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Abstract
Selective neuronal nitric oxide synthase (nNOS) inhibitors have therapeutic applications in the
treatment of numerous neurodegenerative diseases. Here we report the synthesis and evaluation of
a series of inhibitors designed to have increased cell membrane permeability via intramolecular
hydrogen bonding. Their potencies were examined in both purified enzyme and cell-based assays;
a comparison of these results demonstrates that two of the new inhibitors display significantly
increased membrane permeability over previous analogs. NMR spectroscopy provides evidence of
intramolecular hydrogen bonding under physiological conditions in two of the inhibitors. Crystal
structures of the inhibitors in the nNOS active site confirm the predicted non-intramolecular
hydrogen bonded binding mode. Intramolecular hydrogen bonding may be an effective approach
for increasing cell membrane permeability without affecting target protein binding.
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1. Introduction
Neurodegeneration, characterized by progressive loss of neurons in isolated areas of the
central nervous system (CNS), has become a rapidly spreading health crisis in the world. It
affects the lives of millions of people, causing problems with motor skills and memory.
Although significant research advances have been made, effective treatments for
neurodegenerative disorders have remained elusive. An abnormally high concentration of
cerebral nitric oxide (NO), the metabolite of the neuronal isoform of nitric oxide synthases
(nNOS), has been observed as a common pathogenic phenomenon shared by various
neurodegenerative conditions, including Alzheimer’s, [1] Parkinson’s, [2] Huntington’s,[3]
migraine headaches,[4] as well as neuronal damage in stroke.[5] High NO concentrations
provide a rationale for the therapeutic use of nNOS inhibitors as a potential simultaneous
treatment for different types of neurodegeneration. In the past two decades, a large number
of nNOS inhibitors have been reported.[6–9,9] However, none of these compounds has been
approved for medical use. Recently, we reported a family of syn-3,4-substituted pyrrolidine
inhibitors (e.g., 1–3, Figure 1) that were discovered using structure-based drug design.[10–
13] These inhibitors showed remarkable potency for nNOS and excellent isoform selectivity
over endothelial NOS (eNOS) and inducible NOS (iNOS).We have previously found that
the (3S,4S)-isomers of 1 and 3 bind to nNOS in the predicted mode with the 3-fluorophenyl
group bound in the hydrophobic cleft comprised of M336 and L337 and the aminopyridine
interacting with E592, but unexpectedly the (3R,4R)-isomers bind with 180° rotation with
the 3-fluorophenyl group -stacked over the active site heme and the aminopyridine
electrostatically interacting with a carboxylate of heme propionate.[11] Also surprising, the
(3R,4R)-isomers are more potent than the (3S,4S)-isomers. However, results from animal
tests indicated that racemic mixtures of 1 and 3 (and their corresponding 3R,4R
stereoisomers) show minimal blood-brain barrier (BBB) penetration;[13] the BBB is a
unique barrier formed by brain capillary endothelial cells that molecules must be able to
penetrate to be effective in the CNS. This result limits further investigation of these lead
compounds as oral therapeutics. Given the chemical structures of the inhibitors, we reasoned
that the multiple positive charges and hydrogen bond donor properties of 1–3 at
physiological pH, derived from the amino groups, limit them from penetrating the BBB by
passive diffusion.[13] Lead compound 3was designed to eliminate one of the hydrogen bond
donors of 1, the amino group attached to the pyrrolidine ring, by replacing it with a
hydrogen bond acceptor ether linkage; hydrogen bond donors are believed to lower the
ability to cross the BBB more than hydrogen bond acceptors. Supporting our rationale, BBB
penetration was slightly improved from the design of 1 to 3, but there is still much room for
improvement in the bioavailability of these selective inhibitors.[13]

In previous efforts we pursued different strategies to modify the structure of compounds in
this class.[13–17] For example, the high pKa amino groups have been replaced by neutral
functionalities such as ethers and amides.[13] We have also inserted electron-withdrawing
groups, such as ether, monofluoromethylene, difluoromethylene, and cyclopropyl, to
inductively decrease the pKa of the amino group.[14–17] Despite the improved membrane
permeability of the new inhibitors, the successes of these modified structures were
compromised by a significant drop in the in vitro potency and isoform selectivity.

Here we describe the design and synthesis of a new series of nNOS inhibitors (4a–d, Figure
2) to diffuse the overall charge of 3 by incorporation of an intramolecular hydrogen bond, a
known strategy in the design of novel inhibitors for a variety of enzymes, [18–23]
sometimes used to improve BBB penetration.[24] In the highly hydrophobic environment of
the BBB, the inhibitor is hypothesized to adopt a “closed” conformation by forming an
intramolecular H-bond, which decreases the overall polarity of the compound to improve
BBB permeability. On the other hand, when the inhibitor reaches and binds to nNOS, it may
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encounter various intermolecular interactions and stabilize an “open” (not intramolecular
hydrogen bonded) conformation. In this conformation, the pharmacologically critical amino
group may be released from the intramolecular H-bond. Compounds 4a–d have benzyl-like
aryl substituents like 2[25] rather than phenylethyl-like aryl substituents like 1[26] and 3,
[26] so that 6-membered instead of 7-membered intramolecular hydrogen bonds would
form. Therefore, we chose to make the (3S,4S)-isomers that bind in the normal mode,
despite the generally lower potency in the phenylethyl series; computer modeling suggested
that with a one-carbon shorter side chain compounds would have better binding, although
the (3R,4R) compounds have not been made to confirm. Six-membered intramolecular H-
bonds are most common, the majority of which are linked by sp2-hybridized atoms and are
therefore part of planar conjugated systems; five-membered intramolecular hydrogen bonds
also have precedence.[18]

2. Chemistry
The synthesis of inhibitors 4a–d began with chiral precursor 5.[27] Allylation of 5 using
gave alkene 6 in good yields.[28] Ozonolysis allyl methyl carbonate in the presence of
Pd(PPh3)4 of 6 yielded aldehyde 7, which was subjected to reductive amination with amines
to provide 8a–d. Global deprotection of the three Boc-protecting groups with TFA generated
inhibitors 4a–d in quantitative yields.

3. Results and Discussion
3.1 Assay with purified nNOS

The potencies of these compounds have been tested both in a purified enzyme assay and in a
cell-based assay. The purified enzyme assay results demonstrate that 4a–d have lower
potencies for nNOS and lower selectivities over eNOS and iNOS in comparison with our
previous inhibitors 1–3 (Table 1), [25,26] but compounds 4a–d are proof-of-principle
compounds to test their ability to permeate a cell membrane.

3.2 Assay in HEK293t cells
We have employed a simple, colorimetric, cell-based assay using HEK293t cells stably
transfected with and expressing nNOS to assess the potencies of these compounds in a
cellular environment. [29] Although other processes may be influencing nNOS inhibition in
these assays, cell permeability can be predicted from the cellular potencies of these
compounds as measured by the inhibition of the production of nitric oxide in the HEK293t
cells (Table 2). Comparing the IC50 values of these compounds in the purified enzyme assay
versus the cellular assay clearly indicates that membrane permeability is a major factor that
limits the effective concentration of these inhibitors within cells. Therefore, the Relative
Permeability Index (RPI) is a measure of how similar the IC50 value is for a compound as
measured in the cell-based assay relative to the purified enzyme assay. If a compound freely
passed through the cell membrane, then those IC50 values should be the same (cell based
IC50/purified enzyme IC50 = 1.0). The lower the RPI, the more cell membrane-penetrable is
the compound. Therefore, 4a and 4b have the highest cell penetrability compared to 1–3,
and 4c is comparable in penetrability relative to 3, despite the poorer inhibitory properties of
these compounds relative to 1–3. As depicted in Figure 2, however, 4c had the greatest
theoretical potential to neutralize the charge on the ammonium ion, yet it did not exhibit
high cell permeability. That may suggest that the phenolic hydroxyl group does not act as a
hydrogen bond donor. Compound 4d, with the highest IC50 of all compounds in the table, is
nonetheless more cell-penetrable than 1 and 2. We also tested just the aminopyridine
fragment of inhibitors 1–4 (2-amino-4,6-dimethylpyridine hydrochloride), which is a potent,
nonselective inhibitor of purified nNOS (50 nM); however, its RPI is much higher than any
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of our inhibitors, indicating that it poorly crosses the cell membrane despite having a neutral
pKa. Although L-N-nitroarginine (L-NNA) is a relatively poor inhibitor of purified nNOS, it
appears to penetrate the cell membrane freely, having the same IC50 value in the cell-based
assay as the isolated enzyme assay and a RPI of 1.

It is interesting to note that the relative permeability index has little correlation with partition
coefficients for the inhibitors. As calculated by Chem Axon [30], the cLogP values are as
follows: 2.18 (1); 2.35 (2); 2.49(3); 2.2 (4a); 1.9 (4b); −0.09 (4c); 1.12 (4d). For this series,
cLogP seems to be a poor predictor of permeability as measured by the NOS cell-based
assay.

3.3 Crystallography of 4a–d bound to nNOS
Crystal structures of all four compounds bound to nNOS were obtained, showing that when
bound to nNOS, they all adopt the open, non-intramolecular hydrogen bonded form (Figure
3). Inhibitors 4a–4d (like 1–3), bear a (3S,4S) configuration at the pyrrolidine ring, and all
bind to the nNOS active site in the normal binding mode, with the 2-amino-4-
methylpyridine stacked over the heme plane and hydrogen bonding with Glu592.[11] The
pyrrolidine nitrogen hydrogen bonds with Glu592 and interacts through a water-bridged
hydrogen bond with Asp597, the residue that can be exploited for selectivity between nNOS
and eNOS (Asn368 in eNOS). The amino group that was designed to form an intramolecular
hydrogen bond with the substituent from the tail aromatic ring is exposed in the crystal
structures and hydrogen bonds with heme propionate D in all four inhibitors. Compounds
4a–c have a substituted phenyl tail, but 4d contains a furan in place of the phenyl ring. The
substituted phenyls and the furan ring occupy the pocket lined with hydrophobic residues
Met336, Leu337, and Tyr706. The furan is smaller than the phenyl substituents, so it is able
to accommodate a different rotamer of Met336 in which it rotates in toward the inhibitor
molecule. The slightly higher Ki of 4b, the methoxyl-substituted inhibitor, may result from a
slight steric clash with Trp306 (subunit B) in this pocket.

Figure 3B shows a comparison of the binding mode of 4a–d with that of previously
designed (3S,4S) inhibitors 1–3 using an overlay of 1 and 3 with 4a. Inhibitor 1 (2 as well)
contains a nitrogen atom in place of the oxygen atom adjacent to the pyrrolidine in 3 and
4a–d. It is this amino nitrogen in 1 (and 2) that makes a hydrogen bond with a different
heme propionate (of pyrrole A). The ether oxygen in 3 and 4a–d does not have a proton to
make this hydrogen bond. Instead, 3 and 4a–d all curl so that the other amino group next to
the aromatic tail group can hydrogen bond with heme propionate D. The inhibitors with an
amine next to the pyrrolidine (1 and 2), generally bind tighter to nNOS (Figure 1) than the
ones bearing an ether oxygen at the same position (3 and 4a–d, Table 1). However, the ether
inhibitors show better bioavailability.[14,17] Another noticeable difference in the crystal
structure between inhibitors 1 and 3 and series 4a–d occurs because of one less carbon unit
in the chain to the phenyl substituent in the latter. The hydrophobic pocket is large enough to
accommodate either chain length. However, the inhibitors with a longer chain length make
tighter van der Waals contacts with Met336, Leu337, and Tyr706, thus showing better
binding affinity than the shorter tailed 4a–d. Inhibitor 2 has the same chain length as 4a–d
but 2 has better binding affinity than 4a–d. This is because the amino group next to the
pyrrolidine in 2 hydrogen bonds to heme propionate A, so that the rest of its fluorophenyl
tail adopts an extended conformation rather the curled one seen in 4a–d, allowing tighter
hydrophobic interactions with the surrounding protein.

3.4 NMR spectroscopy to determine extent of hydrogen bonding
Inspection of the 1H NMR spectra of these compounds in D2O at room temperature shows a
striking difference in the splitting pattern of the methylene group (4.2 ppm) in the

Labby et al. Page 4

Bioorg Med Chem. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



arylalkylside chain (Figure 4). When the intramolecular H-bond forms, the interaction of the
phenyl ortho-substituent differentiates the two protons of the ammonium and makes the
ammonium nitrogen chiral. This anisotropy [32,34] is evident as a second-order effect in
the 1H NMR spectrum because the side chain methylene protons are diastereotopic. In
the 1H NMR spectra of 4b and 4c, these protons exhibit an AB pattern, two separate but
coupled doublets, instead of the singlet expected for these identical protons. The average
shift of the AB quartet is centered at the chemical shift of the expected singlet, and the
doublets for the individual protons are found shifted upfield or downfield.

In contrast, the observed signal in the NMR spectra for the methylene protons of 4a and 4d
(Figure 4) is the expected singlet at approximately 4.2 ppm. In these two compounds the
methylene protons are also diastereotopic (as in 4b and 4c), but the lack of a stable
interaction to differentiate the protons of the ammonium gives rise to a singlet for the
methylene protons. Therefore, there is likely no significant intramolecular hydrogen bonding
interaction occurring in these compounds at room temperature in an aqueous environment,
and more importantly, not under physiological conditions (37 °C). Fluorine-mediated
hydrogen bonds are weak (if observable at all), and these results (4a) are consistent with this
observation. A five-membered intramolecular hydrogen bond (4d) is known to be the least
likely to form.[18]

An examination of the NMR spectra of 4b and 4c in D2O at various temperatures provides
further evidence of the hydrogen bond character. The two doublets shift at higher
temperatures, as seen in Figure 5. Unfortunately the doublets of 4b are slightly obscured by
the shift of the pyrrolidine proton (at 25 °C, 4.12 ppm) and spectral resolution decreases at
95 °C; nonetheless, Figure 5 illustrates that the chemical shifts of the doublets are moving
closer together as the temperature increases. In both inhibitors, hydrogen bonding is
observed in water at physiological pH, and the temperature at which doublets would be
expected to collapse into a singlet is well above the physiological temperature of 37 °C. This
suggests that the intramolecular hydrogen bonds of 4b and 4c are stable in solution at high
temperatures and that this approach would be amenable to enhancing membrane
permeability in vivo.

Interestingly, 4a and 4b demonstrate the highest relative permeability (Table 2), although it
is 4b and 4c that display NMR spectral evidence of a H-bond. The o-fluorophenyl group of
permeable inhibitor 4a is the most lipophilic side chain group of the series and also the most
electron withdrawing; the increased electron withdrawing character lowers the pKa of the
ammonium group, making it less basic. Both of these properties might account for the
enhanced permeability of 4a. This is consistent with the findings of Ballet et al. who
concluded that lipophilicity rather than side chain flexibility is the key determinant for BBB
penetration.[35] Compound 4c, despite its ability to intramolecular hydrogen bond has a
polar phenolic hydroxyl group, which would hinder cell permeability.

4. Conclusion
New nNOS inhibitors 4a–d have been synthesized derived from chiral pyrrolidine lead 2.
Crystal structures confirm that these compounds bind to nNOS in the “open” conformation,
while 1H NMR spectra provide evidence of intramolecular hydrogen bonding, the “closed”
conformation, in two of the compounds (4b and 4c). It appears, however, that incorporation
of an intramolecular hydrogen bond is not sufficient to enhance cell membrane permeability;
lipophilicity seems to play a larger role, as evidenced by the good permeability of 4a and the
poor permeability of 4c. Inhibitors 4a and 4b demonstrate greatly improved cell
permeability when compared to previous inhibitors 1–3. For inhibitor 4b, its improved
permeability likely results from intramolecular hydrogen bonding to diffuse the positive
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charge on the vicinal ammonium ion. Once the compounds enter the active site of nNOS,
however, intermolecular binding interactions overcome the intramolecular hydrogen bonds,
resulting in the predicted open-conformation binding mode. This suggests that
intramolecular hydrogen bonding can accomplish the desired decreased polarity for
enhanced cell membrane permeability, but not interfere with desired binding interactions in
the target protein. The purpose of these studies was to demonstrate the effect of hydrogen
bonding on cell permeability; the next step in the process will be to modify the compounds
for better binding potency without loss of cell membrane permeability.

5. Experimental Section
5. 1 General Methods

All experiments were conducted under anhydrous conditions in an atmosphere of argon,
using flame-dried apparatus and employing standard techniques in handling air-sensitive
materials. All solvents were distilled and stored under an argon or nitrogen atmosphere
before using. All reagents were used as received. Aqueous solutions of sodium bicarbonate,
sodium chloride (brine), and ammonium chloride were saturated. Analytical thin layer
chromatography was visualized by ultraviolet light. Flash column chromatography was
carried out under a positive pressure of nitrogen. 1H NMR spectra were recorded on 500
MHz spectrometers. Data are presented as follows: chemical shift (in ppm on the δ scale
relative to δ = 0.00 ppm for the protons in tetramethylsilane (TMS)), integration,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad),
coupling constant (J/Hz). Coupling constants were taken directly from the spectra and are
uncorrected. 13C NMR spectra were recorded at 125 MHz, and all chemical shift values are
reported in ppm on the δ scale with an internal reference of δ 77.0 or 49.0 for CDCl3 or
MeOD, respectively. High-resolution mass spectra were measured by liquid
chromatography/time-of-flight mass spectrometry (LC-TOF). The purity of the final
compounds was determined by HPLC analysis to be ≥95%. The column used was a Higgins
Analytical, TARGA®C18, 5 μm, 4.6 × 250 mm (p/n: TS-2546-C185, The Nest Group, Inc.,
http://www.nestgrp.com). The column was thoroughly equilibrated at 100% solvent A,
minimum 5 volumes. The compounds were eluted with a gradient from solvent A (water,
0.1% TFA) to solvent B (acetonitrile, 0.1% TFA), 0–5 minutes, 0–25% B, 5–10, 25–35% B,
10–20 35% isocratic. The compounds had the following retention times, 4a, 11.2 min, 4b,
11.6 min, 4c, 11.4 min, 4d, 10.5 min.

5.2 Preparation and Characterization of New Compounds
5.2.1 (3S,4S)-tert-Butyl-3-(allyloxy)-4-((6-(bis(tert-butoxycarbonyl)amino)-4-
methylpyridin-2-yl)methyl)pyrrolidine-1-carboxylate (6)—To a solution of 5 (1.15
g, 2.0 mmol) and Pd(Ph3P)4 (235 mg, 0.2 mmol) in dry THF (50 mL) was added allyl
methyl carbonate (700 μL, 6.0 mmol). The reaction mixture was allowed to stir at 45 °C for
5 h and then concentrated. The resulting material was purified by flash column
chromatography (silica gel, EtOAc/hexanes, 1:2, Rf = 0.40) to yield 6 (675 mg, 66%) as a
colorless oil: 1H NMR (500 MHz, CDCl3) 1.40–1.50 (m, 27H), 2.25–2.27 (m, 3H), 2.60–
2.75 (m, 1H), 2.78–2.85 (dd, J = 9.0, 13.5 Hz, 1H), 2.98–3.05 (dd, J = 9.0, 13.5 Hz, 1H),
3.10–3.21 (m, 1H), 3.25–3.29 (dd, J = 4.0, 12.5 Hz, 1H), 3.40–3.62 (m, 2H), 3.75–3.85 (m,
2H), 4.00–4.10 (td, J = 5.5, 13.0 Hz, 1H), 5.15–5.17 (d, J = 10.5 Hz, 1H), 5.25–5.29 (d, J =
17.0 Hz, 1H), 5.84–5.91 (ddd, J = 5.0, 10.5, 17.0 Hz, 1H), 6.85–6.95 (m, 2H); 13C NMR
(125 MHz, CDCl3) 20.9, 27.9, 28.4, 28.5, 34.7, 34.8, 42.7, 43.3, 48.9, 49.2, 50.4, 51.0, 70.2,
70.3, 77.8, 78.6, 79.1, 79.2, 82.8, 116.7, 116.9, 119.6, 122.9, 134.6, 134.7, 149.50, 149.52,
151.4, 151.5, 151.8, 154.5, 154.8, 159.2, 159.3; LC-TOF (M+H+) calcd for C29H46N3O7
548.3336, found 548.3339.
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5.2.2 (3S,4S)-tert-Butyl-3-((6-(bis(tert-butoxycarbonyl)amino)-4-
methylpyridin-2-yl)methyl)-4-(2-oxoethoxy)pyrrolidine-1-carboxylate (7)—A
solution of 6 (100 mg, 0.19 mmol) in CH2Cl2 (10 mL) was cooled to −78 °C, to which O3
was charged until the reaction solution turned purple (~10 min). The O3 flow was stopped,
and the reaction was allowed to stir at the same temperature for 30 min. To the resulting
solution was added Me2S (150 μL). The reaction mixture was then warmed to room
temperature and kept stirring at room temperature for an additional 2 h. The solvent was
removed by rotary evaporation and the resulting crude product was purified by flash column
chromatography (EtOAc/hexanes, 1:1, Rf = 0.2) to yield 6 (87 mg, 87%) as a colorless
oil: 1H NMR (500 MHz, CDCl3) 1.45 (s, 27H), 2.22 (s, 3H), 2.70–2.85 (m, 1H), 2.85–2.95
(m, 1H), 3.05–3.15 (m, 1H), 3.16–3.25 (m, 1H), 3.30–3.37 (m, 1H), 3.45–3.70 (m, 2H),
3.85–3.95 (m, 2H), 4.05–4.20 (t, J = 10.0 Hz, 1H), 6.90–6.93 (m, 2H), 9.66 (s, 1H); 13C
NMR (125 MHz, CDCl3) 20.9, 24.7, 27.9, 28.5, 29.7, 34.4, 42.5, 43.2, 48.8, 49.1, 50.3,
51.0, 74.6, 74.9, 79.4, 79.5, 80.4, 83.0, 119.66, 119.73, 122.8, 149.7, 149.8, 151.57, 151.60,
151.8, 154.4, 154.8, 159.87, 158.94, 200.2, 200.6; LC-TOF (M+H+) calcd for C28H44N3O8
550.3128, found 550.3130.

5.2.3 (3S,4S)-tert-Butyl-3-((6-(bis(tert-butoxycarbonyl)amino)-4-
methylpyridin-2-yl)methyl)-4-(2-(2-fluorobenzylamino)ethoxy)pyrrolidine-1-
carboxylate (8a)—To a solution of aldehyde 7 (100 mg, 0.18 mmol) in DCM (4 mL) was
added 2,2-difluoro-2-(3-fluorophenyl)ethanamine hydrochloride (83 mg, 0.36 mmol),
triethylamine (11 μL, 0.36 mmol), followed by NaHB(OAc)3 (100 mg, 0.45 mmol). The
reaction mixture was stirred for an additional 3 h and then concentrated. The crude product
was purified by flash column chromatography (EtOAc/hexanes, 1:1, Rf = 0.15) to yield 8a
(115 mg, 91%) as a colorless oil: 1H NMR (500 MHz, CDCl3) 1.43–1.44 (s, 27H), 2.29–
2.30 (m, 3H), 2.60–2.75 (m, 1H), 2.76–2.85 (m, 2H), 2.92–3.00 (m, 1H), 3.05–3.14 (m, 1H),
3.20–3.50 (m, 5H), 3.52–3.70 (m, 2H), 3.72–3.80 (m, 1H), 3.91 (s, 2H), 6.84–6.85 (d, J =
8.0 Hz, 1H), 6.89–6.91 (d, J = 10.0 Hz, 1H), 7.02–7.06 (dd, J = 9.0, 9.5 Hz, 1H), 7.10–7.13
(dd, J = 7.0, 7.5 Hz, 1H), 7.20–7.30 (m, 1H), 7.35–7.40 (m, 1H); 13C NMR (125 MHz,
CDCl3) 20.9, 24.7, 27.9, 28.47, 28.50, 29.7, 34.6, 34.7, 36.6, 42.6, 43.3, 46.8, 48.2, 48.8,
49.1, 50.3, 50.8, 68.0, 68.2, 78.7, 79.2, 79.3, 79.4, 82.8, 115.2, 115.3, 115.4, 115.5, 119.5,
119.6, 122.8, 124.17, 124.19, 128.89, 128.92, 128.95, 128.99, 130.46, 130.51, 130.55,
149.6, 151.4, 151.5, 151.8, 154.5, 154.8, 159.08, 159.14, 160.3, 162.2; LC-TOF (M+H+)
calcd for C35H52FN4O7 659.3820, found 659.3818.

5.2.4 (3S,4S)-tert-Butyl 3-((6-(bis(tert-butoxycarbonyl)amino)-4-
methylpyridin-2-yl)methyl)-4-(2-(2-methoxybenzylamino)ethoxy)pyrrolidine-1-
carboxylate (8b)—Compound 8b was synthesized using a similar procedure to that of 8a
(88%): 1H NMR (500 MHz, CDCl3) 1.42–1.43 (s, 27H), 2.31–2.33 (m, 3H), 2.60–2.70 (m,
1H), 2.70–2.80 (m, 1H), 2.90–3.10 (m, 4H), 3.28–3.32 (m, 1H), 3.35–3.52 (m, 3H), 3.65–
3.75 (m, 1H), 3.79–3.81 (m, 2H), 3.85–3.87 (m, 3H), 4.01–4.20 (m, 2H), 6.75–7.00 (m, 4H),
7.26–7.30 (m, 1H), 7.35–7.40 (m, 1H); 13C NMR (125 MHz, CDCl3) 20.9, 21.9, 27.9, 28.3,
28.4, 28.5, 29.7, 34.4, 34.5, 42.5, 43.2, 46.1, 47.5, 47.7, 48.7, 48.9, 50.3, 50.8, 55.4, 55.5,
55.6, 60.4, 65.2, 65.3, 79.3, 79.4, 79.8, 82.92, 82.94, 110.5, 110.6, 119.7, 119.8, 121.0,
121.2, 121.3, 122.7, 122.8, 130.50, 130.52, 131.4, 149.9, 151.47, 151.51, 151.77, 151.79,
154.5, 154.7, 157.7, 158.89, 158.91, 176.2; LC-TOF (M+H+) calcd for C36H55N4O8
671.4020, found 671.4016.

5.2.5 (3S,4S)-tert-Butyl 3-((6-(bis(tert-butoxycarbonyl)amino)-4-
methylpyridin-2-yl)methyl)-4-(2-(2-hydroxybenzylamino)ethoxy)pyrrolidine-1-
carboxylate (8c)—Compound 8c was synthesized using a similar procedure to that of 8a
(55%): 1H NMR (500 MHz, CDCl3) 1.45–1.46 (s, 27H), 2.34 (s, 3H), 2.60–2.75 (m, 2H),
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2.75–2.85 (m, 1H), 2.85–3.00 (m, 2H), 3.00–3.07 (m, 1H), 3.07–3.20 (m, 1H), 3.20–3.33
(m, 1H), 3.33–3.51 (m, 3H), 3.51–3.65 (m, 1H), 3.65–3.74 (m, 2H), 3.74–3.90 (m, 1H),
4.00–4.18 (m, 2H), 6.75–6.85 (m, 2H), 6.93 (s, 1H), 7.02–7.10 (m, 1H), 7.15–7.20 (m,
1H); 13C NMR (125 MHz, CDCl3) 20.9, 21.1, 27.9, 28.5, 29.7, 34.1, 42.4, 43.1, 46.8, 47.0,
48.4, 48.9, 50.1, 50.3, 50.7, 50.8, 53.4, 60.3, 66.3, 66.4, 78.6, 79.3, 79.5, 79.6, 82.9, 83.2,
83.3, 116.1, 116.3, 118.9, 119.4, 119.7, 120.3, 120.5, 120.9, 122.9, 123.0, 123.2, 128.8,
128.9, 129.4, 129.6, 129.7, 150.3, 150.6, 151.4, 151.6, 151.7, 154.7, 154.9, 157.2, 157.3,
159.1, 159.2; LC-TOF (M+H+) calcd for C35H53N4O8 657.3863, found 657.3874.

5.2.6 (3S,4S)-tert-Butyl 3-((6-(bis(tert-butoxycarbonyl)amino)-4-
methylpyridin-2-yl)methyl)-4-(2-(furan-2-ylmethylamino)ethoxy)pyrrolidine-1-
carboxylate(8d)—Compound 8b was synthesized using a similar procedure to that of 8a
(90%): 1H NMR (500 MHz, CDCl3) 1.43–1.44 (s, 27H), 2.30–2.32 (m, 3H), 2.50–2.60 (m,
1H), 2.75–2.83 (m, 2H), 2.92–3.17 (m, 3H), 3.20–3.50 (m, 5H), 3.52–3.70 (m, 2H), 3.77–
3.80 (m, 1H), 3.81 (s, 2H), 6.20–6.21 (d, J = 3.0 Hz, 1H), 6.32 (s, 1H), 6.86–6.92 (m, 2H),
7.37 (s, 1H); 13C NMR (125 MHz, CDCl3) 19.1, 20.9, 21.0, 23.4, 24.7, 27.9, 28.39, 28.48,
28.51, 29.7, 30.6, 34.6, 34.7, 36.6, 42.6, 43.2, 45.8, 45.9, 48.2, 48.3, 48.8, 49.1, 50.3, 50.8,
64.4, 68.2, 68.4, 78.7, 79.2, 79.3, 79.4, 82.85, 82.86, 107.0, 107.2, 110.16, 110.24, 119.57,
119.61, 122.8, 141.90, 141.94, 141.97, 149.6, 151.45, 151.50, 151.8, 153.4, 154.5, 154.7,
159.1, 159.2, 171.3; LC-TOF (M+H+) calcd for C33H51N4O8 631.3703, found 631.3703.

5.2.7 6-(((3S,4S)-4-(2-(2-Fluorobenzylamino)ethoxy)pyrrolidin-3-yl)methyl)-4-
methylpyridin-2-amine (4a)—To a solution of 8a (70 mg, 0.10 mmol) in MeOH (2 mL)
was added 6 N HCl (4 mL) at room temperature. The mixture was stirred for 12 h and then
concentrated. The crude product was purified by recrystallization (EtOH/H2O) to give
inhibitor 4a(38 mg, 97%): 1H NMR (500 MHz, D2O) 2.18 (s, 3H), 2.68–2.73 (m, 1H), 2.76–
2.82 (dd, J = 7.0, 15.5 Hz, 1H), 2.85–2.90 (dd, J = 8.0, 15.0 Hz, 1H), 3.04–3.09 (t, J = 11.5
Hz, 1H), 3.15–3.25 (m, 2H), 3.39–3.43 (dd, J = 8.5, 11.5 Hz, 1H), 3.50–3.53 (d, J = 13.5 Hz,
1H), 3.53–3.60 (m, 1H), 3.73–3.80 (m, 1H), 4.05–4.10 (m, 1H), 4.22 (s, 2H), 6.47 (s, 1H),
6.53 (s, 1H), 7.12–7.14 (dd, J = 1.0, 8.5 Hz, 1H), 7.16–7.18 (dd, J = 1.0, 8.0 Hz, 1H), 7.35–
7.40 (m, 1H); 13C NMR (125 MHz, D2O) 21.0, 28.8, 41.3, 44.67, 44.70, 46.4, 47.1, 49.3,
63.9, 78.0, 110.3, 114.0, 115.8, 115.9, 117.4, 117.5, 125.0, 125.1, 132.1, 132.2, 132.3,
132.4, 145.7, 153.8, 158.1, 160.1, 162.0; LC-TOF (M+H+) calcd for C20H28FN4O
359.2247, found 359.2253.

5.2.8 6-(((3S,4S)-4-(2-(2-Methoxybenzylamino)ethoxy)pyrrolidin-3-yl)methyl)-4-
methylpyridin-2-amine (4b)—Compound 4b was synthesized using a similar procedure
to that of 4a (96%): 1H NMR (500 MHz, CDCl3) 2.18 (s, 3H), 2.65–2.85 (m, 3H), 3.03–3.10
(t, J = 11.5 Hz, 1H), 3.17–3.32 (m, 3H), 3.40–3.47 (dd, J = 8.5, 12.0 Hz, 1H), 3.50–3.57 (m,
2H), 3.72–3.80 (m, 4H), 4.05–4.17 (m, 3H), 6.43 (s, 1H), 6.49 (s, 1H), 6.91–6.94 (dd, J =
7.0, 7.5 Hz, 1H), 6.97–6.99 (d, J = 8.5 Hz, 1H), 7.23–7.25 (dd, J = 1.0, 7.5 Hz, 1H), 7.34–
7.38 (ddd, J = 1.5, 8.5, 9.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) 21.0, 38.7, 41.0, 46.2,
46.9, 47.1, 49.1, 55.4, 64.0, 77.8, 110.3, 111.2, 113.8, 118.2, 121.0, 131.6, 131.8, 145.6,
153.8, 157.6, 158.0; LC-TOF (M+H+) calcd for C21H31N4O2 371.2447, found 371.2450.

5.2.9 2-((2-((3S,4S)-4-((6-Amino-4-methylpyridin-2-yl)methyl)pyrrolidin-3-
yloxy)ethylamino)methyl)phenol (4c)—Compound 4c was synthesized using a similar
procedure to that of 4a (92%): 1H NMR (500 MHz, CDCl3) 2.15 (s, 3H), 2.60–2.70 (m, 1H),
2.77–2.82 (m, 2H), 3.00–3.10 (t, J = 11.5 Hz, 1H), 3.18–3.22 (m, 3H), 3.42–3.51 (dd, J =
8.5, 11.5 Hz, 1H), 3.51–3.56 (m, 2H), 3.73–3.80 (m, 1H), 4.00–4.25 (m, 3H), 6.38 (s, 1H),
6.50 (s, 1H), 6.83–6.88 (m, 2H), 7.21–7.25 (m, 2H); 13C NMR (125 MHz, CDCl3) 21.0,
28.8, 41.2, 46.0, 47.0, 47.1, 49.2, 63.7, 77.8, 110.3, 114.0, 115.4, 117.0, 120.6, 131.6, 131.7,
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145.6, 153.8, 155.0, 158.0; LC-TOF (M+H+) calcd for C20H29N4O2 357.2291, found
357.2277.

5.2.10 6-(((3S,4S)-4-(2-(Furan-2-ylmethylamino)ethoxy)pyrrolidin-3-
yl)methyl)-4-methylpyridin-2-amine (4d)—Compound 4b was synthesized using a
similar procedure to that of 4a (96%): 1H NMR (500 MHz, CDCl3) 2.32 (s, 3H), 2.65–2.73
(m, 1H), 2.76–2.83 (dd, J = 7.5, 15.0 Hz, 1H), 2.88–2.93 (dd, J = 7.5, 14.5 Hz, 1H), 3.04–
3.09 (t, J =11.5 Hz, 1H), 3.17–3.24 (m, 3H), 3.39–3.43 (dd, J = 9.0, 11.5 Hz, 1H), 3.48–3.51
(d, J = 13.5 Hz, 2H), 3.51–3.56 (m, 1H), 3.70–3.75 (m, 1H), 4.05–4.10 (m, 1H), 4.22 (s,
2H), 6.38–6.40 (dd, J = 2.0, 5.0 Hz, 1H), 5.48 (s, 1H), 6.52–6.53 (d, J = 3.5 Hz, 1H), 6.55 (s,
1H),; 13C NMR (125 MHz, CDCl3) 21.0, 28.8, 41.4, 43.1, 46.0, 47.0, 49.4, 64.0, 78.1,
110.3, 110.8, 111.0, 113.0, 114.0, 144.1, 144.3, 144.9, 145.8, 153.9, 158.1; LC-TOF (M
+H+) calcd for C18H27N4O2 331.2134, found 331.2136.

5.3 NOS Purified Enzyme Assays
The three NOS isoforms, rat nNOS, murine iNOS, and bovine eNOS were obtained as
recombinant enzymes overexpressed in and purified from E. coli as previously reported.[36–
39] The hemoglobin capture assay was used to measure nitric oxide production.[40] Briefly,
the assay was run at 37 °C in 100 mM HEPES buffer (10% glycerol; pH 7.4) in the presence
of 10 μM L-arginine. The following were also included in the assay: 100 μM NADPH, 10
μM tetrahydrobiopterin, 1 mM CaCl2, 11.6 μg/mL calmodulin and 3.0 μM oxyhemoglobin.
For iNOS, calmodulin and CaCl2 were omitted because iNOS is calcium independent; CaM
is bound tightly. All NOS isozymes were used at a concentration of approximately 100 nM.
The assay was run in a 96 well plate, using the Synergy 4 by BioTek, at the Northwestern
University High Throughput Analysis Facility. The assay was run in triplicate; Forty-eight
100 μL reactions were performed at once. The addition of hemoglobin and NOS were
automated with a maximum of a 30 second delay before the reactions could be recorded at
401 nm. The absorbance increase at 401 nm is due to the formation of NO via the
conversion of oxyhemoglobin to methemoglobin, The IC50 values were obtained using non-
linear regression in GraphPad Prism5 software. Subsequent Ki values were determined using
the Cheng-Prusoff relationship:[41]

The following known Km values were used: rat nNOS 1.3 μM; murine iNOS 8.3 μM;
bovine eNOS 1.7 μM.

5.4 nNOS Cell-Based Assay
HEK293t cells stably transfected with rat nNOS were cultured as previously described.28

The nNOS inhibition assay was performed as previously reported,28 with the following
modifications: assays were performed in 96-well plates with a total volume of 100 μL, and
10 μM A23187 (Sigma Aldrich, St Louis, MO, USA) (added as 100x stock in 50% DMSO)
was used in place of 5 μM. A23187 is a calcium ionophore; it transports calcium into the
cells and activates nNOS. Nine concentrations of each inhibitor were tested, in at least
triplicate wells. All inhibitors were assayed within the same experiment to assure
consistencies in cell concentration and passage number. The entire assay was repeated at
least three times for each inhibitor, and the IC50 values averaged. Cells were plated in the
96-well plates 24 hours before activation. After 6 hours of activation (in the presence or
absence of inhibitor, which was added 30 minutes before activation) 50 μL aliquots of the
media were removed and nitrite production was quantified using Griess reagent.35
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5.5 Crystal Preparation, X-ray Diffraction Data Collection, and Structure Refinement
The nNOS heme domain protein used for crystallization was generated by limited trypsin
digest from the full length nNOS and further purified through a Superdex 200 gel filtration
column (GE Healthcare) as described previously.[42] The nNOS heme domain at 7–9 mg/
mL containing 20 mM histidine was used for the sitting drop vapor diffusion crystallization
setup under the conditions reported [42] with minor modification by addition of 10% (v/v)
ethylene glycol in well solution. Fresh crystals were first passed stepwise through cryo-
protectant solutions as described [42] and then soaked with 10 mM inhibitor for 4–6 h at 4
°C before being flash cooled by plunging into liquid nitrogen.

The cryogenic (100K) X-ray diffraction data were collected remotely at beamline 7-1 at
Stanford Synchrotron Radiation Light source through the data collection control software
Blu-Ice [43] and the crystal mounting robot. Raw data frames were indexed, integrated, and
scaled using HKL2000.[44] The binding of inhibitors was detected by the initial difference
Fourier maps calculated with REFMAC.[45] The inhibitor molecules were then modeled in
COOT [46] and refined using REFMAC. Water molecules were added in REFMAC and
checked by COOT. The TLS [47] protocol was implemented in the final stage of
refinements with each subunit as one TLS group. The refined structures were validated in
COOT before deposition to RCSB protein data bank. The crystallographic data collection
and structure refinement statistics are summarized in Table 3 with PDB accession codes
included.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NO nitric oxide

nNOS neuronal nitric oxide synthase

eNOS endothelial nitric oxide synthase

iNOS inducible nitric oxide synthase

BBB blood brain barrier

H-bond hydrogen bond

L-NNA L -N-nitroarginine

H4B tetrahydrobiopterin
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Figure 1.
Chemical structures and inhibitory activities of inhibitors (3S,4S)-1 and (3S,4S)-3 and (±)-2.
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Figure 2.
Chemical structures of (S.S)-4a–d. The desired hydrogen bond is shown in red. Inhibitor 4c
may take on a conformation in which the −OH acts as both a H-bond acceptor and donor,
delocalizing the positively charged nitrogen.
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Figure 3.
A. Binding conformations of 4a–4d overlaid: 4a (green), 4b (cyan), 4c (yellow), 4d
(magenta); heme is shown in light pink; H4B (tetrahydrobiopterin) is blue. The enzyme
conformation is highly conserved between all four structures; therefore only the active site
residues from the crystal structure of 4a are shown. Met336 of the 4d crystal structure is also
shown (magenta) because of the difference in its configuration. B. Binding conformations of
1 (3JWS, cyan), 3 (3NLK, magenta) and 4a (green), overlaid. Residues overlay almost
exactly; therefore only those corresponding to the crystal structure of 4a are shown.
Hydrogen bonds are depicted with dashed lines. PDB codes: nNOS-4a, 3TYL; nNOS-4b,
3TYM; nNOS-4c, 3TYN; nNOS-4d, 3TYO.
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Figure 4.
1H NMR spectra of 4a–4d taken in D2O at 25 °C. Doublets appear in place of the singlet
usually seen with compounds of this scaffold for the methylene protons adjacent to the H-
bondedamine in 4b and 4c; this is evidence for the H-bond. In both cases, the doublet further
upfield overlaps with the triplet from one of the pyrrolidine hydrogens; a coupling value
cannot be reported for the doublet further upfield but is presumed to be the same.
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Figure 5.
1H NMR spectra of 4b and 4c in D2O at 95, 85, 55, 25, and 5 °C. The AB doublets shift
toward one another at higher temperatures. In the spectra of 4b, the doublet further upfield is
obscured by the shift of a pyrrolidine proton (4.12 at 25 °C). The J value within the doublets
remains the same, J = ~13 Hz. The difference between the chemical shifts ( ) is reported to
better illustrate the changes in the chemical shifts, as instrument resolution is lost at higher
temperatures.
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Scheme 1.
Synthesis of 4a–d.
Reagents and conditions: (a) allyl methyl carbonate, Pd(PPh3)4, 45 °C, 5 h, 66%; (b) O3,
−78 °C, 30 min, (ii) Me2S, −78 °C to rt, 2 h, 87%; (c) amines, NaHB(OAc)3, rt, 3 h, 91%;
(d) 6 N HCl in MeOH (2:1), rt, 12 h, 99%.
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Table 2

IC50 valuesa of NOS inhibitors in purified enzyme assay and cell-based assay. See methods for assay details.

Compound Purified IC50 (μM) Cell-based IC50 (μM) Relative Permeability Index (RPI)b (Cell based IC50/Purified IC50)

1 0.45 19 42

2 0.74 42 57

3 1.0 13 13

4a 3.6 11 3.1

4b 7.1 22 3.1

4c 3.5 43 12

4d 3.4 100 29

aminopyridinec 0.05 25 500

L-NNAd 5.0 5.0 1

a
See methods. IC50 values represent at least triplicate measurements with standard deviations of less than10%.

b
The smaller the number, the closer the difference in IC50 for the cell-based assay and purified enzyme assay, which suggests improved

permeability into cells.

c
aminopyridine = 2-amino-4,6-dimethylpyridine hydrochloride.

d
L-NNA = L-N-nitroarginine.
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Table 3

Crystallographic data collection and refinement statistics

Data seta nNOS-4a nNOS-4b nNOS-4c nNOS-4d

PDB code 3TYL 3TYM 3TYN 3TYO

Data collection

Space group P212121 P212121 P212121 P212121

Cell dimensions

a, b, c (Å) 51.9, 110.8, 164.3 51.8, 110.7, 164.2 51.8, 110.8, 164.2 51.9, 110.9, 164.3

Resolution (Å) 1.90 (1.93-1.90) 2.00 (2.03-2.00) 1.97 (2.00-1.97) 1.93 (1.96-1.93)

Rsym or Rmerge 0.055 (0.629) 0.056 (0.590) 0.046 (0.564) 0.047 (0.605)

I/σ 29.2 (2.1) 15.6 (2.0) 31.0 (2.5) 32.1 (2.5)

No. unique reflections 75,516 64,550 67,186 72,491

Completeness (%) 99.9 (100.0) 99.9 (97.8) 98.8 (98.0) 99.8 (99.9)

Redundancy 4.1 (4.1) 4.1 (4.1) 4.1 (4.1) 4.1 (4.0)

Refinement

Resolution (Å) 1.90 2.00 1.97 1.93

No. reflections 71,520 61,119 63,641 68,646

Rwork/Rfree
2 0.179/0.212 0.186/0.227 0.185/0.223 0.180/0.215

No. atoms

 Protein 6709 6671 6679 6671

 Ligand/ion 185 183 181 177

 Water 377 283 321 366

Mean B-factor 45.16 49.50 48.17 47.50

R.m.s. deviations

 Bond lengths (Å) 0.014 0.013 0.013 0.012

 Bond angles (°) 1.411 1.386 1.403 1.324

a
See Figure 1 for chemical formula of inhibitors.
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