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Abstract

We have analyzed a recently obtained crystal structure of human neuronal nitric oxide synthase
(nNOS), then designed and synthesized several 2-aminopyridine derivatives containing a truncated
side chain to avoid the hydrophobic pocket that differentiates human and rat nNOS in an attempt
to explore alternative binding poses along the substrate access channel of human nNOS.
Introduction of an N-methylethane-1,2-diamine side chain and conformational constraints such as
benzonitrile and pyridine as the middle aromatic linker were sufficient to increase human and rat
nNOS binding affinity and inducible and endothelial NOS selectivity. We found that 14b is a
potent inhibitor; the binding modes with human and rat NNOS are unexpected, inducing side chain
rotamer changes in GIn478 (rat) at the top of the active site. Compound 19c exhibits K; values of
24 and 55 nM for rat and human nNQS, respectively, with 153-fold iNOS and 1040-fold eNOS
selectivity. 19c has 18% oral bioavailability.
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INTRODUCTION

Production of the unique biological messenger, nitric oxide (NO), in mammals by nitric
oxide synthases (NOSs) is essential for diverse physiological processes, such as
angiogenesis, neurotransmission, immune response, insulin secretion, and modulation of
vascular tone. 1 2 NOSs use L-arginine, molecular oxygen, NADPH, and other cofactors,
such as flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme, and
tetrahydrobiopterin (H4B) to synthesize NO in three principal isoforms: neuronal NOS
(nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS).3 Each NOS isoform is
expressed in different tissues or cell types, and the NO production from each isoform has a
distinct regulatory role. # Overproduction of NO, however, is involved in diverse diseases;
excess NO by iNOS is connected with septic shock,? inflammatory, and immunologically
mediated diseases, as well as complications from diabetes.8 Excess NO by nNOS in the
central nervous system has been implicated in the pathogenesis of diverse neuronal
disorders, such as Alzheimer’s disease, 7 Parkinson’s disease, 8 and ALS. 2 Although
inhibition of nNOS has the potential for control of diverse neurodegenerative diseases,
selective inhibition is essential to minimize any unwanted side effects 10: 11 because of the
involvement of NO signaling in fundamental physiological functions.

Although many nNOS inhibitors have been reported by others (Figure 1, 1-2)1213.14 and our
research group (Figure 1, 3-6),1516.17.18 development of selective inhibitors of NANOS
against iINOS and eNOS is still a challenge because the active sites of NOSs are nearly
identical among all three isoforms.19 For historical reasons, we have been using rat nNOS
and bovine eNOS for crystallographic studies. In these studies, we concluded that a
guanidine isostere such as 2-aminopyridine20 and 2-aminoquinoline, or an iron-binding
motif such as 2-imidazolylpyrimidine, is essential to achieve the NOS active site recognition
via hydrogen bonds with an active site glutamate residue or by a direct ligation bond to the
heme iron. In addition, the 3-fluorophenethyl moiety of 4-6 is necessary for additional
selectivity by occupying a peripheral hydrophobic pocket along the substrate access
channel.2! We have also observed a unique nNOS selective induced-fit conformational
change?2 in which Tyr706 of rat nNOS is more readily rotated out to adopt an out-rotamer
conformation, while the corresponding Tyr4d77 in bovine eNOS remained in an in-rotamer
position. The out-rotamer conformation provides better H-bonding (salt-bridge) between the
protein (heme propionates) and inhibitors, thus increasing nNOS potency and selectivity
over eNOS.

The design of rat nNOS-selective inhibitors is very important for success in preclinical
studies, leading to clinical studies. However, because drugs are typically designed for human
disease treatment, it is imperative to attain high potency for human targets. If drug
candidates are excellent human target inhibitors, but weak lower animal target inhibitors,
they will never have acceptable efficacy to advance to clinical trials. Likewise, if they are
excellent lower animal target inhibitors, but weak human target inhibitors, they will fail in
clinical trials. Therefore, it is imperative to identify target inhibitors that have comparable
and high potency for both lower animal and human targets.
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Because the primary sequence of rat nNOS is almost identical (> 93%) to human nNOS and
the NNOS active site for each mammalian species is highly conserved, an inhibitor binding
to rat NNOS was thought to reflect the binding behaviors to human nNOS. However, we
have observed that compounds that were developed based on the rat NNOS crystal structure
often displayed 5- to 10-fold weaker inhibitory activity toward human nNOS. Recently, we
succeeded in obtaining a crystal structure of human nNOS.23 An active site overlay of
human nNOS with rat nNOS (Figure 2B) showed that the active site structures of the two
mammalian nNOSs are identical, and the only difference is in the peripheral pocket, where
Leu337 of rat nNOS is replaced by a histidine (His342) in human nNOS (Figure 2C). The
human peripheral pocket containing a histidine is relatively more narrow and more polar;
consequently, it prefers inhibitors to have a less bulky and more hydrophilic tail. That may
explain why our previous nNOS selective compounds fit well into the rat NOS Leu337
hydrophobic pocket but displayed decreased potency against human nNOS.

Compounds 1 and 2, having an amidine3-15.21 and a methylamine tail with a
tetrahydroquinoline or indoline core, recently reported by other research groups, display
good potency toward human nNOS.12:13.14 Although 3-dimensional structural information
of these compounds with nNOS were not reported, our previous crystallographic
experience?4 indicates that the thiophene-carboximidamide moiety should occupy the
substrate binding pocket over the heme, and the tetrahydroquinoline or indole core should
share the binding site with the middle aromatic ring of 3 near the C and D ring propionates.
The N-methyl substituted alkylamine chains from the core should improve the selectivity
and potency by interacting with residues peripheral to the active site.

We have recently reported a double-headed aminopyridine compound (3, Figure 1) that uses
its methylamine group to interact with both heme propionate A and the H,B, thereby
displacing a water molecule. Although the same binding mode was maintained in both
nNOS and eNOS, different electrostatic environments in the active site of nNOS and eNOS
resulted in distinct isoform binding affinity, leading to good isoform selectivity.16

On the basis of these observations we attempted to design new human nNOS selective and
potent compounds via hybridization of the potent molecular fragment of compound 3 (the 2-
aminopyridine attached to an aromatic ring) and the human nNOS adaptable alkylamine
fragment from compound 1, with the goal of displacing the H4B conserved water molecule.
It is possible that the alkylamine fragment of compound 1 corresponds to the alkylamine tail
of compound 3. To avoid the Leu337/His342 difference between rat NNOS and human
nNOS in the hydrnphobic cleft one of the aromatic heads of compound 3 was removed and
substituted with an alkylamine chain. The other aminopyridine ring of 3 was retained as an
isostere of guanidine, and the middle aromatic linker and N or N2-methyl substituted
ethylenediamine tail were varied. Because substitution on the middle aromatic ring provided
bioactivity during our previous exploration with symmetric molecules,2® the middle
aromatic linker was substituted with cyano, fluorine, trifluoromethyl, and substituted by
pyridine. The molecules in Figure 3, having a truncated side chain and various substitutions
of the middle aromatic ring, were synthesized and their inhibitory potencies were
determined in vitro. Crystal structmes of the promising compounds were obtained using
either rat NNOS or human nNQOS, as well as bovine eNOS. The primary aim of this study is
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to generate a modified scaffold from our previous aminopyridine derivatives for improved
potency against human nNOS and investigate its influence on the binding mode. This should
build a foundation for further design of potent, selective, and bioavailable inhibitors for
human nNOS.

Results and Discussion

Chemistry

All compounds described here were prepared from various aryl bromides in three steps: a
coupling reaction, a Buchwald-Hartwig amination, and pyrrole deprotection (Schemes 1-3).
The coupling reaction of an aryl bromide (8, 11a-b, 15a-c) and lithiated pyrrolyl-4,6-
dimethylpyridine, which was prepared by addition of BuLi to pyrrolyl-4,6-dimethylpyridine
(7), gave an arylethylpyridine intermediate (9, 12a-b, 16a-c). One bromine atom in dibromo
intermediate 16¢ was converted to the nitrile (17) by microwave assisted cyanation with
CuCN. Next, Buchwald-Hartwig amination26 of 9, 12a-b, 16a-b, and 17 with N,N’-
dimethyldiamine was performed using a catalytic amount of Pd,(dba)3 and DavePhos.
Sterically hindered ligand DavePhos was more efficient than BINAP and DPPF at coupling
with a secandary amine. Finally, the pyrrole protecting group on the aminopyridine was
removed from 9, 13a-b, and 18a-c by microwave-aided hydrolysis to give final compounds
10a-d, 14a-b, and 19a-c in good yields. Because the Buchwald-Hartwig products of 9a-d
produced mainly the desired amine intermediates, those intermediates were passed through a
2-cm silica gel pad and used in the next deprotection step without further purification or
characterization. Purification of these final polar compounds was performed by flash column
chromatography using C-18 prepacked cartridges.

Bioactivity of 10a-d, 14a-b, and 19a-c

The oxyhemoglobin NO assays were performed with purified NOSs to measure K values of
the synthesized compounds, as previously described.2”-28 Compounds 10a-d were found to
have good potency for rat NNOS and modest isoform selectivity toward bovine eNOS and
murine iNOS. Compounds 14a-b and 19a-c, having an N,N’-dimethylethylenediamine tail
and a modified middle aromatic ring, were found to have good binding affinity to both rat
and human nNOS as well as good selectivity (238-1040 of e/n, 122-166 of i/n). Inhibitory
constants (K;) for all of the synthesized molecules are shown in Table 1.

Structure-activity relationship studies—The N N2-dimethylethane-1,2-diamine side
chain was chosen as the tail in the initial study after consideration that Buchwald amination
with a symmetric diamine provides a better synthetic pathway than with asymmetric
diamines. The inhibitory activities shown in Table 1 indicate that the terminal amine (N?)
has a better binding affinity when it is a primary amine (10c). Methylation of N2 to make it a
secondary (10a) or a tertiary (10b) amine results in a 2-3 fold drop in potency toward nNOS.
Methylation of N1 seems to have less of an effect on potency. Compound 10d, which has a
one-carbon longer side chain compared to 10c, had a slightly lower binding affinity toward
nNOS with poor selectivity over iNOS and eNOS. Although 10d also bears a primary amine
like 10c, its one methylene longer linker pushes the amine away from a suitable position to
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make a hydrogen bond with heme propionate D, and, therefore, is the weakest binder among
the four inhibitors (Table 1).

Crystal structures of 10a bound to nNOS and eNOS are shown in Figure 4. In both
structures, 10a uses its aminopyridine group to make hydrogen bonds with the active site
Glu residue, Glu592 in nNOS or Glu363 in eNOS. The middle phenyl ring presses against
the heme propionate from pyrrole ring D (propionate D), but the N atom is only at van der
Waals distance from the propionate. The three atoms in the tail of 10a are partially
disordered in both nNOS and eNOS structures. In eNOS, the N2 amine approaches heme
propionate D close enough to make a hydrogen bond, but in nNOS the density for the tail is
too poor to support a clear model. Nevertheless, the structural features found here explain
why N1 methylation does not affect the potency while the basicity of the N2 amine
contributes to binding. The primary N2 amine in 10c is expected to make the tail more stable
through a better hydrogen bond with heme propionate D.

Compounds 14a and 14b, having a pyridine as the aromatic linker, improved the potency by
3- to 6-fold as well as improved selectivity against iNOS and eNOS. In addition, these two
molecules show excellent potency (64 and 59 nM) for human nNOS. The binding mode of
14a closely resembles that of 10a, as shown in Figure 5A, where the middle pyridine presses
against heme propionate D but neither the ring nitrogen atom nor the N1 amine is in
hydrogen bonding distance to heme propionates. The tail N2 secondary amine is partially
disordered but is highly likely making a hydrogen bond with heme propionate D. The only
difference in 14b from 14a is the position of the nitrogen atom in the middle pyridine ring,
changing from the ortho-position relative to the other two substituents in 14a to the meta-
position in 14b. This change brings in a binding mode to nNOS that is unprecedented with
any other NOS inhibitors we have investigated. As seen in Figme 5B, while the
aminopyridine of 14b is still anchored by the GIlu592 side chain, its middle pyridine ring
takes an entirely different turn, going upward and making a hydrngen bond with Tyr562. For
this to happen, the GIn478 side chain has to adopt an alternate rotamer position. With regard
to the diamine tail, only the N1 amine position is well defined, but the positions of the last
three atoms are ambiguous with weaker density. In one subunit, the N2 amino group can
displace the water molecule that usually bridges between H4B and heme propionate A, but
in the other subunit, the water molecule seems to be retained, and the tail of 14b steers away
from it, which represents two possible tail positions.

We have also determined the crystal structme of human nNOS with 14b bound (Figure 6A).
The binding mode of 14b to human nNOS is essentially identical to that observed in rat
nNOS. The only difference is that the diamine tail of 14b has displaced the bridging water
molecule between the H4B and heme propionate A in human nNOS without any uncertainty.
It is interesting that this upward binding mode of 14b found in nNNOS does not repeat in the
eNOS structure (Figure 6B). The middle pyridine of 14b in eNOS sits on top of two heme
propionates with only van der Waals contacts, while the aminopyridine ring is anchored to
Glu363. The positions of the last three atoms in the tail are less certain. Overall, the upward
binding mode of 14b seen in NNOS exhibits more favorite hydrogen bonding interactions
than the “straight” binding mode in eNOS, even though it involves a rotamer change of
GIn478 (Figure 6C). The different binding preference for 14b provides a structural basis for
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the observed 759-fold selectivity for nNOS over eNOS. However, why 14b chooses two
different binding modes in two NOS isoforms is not apparent, considering the residues
making direct contacts with 14b are conserved.

The binding mode variations observed with 14a and 14b encouraged us to further explore
the properties of the middle aromatic ring. Compounds 19a, 19b, and 19c have a
trifluoromethylphenyl ring, a fluorophenyl ring, or a benzonitrile, respectively, as the
aromatic linker between the aminopyridine head and the ethylenediamine tail. The structure
of 19a bound to rat nNOS (Figure 7A) reveals a highly disordered trifluoromethyl phenyl
ring, which likely fits into the open space defined by Glu592, Arg596, Asp597, and heme
propionate A. There is no specific enzyme-inhibitor interaction other than more loose van
der Waals contacts. The position of the tail amine also is not certain, but it may be in the
vicinity of Asn569. The trifluoromethylphenyl ring is apparently too bulky to have a good fit
with any other orientations in the nNOS active site. Although the diamine tail of 19b is
partially disordered, the smaller fluorophenyl ring in 19b is well resolved. The fluorine
closely interacts with heme pyrrole ring D at a distance shorter than 3.0 A (Figure 7B).
These improved interactions very likely account for the 2-fold higher potency of 19b
relative to 19a. The secondary N2 amino group can interact with either heme propionate D
or the bridging water molecule between the H4B and heme propionate A. Although 19b was
found to have a 900-fold selectivity for rat nNOS over bovine eNOS, the binding mode
observed in the eNOS structure (Figure 7C) is almost identical to that seen in nNOS (Figure
7B). As we have discussed in the pastl® the electrostatic environments of nNOS and eNOS
are sufficiently different, mainly because of a one-residue variation (Asp597 in nNOS vs.
Asn368 in eNOS), that they can have distinct impacts on the inhibitor binding affinity, even
for those with identical binding conformations.

When the middle aromatic linker was changed to a benzonitrile, as in 19c, the inhibitor was
the most potent and selective in this series with a K of 24 nM and 1040-fold selectivity for
nNOS over eNOS (Table 1). Despite the fact that the N1, N2-dimethylethane-1,2-diamine
side chain of 19c does not reach the His342 pocket (Leu337 in rat nNOS), which was
originally thought to be a good alkylamine target for human nNOS potency and selectivity,
19c has good binding affinity toward human nNOS (K; of 55 nM). For the bulky
benzonitrile ring of 19c to have enough room (Figure 8A), the middle aromatic ring rises
upward from the plane of the aminopyridine ring so that the cyano nitrogen points toward
Ser477, although without a strong hydrogen bond. The tail N2 amino group can easily reach
between the ketone oxygen atom of the H4B and heme propionate A, displacing the water
molecule there. The same binding mode of 19c is conserved in human nNOS (Figure 8B),
leading to good potency (54 nM) for human nNOS as well as rat NNOS. The occupation of
the water molecule site with an amino group has been implicated in the gain of nNOS over
eNOS inhibitor selectivity with other aminopyridine compounds.16 Here we observed a
similar pattern for 19c because the tail N2 amino group of 19c in the eNOS structure does
not directly displace the water molecule; rather, the water molecule is repelled by a
methylene in the diamine tail (Figure 8C). The different diamine tail position in eNOS
results from a different position of the benzonitrile ring. The superimposition of the eNOS
and nNOS structures with 19¢ bound illustrates this distinction (Figure 8D). The middle
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aromatic ring in eNOS is packed directly against heme propionates (low-position), while in
nNOS it is farther away (high-position). The cyano nitrogen atom of 19¢c in eNOS makes a
hydrogen bond with Asn340, not with Ser248 (equivalent to Ser477 in nNOS).

Finally, the plasma pharmacokinetics and brain distribution of 19¢c in male BALB/c mice
following a single intravenous and oral dose administration were canied out. Table 2
presents the pharmacokinetic parameters for 19c. At a single intravenous administration of
19c to male BALB/c mice at a 2 mg/kg dose, the compound showed high plasma clearance
(184 mL/min/kg, the normal liver blood flow in mice = 90 mL/min/kg) with an elimination
half-life of 1.1 h. Following a single oral administration of 19c to male BALB/c mice at a
dose of 10 mg/kg, plasma and brain concentrations were quantifiable up to 24 h with a Tyax
of 0.25 h in plasma. Compound 19c was slowly cleared from brain (clearance = 21
mL/min/kg) with appreciable brain concentrations detectable up to 24 h, and concentrations
were approximately flat from 2 to 24 h. Compound 19c has a modest oral bioavailability of
18%.

Conclusions

The only structural difference that may affect the inhibitor binding between human and rat
nNOS is in a peripheral binding pocket along the substrate access channel, His342 of human
nNOS, which is larger and more polar than Leu337 in rat nNOS. In this work, we have
designed 2-aminopyridine compounds with a middle aromatic ring and a truncated tail so
that none of the diamine tails of these compounds was long enough to reach the peripheral
hydrophobic pocket, which thereby allowed for less differentiation between rat and human
nNOS, resulting in binding constants that were comparable for rat and human nNOS. The
introduction of substituents, such as a nitrile (19c) or fluorine atom (19b) in the middle
aromatic linker was sufficient to increase NNOS binding affinity and iNOS/eNOS
selectivity. The binding modes of 14b were unexpected, which induced side chain rotamer
changes in GIn478 at the top of the active site; however, a different mode was observed in
eNOS. Some good inhibitors in this series exhibit low nanomolar binding affinity to both rat
and human nNOS, and >100-fold and >200-fold selectivity over iNOS and eNOS,
respectively. Specifically 19c has a K of 24 and 55 nM for rat and human nNOS,
respectively, with 153-fold (iNOS) and 1040-fold (eNOS) selectivity, and this compound
has 18% oral bioavailability. As designed, no binding mode difference was found between
rat and human nNOS for this series of inhibitors, because the side chain does not reach the
peripheral pocket where His342 in human nNOS replaces Leu337 in rat nNOS. Further
exploration of this site to improve the affinity to human nNOS is underway.

Experimental section

Materials, synthetic methods, and molecular characterization

All starting materials were purchased from Sigma-Aldrich and Matrix Scientific and were
used without further purification. Solvents were purified by passage through a solvent
column composed of activated alumina and a supported copper redox catalyst. All reactions
were performed under an atmosphere of dry argon. A Biotage® Initiator microwave system
was used for microwave-assisted deprotection. Thin-layer chromatography was carried out
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on Silicycle precoated silica gel 60 F254 plates. An Agilent 971-FP flash purification system
with various SiliaSep™ (Silicycle, 40-63um, 60A) prepacked silica gel cartridges was used
for flash column chromatography. IH NMR and 13C NMR spectra were recorded in the
indicated solvent on a Bruker Avance-I11 (500 MHz and 126 MHz for 1H and 13C,
respectively) spectrometer. Chemical shifts are reported as & values in parts per million
downfield from TMS (& 0.0) as the internal standard in CDCl3. MS was performed on a
system consisting of an electrospray ionization (ESI) source in a Bruker amaZon SL mass
spectrometer. High-resolution mass spectra were obtained using an Agilent 6210 LC-TOF
spectrometer. The purity of the compounds was evaluated on a Beckman Gold reverse phase
analytical HPLC system using an Phenonemex Gemini C-18 (4.6 x 250 mm, 5 ym) or Luna
C-8 (4.6 x 250 mm, 5 um) reverse phase columns with UV absorbance (254 nm). Purities of
all compounds that were subjected to biological assay were > 95%.

General procedure for coupling reaction of aryl bromide with lithiated pyrrolyl-lutidine.

Method A

To a solution of 7 (1.2 g, 6.0 mmol) in THF (25 mL) was added n-BuL.i (1.6 M solution in
hexanes, 3.75 mL, 6.0 mmol), and the reaction was stirred for 30 min at 0 °C. This mixture
was transferred to a solution of aryl bromide 8, 11a-b, or 15a-c (5.0 mmol) in THF (25 mL)
at —78 °C via cannula. The reaction mixture was allowed to stir for an additional 20 min and
then quenched with H,O (50 mL). After addition of ethyl acetate (50 mL), the organic layer
was partitioned, dried with MgSQOyg4, and concentrated by rotary evaporation. The residue was
purified by flash chromatography (EtOAc/hexanes) to yield products 9, 12a-b, 16a-c,
respectively.

2-(2,5-Dimethyl-1H-pyrrol-1-yl)-6-(3-iodophenethyl)-4-methylpyridine (9)

The title compound was prepared using general method A from 3-iodobenzylbromide (8).
94%; colorless oil; TH NMR (500 MHz, CDCl3) § 7.57 - 7.51 (m, 2H), 7.17 (dt, J= 7.7, 1.3
Hz, 1H), 7.02 (t, J= 7.9 Hz, 1H), 6.91 (s, 1H), 6.89 (s, 1H), 5.92 (s, 2H), 3.06 (m, 4H), 2.40
(s, 3H), 2.15 (s, 6H); 13C NMR (126 MHz, CDCl3) § 160.35, 151.69, 149.52, 143.95,
137.59, 135.03, 130.11, 128.48, 127.77, 122.70, 120.22, 106.71, 94.40, 39.45, 35.27, 21.02,
13.29; MS ESI [M + H]* = 417.5.

2-(2-(6-Bromopyridin-2-yl)ethyl)-6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridine (12a)

The title compound was prepared using general method A from 2-bromo-6-
(bromomethyl)pyridine (11a). 91%; colorless oil; 1H NMR (500 MHz, CDCl3) § 7.43 (t, J =
7.6 Hz, 1H), 7.32 (d, J=7.9 Hz, 1H), 7.09 (d, J = 7.2 Hz, 1H), 7.00 (s, 1H), 6.87 (s, 1H),
5.91 (s, 2H), 3.35 — 3.10 (m, 4H), 2.39 (s, 3H), 2.13 (s, 6H); 13C NMR (126 MHz, CDCl3) &
162.82, 160.32, 151.58, 149.56, 141.57, 138.65, 128.47, 125.51, 122.80, 121.85, 120.20,
106.65, 37.30, 37.27, 21.01, 13.25; MS ESI [M + H]* = 370.3.

2-(2-(5-Bromopyridin-3-yl)ethyl)-6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridine (12b)

The title compound was prepared using general method A from 3-bromo-5-
(bromomethyl)pyridine (11b). 89%; colorless oil; 1H NMR (500 MHz, CDCls3) § 8.52 (d, J
=2.2Hz, 1H), 8.34 (d, J= 1.9 Hz, 1H), 7.65 (t, J = 2.1 Hz, 1H), 6.91 (dt, J = 4.0, 1.2 Hz,
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2H), 5.92 (s, 2H), 3.24 — 3.00 (m, 4H), 2.40 (s, 3H), 2.14 (s, 6H); 13C NMR (126 MHz,
CDCls3) § 159.46, 151.83, 149.79, 148.58, 148.08, 138.65, 138.61, 128.45, 122.79, 120.56,
120.51, 106.79, 38.80, 32.12, 21.01, 13.27; MS ESI [M + H]*= 370.5.

2-(3-Bromo-5-(trifluoromethyl)phenethyl)-6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridine

(16a)
The title compound was prepared using general method A from 3-bromo-5-trifluoromethyl-
benzylbromide (15a). 81%; colorless oil; tH NMR (500 MHz, CDCls3) § 7.61 (s, 1H), 7.53
(s, 1H), 7.33 (s, 1H), 6.92 (s, 1H), 6.91 (s, 1H), 5.94 (s, 2H), 3.35 - 3.03 (m, 4H), 2.40 (s,
3H), 2.16 (s, 6H); 13C NMR (126 MHz, CDCl3) § 159.59, 151.84, 149.79, 144.69, 135.05,
132.22 (g, J=32.7 Hz), 128.48, 126.11 (d, J = 3.8 Hz), 124.15 (d, J= 3.5 Hz), 123.17 (9, J
=272.8 Hz), 122.85, 122.59, 120.49, 106.81, 39.03, 35.02, 20.97, 13.24; MS ESI [M + H]*=
437.2.

2-(3-Bromo-5-fluorophenethyl)-6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridine (16b)
The title compound was prepared using general method A from 3-bromo-5-fluoro-
benzylbromide (15b). 81%; pale yellow oil; 1H NMR (500 MHz, CDCl5) § 7.15 (s, 1H),
7.10 (dt, J=8.2, 2.1 Hz, 1H), 6.95 (s, 1H), 6.92 (s, 1H), 6.87 (m, 1H), 5.94 (s, 2H), 3.16 —
3.03 (m, 4H), 2.42 (s, 3H), 2.17 (s, 6H); 13C NMR (126 MHz, CDCl5) § 162.60 (d, J =
250.1 Hz), 159.89, 151.75, 149.71, 145.63 (d, J = 7.8 Hz), 128.46, 127.56 (d, J = 3.0 Hz),
122.74,122.29 (d, J=10.2 Hz), 120.40, 116.69 (d, J = 24.4 Hz), 114.42 (d, J= 20.9 Hz),
106.79, 38.98, 35.04 (d, J = 1.8 Hz), 21.01, 13.28; MS ESI [M + H]* = 387.2.

2-(3,5-Dibromophenethyl)-6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridine (16c)
The title compound was prepared using general method A from 3,5-dibromobenzylbromide
(15¢c). 86%; pale yellow oil; TH NMR (500 MHz, CDCl3) § 7.51 (s, 1H), 7.29 (s, 1H), 7.26
(ss, 2H), 6.91 (s, 2H), 5.92 (s, 2H), 3.06 (g, J= 2.8 Hz, 4H), 2.40 (d, J= 1.6 Hz, 3H), 2.15
(s, 6H); 13C NMR (126 MHz, CDCls) § 159.76, 151.73, 149.72, 145.43, 131.65, 130.43,
128.48, 122.77, 122.74, 120.42, 106.76, 39.02, 34.89, 21.01, 13.27; MS ESI [M + H]* =
449.2,

3-Bromo-5-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)benzonitrile (17)
A mixture of 16¢ (448 mg, 1.0 mmol), CuCN (108 mg, 1.20 mmol), and DMF (4 mL) was
heated at 220 °C for 20 min in the microwave cavity. Then the reaction mixture was treated
with dichloromethane (20 mL), filtered, and concentrated in vacuo. The residue was purified
by flash chromatography to give the title compound (225 mg, 57%) as a pale yellow oil. H
NMR (500 MHz, CDCls) 8 7.63 (s, 1H), 7.57 (s, 1H), 7.41 (s, 1H), 6.93 (ss, 2H), 5.92 (s,
2H), 3.19-3.03 (m, 4H), 2.41 (s, 3H), 2.13 (s, 6H). 13C NMR (126 MHz, CDCls) § 159.27,
151.82, 149.88, 145.04, 136.39, 132.31, 130.76, 128.44, 122.77, 122.75, 120.59, 117.45,
113.92, 106.81, 38.69, 34.58, 21.01, 13.26; MS ESI [M + H]* = 394.5.

General procedure for Buchwald reaction and pyrrole deprotection?® for 10a-d; Method B

To a5 mL microwave vial equipped with a magnetic stir bar was added aryl iodide 9 (0.5
mmol), an amine (1.0 mmol), Pd,(dba)3 (23 mg, 0.025 mmol), DavePhos (20 mg, 0.050
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mmol), NaOtBu (58 mg, 0.60 mmol) in THF (1.5 mL) and 1,4-dioxane (1.5 mL). After
being purged with dry argon, the reaction mixture were stirred for 5~10 h at 100 °C (oil
bath). After being cooled to room temperature, the reaction mixture was passed through a
silica gel pad (2 cm), washed with MeOH (10 mL), and concentrated in vacuo. After the
residue was placed in a 5 mL microwave vial equipped with a magnetic stir bar, ethanol (2.5
mL) and concentrated hydrochloric acid (0.5 mL) were added. The vial was shaken
vigorously and then heated in the microwave irradiator for 20 min at 120 °C (as recorded via
the IR sensor of the microwave instrument). After being cooled to room temperature, the
reaction mixture was concentrated in vacuo and purified by flash column chromatography
using a SiliaSep™ C18 flash cartridge (25 g, 40-63 pm / 230-400 mesh, Pore Size 60 A)
with 5-80% MeOH in water as the mobile phase.

N1-(3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)phenyl)-N1,N2-dimethylethane-1,2-diamine

10a)

The title compound (64 mg, 43%) was prepared according to general method B using N,N’-
dimethylethane-1,2-diamine (88 mg, 1.0 mmol); pale yellow gel; *H NMR (500 MHz,
MeOD) 6 7.19 (dd, J = 8.3, 7.5 Hz, 1H), 6.87 (s, 1H), 6.77 — 6.74 (m, 1H), 6.68 — 6.63 (m,
3H), 3.64 (t, J= 6.4 Hz, 2H), 3.27 (t, J= 6.4 Hz, 2H), 3.05 - 2.99 (m, 4H), 2.97 (s, 3H), 2.78
(s, 3H), 2.36 (s, 3H); 13C NMR (126 MHz, MeOD) & 159.07, 155.72, 151.15, 150.27,
142.17, 130.57, 119.35, 115.07, 113.12, 110.67, 50.68, 47.95, 39.20, 36.31, 35.93, 34.08,
21.95; HRMS (ESI): calcd for C1gH7N4 [M + H]*, 299.2230; found, 299.2236.

N1-(3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)phenyl)-N2,N2-dimethylethane-1,2-diamine

(10b)

The title compound (72 mg, 48%) was prepared according to general method B using N,N-
dimethylethane-1,2-diamine (88 mg, 1.0 mmol); pale yellow gel; 1H NMR (500 MHz,
MeOD) 6 7.10 (t, J = 7.8 Hz, 1H), 6.70 (s, 1H), 6.66 (s, 1H), 6.64 — 6.56 (m, 3H), 3.55 (t, J
= 6.0 Hz, 2H), 3.40 (t, J= 6.0 Hz, 2H), 3.06 — 2.98 (m, 4H), 2.96 (s, 6H), 2.35 (s, 3H); 13C
NMR (126 MHz, MeOD) & 159.00, 155.73, 150.29, 149.42, 142.11, 130.53, 119.19, 115.00,
114.22,112.68, 110.66, 57.76, 43.73, 39.83, 36.11, 35.75, 21.95; HRMS (ESI): calcd for
CigHo7Ng [M + H]+, 299.2230; found, 299.2234.

N1-(3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)phenyl)-N1-methylethane-1,2-diamine (10c)

The title compound (49 mg, 35%) was prepared according to general method B using N-
Boc-N2-methylethane-1,2-diamine (174 mg, 1.0 mmol); brown gel; *H NMR (500 MHz,
MeOD) 6 7.14 (t, J= 7.8 Hz, 1H), 6.77 (s, 1H), 6.70 — 6.64 (m, 3H), 6.62 (s, 1H), 3.52 (t, J
= 6.0 Hz, 2H), 3.27 (t, J = 6.0 Hz, 2H), 3.04 — 2.94 (m, 4H), 2.77 (s, 3H), 2.36 (s, 3H); 13C
NMR (126 MHz, MeOD) & 159.03, 155.74, 150.20, 148.40, 142.25, 130.62, 120.16, 115.05,
115.00, 113.46, 110.70, 49.25, 41.72, 36.04, 35.68, 33.74, 21.95; HRMS (ESI): calcd for
C17H25N4 [M + H]*, 285.2074; found, 285.2070.

N1-(3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)phenyl)-N1-methylpropane-1,3-diamine (10d)

The title compound (46 mg, 31%) was prepared according to general method B using N-
Boc-N’-methylpropane-1,3-diamine (188 mg, 1.0 mmol); pale yellow gel; IH NMR (500
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MHz, MeOD) & 7.09 (t, J = 7.8 Hz, 1H), 6.69 — 6.64 (m, 2H), 6.62 — 6.55 (m, 3H), 3.27 (t, J
= 6.8 Hz, 2H), 3.19 — 3.10 (m, 2H), 3.01 (m, 2H), 2.95 (m, 2H), 2.73 (s, 3H), 2.36 (d, J=0.9
Hz, 3H), 2.03 (m, 2H); 13C NMR (126 MHz, MeOD) § 158.98, 155.72, 150.46, 150.10,
141.87, 130.39, 118.38, 115.16, 114.18, 112.41, 110.67, 48.76, 41.82, 36.15, 35.86, 33.82,
26.92, 21.98; HRMS (ESI): calcd for C1gHo7N4 [M + H]*, 299.2230; found, 229.2227.

General procedure for Buchwald reaction of an amine with an arylhalide; Method C

To a5 mL microwave vial equipped with a magnetic stir bar was added an aryl halide (12a-
b, 16a-b, or 17, 0.5 mmol), an amine (1.0 mmol), Pds(dba)z (23 mg, 0.025 mmol),
DavePhos (20 mg, 0.050 mmol), NaOtBu (58 mg, 0.60 mmol) in THF (1.5 mL) and 1,4-
dioxane (1.5 mL). After being purged with dry argon, the reaction mixture were stirred for
5~10 h at 100 °C (oil bath). The reaction mixture was treated with dichloromethane (20
mL), filtered, and concentrated in vacuo. The residue was purified by flash chromatography
(dichloromethane/MeOH) to give the corresponding product.

N1-(6-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)pyridin-2-y1)-N1 N2-
dimethylethane-1,2-diamine (13a)

The title compound (172 mg, 91%) was prepared according to general method C using 12a
(185 mg, 0.5 mmol) and N,N’-dimethylethane-1,2-diamine (88 mg, 1.0 mmol); pale yellow
oil; 1H NMR (500 MHz, MeOD) § 7.45 (dd, J = 8.5, 7.3 Hz, 1H), 7.30 (s, 1H), 7.03 (s, 1H),
6.53 (dd, J=11.7, 7.9 Hz, 2H), 5.83 (s, 2H), 3.91 — 3.83 (m, 2H), 3.45 - 3.38 (m, 1H), 3.25
(dd, J=5.9, 4.8 Hz, 2H), 3.21 — 3.15 (m, 2H), 3.06 (s, 3H), 2.76 — 2.72 (m, 1H), 2.71 (s,
3H), 2.46 (s, 3H), 2.01 (s, 6H); 13C NMR (126 MHz, MeOD) § 162.66, 160.36, 159.67,
153.03, 152.54, 139.58, 129.44, 124.64, 122.37, 113.28, 107.70, 105.17, 50.81, 45.03,
39.18, 38.11, 37.28, 34.29, 20.96, 13.06; MS ESI [M + H]* = 378.0.

N1-(5-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)pyridin-3-yl)-N1,N2-
dimethylethane-1,2-diamine (13b)

The title compound (164 mg, 87%) was prepared according to general method C using 12b
(185 mg, 0.5 mmol) and N,N’-dimethylethane-1,2-diamine (88 mg, 1.0 mmol); pale yellow
gel; TH NMR (500 MHz, CDCl5) § 8.18 (d, J = 2.8 Hz, 1H), 7.84 — 7.72 (m, 1H), 7.15 —
6.97 (m, 2H), 6.88 (s, 1H), 5.87 (s, 2H), 3.89 (t, J = 6.9 Hz, 2H), 3.24 (t, J = 6.9 Hz, 2H),
3.16 — 3.03 (m, 2H), 3.03 — 2.97 (m, 2H), 2.96 (s, 3H), 2.75 (s, 3H), 2.40 (s, 3H), 2.08 (s,
6H); 13C NMR (126 MHz, CDCls) § 160.16, 151.48, 150.05, 144.95, 137.98, 136.68,
131.67, 128.40, 122.93, 120.46, 106.72, 53.49, 48.45, 46.25, 39.05, 38.32, 33.55, 32.92,
21.05, 13.22; MS ESI [M + H]* = 378.5.

N1-(3-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-
(trifluoromethyl)phenyl)-N1,N2-dimethylethane-1,2-diamine (18a)

The title compound (180 mg, 75%) was prepared according to general method C using 17a
(219 mg, 0.5 mmol) and N,N’-dimethylethane-1,2-diamine (88 mg, 1.0 mmol); pale yellow
oil; 1H NMR (500 MHz, CDCl3) & 7.04 (s, 1H), 7.00 (s, 1H), 6.88 (s, 1H), 6.77 (s, 1H), 6.75
(s, 1H), 5.87 (s, 2H), 3.87 (t, J= 7.1 Hz, 2H), 3.18 = 3.11 (m, 2H), 3.10 - 3.03 (m, 4H), 3.01
(s, 3H), 2.63 (s, 3H), 2.39 (s, 3H), 2.07 (s, 6H); 13C NMR (126 MHz, CDCl5) § 160.74,
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151.37, 149.98, 148.88, 143.49, 131.44 (q, J = 31.3 Hz), 128.47, 124.35 (d, J = 273.5 Hz),
123.05, 120.41, 116.09, 114.33 (d, J = 3.9 Hz), 106.88 (d, J = 4.1 Hz), 106.67, 48.84, 46.24,
39.36, 39.00, 36.08, 33.55, 20.99, 13.10; ESI [M + H]* = 445.1.

N1-(3-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-fluorophenyl)-N1,N2-

dimethylethane-1,2-diamine (18b)
The title compound (160 mg, 80%) was prepared according to general method C using 17
(193mg, 0.5 mmol) and N,N’-dimethylethane-1,2-diamine (88 mg, 1.0 mmol); pale yellow
0il; TH NMR (500 MHz, CDCl3) § 7.01 - 6.95 (m, 1H), 6.92 — 6.86 (m, 1H), 6.36 (dd, J =
2.3, 1.3 Hz, 1H), 6.32 - 6.24 (m, 2H), 5.91 (s, 2H), 3.46 (t, J = 6.6 Hz, 2H), 3.11 - 3.05 (m,
2H), 3.03 - 2.98 (m, 2H), 2.94 (s, 3H), 2.81 (t, J = 6.5 Hz, 2H), 2.50 (s, 3H), 2.40 (s, 3H),
2.15 (s, 6H); 13C NMR (126 MHz, CDCl3) § 164.15 (d, J = 241.5 Hz), 160.87, 151.61,
150.97 (d, J=11.3 Hz), 149.52, 144.30 (d, J = 9.6 Hz), 128.48, 122.65, 120.10, 107.93,
106.70, 103.08 (d, J = 21.5 Hz), 96.99 (d, J = 26.1 Hz), 52.54, 49.12, 39.59, 38.85, 36.49,
36.30, 21.02, 13.25; MS ESI [M + H]* = 395.2.

3-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-(methyl(2-

(methylamino)ethyl)amino)benzonitrile (18c)
The title compound (145 mg, 72%) was prepared according to general method C using 17
(197 mg, 0.5 mmol) and N,N’-dimethylethane-1,2-diamine (88 mg, 1.0 mmol); colorless
gel; TH NMR (500 MHz, MeOD) § 7.22 (s, 1H), 7.01 (s, 1H), 6.95 (s, 1H), 6.91 (s, 1H),
6.83 (s, 1H), 5.82 (s, 2H), 3.57 (t, J= 6.8 Hz, 2H), 3.13 — 3.06 (m, 2H), 3.06 — 3.00 (M, 2H),
2.98 (s, 3H), 2.97 — 2.92 (m, 2H), 2.58 (s, 3H), 2.44 (s, 3H), 2.02 (s, 6H); 13C NMR (126
MHz, MeOD) & 161.95, 152.83, 152.78, 150.99, 145.02, 129.42, 124.79, 122.41, 121.36,
120.54, 118.38, 114.18, 113.79, 107.63, 51.32, 48.45, 39.86, 38.89, 37.05, 35.29, 20.94,
13.13; MS ESI [M + H]* = 402.3.

General procedure for deprotection of 2-(2,5-dimethyl-1H-pyrrol-1-yl)pyridine derivatives
using microwave irradiation; Method D

To a5 mL microwave vial equipped with a magnetic stir bar was added the protected
aminoyridine (0.5 mmol), hydroxylamine HCI (173.75 mg), ethanol (2 mL), and water (1
mL). After being capped, the vial was shaken vigorously and then heated in the microwave
irradiator for 30 min at 120 °C. The reaction mixture was concentrated in vacuo, and
purified by flash column chromatography using a SiliaSep™ C18 flash cartridge (259, 40-63
um / 230-400 mesh, Pore Size 60 A) with 5 to 80% MeOH in water as the mobile phase.
This method applied to give the products in 62% - 81% yields.

N1-(6-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)pyridin-2-yl)-N1,N2-dimethylethane-1,2-
diamine (14a)
The title compound (97 mg, 65%) was prepared according to general method D; pale yellow
gel; 1H NMR (500 MHz, MeQOD) & 8.37 (s, 2H), 7.53 — 7.45 (m, 1H), 6.58 (s, 1H), 6.57 (s,
1H), 6.55 (s, 2H), 3.91 (g, J = 5.6 Hz, 2H), 3.31 (d, J = 5.5 Hz, 2H), 3.07 (s, 3H), 3.05 -
2.98 (m, 4H), 2.77 (s, 3H), 2.32 (s, 3H); 13C NMR (126 MHz, MeOD) § 160.30, 158.78,
157.34, 157.02, 152.23, 139.68, 114.39, 113.10, 110.20, 105.39, 50.22, 47.99, 38.11, 37.07,
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34.37, 34.23, 21.73; HRMS (ESI): calcd for C17Ho6Ns [M + H]*, 300.2183; found,
300.2189.

N1-(5-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)pyridin-3-yl)-N1,N2-dimethylethane-1,2-
diamine (14b)

The title compound (105 mg, 70%) was prepared according to general method D; pale
brown gel; IH NMR (500 MHz, MeOD) § 8.22 (s, 2H), 8.10 (s, 1H), 6.78 (s, 1H), 6.71 (s,
1H), 3.93 (t, J= 6.9 Hz, 2H), 3.39 — 3.35 (m, 2H), 3.29 — 3.22 (m, 2H), 3.20 (s, 3H), 3.19 -
3.14 (m, 2H), 2.81 (s, 3H), 2.40 (s, 3H); 13C NMR (126 MHz, MeOD) § 159.18, 155.84,
148.79, 148.67, 141.90, 129.47, 128.91, 124.88, 115.15, 111.28, 46.78, 38.92, 34.62, 34.12,
32.77, 21.99; HRMS (ESI): calcd for C17H2¢N5 [M + H]*, 300.2183; found, 300.2188.

N1-(3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)-5-(trifluoromethyl)phenyl)-N1,N2-
dimethylethane-1,2-diamine (19a)

The title compound (148 mg, 81%) was prepared according to general method D; colorless
gel; IH NMR (500 MHz, MeOD) § 7.22 (s, 1H), 6.91 (s, 1H), 6.89 (s, 1H), 6.69 (ss, 2H),
3.77 (t, 3= 6.7 Hz, 2H), 3.30 (t, J = 6.7 Hz, 2H), 3.09 (d, J = 3.1 Hz, 4H), 3.05 (s, 3H), 2.80
(s, 3H), 2.37 (s, 3H); 13C NMR (126 MHz, MeOD) § 159.07, 155.75, 151.14, 149.78,
143.60, 132.76 (q, J = 31.3 Hz), 126.96 (q, J = 271.8 Hz), 117.77, 115.17, 115.03 (d, J = 4.0
Hz), 110.85, 108.46 (d, J = 4.0 Hz), 50.12, 47.60, 38.98, 36.13, 35.75, 34.16, 21.99; HRMS
(ESI): calcd for C1gHp5F3N,4 [M + H]*, 367.2104; found, 367.2111.

N1-(3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)-5-fluorophenyl)-N1 N2-dimethylethane-1,2-
diamine (19b)

The title compound (120 mg, 76%) was prepared according to general method D; colorless
gel; TH NMR (500 MHz, MeOD) § 6.73 (s, 1H), 6.70 (s, 1H), 6.67 (s, 1H), 6.45 (dt, J =
12.5, 2.3 Hz, 1H), 6.40 (dt, J= 9.3, 1.6 Hz, 1H), 3.72 (t, J = 6.7 Hz, 2H), 3.26 (t, J= 6.7 Hz,
2H), 3.07 — 3.00 (m, 4H), 2.99 (s, 3H), 2.78 (s, 3H), 2.36 (s, 3H); 13C NMR (126 MHz,
MeOD) § 165.55 (d, J = 241.2 Hz), 159.03, 155.76, 152.21 (d, J = 11.0 Hz), 149.92, 144.33
(d, J=9.7 Hz), 115.09, 110.83, 110.28, 105.19 (d, J = 22.1 Hz), 99.28 (d, J = 26.6 Hz),
50.22, 47.60, 39.16, 36.16, 35.65, 34.15, 22.05; HRMS (ESI): calcd for C1gH25FN4 [M +
H]*, 317.2136; found, 317.2142.

3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)-5-(methyl(2-
(methylamino)ethyl)amino)benzonitrile (19¢)

The title compound (100 mg, 62%) was prepared according to general method D; pale
yellow gel; TH NMR (500 MHz, MeOD) § 7.22 (s, 1H), 7.02 (s, 1H), 6.98 (s, 1H), 6.68 (ss,
2H), 3.73 (t, J= 6.7 Hz, 2H), 3.27 (t, J = 6.7 Hz, 2H), 3.12 — 3.05 (m, 4H), 3.04 (s, 3H), 2.79
(s, 3H), 2.38 (s, 3H); 13C NMR (126 MHz, MeOD) & 159.11, 155.80, 151.08, 149.67,
143.98, 121.71, 120.26, 118.78, 115.03, 114.97, 114.23, 110.89, 49.93, 47.50, 38.85, 35.79,
35.48, 34.10, 21.95; HRMS (ESI): calcd for C1gHogN5 [M + H]*, 324.2183; found,
324.2187.
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Oxyhemoglobin assays

The oxyhemoglobin NO assays were performed with purified NOSs using a Biotek Gen5™
microplate reader as previously reported.2”:28 The following were included in the assay: 10
UM L-arginine, 100 pM NADPH, 10 uM tetrahydrobiopterin, 1 mM CaCl,, 11.6 ug/mL
calmodulin, 3.0 pM oxyhemoglobin, and 100 mM HEPES buffer (10% glycerol; pH 7.4).
For iNOS, calmodulin and CaCl, were omitted because iNOS is calcium independent. All
NOS isozymes were used at a concentration of approximately 100 nM. ICsq for each
compound was determined in triplicate using dose-response curves with nine concentration
points (1 pM - 3 mM). The calculated standard deviations of the assays were less than 10%
with all NOSs. The inhibition constants (K;) were calculated from the ICgg and K, (human
nNOS: 1.6 uM; rat nNOS: 1.3 uM; murine iNOS = 8.2 uM; bovine eNOS = 1.7 uM) for all
NOSs using the general equation: Kj = ICsq / (1 + [S] / K)). The selectivity of antagonism of
nNOS was determined by calculating the ratios of the K; values with iNOS or eNOS to those
with rat nNOS.

Pharmacokinetic study

A group of forty-eight male mice were divided into two groups: Group 1 (2 mg/kg; i.v.) and
Group 2 (10 mg/kg; p.o.) with each group comprising twenty-four mice. Animals in Group 1
were administered intravenously with a 19c solution in saline at a 2 mg/kg dose, and animals
in Group 2 were administered orally with a 10 mg/kg solution of 19c in saline. Blood
samples (approximately 100 pL) were collected from the retro orbital plexus under light
isoflurane anesthesia; samples were obtained at 0.08, 0.25, 0.5, 1, 2, 4, 8 and 24 h (i.v.) and
0.25,05,1,2,4,6,8and 24 h (p.o.). The blood samples were collected from a set of three
mice at each time point in labeled micro centrifuge tubes containing KoEDTA as
anticoagulant. Plasma samples were separated by centrifugation of whole blood and stored
below -70 °C until bioanalysis. Immediately after collection of blood, brain samples were
collected from each mouse at 0.08, 0.25, 0.5, 1, 2, 4, 8 and 24 h (i.v.) and 0.25, 0.5, 1, 2, 4,
6, 8 and 24 h (p.o.). Tissue samples were homogenized using ice-cold phosphate buffer
saline (pH 7.4) and homogenates were stored below =70 °C until analyzed. The total
homogenate volume was three times that of the tissue weight. All samples were processed
for analysis by protein precipitation using actonitrile (ACN) and analyzed with a fit for
purpose LC/MS/MS method (LLOQ: 2.02 ng/mL for plasma and 3.03 ng/g for brain).
Specific LC-MS/MS and MRM conditions are described in the Supporting Information.
Pharmacokinetic parameters were calculated using the non-compartmental analysis tool of
Phoenix WinNonlin (Version 6.3).

Inhibitor Complex Crystal Preparation

The preparations of rat NNOS, bovine eNOS, and human nNOS heme domains used for
crystallographic studies were carried out using the procedures described previously.23 The
heme domain samples of rat nNOS (at 9 mg/mL containing 20 mM histidine) and bovine
eNOS (10 mg/mL containing 2 mM imidazole) were used for the sitting drop vapor
diffusion crystallization setup under conditions reported.?2:23 Human nNOS crystals were
obtained with the triple K301R/R354A/G357D mutant heme domain sample at 10 mg/mL.
By slightly modifying the original conditions?2:23 where the monoclinic C2 crystals grew, a
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new crystal form was obtained. Long plate crystals were grown at 4 °C with the sitting drop
setup against a well solution of 8-9% PEG3350, 40 mM citric acid, 60 mM Bis-Tris-
Propane, pH 6.2, 10% glycerol, and 5 mM TCEP. New crystals belong to the orthorhombic
P2,2124 space group with cell dimensions of a =52.3 A b =122.7 A ¢ = 165.0 A with one
homodimer in the asymmetric unit, which closely resemble the cell dimensions of rat NNOS
crystal. Fresh crystals were first passed stepwise through cryoprotectant solutions and then
soaked with 10 mM inhibitor for 4-6 h at 4 °C before being flash cooled with liquid
nitrogen.

X-ray Diffraction Data Collection, Data Processing, and Structural Refinement

The cryogenic (100 K) X-ray diffraction data were collected remotely at the Stanford
Synchrotron Radiation Lightsource (SSRL) or Advanced Light Source (ALS) using the data
collection control software Blu-lce3° with a crystal mounting robot. When a Q315r CCD
detector was used, 90-100° of data were typically collected with 0.5° per frame. If a Pilatus
pixel array detector was used, 140-160° of fine-sliced data were collected with 0.2° per
frame. Raw CCD data frames were indexed, integrated, and scaled using HKL20003 or
MOSFLM,32 but the pixel array data were processed with XDS33 and scaled with Scala
(Aimless).34 The binding of inhibitors was detected by the initial difference Fourier maps
calculated with REFMAC. 35 The inhibitor molecules were then modeled in COOT36 and
refined using REFMAC or PHENIX. 37 Water molecules were added in REFMAC or
PHENIX and checked manually in COOT. The TLS38 protocol was implemented in the final
stage of refinements with each subunit as one TLS group. The omit Fo — Fc density maps
were calculated by removing inhibitor coordinates from the input PDB file before running
one more round of TLS refinement in REFMAC or in PHENIX (simulated annealling
protocol with a 2000 K initial temperature). The resulting map coefficients DELFWT and
PHDELWT were used to generate maps. The refined structures were validated in COOT
before deposition in the protein data bank. The crystallographic data collection and structure
refinement statistics are summarized in Table S1 of the Supporting Information, with the
PDB accession codes included.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
NO nitric oxide
nNOS neuronal nitric oxide synthase
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iNOS inducible nitric oxide synthase
eNOS endothelial nitric oxide synthase
L-Arg L-arginine
FAD flavin adenine dinucleotide
FMN flavin mononucleotide
NADPH reduced nicotinamide adenine dinucleotide phosphate
H4B (6R)-5,6,7,8-tetrahydrobiopterin
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Crystal structure overlays of rat (PDB:10M4, cyan) and human (PDB:4D1N, green) nNOS

heme domains. Nonidentical pairs within the heme domain are summarized in (A) and

highlighted with side chains shown in (B) and identical sequences shown as a gray cartoon,
heme in pink, and arginine in orange. (C) zoom-in view of the substrate (arginine) binding
site, where the only nonidentical pair H342 (human) — L337(rat) is located near Y711 (red

circle). All structural figures were prepared with PyMol (www.pymol.org).
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Figure 4.
Structure of compound 10a bound to nNOS (A) or eNOS (B). The omit Fo — Fc electron

density for the inhibitor is shown at the 2.5 o contour level. Major hydrogen bonds are
depicted with dashed lines.
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Figure5.
Active site structme of nNOS with either 14a (A) or 14b (B) bound. The omit Fo — Fc

electron density for the inhibitor is shown at the 2.5 o contour level. Major hydrogen bonds
are depicted with dashed lines.
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Active site structure of human nNOS (A) or bovine eNOS (B) with 14b bound. The omit Fo
— Fc electron density for the inhibitor is shown at the 2.5 o contour level. Major hydrogen

bonds are depicted with dashed lines.
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Active site structures of (A) rat NANOS with 19a, (B) rat nNOS with 19b, and (C) bovine
eNOS with 19b bound. The omit Fo — Fc electron density for the inhibitor is shown at the
2.5 o contour level. Major hydrogen bonds are depicted with dashed lines.
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W311(8)
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Figure8.
Active site structures of rat NANOS (A), human nNOS (B), and bovine eNOS (C) with 19¢

bound. The omit Fo — Fc electron density for the inhibitor is shown at the 2.5 o contour
level. Major hydrngen bonds are depicted with dashed lines. (D) The superimposition of two
19c positions found in rat NNOS and bovine eNOS. The view is flipped from that in panel
(A) in order to clearly show two different conformations 0f19c in nNOS (yellow) and eNOS
(orange).
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10a-d di
S

Scheme 12

@Reagents and conditions: (a) (i) 7, BuLi, 0 °C, 30 min, THF; (ii): 8, 94%; (b) Pd,(dba)s,
DavePhos, NaOtBu, diamine a-d, THF, 1,4-dioxane, 5~10 h, 100 °C; (c) conc-HCI, EtOH,
microwave, 120 °C, 20 min. two-step yield: 31-48%.
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@Reagents and conditions: (a) (i) 7, BuLi, 0 °C, 30 min, THF; (ii): 11a-b, 89-91%; (b)

NI, N2-dimethylethane-1,2-diamine (2 equiv), Pdy(dba)s, DavePhos, NaOtBu, THF, 1,4-
dioxane, 5~10 h, 100 °C, 87-91%; (c) NH,0HHC1 (5 equiv), EtOH, H,0, microwave, 120
°C, 30 min, 65-70%.
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Scheme 32

@Reagents and conditions: (a) (i) 7, BuLi, 0 °C, 30 min, THF; (ii): 15a-c, 81-86%; (b)
CuCN, DMF, microwave, 220 °C, 20 min, 57%; (c) Nl,N2-dimethylethane—l,Z—diamine (2
equiv), Pdy(dba)s, DavePhos, NaOtBu, THF, 1,4-dioxane, 5 h, 100 °C, 75%; (d)
NH,0HHC1 (5 equiv), EtOH, H,0, microwave, 120 °C, 30 min, 62-81%.
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Table 1
List of K values and selectivity
Ki (nM)
n
Name structure L(0M) in en
Rat nNOS H nNOS iNOS eNOS
10a  w WAy 130£10 98+5 5340+336 20,240+1032 41 156
10b  maw—eMew 100+12 0 11149 5430412 2370041432 29 125
CL
10c  war et 62441 56+2 2900+187 10,675+874 47 172
10d  waow Moot 430422 109+3  4,640+296 10,680+886 11 25
L

4a N'l'N"“‘"A‘[;Nj"N' 35+20  64+22 4845+310 17,742+1244 138 507
b o WSTESTY 172160 59+32 21524129 1291041008 127 759

I

JA.

19a "V W 67433 189416 8134+760 15040+1266 122 238

CFy
190 N e | 34+12 105+81 5559+421 30,238+2046 166 903

P
M. NA‘N‘D“"/“‘ e M

19¢ : grj " 24+11 55+34 3669+223 24950+1684 153 1040

N
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*
Kj for each compound was determined in triplicate using dose-response curves with nine concentration points (1 pM - 3 mM). The calculated
standard deviations (+S.D.) of the assays were less than 10% with all NOSs.
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Table 2
DMPK data in mice for compound 19c
o Tmax Fcyc AUCjag AUCint 1 h CL Vss b
route matrix 0y oy (rngmly (rngmLy 2 muiminkg)  (Lkg)  %F
plasma - 471.70 180.38 181.00 1.12 184.16 14.75
iv. -
brain - 100.28 789.07 nRY 24.80 21.18 44,01
plasma 025  50.75 162.43 182.46 - - -
p.o. 18%
brain® 400 3931 673.67 NRY - - -

aback extrapolated conc. for i. v. group.

bAUC|ast considered for calculating the bioavailability

Brain concentrations and exposures are expressed as ng/g and h*ng/g, respectively. Density of brain homogenate was considered 1, which is
equivalent to the plasma density.

dNR - not reported since AUCjnf is 20% greater than AUC|ast
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