (Fig. 7).

CaM activation of iNOS is unique among the three NOS
isoforms in that CaM copurifies with iNOS (50) and iNOS activ-
ity is not controlled by changes in intracellular Ca** concentra-
tion. In addition, previous studies have shown that CaM binding
to the isolated iNOS reductase domain does not increase the rate
of cytochrome ¢ reduction (41, 42, 51), suggesting that CaM
binding to the CaM-binding helix by itself does not release the
FMN subdomain when the oxidase domain is absent. Therefore,
CaM activates iNOS solely by stabilizing the interaction of the
FMN subdomain with the oxidase domain (41, 42, 51). Consistent
with this hypothesis, conformations in which the FMN subdomain
is released from the rest of the reductase domain are not found in
the iNOS 2D class averages and 3D reconstructions unless CaM
has already docked to the oxidase domain (Fig. 3).

Another interesting feature observed in almost all the iNOS,
eNOS, and nNOS reconstructions is that the FMN subdomain of
one of the monomers is locked in the input state in the same
conformation as the crystallized nNOS reductase domain (8).
However, in contrast to the dimeric crystal structure of the nNOS
reductase domain (8), the reductase domain was never observed
as a dimerized entity in the hundreds of EM structures determined
for all three NOS isoforms. Taken together, these observations
suggest that only one reductase domain at a time contributes to
NOS catalysis, while the other reductase domain remains in the
input state. In contrast, a recent negatively stained EM structure
of a chemically cross-linked nNOS—-CaM complex showed both
reductase domains in the output state (13). Because of the high
flexibility observed here for NOS isoforms, it is possible that cross-
linking the particles may have trapped a minor NOS conformation
that is not populated under normal conditions. Furthermore, the
enforcement of C2 symmetry during the reconstruction steps may
bias the analysis. It is notable that the 2D class averages obtained
by Yokom et al. (13) for the nNOS-CaM complex in the absence
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of chemical cross-linking are in complete agreement with those
reported here.

These structures of all three NOS isoforms, consistent with
available biochemical and structural data, give substantial insight
into the NOS conformational changes required for efficient
electron transfer between the reductase and oxidase domains as
well as the mechanisms through which CaM restricts and regu-
lates these conformational changes. Each NOS holoenzyme adopts
many conformations comprised of a dimerized oxidase domain
flexibly attached to two monomeric reductase domains. The ob-
served flexibility of these reductase domains also likely explains
why NOS holoenzymes have proven to be recalcitrant to crystal-
lization. The flexibility may be necessary to minimize unproductive
electron transfer from the reductase domain to the oxidase domain
when CaM is not bound and NO synthesis is not desired, while still
allowing the FMN subdomain the necessary flexibility to shuttle
electrons from the reductase domain to the oxidase domain when
CaM is bound.

Materials and Methods

Mutagenesis, Expression, and Purification of NOS Isoforms. The murine iNOS
E660R mutant was generated in the pCWori vector by using the QuikChange
method (Stratagene) according to the manufacturer’s instructions except
that the annealing temperature was 50 °C and the extension time was 21
min. iNOS WT and E660R were coexpressed with CaM and purified as pre-
viously described (52, 53). Human eNOS in the pCWori vector was gift of
Paul R. Ortiz de Montellano (University of California, San Francisco, CA).
eNOS was coexpressed with CaM and purified as previously described (54).
Rat nNOS in the pCWori vector was a gift of Richard B. Silverman (North-
western University, Evanston, IL). nNOS was expressed and purified as pre-
viously described (55, 56). Protein purity was assessed by SDS/PAGE and
concentrations were determined by using the method of Bradford (57) with
BSA as the standard.

iNOS Steady-State Activity Assays. Steady-state ferricyanide reduction, DCIP
reduction, cytochrome ¢ reduction, NADPH oxidation, and NO formation
kinetic assays with iNOS WT and E660R were performed as previously de-
scribed (7).

Analytical Ultracentrifugation. Sedimentation velocity experiments were
performed in a ProteomelLab XL-I (BeckmanCoulter) analytical ultracentri-
fuge. The samples contained 2.4 pM nNOS, eNOS, or iNOS, 100 uM arginine,
150 mM NaCl, 1 mM p-mercaptoethanol, and 100 mM Hepes, pH 7.5. To some
samples, 3.6 pM CaM and 3 mM CaCl, were added. Protein samples were
loaded in two-channel cells and spun in an An-50 Ti eight-place rotor at 30,000
rpm at 20 °C for 15 h. Absorbance at 280 nm was used for detection. Sedi-
mentation velocity data were analyzed by using Sedfit software (P. Schuck,
National Institutes of Health/National Institute of Biomedical Imaging and
Bioengineering). Shape models were generated by using Sednterp software
(D. B. Hayes, Magdalen College, Oxford, United Kingdom; T. Laue, University
of New Hampshire, Durham, New Hampshire; and J. Philo, Alliance
Protein Laboratories).

Negative-Stain EM. iNOS was diluted to a final concentration of 4.6 x 107° M
in 50 mM triethanolamine, pH 7.5, 150 mM NacCl, and 5 mM DTT. iNOS E660R
was diluted to a final concentration of 6.7 x 1072 M in 50 mM Hepes, pH 7.5,
150 mM Nacl, 1 mM DTT, 100 uM arginine, 50 pM tetrahydrobiopterin, and
200 pM NADP* (buffer A). eNOS and nNOS were diluted in buffer A to 3.2 x
107° M and 4.0 x 10™° M concentrations, respectively. For the CaM-bound
experiments, 1.5 equivalents of CaM relative to the NOS monomer concen-
tration were added to buffer A. As eNOS was coexpressed and purified with
CaM, to obtain non-CaM-bound eNOS, 2 mM of EGTA was added to buffer
A. For all experiments, 3 pL of the sample was applied to a glow-discharged
C-flat grid with 2-pm holes overlaid by a thin (~1.5 nm) layer of continuous
carbon. The specimen was stained as previously described (58) with a solu-
tion containing 2% (wt/vol) uranyl formate or nanoW.

Data were acquired by using a Tecnai F20 Twin transmission electron
microscope operating at 200 kV using a dose of ~35 e /A% and a nominal
range of 1.0-2.5 pm under focus. Tilt pair micrographs at 0° and -55° at a
nominal magnification of 62,000x (pixel size, 0.136 nm) were collected by
using the automated software Leginon (31). All images were recorded on a
4k x 4k Tietz F416 CMOS detector by using Leginon software. For iNOS,
2,226 micrographs (1,113 micrograph pairs) were collected; for nNOS, 1,602
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micrographs were collected; for CaM-bound nNOS, 1,684 micrographs were
collected; for eNOS with EGTA, 1,918 micrographs were collected; and for
CaM-bound eNOS, 2,306 micrographs were collected.

Image Processing and Reconstruction. Experimental data were processed by
using the Appion software package (30), which interfaces with the Leginon
database infrastructure. The contrast transfer function for each micrograph
was estimated by using CTFFIND3 (59). An iterative series of reference-free
and reference based sorting and alignment methods were used to effec-
tively deconvolute heterogeneity within the sample. Initial particle picking
was done on a subset of untilted micrographs by using a reference-free
difference of Gaussians approach (60). To generate templates, these par-
ticles were sorted, aligned, and clustered by using the reference-free Xmipp
Clustering 2D Alignment (61), which generates initial references by sepa-
rating the images with the largest correntropies to the class averages from
the images with the smallest correntropies. A subset of the resulting 2D class
averages were used as references to repick particles on untilted and tilted
micrographs that, for iNOS, yielded a total of 16,870 particle pairs that were
extracted at a box size of 352 pixels. The new untilted particles were aligned
and classified in a reference-free manner by using Xmipp Clustering 2D
Alignment and subjected to a sorting strategy to remove outlying or junk
particles. The resulting 2D class averages were also used to create a new set
of templates. These 21 templates were first manually aligned and then used
for iterative rounds of multireference alignment by using SPIDER (62) and
multivariate statistical analysis using IMAGIC (63). Resulting 2D classes con-
tained between 149 and 373 particles. Random conical tilt reconstructions
(22, 23) were carried out by using the initial model pipeline within Appion,
which gave a total of 78 independent 3D maps. Forty-five of these maps
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gave clear densities that were consistent with their respective 2D averages.
Theses maps had reported resolutions from 60 to 90 A based on the 0.5
Fourier shell correlation criteria. The calculated resolutions are artificially
low, as a large masking radius to accommodate the elongated shape of iNOS
was used during reconstruction. This larger masking radius contributes random
background noise during the Fourier shell correlation calculation. Consistent
with this hypothesis, low-pass filtering our models to the calculated resolution
resulted in 3D maps with significantly less detail than present in our experi-
mentally determined 3D maps.

The data involving iNOS E662R, nNOS, and eNOS (with and without CaM)
were processed in a similar manner as iNOS WT. New, separate templates and
references were used for each experiment. For iNOS E660R 29,773 particle
pairs led to 100 3D maps; for nNOS, 36,904 particle pairs led to 100 3D maps;
for CaM-bound nNOS, 19,833 particle pairs led to 78 3D maps; for eNOS,
23,120 particle pairs led to 78 3D maps; and for CaM-bound eNOS, 18,540
particle pairs led to 78 3D maps.
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