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Abstract

Nitric oxide generated by bacterial nitric oxide synthase (NOS) increases the susceptibility of 

Gram-positive pathogens Staphylococcus aureus and Bacillus anthracis to oxidative stress, 

including antibiotic-induced oxidative stress. Not surprisingly, NOS inhibitors also improve the 

effectiveness of antimicrobials. Development of potent and selective bacterial NOS inhibitors is 

complicated by the high active site sequence and structural conservation shared with the 

mammalian NOS isoforms. To exploit bacterial NOS for the development of new therapeutics, 

recognition of alternative NOS surfaces and pharmacophores suitable for drug binding is required. 

Here, we report on a wide number of inhibitor-bound bacterial NOS crystal structures to identify 

several compounds that interact with surfaces unique to the bacterial NOS. Although binding 

studies indicate that these inhibitors weakly interact with the NOS active site, many of the 
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inhibitors reported here provide a revised structural framework for the development of new 

antimicrobials that target bacterial NOS. In addition, mutagenesis studies reveal several key 

residues that unlock access to bacterial NOS surfaces that could provide the selectivity required to 

develop potent bacterial NOS inhibitors.

Graphical abstract

Nitric oxide (NO) is a critical signaling molecule produced by nitric oxide synthase (NOS). 

Dysregulation in NO signaling leads to a variety of pathophysiological conditions in 

mammals. These conditions include neurodegeneration,1 septic shock,2 and tumor 

development.3 Our group and others have focused on the development of competitive active 

site NOS inhibitors that both mitigate production of NO and demonstrate isoform selectivity 

for one of the three mammalian NOS isoforms: neuronal NOS (nNOS), inducible NOS 

(iNOS), or endothelial NOS (eNOS). In fact, several nNOS inhibitors have now been 

demonstrated to function as potential drugs for melanoma4 and neurodegenerative diseases.5 

As a direct result of this previous work, a large and chemically diverse library of NOS 

inhibitors with varying potencies and specificities has been developed.6,7

With the advent of bacterial genome sequencing, bacterial NOS (bNOS) homologues have 

also been identified in several Gram-positive bacteria. Current evidence indicates the role of 

bNOS to be varied among organisms ranging from nitrosylation of macromolecules8,9 to 

functioning as a commensal molecule10 to enhancing pathogen virulence.11 In pathogenic 

organisms Bacillus anthracis and Staphylococcus aureus, gene deletion experiments first 

indicated that bNOS plays an important role in ameliorating oxidative and antibiotic 

stress.12–14 Recently, we also demonstrated that NOS inhibitors, originally designed to target 

nNOS, also function as antimicrobials in Bacillus subtilis,15,16 a nonpathogenic model 

organism for B. anthracis. These studies were the first to demonstrate the ability of NOS 

inhibitors to improve the efficacy of antimicrobials. Therefore, bNOS may serve as a useful 

therapeutic target for costly pathogens like B. anthracis and methicillin-resistant S. aureus 
that also utilize NO to mitigate oxidative and antibiotic stresses.

Unfortunately, application of a generic NOS inhibitor for treatment of a Gram-positive 

infection would likely do more harm than good in humans. To exploit bNOS as a therapeutic 

target, specificity must be improved. Specificity against eNOS and iNOS is especially 

important, considering the essential role eNOS plays in maintaining blood-pressure 

homeostasis17 and the important role iNOS plays in pathogen clearance.18 Limiting eNOS 

specificity is further complicated by the fact that both bNOS and eNOS share an Asn residue 
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at the carboxylate binding site of substrate L-Arg. The differences in electrostatics 

contributed by the Asn (Asp residue in nNOS and iNOS) have been useful for designing 

selective nNOS inhibitors.7,19 Recently, we also reported on several inhibitors with 

antimicrobial activity that targeted both the active and pterin binding sites of bNOS.16 Since 

a cosubstrate pterin group is required for NOS catalysis,20 inhibitors that bind to both the 

active and pterin sites are an attractive option for limiting NO production. Further 

development of inhibitors that block pterin binding represents one potential strategy for 

improving bNOS specificity since pterin binding affinity is drastically different between 

bNOS and mNOS: micromolar affinity21 for bNOS vs nanomolar affinity for mNOS.22

To advance our understanding of the structural underpinnings that govern bNOS selectivity, 

we report here over 28 different bNOS–inhibitor crystal structures. Additional 

characterization through mutagenesis and binding studies has led to the recognition of new 

hot spots that could prove to be useful toward future bNOS inhibitor design efforts. In 

particular, we identify a conserved Tyr near the active site that adopts an alternative 

rotameric position to make available a binding surface unique to bacterial NOS.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis

Previously, we found that the B. subtilis NOS (bsNOS) expression plasmid containing 

sERP23 mutations E25A/E26A/E316A facilitated protein crystal growth for X-ray studies.15 

Hence, bsNOS mutation Y357F was introduced by site-directed mutagenesis to the E25A/

E26A/E316A bsNOS expression plasmid using PFUturbo (Agilent) as the DNA polymerase.

Expression and Purification

Overexpression and isolation of bsNOS from Escherichia coli was performed as previously 

described.24 To prepare protein for X-ray crystal structure studies, the N-terminal 6×-His tag 

was removed by incubation with thrombin overnight at 4°C. Cleaved protein was then 

isolated by an additional passage through a Ni-NTA column. As a final purification step, the 

bsNOS protein was run over an S75 column containing 25 mM Bis-Tris methane, 75 mM 

NaCl, 2% (v/v) glycerol, 0.5% (w/v) PEG 3350, and 1 mM DTT at pH 7.4 as the running 

buffer.

Inhibitor Binding Analysis

The previously reported imidazole spin shift assay was used to evaluate binding of inhibitors 

to bsNOS.25,26 In short, the difference between the imidazole-bound low-spin peak at 430 

nm and the inhibitor-bound high-spin peak at 395 nm was measured as a function of 

inhibitor concentration. The data were then fit to a one-site ligand-binding curve using 

SigmaPlot, version 10.0 (Systat Software, Inc., www.sigmaplot.com). The calculated KS,app 

was then used to calculate KS based on the KD of imidazole at 384 μM,27 as previously 

discussed.26
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X-ray Structure Determination

Crystals of WT bsNOS containing the sERP mutations were prepared as previously 

described.15 Mutant containing bsNOS crystals were initially grown from crystal seeds of 

the WT bsNOS crystals. The resulting crystals were then used to prepare additional mutant 

crystal seed stocks. The mutant crystal seed stocks were used to grow crystals for X-ray data 

collection. Crystals were cryoprotected in the well solution15 supplemented with 30% (v/v) 

glycerol and 2 mM H4B. After the cryoprotection step, crystals were soaked in the presence 

of 5–10 mM inhibitor for 1–3 h prior to flash freezing. X-ray data sets were collected on 

individual orthorhombic crystals at both the Stanford Synchrotron Radiation Light source 

(Palo Alto, CA) and the Advanced Light source (Berkeley, CA). Raw data frames were 

indexed with either XDS28 or iMOSFLM.29 In order to scale, and in several cases merge, a 

high- and low-resolution data set, the program AIMLESS30 was used. In several cases, data 

sets suffered from high anisotropy and were further truncated/scaled using the Diffraction 

Anisotropy Server.23 Data sets were initially refined using Refmac31 and the starting model 

PDB 4D3T. Additional rounds of refinement and TLS refinement were done using 

PHENIX.32 The molecular graphics program COOT33 was used for modeling. Figures were 

generated using PyMOL.34

RESULTS

Sequence- and Structure-Based Differences among NOS Isoforms

The design of selective bNOS inhibitors is difficult owing to the high sequence similarity 

among human NOS isoforms. In fact, saNOS shares in the range of 41–43% sequence 

identify with the human mNOS oxygenase domains; sequence identity was evaluated with 

Clustal W.52 At the active site alone, saNOS and nNOS share 8 out 10 residues within 5 Å of 

the native substrate L-Arg. The residue differences correspond to an Asn residue present at 

the L-Arg carboxylate binding site and an Ile residue that is positioned above the distal plane 

of the heme. Since eNOS also contributes an Asn residue at the L-Arg carboxylate binding 

site, inhibitors that target this electrostatic difference are not expected to be very selective. 

The second residue difference contributed by an Ile in bNOS is a Val in mNOS isoforms. 

Interestingly, the slightly bulkier Ile functions to lower NO release rates in bNOS.27

Figure 1 presents structure-based sequence alignments between B. subtilis NOS (bsNOS) 

and mammalian NOS isoforms. Although the important pathogens S. aureus and B. 
anthracis are the therapeutic targets, we used B. subtilis NOS for our crystallographic studies 

because bsNOS crystals diffract to a higher resolution. Moreover, bsNOS and saNOS 

sequences are 96% consistent and 53% identical based on a T-Coffee35 and Clustal W52 

sequence alignment, respectively; hence, bsNOS is a suitable model to study saNOS. The 

largest difference between the bacterial and mammalian NOS isoforms is the absence of an 

N-terminal Zn2+ binding motif in bNOS. The N-terminal Zn2+ binding motif is critical for 

dimerization in mammalian NOS isoforms and is absent in bNOS. Consequently, there is a 

large cleft at the dimerization interface that is a potential target for inhibitor design. This 

open pocket encompasses the pterin cofactor binding site. Recently, several inhibitors were 

demonstrated to have a decreased selectivity for mNOS isoforms owing to the presence of a 

bulky pharmacophore that bound to the pterin site.16 As shown in Figure 1, residues adjacent 
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to the pterin site, like R344 and S345, are unique to the bNOS, which indicates inhibitor 

design could be further improved by exploiting these differences.

There are additional residue differences (Figure 1) among NOS isoforms near heme 

propionate group A. Neither H128 nor K360 in B. subtilis is conserved in mNOS isoforms. 

Interestingly, H128 was recently implicated, through a molecular dynamics simulation, to 

limit the conformational dynamics of one specific inhibitor due to sterics.16 Additional 

sequence differences are observed near bsNOS Y357, including N354 and F356. Adjacent to 

Y357 is also the N-terminal Zn2+ binding motif. Hence, inhibitors that bind to this region 

and do not bind to the N-terminal Zn2+ binding motif may also serve as excellent lead 

compounds for future structure-based inhibitor design.

Inhibitor Binding

Imidazole displacement has proven to be an excellent assay for quantifying the spectral 

binding affinity (KS) of NOS inhibitors on the basis of the transition from an imidazole-

bound low-spin state to an inhibitor-bound high-spin state. As a first step toward 

characterization of inhibitor binding, we analyzed 28 NOS inhibitors (Supporting 

Information, Figure S1) that have previously been characterized to bind to mNOS isoforms. 

Consistent with previous results,15,16 all inhibitors evaluated bind to bsNOS in the low 

micromolar range (Table 1).

Pterin Site Binding

NOS inhibitors that target the pterin site have previously been demonstrated to have 

antimicrobial properties against B. subtilis.15,16 Crystal structure analyses revealed two 

additional compounds, 5 and 15, that interact with the pterin site. In the case of 5, one of the 

aminopyridine groups displaces the pterin molecule in order to H-bond with heme 

propionate D (Figure 2). This binding motif has previously been observed in bNOS with 

inhibitors containing two aminopyridine groups.15,16 Identification of inhibitors that bind to 

the pterin site is interesting because the open cavity adjacent to the pterin binding site is 

unique to bacterial NOS. In comparison to the binding mode of inhibitor 5 in nNOS, the 

binding mode of inhibitor 5 in bsNOS is very different (Figure 2C). In the case of nNOS–5, 

the inhibitor interacts with heme propionate A by inducing an alternative conformation in 

Y706. In several cases, potent nNOS inhibitors have been identified to bind heme propionate 

A by inducing an alternative conformation in a nearby Tyr.36 Specifically, the unique 

binding mode of 5 to nNOS results in a Ki of 0.54 μM.37 For aminopyridine-based 

inhibitors, the alternative rotameric position of Tyr results in a tight bifurcated H-bond 

between the heme propionate and inhibitor. The alternative rotameric position of Tyr is 

further stabilized by a π–π stacking interaction between the Tyr residue and the 

aminopyridine-based inhibitors. In nNOS, 5 is likely unable to H-bond with heme 

propionate D because the binding affinity of H4B is very tight.22 Since binding of H4B to 

bNOS is weak, 5 can more easily outcompete binding of H4B.

In the case of 15, inhibitor binding to bsNOS distorts the pterin binding site by inducing an 

alternative rotameric position in W329 (Figure 3A). Crystallographic refinement shows 

residual electron density consistent with an imidazole molecule forming a stacking 
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interaction with W329. Direct comparison of the binding modes of 15 to bsNOS and nNOS 

indicates that they are nearly identical (Figure 3A,B). Previous structure–activity analyses 

have indicated the potency of 15 to vary between nNOS and eNOS, as indicated by Ki values 

of 0.54 and 12.1 μM,37 respectively. In both bNOS and nNOS, heme propionate D is in an 

atypical conformation, with the carboxyl group pointing perpendicular to the plane of the 

heme. This atypical conformation of heme propionate D induced by 15 binding is likely the 

cause of the alternative rotameric position of W329.

Tyrosine Flipping Opens a Channel for bNOS Inhibitor Binding

A conserved tyrosine residue in all NOS isoforms H-bonds with heme propionate A This 

tyrosine has previously been observed to occupy alternative rotameric positions in nNOS to 

accommodate inhibitors.36 In several cases, including nNOS–5 (Figure 2C), inhibitor 

potency and selectivity are enhanced by the propensity of nNOS Y706 to occupy alternative 

conformations as a result of the formation of two H-bonds with the heme propionate 

group.36 This Tyr is conserved in bsNOS and also adopts alternative conformations in the 

presence of specific inhibitors. For example, in both bsNOS and nNOS, 3 binds to heme 

propionate A through a bifurcated H-bond and a π–π stacking interaction between the 

conserved Tyr and aminopyridine group (Figure 4). This alternative rotameric position at the 

conserved Tyr results in a KS of 18.3 ± 2.1 μM for bsNOS (Table 1) and a Ki of 0.056 μM 

for nNOS. Analogous binding interactions that result in a flipped Y357 in bsNOS are also 

observed for 1, 2, 11, and 12 (Supporting Information, Figure S2). Moreover, these binding 

interactions lead to formation of a noncanonical surface that is unique to bNOS, labeled as 

the open binding surface in Figure 4. This surface is unique to bNOS because of both the 

drastic differences in surface residues at this site (Figure 1) and the absent Zn2+ binding 

motif (Figure 4).

To better understand the role of Tyr flipping and the H-bond shared between the NOS 

derived Tyr and the heme propionate group, we introduced the Y357F mutation to bsNOS. 

Crystal structure analysis of Y357F with L-Arg, a ligand that does not induce Tyr flipping, 

revealed the rotameric position of Y357F to be nearly identical to that of native Y357 

(Figure 5). These data indicate that, aside from the H-bond between Y357 and the heme 

propionate, there is an energetic barrier between alternative conformations of Y357. 

Consequently, the “flipped” rotameric position of Y357 can be induced only upon binding of 

specific ligands. This flipping requires an enthalpically favorable H-bond between the 

inhibitor and heme propionate groups to overcome the energetic barrier of an alternative 

rotameric conformation. These thermodynamic considerations are observed with the binding 

of inhibitor 4 (Figure 6). 4 is an inhibitor that induces a flipped-out conformation in nNOS 

but not in bsNOS (Figure 6A,B). However, the flipped conformation can be rescued in 

bsNOS by the introduction of Y357F (Figure 6C). On the basis of the crystal structures, it is 

clear that from the orientation of 4 that binding is controlled by H-bonds. More specifically 

the binding of 4 to bsNOS is stabilized by a 3.2 Å H-bond between the pyrrolidine ring and 

the carbonyl group of H4B. However, the distance between the H4B carbonyl group and the 

pyrrolidine amine is extended to 3.7 Å, as observed in the crystal structure of Y357F 

bsNOS–4, to accommodate the two new H-bonds formed between 4 and heme propionate A 

(Figure 6C).
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Thiophenecarboximidamide Inhibitor Binding

Considerations for improving NOS inhibitor bioavailability have also led to the generation 

of thiophenecarboximidamide-based NOS inhibitors.38 These inhibitors preserve a 

bifurcated H-bond with the active site Glu (Figure 7 and Supporting Information Figure S3). 

Interestingly, in bNOS, the conjugated ring system of this class of inhibitors forms a 

hydrophobic interaction with Ile-218. Hence, molecules that utilize this scaffold may lead to 

improved binding to bNOS because the bNOS active site is slightly more hydrophobic than 

the mNOS active sites as a result of the Ile/Val difference (Figure 1) even though the binding 

mode does not change in the I218V mutant bsNOS.16

The binding modes of several thiophenecarboximidamide-based inhibitors were found to be 

unique to bsNOS. Because of the extended length of 23, 24, 25, and 28, the inhibitors were 

able to wrap around the active site (Figure 7 and Supporting Information Figure S4). This 

allows the molecules to access a surface on bsNOS that is not accessible to mNOS isoforms. 

Specifically, comparison of the binding modes for 24 in bsNOS and nNOS reveals that one 

of the two thiophenecarboximidamide groups binds very differently between the NOS 

isoforms. For nNOS, one of the thiophenecarboximidamide groups is unable to extend 

outside of the active site because the N-terminal Zn2+ binding motif sterically restricts the 

binding of 24 to the active site. Residues that sterically limit the binding of 24 include L337 

and M336 (Figure 7B). In sharp contrast, 24 binds to bsNOS by extending outside the active 

site to interact with a surface adjacent to Y357 (Figure 7A). This suggests that addition of a 

bulky pharmacophore to a NOS inhibitor may also prove to be a useful solution for 

improving specificity toward bNOS, as bulky pharmacophores would likely be unable to 

interact with the mNOS active sites because of the steric crowding presented by the N-

terminal Zn2+ binding motif.

DISCUSSION

The NOS inhibitor design effort has largely been aided by the structural characterization of 

NOS–inhibitor interactions.7 These studies have been indispensible to providing a molecular 

understanding of residues that govern isoform selectivity and useful pharmacophores. Since 

the previous application of mNOS inhibitors to a bacterial system has proven them to 

function as a potential antimicrobial target,15,16 a renewed understanding of NOS isoform 

selectivity is needed to exploit the bNOS system. To further our understanding of bNOS 

inhibitor interactions, we solved numerous bsNOS–inhibitor crystal structures. From these 

studies, we have identified four design features that could potentially result in more selective 

bNOS inhibitors.

First, the bNOS active site has and Ile, whereas mNOS has a Val. The slight difference in 

hydrophobicity and sterics between the NOS active site has previously been identified to 

influence the kinetics of NO dissociation.27 From our crystal structure analysis, the bsNOS 

I218 may also facilitate binding of NOS inhibitors to the bNOS active site. Specifically, 

these inhibitors include the thiophenecarboximidamide-based inhibitors reported in this 

study. Binding of inhibitors 19–28 results in a hydrophobic contact between the I218 side 

chain and the benzyl moiety of the inhibitor.
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Second, Y357 can adopt an alternative rotameric position upon inhibitor binding. The 

alternative rotameric position of Y357 allows inhibitors to interact with heme propionate A. 

Similar studies with eNOS and nNOS have shown that the corresponding Tyr is more easily 

displaced in nNOS than in eNOS.36 Since this Tyr is also displaced in bNOS, inhibitors that 

favor movement of the Tyr should be more selective for bNOS over eNOS but not for nNOS. 

However, since inhibition of nNOS requires penetration of the blood–brain barrier, which 

has proven to be a limitation for selective targeting of nNOS, selectivity over nNOS is not a 

major concern.

Third, inhibitors that bind to the pterin site should also be selective for bNOS. Pterins bind 

much more weakly to bNOS than to any of the mNOS isoforms. This is because bNOS lacks 

the mNOS Zn2+ binding motif that is present at the dimer interface. As a result, the pterin 

site in bNOS is more solvent-exposed and less defined than the mNOS pterin site. In other 

words, this structural difference both lowers affinity for pterins to bNOS and provides a 

much larger pocket for which a bulky pharmacophore could bind. Targeting of the bNOS 

pterin site might prove to be useful as a bulky pharmacophore could favor binding to bNOS 

over mNOS. From our initial studies,15,16 we identified several inhibitors with two 

aminopyridine groups that work to displace the pterin in bsNOS and H-bond to heme 

propionate A In contrast, these same inhibitors were observed to displace a conserved Tyr to 

H-bond with heme propionate D in nNOS. This provides an important lesson for future 

inhibitor design. A pharmacophore that is bulkier than an aminopyridine and capable of H-

bonding to heme propionate D should both displace the pterin in bsNOS and, based on 

sterics, be too big to interact with either of the mNOS heme propionate groups.

Fourth, the differences in the binding of 24 to bsNOS and nNOS points to another unique 

pocket in bNOS that can be exploited for selective inhibitor design. The tail end of the 

thiophenecarboximidamide extends in the opposite direction compared to that in nNOS. 

This binding mode is not observed in nNOS due to steric clashes at the dimer interface 

afforded by the presence of the Zn2+ binding motif. In summary, the overall general design 

principle is to develop inhibitors that interact with the active site Glu as in all NOS isoforms 

but that take advantage residue differences like Ile-218 and the additional nonpolar 

interactions unique to the bNOS active site and pterin binding site to improve bNOS 

inhibitor binding. The tail end of the inhibitor extending out of the active site should be 

bulky to favor binding the more open bNOS dimer interface but retain the ability to H-bond 

with one of the heme propionates by either displacing the pterin or forcing Y357 to adopt 

the alternative rotameric orientation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NOS nitric oxide synthase

NO nitric oxide

nNOS neuronal nitric oxide synthase

eNOS endothelial nitric oxide synthase

iNOS inducible nitric oxide synthase

bNOS bacterial nitric oxide synthase

bsNOS Bacillus subtilis nitric oxide synthase

saNOS Staphylococcus aureus nitric oxide synthase
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Figure 1. 
(A) Crystal structure of bsNOS (PDB 4UQR) shown as a dimer with active site conservation 

colored using the consurf web server.50,51 (B) Partial sequence alignment of NOS isoforms 

based on a structural alignment using Chimera and crystal structures of bsNOS (PDB 

4UQR), saNOS (PDB 1MJT), human eNOS (PDB 4D1O), human nNOS (PDB 4D1N), and 

human iNOS (PDB 3E7G). Residues identified on the bsNOS crystal structure in (A) are 

also colored in (B).
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Figure 2. 
(A) 5 bound to bsNOS with the aminopyridine group bound to the heme propionate and 

exposed to a solvent-accessible surface that is unique to bNOS. (B) Stick representation and 

2Fo − Fc at 1.0σ of 5 bound to bsNOS. (C) Stick representation of nNOS–5 (PDB 4IMT). In 

all representations, the heme group is salmon, 5 is yellow, a chlorine ion is green, H4B is 

cyan, and the protein residues are white.
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Figure 3. 
15 binds in a near identical conformation to both (A) bsNOS and (B) nNOS (PDB 4UH0). In 

the case of bsNOS–15, a torque is applied to W329, and the pterin site is distorted. 2Fo − Fc 

maps for ligands and a chlorine ion are shown at 1.0σ. In both models, the heme group is 

salmon, 15 is yellow, select active site residues are displayed as white sticks, a chlorine 

anion is a green, and both imidazole and H4B are cyan.
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Figure 4. 
Inhibitor 3 induces a conformational change in both (A) bsNOS Y357 and (B) nNOS Y706. 

Rotation of Y357 in bsNOS opens access to a novel binding surface depicted in A. Surface 

representations of NOS oxygenase domains as dimers are white, with the N-terminal Zn2+ 

motif in gray. Heme groups are salmon, and ligands are yellow. The 2Fo − Fc map for 

bsNOS–3 is show at 1.0σ. The nNOS–3 models were generated using PDB 4IMW.
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Figure 5. 
(A) Active site view of L-Arg and tetrahydrofolate bound to bsNOS (redrawn from PDB 

1M7V). (B) Y357F bsNOS with L-Arg and H4B bound and shown with a 2Fo − Fc map 

contoured at 1.0σ. Protein residues of the NOS active site are white, heme is salmon, the 

pterin group is cyan, and L-Arg is yellow.
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Figure 6. 
Inhibitor 4 bound to NOS active site shown as yellow sticks with the heme group in salmon, 

protein residues in white, and H4B in cyan. (A) The 2Fo − Fc map is contoured at 1.0σ for 

bsNOS–4. (B) 4 binds to nNOS by coordinating to the heme propionate group. (C) 4 binding 

to bsNOS is able to coordinate to the heme propionate only by introduction of mutation 

Y357F. The 2Fo − Fc map of 4 and H4B is contoured at 1.0σ.

Holden et al. Page 18

Biochemistry. Author manuscript; available in PMC 2016 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
(A) Binding mode of 24 to bsNOS is extended to accommodate binding on the surface of the 

protein outside of the active site. The 2Fo − Fc map of 24, H4B, and the active site chloride 

anion are contoured at 1.0σ. (B) 24 binding to nNOS results from the partially blocked 

active site, contributed by residues L337 and M336 (redrawn from PDB 4UPN). The color 

scheme shown has H4B in cyan, 24 in yellow, heme in salmon, and protein residues in white.
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