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A common dichotomy exists in inhibitor design: should the compounds be designed to block the
enzymes of animals in the preclinical studies or to inhibit the human enzyme? We report that a
single mutation of Leu-337 in rat neuronal nitric oxide synthase (nNOS) to His makes the enzyme
resemble human nNOS more than rat nNOS. We expect that the approach used in this study can unite
the dichotomy and speed up the process of inhibitor design and development.

Introduction

Nitric oxide (NO), a pleiotropic signaling molecule, has a
range of biological functions, including neurotransmission,
regulation of blood vessel tone, and the immune response.1

There are at least three known nitric oxide synthases (NOSa)
responsible for endogenous NO production in all mammals.2

Among them,neuronal nitric oxide synthase (nNOS),which is
predominantly expressed in neurons, is a potential target for
the treatment of neurodegeneration because NO overproduc-
tion has been demonstrated to be a biomarker for a variety of
neurodegenerative diseases.3-6 Therefore, specific inhibition
of nNOS without detriment to the essential function of
endothelial nitric oxide synthase (eNOS) and inducible nitric
oxide synthase (iNOS) is a promising approach for the design
of novel drugs to treat those diseases.7,8 On the basis of this
goal, numerous selective nNOS inhibitors over eNOS and
iNOS have been developed.7,9

Rat nNOS, sharing more than 90% sequence identity with
human nNOS, is the most thoroughly investigated neuronal
nitric oxide synthase. It was initially isolated by Bredt and
Snyder10 and, subsequently, Bredt et al.11 cloned and ex-
pressed it in mammalian cells. It was not until 1995 that rat
nNOS was successfully purified from overexpressed E. coli
having full activity.12,13 Because of the very high sequence
identitywithhumannNOSandbecauseof the reliablemethod
toprepare it, rat nNOShas beenwidely used to screen selective
nNOS inhibitors14-18 and for structural studies.14,19-21

A series of potent rat nNOS inhibitors with high selectivity
over eNOS and iNOS have been developed in our lab.9 When
comparing the inhibition efficiency of our highly selective
inhibitors, which target the substrate L-arginine binding
site (oxygenase domain)22 with human nNOS and rat nNOS,
we found rat nNOS was more sensitive to those inhibitors
than human nNOS. With the aid of sequence alignment

(Supporting Information, Figure 1), we found that there
was only a one aminoacid difference in their substrate binding
sites, that is, Leu-337 in rat nNOS corresponds to His-342 in
human nNOS. These amino acids are at the entrance of the
substrate access channel and form one of the few key “hot
spots” (that is, the regions of a protein surface that are major
contributors to the binding free energy) for ligand binding, so
they potentially could be important in inhibitor design.9 Site-
directed mutagenesis was employed in this study to change
Leu-337 to His in rat nNOS to determine if that one amino
acid mutation was sufficient to produce a mutant rat nNOS
with properties similar to those of human nNOS.

Results

Purification of Rat nNOS, Human nNOS, and L337H Rat

nNOS. Purification of each of the enzymes was carried out
by chromatography on 20,50-ADP-sepharose, CaM-sephar-
ose, and by Sephacryl S-300 gel filtration (see Supporting
Information, Figure 2). There is no significant impurity in
the enzymes after gel filtration. Generally,∼10 mg enzyme
was obtained from 1 L of cultured cells.

Comparison of Km and Vmax Values for L-Arginine with the

Three Enzymes. The reaction rates for all three enzymes
reached saturation when the L-arginine concentration was
5 μM or higher (Supporting Information. Figure 3A). The
Km andVmax values for L-arginine were obtained by plotting
1/v versus 1/[S] (Lineweaver-Burk method, Supporting
Information, Figure 3B; Table 1). These Km values for all
three enzymes are quite similar, however, the Vmax for
human nNOS is nearly twice those of rat nNOS and
L337H rat nNOS.

Inhibition of Enzymes by Inhibitors. Several nNOS inhibi-
tors (1-10 in Figure 1), mostly previously prepared in our
lab,23-26 were tested. The IC50 values are summarized in
Table 2. To confirm our results from the hemoglobin capture
assay, we also performed a radioactivity assay for 8 (Sup-
porting Information, Figure 4B). The data from the radio-
activity assay (data with superscript b in Table 2) are the
same as those from the Hb assay.
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Reversibility of the Selective nNOS Inhibitors. To deter-
mine the type of inhibition caused by our inhibitors, we first
monitored the change in absorbance at 401 nmwith time. As
shown in Figure 2, the rate of enzyme activity diminished but
remained linear with time in the presence of inhibitor 8, while
the rate of enzyme activity continually decreased with reac-
tion time in the presence of a known irreversible rat nNOS
inhibitor, AR-R17477 (Figure 3 and Supporting Informa-
tion, Figure 5).21 Reversibility of enzyme activity was ob-
served with all of the inhibitors with human nNOS and
L337H rat nNOS (only data for 8 is shown). To confirm
the reversibility of the inhibitors and irreversibility of AR-
R17477, we compared rat nNOS activity with 8 and AR-
R17477 after removal of the inhibitor by dialysis. Again, we
found the enzyme activity was rescued after removal of 8 but
not with AR-R17477 (Supporting Information, Figure 5).
Because of instability of the enzyme, about 15% of the
control enzyme activity was lost after dialysis under the same
conditions.

Molecular Docking. AutoDock 3.0.5 and AutoDock 4.1
were employed to perform the docking calculations.27 In
AutoDock 3.0.5, the receptor structure was treated rigid and
the rotatable bonds of the ligand were allowed to rearrange.
The docking mode of 6 in the WT rat nNOS is shown in

Figure 4A. In AutoDock 4.1, not only the ligand but some of
residues lining the active site of the receptor can be treated as
flexible. In this study, the histidine side chain of L337H
mutant rat nNOS was allowed to move freely. The docking
mode of 6 in the L337H mutant enzyme is shown in
Figure 4B.

Discussion

Whenever plans for translational research are considered,
there is a commonproblem for the design of enzyme inhibitors
or receptor antagonists: should the inhibitors or antagonists
be designed to interfere with the target protein in a lower
animal used in preclinical studies to accumulate data for
clinical trials or should they be designed to interfere with the
target protein in humans, in which case it may result in poor
preclinical data?Because it is necessary to carry out preclinical
studies prior to clinical studies, inhibitors must be identified
that will have high activity in both systems. Therefore, it is
important to determine what structural differences in target
proteins of different species may be responsible for small
molecule activity in those species. Although rat nNOS and
human nNOS share more than 90% sequence identity, there
are some fine differences. On the basis of an overlay of the
crystal structures of rat and human nNOS, there appeared to
be one amino acid different in the two species that would be
significant in inhibitor design, namely rat nNOS Leu-337
corresponds to human nNOS His-342.

Human nNOS and rat nNOS had almost the same affinity
for their native substrate, L-arginine, because of the high
sequence identity between them. The determined Km values

Table 2. Inhibition of Wild-Type Rat nNOS, Human nNOS, and L337H Rat nNOSa

IC50 (μM) selectivity

tested inhibitors WT Rat nNOS Human nNOS L337H Rat nNOS WT Rat/Human WT/L337H Rat

1 8.7( 1.5 7.2( 0.6 9.3 ( 0.6 0.8( 0.08 1.1( 0.1

2 0.1( 0.00 0.1( 0.00 0.1( 0.01 1.0( 0.04 1.1( 0.1

3 6.3( 0.1 15.3 ( 2.1 16.0( 1.2 2.4( 0.3 2.5( 0.2

4 1.3( 0.3 4.0( 0.6 3.4( 0.3 3.1( 0.2 2.7 ( 0.4

5 3.3 ( 0.2 12.2( 0.6 13.0( 0.4 3.7( 0.05 3.9( 0.1

6 0.1( 0.01 0.7( 0.05 0.5( 0.03 7.0( 0.2 5.0( 0.2

7 1.1( 0.1 4.2( 0.2 5.0( 0.05 3.8( 0.2 4.6( 0.4

8 0.1( 0.01 0.6( 0.02 0.7( 0.05 6.0( 0.4 7.0( 0.2

0.1b 0.7b

9 2.9 ( 0.6 6.6( 0.05 5.5( 0.4 2.4( 0.5 1.9( 0.3

10 0.7( 0.1 3.0( 0.5 4.0( 1.0 4.3 ( 0.6 5.7( 1.3

L-NNA 6.0( 0.8 4.4( 1.0 4.0 ( 1.5 0.7( 0.07 0.7( 0.07
aData are from duplicates and expressed as mean ( error. bData are from radioassay; others are from Hb assay.

Figure 1. Chemical structures of nNOS inhibitors used in this study.

Table 1. Km andVmax values of humannNOS, rat nNOSandL337H rat
nNOS

human rat L337H

Km (μM) 1.3 1.1 1.0

Vmax (nmol NO min-1 mg-1) 400 284 200
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for rat nNOS and human nNOS were 1.1 μM and 1.3 μM,
respectively, which are quite consistent with previously re-
ported data, i.e., 0.8-2.8 μM for rat nNOS and 1.6 μM for
human nNOS.28,29 Because the Km values for rat nNOS and
human nNOS are indistinguishable, it is expected that theKm

for the mutant enzyme, L337H rat nNOS, would have almost
the same value, which it does (1.0 μM). Because L337 is at the
entrance to the substrate access channel, not directly in the
active site, its modification should not affect substrate bind-
ing. The reported Vmax values for rat nNOS ranged from 150
to 435 nmol NO min-1 mg-1.29,30 The variability in Vmax

values is probably because of the difficulty in acquiring an
exact enzyme concentration. The similarity of the L337H rat
nNOSVmax value to that ofWTrat nNOS is probably also the
result of the mutation occurring at the entrance to the active
site rather than directly in the active site.

We found that, in general, L337H rat nNOS behaved more
like human nNOS than WT rat nNOS toward inibitor bind-
ing, provided the inhibitor was sufficiently large to reach the
second sphere of amino acids,whereL337 resides. The finding
that our selective nNOS inhibitors can distinguish between
human nNOSand rat nNOS suggests that there is a difference
in binding of the inhibitors between the two enzymes. This
could result from the increased size and polarity in going
from leucine to histidine. As shown in Figure 4A, in the WT
rat nNOS, the 3-fluorophenyl group of 6 fits well into the
hydrophobic pocket defined byY706,M336,L337, andW306
(from the other monomer), and the 3-fluoro atom of the
phenethyl group is located in an extra small pocket defined
by L337 and Y706. Compared to leucine, the side chain of
histidine is larger and more polar. These two properties of
histidine shrink the hydrophobic cavity, making it difficult for
the hydrophobic tail of the inhibitors to fit into that pocket
based on an AutoDock 3.0.5 calculation when all of the
residues of the L337H nNOS mutant enzyme are kept rigid.

In an AutoDock 4.1 calculation, if the histidine side chain of
the L337Hmutant enzyme is allowed to rotate, the imidazole
ring prefers to point outside of this pocket as shown in
Figure 4B; π-π stacking of the 3-fluorophenyl group of 6
with the imidazole of H337 is not favored because of the
geometry of the inhibitor and this histidine in the active site.
Although the 3-fluorophenyl side chain of 6 can still be in the
same general pocket, the orientation of the 3-fluoro atom is
different; it does not point into the small hydrophobic pocket
as observed in the docking of 6 withWT rat nNOS. A similar
report suggested that Leu-337 in rat nNOSmay interact with
the chlorophenyl group of AR-R17477, a potent selective
nNOS inhibitor, via a hydrophobic interaction.21 It was
suggested that this interaction allowed AR-R17477 to bind
more tightly to nNOS compared with iNOS because Leu337
in rat nNOS corresponds to the polar amino acid Thr121 in
human iNOS. We found that our inhibitors bearing a halo-
phenyl group (compounds 5-8 and 10) generally have higher
selectivity than those without such a group (compounds 3 and
4). This observation suggests an important function of
the halophenyl group in these inhibitors in binding to WT
rat nNOS. As expected, Nω-nitro-L-arginine (L-NNA), 2-
aminopyridine (1), and 2-amino-4,6-dimethylpyridine (2)
have essentially no selectivity for the three enzymes (Table 2
and Supporting Information, Figure 6), consistent with the

Figure 2. Time dependence of rat nNOS inhibition. WT rat nNOS
was incubated with or without 8, and the enzymatic reaction was
monitored by the Hb assay for 7 min at room temperature. Only
compound 8 with rat nNOS is illustrated; other inhibitors with the
three enzymes had the same pattern as compound 8 shown here.

Figure 4. Docking conformations of 6 in (A) the active site of WT
rat nNOS and (B) the L337H mutant rat nNOS. Inhibitor 6 is
colored blue. Cofactors heme and H4B are shown in gray and
purple, respectively. The potential H-bonds are indicated by dotted
lines. Residue Asp597 of wild-type rat nNOS, which determines
the selectivity between nNOS and eNOS, is colored green. The
corresponding residue in bovine eNOS is Asn368.

Figure 3. Chemical structure of AR-R17477.
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fact that they are too small to have any effect on the mutated
site.

Conclusions

The major difference in amino acid sequence at or near
the active site between rat and human nNOS is L337 in rat
corresponds to H342 in human. Mutation of rat nNOS L337
to histidinemakes the structure of the rat enzymemore similar
to that of human nNOS. The three enzymes have indistin-
guishableKm values for L-arginine. A series of nNOS-selective
inhibitorswas tested for inhibitoryproperties against the three
enzymes. Those inhibitors with a tail long enough to reach the
mutation exhibited Ki values with L337H rat nNOS closer to
those with human nNOS than with rat nNOS; those with no
tails had exhibited no difference among theWT rat nNOS, the
mutated rat nNOS, and human nNOS. This demonstrates
that small changes in structure can have a significant effect on
inhibitor design. By identifying the site responsible for inhi-
bitor binding differences between the rat and human enzymes,
more effective inhibitor design can be carried out to balance
the problem associated with finding an appropriate animal
model for preclinical compared to clinical drug development.
In this case, both rat and human enzymes are available. This
approach should be even more significant when the enzyme
for only the lower animal, not the human enzyme, is available.
This site-directed mutation approach to mimic the human
enzyme canbe anexcellentmodel todifferentiate an enzyme in
a lower animal from that in humans.

Experimental Materials and Methods

Materials. The synthesis of compounds 3-10 have been
published elsewhere,23-26 and all compounds were used as their
HCl salts. Compounds 1 and 2 were bought from Aldrich
(Milwaukee, WI). All of the biochemicals and chemicals were
purchased from Sigma (St. Louis, MO) except [14C]L-arginine
(specific radioactivity 320 mCi/mmol), CaM-Sepharose, 20,50-
ADP-Sepharose, and Sephacryl S-300 are products of Amer-
sham. AR-R17477 is obtained from Proximagen. Complete
protease inhibitors cocktail (EDTA-free) was bought from
Roche. The site-directed mutagenesis kit and NOS activity
radioassay kit were obtained from Stratagene. Tryptone and
yeast extract were from BDBiosciences. Primers for site-directed
mutagenesis were obtained from Sigma Genosys.

Site-Directed Mutagenesis of Rat nNOS. The L337H rat
nNOS plasmid was constructed using rat nNOSpCW as a
template. The following sets of forward and reverse primers
were used to introduce mutations at Leu337 to His:

Forward: ATGGGCTCGATCATGCACCCTTCCCAG
CAC ACG

Reverse: CGT GTG CTG GGA AGG GTG CAT GAT
CGA GCC CAT

The mutant plasmid was constructed using the QuikChange
II XL kit from Stratagene. Mutagenesis was confirmed by
automated nucleotide sequencing at the Feinberg School of
Medicine sequencing facility, Northwestern University.

Overexpression and Purification of Rat nNOS,Human nNOS,

and L337H Rat nNOS. The protocol used for overexpression
of nNOS was essentially the same as that in the literature12,13

with some modifications as described in the Supporting Infor-
mation.

Measurement of Km and Vmax Values. Km and Vmax values
were measured with L-arginine concentrations ranging from
0 to 30 μM in a final volume of 600 μL by the Hb assay.30

The amount of enzymes used was 1, 0.4, and 1.5 μg for rat
nNOS, human nNOS, and L337H rat nNOS, respectively.
The rate of NO production was detected by the Hb assay using

ε401=60000 M-1 cm-1. Km and Vmax values were extrapolated
from Lineweaver-Burk plots.

Inhibition of Enzymes by Hb Assay. The Hb assay mixture
contained L-arginine (10 μM), NADPH (0.1 mM), tetrahydro-
biopterin (10 μM), dithiothreitol (100 μM), Hb (0.1 mg/mL),
CaM (10 μg/mL), CaCl2 (0.1 mM), and different amounts
of inhibitors. The final volume was adjusted to 600 μL with
100 mM Hepes buffer, pH 7.4. The enzymatic reaction was
initiated by addition of 3 μg of enzyme, and the rate of NO
production was monitored by the change of absorbance at
401 nm in the initial 60 s on a Perkin-Elmer Lambda 10 UV/vis
spectrophotometer. All assays were performed at room tem-
perature.

Inhibition of Enzymes by the Radioassay. This assay method
was adapted from the literature.30 The reaction mixture con-
tained 250 μLof 2� reaction buffer (suppliedwith the kit), 80μL
of 6.25 mMNADPH, 10 μL of [14C]-L-arginine, 50 μL of 6 mM
CaCl2, and 10 μL of H2O. To 1.5 mL Eppendorf tubes, 40 μL of
the above reaction mixture was added and then 5 μL of CaM
(supplied with the kit) was added to each tube. After equilibrating
the mixture at room temperature for 10 min, 5 μL of 10 μg/mL
rat nNOS was added. After incubation at room temperature for
15 min, the reaction was terminated by addition of 400 μL of stop
buffer (suppliedwith the kit). [14C]-L-Citrullinewas separated from
the reactionmixture by the column supplied with the kit following
themanufacturer’s procedure, and the radioactivitywas quantified
by liquid scintillation analysis.

Molecular Docking. For the AutoDock 3.0.5 calculations,
polar hydrogen atoms were added to the protein structure (PDB
id: 1P6I), and Kollman united atom charges were assigned.31

Hydrogens were also added to the heme and H4B, and charges
were calculated by the Gasteiger-Marsili method.32 The charge
of the Fe atom bound to heme was assigned+3. The nonpolar
hydrogen atoms of heme and H4B were removed manually, and
their charges were united with the bonded carbon atoms. Atom-
ic solvation parameters and fragmental volumes were assigned
using the AddSol utility. The 3D structures of the ligands were
built and partial atomic charges were also calculated using the
Gasteiger-Marsili method. The rotatable bonds in the ligands
were defined using AutoTors, which also united the nonpolar
hydrogens and partial atomic charges to the bonded carbon
atoms. The grid maps were calculated using AutoGrid. The
dimensions of the grid box was 27 Å�26 Å�31 Å, and the grid
spacing was set to 0.375 Å. Docking was performed using the
Lamarckian genetic algorithm (LGA), and the pseudo-Solis and
Wetsmethodwere applied for the local search. The procedure in
detail used was previously described.23,33 The Leu-337 of rat
nNOS (PDB id: 1P6I) wasmutated intoHis and submitted to an
AutoDock 4.1 calculation. The side chain of L337Hwas allowed
to be rotatable. The Lamarckian genetic algorithm procedure
was employed, and the docking runs were set to 100. The rest of
the parameters were taken as default.
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