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Abstract

While the three-dimensional structures of heme- and flavin-binding domains of the NOS isoforms

have been determined, the structures of the holoenzymes remained elusive. Application of electron

cryo-microscopy and structural modeling of the bovine endothelial nitric oxide synthase (eNOS)

holoenzyme produced detailed models of the intact holoenzyme in the presence and absence of

Ca2+/calmodulin (CaM). These models accommodate the cross-electron transfer from the

reductase in one monomer to the heme in the opposite monomer. The heme domain acts as the

anchoring dimeric structure for the entire enzyme molecule, while the FMN domain is activated

by CaM to move flexibly to bridge the distance between the reductase and oxygenase domains.

Our results indicate that the key regulatory role of CaM involves the stabilization of structural

intermediates and precise positioning of the pivot for the FMN domain tethered shuttling motion

to accommodate efficient and rapid electron transfer in the homodimer of eNOS.
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Introduction

Nitric oxide (NO) produced in biological systems is necessary for signaling events in

vascular hemodynamics, neural transmission and cellular defenses, but must be regulated

quite tightly to maintain a homeostatic state in which the appropriate amount is being

synthesized, as excessive amounts may result in low blood pressure or adverse cytotoxic

events. Nitric oxide synthases (NOSs) are mono-oxygenases that produce NO and L-

citrulline from L-arginine (L-Arg) through two sequential oxygenation steps. Three isoforms

exist, encoded by different genes: neuronal (nNOS; NOSI), endothelial (eNOS; NOSIII),

and inducible (iNOS; NOSII). Both nNOS and eNOS are constitutively expressed, while

iNOS is inducible at the transcriptional level. NO exerts its physiological effects in

accordance with the NOS isoform producing it and the cell type in which the isoform is

expressed (for reviews, see Alderton et al., 2001; Roman et al., 2002; Stuehr et al., 2009;

Feng, 2012). Isoform specificity for the NOS is achieved through subcellular localization,

direct binding of other proteins and/or phosphorylation, nitration, nitrosation in neurons,

skeletal muscle or endothelial cells (Villanueva and Giulivi, 2010).

The NOSs are functional dimers, with each monomer consisting of an N-terminal oxygenase

domain containing binding sites for L-Arg, heme, and tetrahydrobiopterin (H4B), attached

within the polypeptide chain to a reductase domain, which contains binding sites for FAD,

FMN, and NADPH (the source of electrons), as well as several regulatory sequences. These

domains are connected by a Ca2+/calmodulin (CaM) binding site, which is occupied upon

agonist-induced elevation of intracellular Ca2+, thereby activating nNOS and eNOS, the

constitutive isoforms. Despite their different sizes (ranging from ~130–160 kDa per

monomer), NOSs share 50–60% overall amino acid sequence homology (Bredt and Snyder,

1994). NOS homodimers are joined by an extensive protein-protein surface interface

(~3000Å2), as well as a tetrahedrally coordinated zinc atom, in the oxygenase domain dimer

interface (Raman et al., 1998). In addition to the CaM-binding site, at least three CaM-

responsive sequences reside in the reductase domains – an autoregulatory region (AR),

originally identified as a ~40 residue sequence in the FMN-binding subdomain (Salerno et

al., 1997; Daff et al., 1999; Lane and Gross, 2000; Montgomery et al., 2000), a C-terminal

tail sequence (CT), which differs in length among the three isoforms (Roman et al., 2000;

Roman and Masters, 2006), and a small insertion (β-finger) in the hinge region (Zhang et al.,

2001; Knudsen et al., 2003; Jones et al., 2004).

It is clear from the partial crystal structure obtained for the nNOS reductase domain (Garcin

et al., 2004) and by homology to cytochrome P450 reductase that electron transfer between

flavin moieties and then from the FMN to heme must require significant conformational

changes to occur. Ghosh and Salerno (Ghosh and Salerno, 2003) proposed a “tethered

shuttle” model in which the FMN-binding domain is in close proximity to the FAD/

NADPH-binding domain to receive electrons from the FAD (the closed or input state), but

must reorient to supply electrons to the oxygenase domain (the open or output state). In the

absence of CaM, the enzyme is in the closed conformation, but is unlocked and forms the

open conformation in its presence. The extreme flexibility and mobility of these protein

domains required to alternate between these conformations makes crystallization of the

holo-enzyme very challenging and, to date, no structural data of any holo-NOS isoform has
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been possible. These conformational rearrangements, including the CaM-responsive

elements AR and CT, must occur in a regulated manner for enzymatic activity to ensue.

Roman and Masters (Roman and Masters, 2006) proposed a concerted model of NOS

regulation in which the AR in the constitutive isoforms, in combination with the CT,

stabilizes either a closed or an open form of the enzyme, depending on the binding of CaM

and/or NADP+/NADPH. Isoform specificity for the NOS is achieved through subcellular

localization, direct binding of other proteins and/or phosphorylation, nitration, nitrosation in

neurons, skeletal muscle or endothelial cells (Förstermann and Sessa, 2012).

To discover the structural conformation(s) that permit the transfer of electrons from the

reductase domain into the oxygenase domain within the NOS isoform homodimers and,

thus, to determine how the individual isoform structures contribute to the differences in

reaction rates and stoichiometry of product formation among the NOS isoforms constitute a

search for a Holy Grail. Endothelial NOS is the most tightly coupled isoform, with >90% of

the NADPH-donated electrons producing NO (Gao et al., 2007a; Gao et al., 2007b),

required for maintaining homeostasis in vascular endothelial cells. Although several

structures of isolated domains of the NOS isoforms have been determined (Li et al., 2001;

Raman et al., 1998; Zhang et al., 2001; Crane et al., 1997; Crane et al., 1998; Garcin et al.,

2004), currently there is no full-length atomic structure available for any of the NOS

isoforms, as multiple attempts to determine the X-ray structures have met with failure. A

recent electron microscopy study employing negative staining of chemically cross-linked

nNOS holoenzymes (Yokom et al., 2014) is not only of a different isoform, it also suffers

from potential sample preparation artifacts and an electron cryo-microscopy study of eNOS

holoenzymes only shows incomplete density that only accommodates the oxygenase

domains (Persechini et al., 2013), leaving the conformations of the eNOS holoenzyme an

open question.

The following report describes the structure of full-length eNOS, as determined by

combining the techniques of electron cryo-electron microscopy, 3D reconstruction, and

fitting of high-resolution domain structures, to determine near-atomic resolution structures

of the conformations of the complete CaM-bound and CaM-free forms of eNOS in their

native environment and without chemical modifications. The reconstructions presented

herein enable accurate placement of both the oxygenase and the reductase domains, and

allow unequivocal assignment of CaM through difference mapping. Our results indicate that

a key regulatory role of CaM is allosteric in nature, stabilizing a conformation of eNOS that

enables accurate positioning of the pivot for the FMN domain tethered shuttling motion to

accommodate efficient electron transfer in the homodimer.

Materials and Methods

Protein Expression and Purification

eNOS was expressed and purified as previously described (Martasek et al., 1996), with a

few modifications. The cultures were grown for 48 hours at room temperature in 500 ml TB

medium in Fernbach flasks. Delta-aminolevulinic acid (60mg/l) was added to the culture at

the time of IPTG induction, as well as after 24 hours. After sonication, the lysate was

applied to a 30-ml 2′5′-ADP Sepharose column equilibrated in 20 mM Tris-HCl, pH7.4, 400
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mM NaCl, 0.5 mM L-Arginine, 0.1 mM EDTA, 1.0 mM β-mercaptoethanol, and 10%

glycerol (Buffer B). The column was washed with 10x volume of Buffer B and the protein

eluted with 50 ml Buffer B containing 500 mM NaCl and 5 mM 2′-AMP. Fractions showing

a spectral maximum at 397nm were concentrated, and 500 μM H4B was added. Samples

were then loaded onto a Sepharose 6 gel filtration column (GE Healthcare Biosciences,

Pittsburgh, PA) equilibrated in buffer B containing 5% glycerol, and fractions containing

eNOS dimers were collected and concentrated to approximately 10–12 mg/mL. All samples

demonstrated spectra with maxima at 397 nm and 280/397 nm ratios of 2.5–2.8. NO

synthesis activity, as measured by hemoglobin capture varied from 15–30 min−1. Where

described, CaM was added in 10x molar excess; unbound CaM was removed by

concentration/dilution using 50 kD Centricon protein concentrators (Millipore Corporation,

Billerica, MA). The presence of CaM was verified by PAGE. CaM was prepared by the

method of Zhang and Vogel (Zhang and Vogel, 1994). (6R)-5,6,7,8-tetrahydrobiopterin was

from Schircks Laboratories (Switzerland). All other chemicals were from Sigma-Aldrich

(St. Louis, MO) and were of the highest grade available.

Activity Measurements

Nitric oxide formation (hemoglobin capture assay) was measured at 23° C as described

(Hevel and Marletta, 1994), with the exception that the assay was performed in a buffer

containing 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 200 μM CaCl2. The rate of NO

synthesis was determined using an extinction coefficient of 60 mM−1cm−1 at 401 nm.

Electron Cryo-microscopy Sample Preparation and Data Collection

Three independent eNOS preparations were used for the electron cryo-microscopy studies

described here. Fresh and/or freshly thawed eNOS samples concentrations were between

~60 to 250nM. The enzyme was diluted into eNOS dilution buffer (50 mM Tris-HCL, pH

7.4, 100 mM NaCl, 0.1 mM EDTA, 0.1 mM BME, 0.5 mM L-Arg) with or without a 5-fold

molar excess of CaM in the presence of 1mM CaCl2. Following a 10-min incubation in a

humidified chamber, a drop of 4 μl reaction sample was then applied to glow-discharged,

plasma-cleaned (Solaris, Gatan Inc) Quantifoil 1.2/1.3 holey carbon-coated 400 mesh

electron microscopy grids (Quantifoil Micro Tools GmbH). Excess liquid was blotted and

the grids were then frozen in liquid N2-cooled ethane, either manually or with Vitrobot IV

(FEI company). Images of all samples suspended over holes were acquired under low-dose

conditions using either a Tecnai F20 G2 Twin transmission electron microscope (FEI

company), equipped with an field emission gun (FEG) operated at 200kV and a nominal

magnification of 67,000x, or a Titan Krios Twin transmission electron microscope (FEI

company), equipped with an FEG operated at 300kV and a nominal 100,000x magnification.

Micrographs (F20) were recorded on Kodak ISO-163 plates (Eastman Kodak Co) with a

total dose of 20–50e−/Å2 and under defocus ranging between 1.5 μm and 2.5 μm. The

micrographs were developed in full-strength Kodak D19 developer, digitized using a SCAI

scanner (Integraph) at 7-μm raster and binned to a final pixel size of 0.67 nm. Digital images

(Titan) were obtained, using an Ultrascan 4kx4k charge coupled device (CCD) model 895

(Gatan Inc), acquiring defocus pairs with 4–8 μm with pixel size of 0.36 nm.
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Image Processing and Three-Dimensional Reconstructions

A total of 21,000 particles were interactively selected from 316 micrographs for the CaM-

free eNOS data and 10,000 particles were selected for the CaM-bound eNOS data from 245

micrographs. The particles were processed and analyzed using the EMAN (Ludtke et al.,

1999), SPARX (Hohn et al., 2007) and CoAn (Volkmann and Hanein, 1999) software

packages. Phase correction for the contrast transfer function was applied for all images using

EMAN. The independent experimental data sets was initially independently reconstructed

using starting models produced directly from the respective data using common lines

(Ludtke et al., 1999). In later runs, each data set was was iteratively sorted into separate

classes following a protocol that explicitly accounts for reference bias and was previously

described elsewhere (Xu et al., 2011; Janssen et al., 2012; Xu et al., 2013). We used this

procedure with the aim to sort out and reconstruct the most prominent conformation of each

condition. For all data sets, convergence for the sorting was achieved within 8–25 iterations.

Alteration of alignment and classification strategies yielded similar sorting results. Cross-

validation for the most prominent conformation within the respective condition (with or

without CaM) was performed by comparing the individual reconstructions of the most

prominent classes derived from the independent data sets (two or three per condition). The

cross-validation test was considered passed when the Fourier Shell Correlation (FSC)

remained above 0.5 for all frequencies smaller than 1/4 nm−1. Consensus reconstructions

were then generated by averaging the respective cross-validated reconstructions of the most

prominent classes of each independent data set, separately for the two condition.

In order to improve the accuracy and quality of the initial sorting and reconstruction,

iterative reference-based sorting and refinement was performed using the consensus

reconstruction from the previous step as reference with the combined, complete data sets for

each condition. A final test for the absence of over-fitting was performed by using the final

sorted data and swapping out the reference with the respective initial common-line based

models from the unsorted data (Xu et al., 2011). No statistically significant difference

between the reconstructions based on the initial consensus reference as a starting model and

the reconstruction with the swapped reference as a starting model was observed.

Because the iteration of the sorting procedure inherently breaks the assumption of complete

independence for the refinement, the ‘gold-standard’ criterion for resolution determination,

which relies on independence, is not an adequate choice for this study. Instead we limited

the data during refinement to 1/2 nm−1, an alternative approach to avoid model bias in

resolution determination that yields similarly unbiased estimates as the ‘gold standard’

(Scheres and Chen, 2012). For this procedure, resolution is defined as the frequency were

the FSC drops below 0.5. Differences between reconstructions were considered significant

when they corresponded to peaks in a difference map that were at least three standard

deviations larger in magnitude than the mean of the difference map.

Structural Modeling

Models of the entire eNOS holoenzyme were constructed in the following way: A homology

model based on the crystal structure of nNOS reductase fragment, PDB ID 1TLL (Garcin et

al., 2004) was generated using the HOMER homology modeling server (Tosatto, 2005). A
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homology model based on the crystal structure of an iNOS FMN/CaM-binding domain

fragment (including the bound CaM), PDB ID 3HR4 (Xia et al., 2009) was generated using

HOMER. The common residues of the two homology models were aligned with Chimera

(Pettersen et al., 2004) and the two models were merged. Clashes in the merged homology

model were relieved using the idealization routine in REFMAC5 (Murshudov et al., 2011).

The reconstructions were segmented into compartments using the watershed transform

(Volkmann, 2002). A crystal structure of the eNOS oxygenase dimer was fitted into the

corresponding segment using the statistics-based fitting program CoAn (Volkmann and

Hanein, 1999). The statistics were calculated as described (Volkmann, 2009). The combined

reductase/CaM-binding domain/CaM homology model was fitted into the reductase

segments using CoAn. The segments for the reductase and oxygenase portions of the

reconstructions were iteratively refined during the fitting procedure as described (Volkmann,

2009; Xu et al., 2011). A few rounds of normal-mode based refinement (Tama et al., 2004)

as implemented in CoAn were applied. The statistical analysis (Volkmann, 2009) indicates

that the fit is globally unique with an uncertainty in domain placements of ~4 Å root mean

square deviation. After the final fits were obtained, the linker connecting the oxygenase

domain and the CaM binding domain was modeled de-novo using Pymol (DeLano, 2002),

Chimera, REFMAC5, and CoAn. Modeling of the open conformation was achieved using

the same set of programs. Electrostatic potentials were calculated within Chimera. Figures

were generated with Chimera.

Results

eNOS holoenzyme particles exhibit two-fold symmetry

Electron cryo-microscopy and three-dimensional (3D) image reconstruction techniques were

employed in conjunction with molecular modeling to elucidate the structure of the bovine

eNOS holoenzyme in the presence and absence of CaM. For both samples, well-defined

protein particles were distributed with random orientations, while suspended in buffer over

holes under fully hydrated conditions (Fig. 1A), allowing the use of single-particle

reconstruction techniques to determine the 3D structure. For both eNOS in the presence and

in the absence of CaM, initial independently derived reconstructions clearly showed signs of

two-fold symmetry, consistent with the dimeric state of the holoenzyme. Two-fold

symmetry was enforced for the remainder of the analysis.

eNOS holoenzymes exist in conformational equilibria

Both reconstructions had very similar appearance, with a well-defined ‘head’ and two ‘legs’

at an approximately 40° angle to the head axis (Fig 1C). Despite the use of up to 21,000

particles for the reconstructions, the resolution for both these initial reconstructions was

restricted to ~45 Å, strongly indicating the presence of conformational mixtures in the

samples. Within the reconstructions, the ‘head’ was roughly comparable in shape and in

volume with the crystal structures of the eNOS oxygenase dimer (Fig. 1D), but the volume

of the individual ‘legs’ was too small to accommodate the reductase domain. We concluded

that the conformational variability within the samples is caused by flexibility in the

connection regions between the oxygenase dimer and the individual reductase domains. At

this stage and at 45 Å resolution, there was no statistically significant difference (three
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sigma level) detectable between these reconstructions in the presence and in the absence of

CaM.

CaM is located between the oxygenase and reductase domains

Next, multi-reference sorting protocols (Spahn and Penczek, 2009; Xu et al., 2011) were

employed to extract the most dominant conformations independently for the two samples.

The resolution for the resulting reconstructions was dramatically improved to ~25 Å (Fig.

1D). Interestingly, the percentage of particles contributing to the most dominant

conformation in the absence of CaM was only 35%, whereas a total of 50% of the particles

contributed in its presence. This result indicates that the presence of CaM locks a

significantly larger percentage of the holoenzymes into a well-defined conformation. Both

reconstructions retained the head-legs configuration of the mixed states, but this time the

volumes of the legs do accommodate that of the reductase domains (Fig. 2A, B). In addition,

a link between the two legs is clearly evident, suggesting an additional dimer contact in this

region that stabilizes the dominant conformation. The crystal structure of the eNOS

oxygenase dimer can be docked unequivocally into the ‘head’ of the reconstruction (Fig. 3).

The primary difference (three sigma level) between the reconstructions in the presence and

absence of CaM is some extra density close to the connections between the oxygenase dimer

and the legs when CaM is present (arrows in Fig. 2). This extra density can thus be

attributed to bound CaM. This is consistent with the fact that the docking of the reductase

domain univocally places the CaM binding helix near this extra density.

Topology of the eNOS holoenzyme

A homology model of the eNOS reductase domain with bound CaM was built, based on the

crystal structures of the nNOS reductase domain (Garcin et al., 2004) and a CaM-bound

iNOS reductase fragment (Xia et al., 2009). The resulting model docks readily and without

ambiguity as a rigid body into the ‘leg’ portion of the reconstruction of eNOS in the

presence of CaM, with the CaM ending up inside the extra density, the FMN domain on the

side closest to the oxygenase domain, and the resolved portion of the C-terminal end at the

interface between the two ‘legs’. This docking solution is significantly better than any other

solution at a confidence level of 99.99% (Volkmann and Hanein, 1999; Volkmann and

Hanein, 2009). Constraints to bias the solution towards the positioning of the CaM derived

from the difference between the reconstructions were not used. Normal mode-based

refinement of the fit slightly repositioned the CaM and its binding domain with respect to

the rest of the reductase domain, moving it closer to the oxygenase dimer. The final model

provides an excellent fit to both the reconstruction in the presence of CaM (Fig. 3A) and,

with CaM omitted from the model, with the reconstruction in the absence of CaM (Fig. 3B).

The C-termini of the reductase domains form a stabilizing dimer interface

The docking of the reductase homology model brings the C-termini of the individual

reductase domains into close apposition in the region where the two legs of the

reconstructions connect. The interface between the reductase domains appears to be

relatively small, potentially involving eight residues (Glu-883, Arg-885, Gln-888, Glu-889,

Arg-898, Arg-899, Glu-902, Phe-1178), including the most C-terminal residue (Phe-1178)
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resolved in the model. Charged residues with several potential salt bridges dominate this

interface. There is some unoccupied density near the place where the C-termini of the

reductase domains interact (arrow Fig. 3B), indicating that the C-terminal residues

disordered in the crystal structure are more ordered in this conformation, thus raising the

possibility that the residues at the C-terminus contribute to the stabilization of the reductase

domain dimer interface.

The oxygenase and reductase domains connect cross-wise

The oxygenase and reductase domains are covalently linked by a flexible 25-residue linker.

With moderate modifications at the resolved ends of the two domain structures, the linker

can be readily modeled to connect either the two neighboring domains or two cross domains.

The distance between the two resolved ends of the domain structures is slightly shorter for

the nearest neighbor configuration, but this connection necessitates leading the chain from

one side of the complex to the other, introducing two backwards kinks. The connection from

one oxygenase domain to the reductase domain across from it is slightly more taut but

connects on the same side without kinks (Fig. 3), consistent with data favoring trans-dimer

electron transfer (Siddhanta et al., 1996).

Structural Modeling studies indicates a large shuttling motion of the FMN domain

The distance between the flavin and heme cofactors in our structure does not support

electron transport (Fig. 4). Pivoting the FMN domain using a simple rigid hinge at residue

Ser-517 (Li et al., 2012; Xia et al., 2009), can bring the closest distance between the

aromatic rings of the heme and flavin cofactors into the 25 Å range, but this distance is still

too large to support electron transport at reasonable rates. However, the introduction of some

flexibility in the hinge region brings the edge-to-edge distance between the aromatic rings to

13.5 Å (Fig. 4C). The log electron transfer rate in this configuration is 3.2 ± 1.2 in log(s−1),

yielding a rate of about 1600 s−1 (Page et al., 1999; Bartberger et al., 2002). Thus, these

structural and modeling studies suggest that electron transfer in the eNOS holoenzyme

involves shuttling of the electrons from the reductase domain to the oxygenase domain via a

fairly large-scale, tethered movement of the FMN domain.

Discussion

Here we presented reconstructions of fully hydrated full-length eNOS holoenzymes in the

presence and absence of CaM. The electron density maps accounts for the entire

holoenzyme. The spatial relationship between the FMN domain and the CaM/CaM-binding

domains in the holoenzyme structures is very similar to that observed in the crystallographic

iNOS structure of the isolated FMN/CaM/CaM-binding domain structure (Xia et al., 2009).

The conformations of the oxygenase and reductase domains are also quite similar to the

respective crystallographic structures (Raman et al., 1998; Garcin et al., 2004). However, the

extensive crystallographic interface of the nNOS reductase domain dimer structure (Garcin

et al., 2004) does not occur in the cryoEM full-length holoenzyme reconstructions reported

herein.
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In our reconstructions, the oxygenase and reductase domain structures are fully

accommodated in the cryo-EM density in the context of the holo-enzyme. Both structural

elements can be univocally docked as rigid bodies into the density with an accuracy of ~0.4

nm using objective, statistics-based docking algorithms (Volkmann and Hanein, 1999;

Volkmann, 2009). CaM can be unequivocally placed into the density through difference

mapping between the reconstruction of the CaM-free sample and the sample in the presence

of CaM. The CaM site from the difference mapping coincides with the location of CaM

from the docking results (Fig. 3).

A previous cryo-EM study of eNOS (Persechini et al., 2013), which - in contrast to the study

described here - did not employ sorting strategies, only showed density for the oxygenase

domain and no density for the reductase domain. A small amount of additional density was

observed when CaM was present. The authors interpret the additional density as remnants of

the bound CaM and predict its binding mode. In light of our complete structure, their

conclusions are not supported. It is likely that the extra density they see in their CaM-bound

eNOS reconstruction is primarily caused by the stabilization of the reductase domain rather

than by the bound CaM directly.

Random conical tilt reconstructions of negatively stained, chemically cross-linked nNOS

holoenzymes in the presence of CaM (Yokom et al., 2014) show a roughly similar shape to

our cryo-EM reconstructions. However, the manual docking of the reductase domain

presented in the negative stain study is completely incompatible with the unique fit we

obtain from objective docking into our cryo-EM reconstructions by being about 180 degrees

rotated around the long axis of the domain. It is plausible that nNOS and eNOS follow

different structural pathways but it is more likely that one or more steps of the sample

preparation and reconstruction process during the nNOS study led to distortions that

hampered the accuracy of the subjective manual docking process.

Interestingly, our results indicate that CaM binding does not induce dramatic conformational

changes in eNOS but primarily results in a shift of the conformational equilibrium towards a

conformation in which the two reductase domains interact near the C-terminal region. In this

conformation, CaM stabilizes the interface between the oxygenase and reductase domains,

thus holding the reductase domains in place to form contacts near the C-terminus. This

interaction involves only a relatively small area that includes several potential salt bridges.

In the crystal structure of the nNOS reductase domain (Garcin et al., 2004), the resolved

portion of the C-terminal region provides extra contacts between the FAD and FMN

domains, presumably inhibiting hinge opening.

The last resolved residue of the C-terminus, Phe1178 in eNOS, is directly involved in the

reductase dimer interactions (Fig. 4D), likely causing conformational changes further along

in the sequence towards the N-terminus, including Phe1160 (Phe1395 in nNOS), which

stacks with the FAD isoalloxazine ring. This residue must move considerably during

catalysis in order for NADPH to transfer a hydride to the FAD (Welland and Daff, 2010).

The nearby residue Arg1165 (Arg1400 in nNOS) was implicated in NADPH-mediated

regulation, as well (Tiso et al., 2005). The 25 residues, unresolved in the crystal structure,

are most likely ordered in the CaM-stabilized reconstructions evidenced by the unoccupied
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density present in this region that can account for all of the missing residues. Another

structural element clearly affected by CaM binding is the β-finger (or SI, small insertion,

residues 831–844) in the hinge region (Zhang et al., 2001; Knudsen et al., 2003; Jones et al.,

2004), possibly weakening contacts within the FMN domain. Thus, the effect of CaM

binding is allosteric in nature, stabilizing a conformation of eNOS that primes the release of

the FMN domain from the FAD-binding sub-domain by weakening autoinhibitory

interactions (Salerno et al., 1997; Roman et al., 2000a; Roman and Masters, 2006; Salerno et

al., 2013).

The AR region appears to be less likely to be directly affected by CaM binding in this closed

conformation because it is neither near the reductase interface nor near the β-finger or the

bound CaM itself. It is possible and even likely, however, that the AR region interacts with

the C-terminus of eNOS, which is the longest of the three isoforms (Roman et al., 2000b).

The disordered portion in the isolated nNOS reductase crystal structure (Garcin et al., 2004)

appears to be disordered in the CaM-stabilized conformation as well, as no extra density is

present in the vicinity of AR in this CaM-bound form. It is noteworthy to mention that we

cannot rule out that the AR region becomes ordered and/or that interactions between AR and

CaM or other regions occur in the open conformation of eNOS, because the structure of this

conformation was not determined in this study.

The structures resolved in this study are of the most predominant, stable conformations

present under the experimental conditions. They represent the putative “closed”

conformation, in which electrons are passed from the FAD to FMN. A predicted “open”

conformation would be expected only with CaM and NADP+ bound to the enzyme (Craig et

al., 2002). These studies were not performed in the presence of NADP+, so the open

conformation would not be captured. In this closed conformation, the distance between the

flavin and heme cofactors in the cryo-EM structure of eNOS in the presence of CaM does

not support electron transport. Pivoting at residue Ser517 (Xia et al., 2009) with some

limited flexibility shortens the edge-to-edge distance between the aromatic rings to 13.5 Å

(Fig 4B), compatible with recent pulsed EPR measurements (Astashkin et al., 2010). Thus,

our structural and modeling studies support the tethered shuttle model of electron transfer in

the eNOS holoenzyme, involving the transfer of the electrons from the reductase domain to

the oxygenase domain via a fairly large-scale, concerted movement of the FMN domain.

The tethered shuttle model is also strongly supported by kinetic studies (Feng et al., 2007;

Haque et al., 2007) and a similar large-scale rearrangement of an FMN domain to enable

electron transfer was observed in yeast-human NADPH-cytochrome P450 reductase

(Aigrain et al., 2009).

The oxygenase/reductase interface resulting from the modeling (Fig. 5) is near the cysteine

tetracoordinated Zn center of the oxygenase domain and is quite similar to the site proposed

previously on grounds of charge complementarity (Raman et al., 1998). An alternative

interface proposed (Garcin et al., 2004), which is based on a shuttle movement from a

different starting point, is incompatible with the CaM-bound conformation without major

conformational readjustments. In addition, one consequence of the arrangement proposed

here is that only one FMN domain at a time can dock onto the oxygenase dimer, the second

FMN domain would be sterically hindered by the first one.
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Our results indicate that the primary role of CaM binding appears to be the stabilization and

accurate positioning of the pivot for the tethered FMN domain shuttling motion, which is at

the end of the CaM binding region. In the absence of CaM, this region only loosely connects

between the oxygenase and reductase domains, leading to high flexibility, preventing the

pivot from adopting a defined position necessary to support the shuttling of electrons from

the FMN (Fig. 6). Once CaM binds, the pivot is locked in place, further stabilized by the

reductase-reductase interaction in the C-terminal region. In addition, CaM binding also

allosterically affects other regulatory elements in the holoenzyme that, for example, lock the

FMN domain in its place in the closed conformation. Once NADPH+ binds to the eNOS-

CaM complex, the FMN domain can be released and positioned accurately for electron

transfer by a large-scale shuttle movement.

Conclusion

The elucidation of a full-length structure of the eNOS holoenzyme, which is fully functional,

is essential for understanding the mechanism. Here the structural approach used has

permitted the establishment of the heme dimer as the stabilizing element of the functional

holoenzyme dimer and the unequivocal spatial location of the CaM binding site and the

reductase domains in relation to the oxygenase domain. Given the CaM-bound and CaM-

free eNOS structural models, we modeled the conformational changes required for electron

transfer from the reductase domain of one monomer to the oxygenase domain of the

opposite monomer in the functional dimer (Siddhanta et al., 1996) incorporating predicted

flexibilities within the NOS structures (Daff et al., 1999; Feng, 2012; Roman and Masters,

2006; Salerno et al., 1997; Salerno et al., 2013; Tiso et al., 2005). The results in the present

report lead to unique insights into the structural properties of eNOS that both permit its

interaction with its obligate activating protein partner, CaM, and directly demonstrate the

stabilization of the most frequently occurring conformations by CaM binding. Our results

indicate that a key regulatory role of Ca+2/CaM is allosteric in nature, stabilizing structural

intermediates of eNOS and enabling accurate positioning of the pivot for the FMN tethered

shuttling motion to accommodate efficient electron transfer in the homodimer of eNOS.
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Figure 1. Cryo-EM data quality indicators and initial reconstruction
A. Typical electron cryo micrograph with boxed eNOS particles in the presence of CaM.

Micrographs of eNOS in the absence of CaM look similar.

B. Projections of the final model (column ‘M’) for the most prominent conformation of

eNOS in the absence (lower panel) and presence of CaM (upper panel) and refernece-free

class averages from the unsorted data (columns ‘R’) show excellent agreement. The

dimensions of the boxes in A and B are 110 Å by 110 Å.

C. Two orthogonal views of the initial reconstruction of the eNOS holoenzyme in the

presence of CaM obtained without sorting the data. Two contour levels are shown. The

contour level represented by the solid surface is chosen so that the ‘head’ contains the

volume expected for the oxygenase dimer. At this contour level, the two ‘legs’ are not

connected to the ‘head’ of the reconstruction and are also separate from each other,

indicating high mobility of the underlying structural elements. The contour level represented

by the wire mesh shows that, at lower density levels, the legs indeed connect to the head and

are not separate entities. The eNOS oxygenase dimer crystal structure is overlaid onto the

density of the ‘head’ for reference. The bar represents 25 Å.

D. Fourier shell correlation from two halves of frequency limited sorted data for eNOS in

the absence (red) and presence (cyan) of CaM. The curves drop below 0.5 (indicated by grey

lines) at 28 Å (without CaM) and 25 Å (with CaM), respectively.
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Figure 2. Three-dimensional reconstructions of human eNOS holoenzyme in the presence and
absence of CaM
A. Reconstruction of eNOS in the absence of CaM. Two orthogonal views around the

vertical axis are shown. The main difference between this reconstruction and the

reconstruction of eNOS in the presence of CaM is shown as a pink transparent surface for

one of the two monomers in the second view(arrow).

B. Reconstruction of eNOS in the presence of CaM. The arrow in B matches the location of

the arrow in A. The bar represents 25 Å.
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Figure 3. Fitting of eNOS homology model into the reconstructions human eNOS holoenzyme
A. Fit of final model of the eNOS homo dimer into the reconstruction of eNOS in the

absence of CaM. One monomer is shown in red, the other in blue. Same views as in Figure

2A.

B. Fit of final model of the eNOS homo dimer with bound CaM into the reconstruction of

eNOS in the presence of CaM. The two CaMs are shown in different shades of green and

occupy the extra density seen in Figure 2B. There is some unoccupied density near the place

where the C-termini of the reductase domains interact (arrow), indicating that the C-terminal

residues disordered in the crystal structure are more ordered in this conformation and

possibly contribute to the stabilization of the reductase domain dimer interface.
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Figure 4. Model of electron transfer in the eNOS holoenzyme
A. Conformation of eNOS with bound CaM as visualized by cryo-EM. For clarity only one

oxygenase domain (red) and the reductase domain of the other monomer (blue) with bound

CaM (green) are shown. The orientation is identical to that shown in the right panel of

Figure 2B. The FMN domain is shown in yellow. In order to transfer electrons to the heme

in the oxygenase domain, the FMN domain needs to swing from its position towards the

oxygenase (curved yellow arrow).

B. A model of the conformation in which electrons are transferred from the FMN domain to

the heme in the presence of NADPH. This conformational change can be achieved by a rigid

body swing of the FMN domain, pivoted at the CaM binding helix (transition between

yellow and blue) and tethered to the rest of the reductase domain at the C-terminus of the
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FMN domain. To target this movement, CaM is necessary to lock the eNOS CaM-binding

domain into place to provide a stable pivot.

C. Close-up of the contact area between the modeled FMN domain and the oxygenase

domains. In this geometry the edge-to-edge distance between the aromatic rings of the flavin

and the heme is 13.5 Å.

D. View of the reductase dimer interface from the ‘bottom’ in relation to Figures A–C, along

the two-fold symmetry axis. The cofactors are shown in green (NADPH), yellow (FAD) and

orange (FMN). The two reductase domains are shown in red and blue. The CaMs are just

visible in pale green blending into the background (labeled ‘CaM’). Note that the FMN

domain is located in between the bulk of the reductase domain and the CaM. As a

consequence, the FMN and the FMN domain are largely obstructed by the rest of the

reductase domain. Several of the potentially interacting residues are shown and labeled,

including the most C-terminal residue resolved in the reductase crystal structure (labeled

‘F1178 (C)’) and many oppositely charged residues.
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Figure 5. Potential surface patches interacting in the open conformation
A. Coloumbic potential mapped onto the surface of the FMN domain. This view is rotated

90 degrees counter clockwise form the view in Figure 5B and C. The oval marks the most

negatively charged patch of the domain, which is buried in the closed conformation in the

interface with the rest of the reductase domain. The flavin location is marked as well

B. Electrostatic potential mapped onto the surface of the oxygenase dimer. This view is

rotated 90 degrees clockwise from the view in Figure 4B and C so this view faces the FMN

surface depicted in (A). The positively charged interaction surface recently proposed based

on the partial nNOS reductase crystal structure (Garcin et al., 2004) is marked by a red oval.

This surface is not accessible by the FMN domain without major re-arrangements in the

closed structure observed here. The alternative interaction surface originally proposed on

grounds of electrostatics (Raman et al., 1998) is mapped with a black oval and corresponds

well with the interaction area in our model for the open conformation.

C. View of oxygenase dimer rotated by 90 degrees around the horizontal axis from (B) to

show the continuation of the potential interaction surface (black oval) shown in (B). Note

that the overall charge in the region marked by the black ovals is more positive than that in

the red oval. The bar shows the coloumbic electrostatic potential distribution in kcal/(mol *

e−).
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Figure 6. Schematic drawing showing how CaM stabilizes the conformation observed here and
how CaM positions the pivot for the FMN movement
A. Without CaM, the reductase domains (blue, FMN domain yellow) and the oxygenase

dimer (red) are only loosely coupled through the CaM binding domain (blue trapeze) and its

connecting loops (dark grey). As a consequence, the location of the reductase domains as

well as the pivot for the FMN-domain shuttling motion are not well defined in relation to the

oxygenase dimer (double arrow) and if electron transfer occurs at all, it will be very

inefficient.

B. Once CaM (green) binds, the CaM binding domain is locked into place and the pivot

position and reductase location are well defined in relation to the oxygenase dimer, priming

the FMN-domain to swing over to the oxygenase domain for electron transfer. This

configuration is further stabilized by the reductase-reductase domain interactions (Fig. 4D).

C. With a stable pivot point, the FMN-domain swings into the precise position necessary for

efficient electron transfer between the FMN and the heme when NADPH is present.
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