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ABSTRACT: In previous studies [Delker, S. L., et al. (2010), J. Am. Chem. Soc. 132, 5437—5442], we determined
the crystal structures of neuronal nitric oxide synthase (nNOS) in complex with nNOS-selective chiral
pyrrolidine inhibitors, designed to have an aminopyridine group bound over the heme where it can
electrostatically interact with the conserved active site Glu residue. However, in addition to the expected
binding mode with the (S,S)-cis inhibitors, an unexpected “flipped” orientation was observed for the (R, R)-cis
enantiomers. In the flipped mode, the aminopyridine extends out of the active site where it interacts with one
heme propionate. This prompted us to design and synthesize symmetric “double-headed” inhibitors with an
aminopyridine at each end of a bridging ring structure [Xue, F., Delker, S. L., Li, H., Fang, J., Jamal, J.,
Martdsek, P., Roman, L. J., Poulos, T. L., and Silverman, R. B. Symmetric double-headed aminopyridines, a
novel strategy for potent and membrane-permeable inhibitors of neuronal nitric oxide synthase. J. Med.
Chem. (submitted for publication)]. One aminopyridine should interact with the active site Glu and the other
with the heme propionate. Crystal structures of these double-headed aminopyridine inhibitors in complexes
with nNOS show unexpected and significant protein and heme conformational changes induced by inhibitor
binding that result in removal of the tetrahydrobiopterin (H4B) cofactor and creation of a new Zn>" site.
These changes are due to binding of a second inhibitor molecule that results in the displacement of H4B and
the placement of the inhibitor pyridine group in position to serve asa Zn>" ligand together with Asp, His, and
a chloride ion. Binding of the second inhibitor molecule and generation of the Zn*" site do not occur in eNOS.
Structural requirements for creation of the new Zn>" site in nNOS were analyzed in detail. These observations

open the way for the potential design of novel inhibitors selective for nNOS.

Nitric oxide synthases (NOSs) catalyze the oxidation of
L-arginine to nitric oxide (NO) and L-citrulline (/). Mammals
contain three NOS isoforms: neuronal NOS (nNOS), inducible
NOS (iNOS), and endothelial NOS (eNOS) (2). NO produced
from these different NOS isoforms is involved in a wide range
of physiologic functions in the nervous, immune, and cardio-
vascular systems (3). Unregulated NO production can lead to
pathologic conditions such as stroke (4), inflammation (5), and
hypertension (6). Therefore, the control of NOS activity by
isoform-selective NOS inhibitors has great potential for ther-
apeutic treatments of NO-related diseases (7).
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The three NOS isoforms share a similar domain architecture
with an N-terminal catalytic domain containing the heme active
site and a tetrahydrobiopterin (H4B) nearby as a redox active
cofactor and a C-terminal reductase domain consisting of FMN,
FAD, and NADPH binding sites (8). The active sites for the
various NOS isoforms, however, are nearly identical, which has
presented a serious challenge in the development of isoform-
selective inhibitors. Nevertheless, we found (9) that a single
amino acid difference between nNOS and eNOS, Asp597 in
nNOS versus Asn368 in eNOS, is responsible for why a series of
dipeptide amide inhibitors (/0—12) bind much more tightly to
nNOS than eNOS. In this earlier work, we observed that a series
of dipeptide amide inhibitors bind quite differently in eNOS and
nNOS. In nNOS, the inhibitors adopt a “curled” conformation
that allows the didpeptide amide o-amino group to be in position
to interact with Asp597. However, in eNOS, the dipeptide amide
inhibitors adopt an extended conformation because Asp597 is
replaced with Asn368 in eNOS, and thus, there is no additional
electrostatic incentive in eNOS for the inhibitors to “curl”. The
N368D mutant of eNOS and the D697N mutant of nNOS con-
firmed that the Asn versus Asp difference is the primary structural
basis for why the dipepetide amide inhibitors bind much better to
nNOS (9). This led to the design of a series of chiral pyrrolidine
inhibitors (Figure 1) that exhibit K; values in the low nanomolar
range, with some exhibiting up to 4000-fold selectivity for nNOS
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FiGure 1: Two different binding orientations of cis-pyrrolidine compounds. (A) The aminopyridine of (3'S,4’S)-2 interacts (---) with Glu592,
while (B) the aminopyridine of (3’ R,4’'R)-2 is flipped and interacts with heme propionate D. All of the structural figures were prepared with

PyMOL (www.pymol.org).

over eNOS (/3—16). The most potent of these inhibitors have
dramatic in vivo effects and can protect newborn rabbit kits from
experimentally induced ischemic brain damage (/4).

We had anticipated that these pyrrolidine inhibitors would
bind so that the aminopyridine group would mimic the substrate
L-Arg guanidinium and be situated over the heme and hydrogen
bond/ion pair with the active site Glu592. Indeed, this is the case
for the (3'S,4'R) and (3’ R,4'S)-trans inhibitors and the (3'S,4'S)-
cis inhibitors [e.g., (3'S,4'S)-2 (Figure 1A)] whose structures were
determined in a previous study (/7). However, the crystal struc-
tures (1/7) showed that (3' R.4'R)-cis compounds [e.g., (3'R.4'R)-2]
bind with the inhibitor flipped 180° so that the “tail” fluoro-
phenyl end is situated over the heme, leaving the aminopyridine
in position to hydrogen bond/ion pair with heme propionate D
(Figure 1B). Binding in the flipped orientation requires the
movement of Tyr706. Because the aminopyridine portion of
the inhibitor can bind in two flipped orientations, we reasoned
that a symmetric, “double-headed” inhibitor that has an amino-
pyridine at each end should bind especially well, displacing
Tyr706 for direct interactions between one aminopyridine and
the heme propionate and the other aminopyridine with Glu592.
A series of double-headed inhibitors now have been designed and
synthesized, and their K; values have been measured (/8). Here we
report the crystal structures of these inhibitors bound to both
nNOS and eNOS.

MATERIALS AND METHODS

Inhibitor Design, Syntheses, and in Vitro Inhibitory
Assay. The design, syntheses, and structure—activity relation-
ship studies of the double-headed aminopyridine inhibitors have
been reported elsewhere (18). K; values and the selectivity for the
best of the inhibitors used in this study are summarized in Table 1.

Protein Preparation and Crystallization. The nNOS
S602H and eNOS H373S mutants were prepared using the
QuikChange mutagenesis kit from Stratagene. The single point
mutation was introduced into the wild-type full-length nNOS or
eNOS coding sequence in the pCWori plasmid according to the
manufacturer’s instructions. The mutation sites were confirmed

by DNA sequencing. The nNOS or eNOS heme domain proteins,
wild type or mutants, used for crystallographic studies were
produced by limited trypsin digestion from the corresponding
full-length enzymes and further purified through a Superdex
200 gel filtration column (GE Healthcare), as described pre-
viously (9, 19). The enzyme—inhibitor complex crystals were
obtained by soaking rather than cocrystallization as reported in
the earlier structural work (9). The nNOS heme domain at 7—9
mg/mL containing 20 mM histidine or the eNOS heme domain at
20 mg/mL with 2 mM imidazole was used for the sitting drop
vapor diffusion crystallization setup under the conditions
reported previously (19, 20). Fresh crystals (1—2 days old) were
first passed stepwise through cryo-protectant solutions described
previously (19, 20) and then soaked with 10 mM inhibitor
(1.5 mM Zn>" acetate was included in soaks for eNOS) for
4—6 h at 4 °C before being flash-cooled by being plunged into
liquid nitrogen. Crystals were stored in liquid nitrogen until data
could be collected.

Identification of the Metal Site with Anomalous Differ-
ence Fourier Techniques. The new metal site discovered in
the nNOS—3j or nNOS—3n complex structure is surrounded
by Asp600, His692 (subunit B), the pyridine nitrogen of 3j
(a chlorine anion in the case of the nNOS—3n complex), and a
solvent molecule with tetrahedral geometry. The strong differ-
ence density at 150 and the coordination geometry indicate a site
for the first row transition metal ions. We identified the unknown
metal using anomalous difference Fourier techniques similar to
those we used to identify the native Zn>" site while determining
the initial crystal structure of eNOS (20). Fluorescence scans were
performed with nNOS-3n crystals at Stanford Synchrotron
Radiation Lightsource (SSRL) beamline 9-2 near the X-ray
absorption edges of Fe, Co, Ni, Cu, and Zn. The absorption
signals were detected at the edges of Fe, Cu, and Zn. The
anomalous diffraction data were collected at two wavelengths
for each of the three metals, one at the peak position of the
absorption edge (e.g., £, = 9667 eV for Zn) and the other 60—80 eV
from the edge toward the low-energy side (£, = 9600 eV for
Zn). To measure the anomalous signals accurately, we used an
inverse beam data collection protocol with a 10° wedge size and a
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Table 1: K; Values (/8) and Selectivity of Inhibitors Used in This Study

N 3k IN
H,N” N | N NH,
P
N
3n
|
HoNT N N NH,
NH,

compound [nNOS] (nM) [eNOS] (nM) [INOS] (nM) n/e’ n/i¢

3h 38 4200 2730 111 71.8

35 25 2680 1450 107 58

3k 103 16100 1910 156 19

31 99 9400 4750 95 48

3m 195 20000 12600 102 64

3n 85 4950 3400 58 40

“The ratio of K; (eNOS or iNOS) to K; (nNOS).
Table 2: Anomalous Data Collection Statistics for nNOS—3n Complex Crystals

Zn E] Zn E2 Fe E] Fe E2 Cu E] Cu E2

X-ray wavelength (A) 1.28249 1.29146 1.73875 1.75361 1.37786 1.38835
X-ray energy (eV) 9667 9600 7130 7070 8998 8930
resolution (A) 2.80 (2.87—2.80) 2.80 (2.87—2.80) 2.95(3.02—2.95) 2.95(3.02—-2.95) 2.85(2.92—-2.85) 2.85(2.92—-2.85)
Rinerge 0.075 (0.51) 0.076 (0.49) 0.089 (0.60) 0.090 (0.64) 0.082 (0.53) 0.082 (0.52)
1ol 18.9 (3.0) 18.8 (2.9) 15.0 (2.0) 15.7 (2.0) 17.0 (2.4) 16.8 (2.4)
no. of unique reflections 44318 44290 38273 38583 42589 42007
completeness (%) 98.7 (99.7) 98.6 (98.2) 99.0 (96.4) 98.9 (95.4) 98.3(93.4) 98.4 (94.3)
redundancy 3.9(3.8) 3.9 (3.6) 3.8(34) 3.8(3.2) 39(34) 3.9(3.3)

FIGURE 2: Display of the anomalous difference density of a nNOS crystal bound with 3n at the 50 contour level calculated at (A) the Zn
absorption edge (9667 eV, 1.28 A) and (B) 67 eV from the edge on the low-energy side (9600 eV, 1.29 A). The Zn peaks disappeared in panel B
because of the weak anomalous signal of Zn at the X-ray wavelength of 1.29 A, but the anomalous signals from the two heme iron atoms persist.

2 s exposure time per frame (1° in scanning @ angle). For each
metal, two anomalous data sets at E; and E, were processed
separately with HKL2000 (2/). The anomalous data collection
statistics collected at the Zn, Fe, and Cu edges are summarized in
Table 2. To conduct the anomalous difference Fourier map
calculation using FFT in CCP4 (22), we obtained the model
phases by running a rigid body refinement with REFMAC (23) of

the known nNOS heme domain model against each of the new
anomalous data sets (E; or E,), and the Fourier coefficient was
the anomalous difference [AF = F(+) — F(—)]. There is one
homodimer in the asymmetric unit of the nNOS structure. The
resulting maps (Figure 2) for Zn edge data showed five peaks
above 100 (the noise peaks were all below 50) at E}, consisting of
the native Zn, two new metal sites, and two heme sites, while only
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Table 3: Crystallographic Data Collection and Refinement Statistics (part 1)¢

nNOS nNOS
nNOS—3j nNOS—3I nNOS—3n D597N-3j D597N/M336V—3j eNOS—3j eNOS—3n
Data Collection
PDB entry 3NSW 3N5Y 3N60 3N62 3Ne61 3NST 3N5Q
space group P2,2,24 P2,2,2; P2,2,2; P2,2,24 P2,2,24 P2,2,2; P2,2,24
cell dimensions [a, b, ¢ (A)] 52.3,111.2, 51.7, 110.6, 51.9,111.2, 51.8,110.4, 51.8,110.5, 58.1, 106.7, 57.9,107.1,
164.8 164.1 164.0 164.1 164.3 157.4 157.3
resolution (A) 1.73 2.05 1.98 1.95 1.95 2.52 3.00
(1.76—1.73) (2.09—2.05) (2.01—1.98) (1.98—1.95) (1.98—1.95) (2.56—2.52) (3.05—3.00)
Ryym OF Rinerge 0.051 (0.59) 0.066 (0.56) 0.054 (0.64) 0.069 (0.58) 0.066 (0.50) 0.083 (0.559) 0.135(0.638)
Ijol 29.1(2.1) 21.2(1.9) 28.7 (2.1) 21.5(2.4) 21.1(1.8) 15.0 (1.9) 9.7 (2.1)
no. of unique reflections 101279 60097 67020 69795 69511 33841 19856
completeness (%) 99.5(99.8) 99.4 (94.6) 99.4 (89.8) 99.8 (100.0) 99.7 (98.4) 99.8 (99.8) 97.9 (99.1)
redundancy 4.0 (4.0) 4.0 (3.7) 4.5(4.2) 4.0 (4.1) 4.0 (3.8) 3.6 (3.6) 4.0 (4.0)
Refinement
resolution (A) 1.73 2.05 1.98 1.95 1.95 2.52 3.00
no. of reflections used 95347 56712 63638 66262 65998 32111 18829
Ryori/ Rivee” 0.182/0.205 0.184/0.228 0.191/0.232 0.173/0.208 0.179/0.213 0.186/0.248 0.181/0.269
no. of atoms
protein 6678 6658 6659 6700 6699 6429 6413
ligand/ion 205 182 145 275 192 199 181
water 594 358 347 398 403 138 43
root-mean-square deviations
bond lengths (A) 0.012 0.012 0.015 0.013 0.013 0.014 0.016
bond angles (deg) 1.241 1.316 1.476 1.393 1.352 1.531 1.620

“See Table 1 for the nomenclature and chemical formula of inhibitors. “Five percent of reflections has been set aside during the entire course of refinement

for the Ry, calculation only. For each NOS isoform, the choice of Ry flags has been kept the same as those used in the starting model.

two peaks (two heme sites) were at E,. The disappearance of the
anomalous signals from the native Zn and the two new metal sites
at wavelength E, (where the /" of Zn is less than 0.5 electron)
indicated that the unknown metal at the new site is Zn. The
anomalous data collected at the Fe edge confirmed that the Fe is
located at the two heme sites only, while the data for Cu detected no
specific Cu binding site in the structure (data not shown). The Cu
fluorescence signals shown during the scan may represent the random
binding of the metal in solvent channels of the crystal lattice.

Collection and Processing of X-ray Diffraction Data and
Structure Refinement. The cryogenic (100 K) X-ray diffraction
data were collected remotely at various beamlines at SSRL
through data collection control software Blu-Ice (24) and the
crystal mounting robot. Raw data frames were indexed, inte-
grated, and scaled using HKL2000 (21). Typically, each data set
consisted of 90—100° of data with a 0.5° frame width for both
nNOS and eNOS crystals because of their identical orthorhombic
P2,2,2; space group symmetry.

The binding of inhibitors was detected by the initial difference
Fourier maps calculated with CNS (25). The inhibitor molecules
were then modeled in O (26) or COOT (27) and refined using
CNS. Refinements were continued with REFMAC (23) to
implement the TLS (28) protocol with each subunit as one TLS
group. Water molecules were added and checked by COOT. The
sigmaA-weighted omit F, — F, electron density maps were
calculated with REFMAC by running TLS + Restrained refine-
ment with the interested ligand(s) omitted from the coordinate
file. The refined structures were validated through COOT as
well as the RCSB validation server with no outlier in the
Ramachandran plot. The crystallographic data collection and
structure refinement statistics are summarized in Table 3 and
Table S1 of the Supporting Information. Coordinates of all the
crystal structures reported in this work have been deposited in the
RCSB Protein Data Bank (PDB).

RESULTS AND DISCUSSION

Discovery of a New Zn’" Site upon Binding of 3j (3k) to
nNOS. The basic idea behind the double-headed inhibitors is for
one aminopyridine to bind in the active site and interact with
Glu592 while the second extends out of the active site, displaces
Tyr706, and interacts with heme propionate D. The inhibitory
constants (K;) of these compounds have been determined (/8),
and the results relevant to this study are summarized in Table 1.
Some of these compounds also exhibited ICs, values in the S uM
range in cell-based assays, thus indicating the potential for in vivo
applications (8).

To determine if our expectation of how these inhibitors should
bind was correct, we determined crystal structures of nNOS and
eNOS in complex with compounds that exhibited good inhibitory
potency. Compound 3j (Table 1) binds as expected with both
aminopyridine rings involved in hydrogen bonding interactions
with Glu592 and the heme (Figure 3). Quite unexpectedly,
however, a second molecule of 3j (3jB) binds with one aminopyr-
idine group situated in the HyB binding pocket. Moreover, there
is strong difference density (150) near the bridging pyridine
nitrogen atom of 3jB. The electron density also is near Asp600
and His692 of subunit B (His692B) in the nNOS dimer. These
two residues, the 3j pyridine, and a large solvent ion (probably
chloride) are tetrahedrally arranged around the large lobe of
density highly reminiscent of a metal binding site. To determine
the identity of the metal ion, we collected a series of data sets at
different wavelengths near the absorption edge of the most likely
metal candidates (Zn>", Cu®*, Fe’*/Fe*", Ni**, and Co*") as
well at 50—80 ¢V lower energies from each metal absorption edge.
Using this method, the metal bound was unambiguously identi-
fied as Zn®* (Figure 2 and Table 2).

Zinc was not included during purification or crystallization, so
the source of zinc remains unclear. NOS dimerizes through the
heme domain with a Zn>" coordinated to four Cys residues at the
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H692(B)

FiGuRrE 3: nNOS active site with one molecule of 3j bound above the
heme and the other in the pterin binding pocket. The sigmaA-
weighted F, — F, omit density map for 3jis shown at a 3.00 contour
level. The ligation bonds around the new Zn*" site and hydrogen
bonds are depicted with dashed lines. Two alternate side chain
conformations are shown for residue Tyr706. NOS dimerizes through
the heme domains with the pterin binding in a pocket at the dimer
interface. Residues of subunit A are depicted with green bonds and
those of subunit B with cyan bonds. Four pyrrole rings of heme are
labeled.

dimer interface. If we assume this dimer interface Zn" is at full
occupancy, then the new Zn”" site has an occupancy of ~0.7. For
Zn”" to bind, substantial conformational rearrangements must
occur in addition to displacement of the H4B by 3jB. The Arg596
side chain, which H-bonds with the H4B, must swing out
of the way and adopts a new conformation where it now forms
hydrogen bonds to both Glu592 and Asp597 (Figure 3). The
imidazole ring of His692B rotates 180° to allow the NE2 atom to
provide one of the Zn>" ligands. This also requires a slight
movement of His692B toward the new Zn>" site, resulting in a
tightening of the dimer interface. This new ring orientation of
His692B is only possible when Arg596 swings out of the way.
Another inhibitor analogous to 3j, namely 3k, which has its
aminopyridine ring nitrogen located at a different position
(Table 1), shows a structure with two inhibitors bound nearly
identical to that of 3j (Figure S1A of the Supporting
Information).

Structural Requirements for Zn’' Binding. We next
explored the structural requirements for the novel Zn>" site.
Because the bridging pyridine N atom of 3jB provides a Zn>"
ligand, then its removal should prevent Zn®" binding. Com-
pound 3h, with the bridging pyridine replaced with a benzene
ring, binds with one molecule at the substrate binding site without
a second molecule that replaces the HyB, and there is no new
Zn”" site found with this inhibitor (Figure SI1B of the Supporting
Information). We next asked if how the bridging pyridine is
attached to the two aminopyridines is important. The nNOS—3;j
structure indicates that attachment of the aminopyridines to the
bridging pyridine at the meta positions is the only way to properly
position the pyridine nitrogen for Zn>" coordination. To test this
idea, an analogue of 3j, 31 (Table 1), was synthesized that has its
nitrogen atom in the bridging pyridine adjacent (ortho) to the two
substituents. As expected, there is no second molecule of 31 bound
to nNOS (Figure 4). The Hy4B remains bound, and therefore, no
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FIiGURE 4: nNOS active site with one molecule of 31 bound above the
heme. The sigmaA-weighted F, — F. omit density map for 3lis shown
at a 3.00 contour level. Major hydrogen bonds are depicted with
dashed lines. The second aminopyridine is partially disordered.

new Zn>" site is found. However, the first molecule of 31 is not
bound to nNOS in the same way as 3j. The interaction between
the new pyridine nitrogen of 31 and heme propionate A moves the
second aminopyridine out of position for interaction with heme
propionate D (Figure 4). A structural analogue of 31, namely 3m
(Table 1), gives a similar structure with one inhibitor bound
(Figure S2 of the Supporting Information).

While testing the variations at the bridging ring of these
double-headed aminopyridine compounds, we found one of the
inhibitors, 3n (Table 1), with an aniline group as the bridging
ring, leads to a structure with even more surprising results. This
time, only one inhibitor is bound, with its first aminopyridine
interacting with Glu592 as usual, but with its second amino-
pyridine directly replacing the H4B and stacking against the
Trp678 side chain (Figure 5). Because the H4B is no longer in
place and the Arg596 side chain swings out, the same new Zn>"
site is created. The only difference with the Zn" site seen in the
nINOS—3;j structure is the fact that the inhibitor 3n is not part of
the Zn*" coordination sphere. Rather, a chloride ion and a water
molecule are the metal ligands in addition to the side chains of
Asp600 and His692 (subunit B). The binding of 3n causes the
largest distortion to the heme propionate (pyrrole A) so far
observed in any available nNOS inhibitor complex structure.
This propionate is now hydrogen bonded to the side chain of
Arg596 in its new rotamer position (Figure 5). The same heme
propionate is important to H4B binding because of hydrogen
bonding interactions. Any distortion of this propionate position
would cause the weakening of cofactor binding, which is the
common feature we have found in the nNOS complex structures
with 3j, 3k, and 3n. To briefly summarize, our results thus far
indicate that the key to forming the new Zn' site is the
movement of Arg596, which provides room for a Zn*" ion to
bind and coordinate with Asp600 and His692 from subunit B.

No Zn’" Site Found in eNOS. Although these double
aminopyridine compounds bind to eNOS with only micromolar
affinity, it was important to determine if inhibitors such as 3j, 3k,
and 3n, which are capable of creating the new Zn”" binding site in
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nNOS, can do the same to eNOS. Even though the Zn*"
coordinating residues in nNOS, Asp600 and His692B, are
conserved in eNOS, Asp371 and His463B, respectively, we did
not detect any trace of Zn>" binding in eNOS structures, even
after inclusion of 1.5 mM Zn*" in the cryosoaks (Figure 6A).
Only one molecule of 3j binds, as in the nNOS—3jA complex, but
there is no disturbance of the heme propionate or Arg367 as when
the second 3jB molecule binds to nNOS. As with the nNOS—3n
complex, only one 3n molecule binds to eNOS, but the second
aminopyridine of 3n adopts a substantially different conforma-
tion than in nNOS (Figure 6B). The first aminopyridine of 3n
interacts with Glu363, the same as in nNOS, but the bridging
aniline ring does not press against heme propionate A, resulting

D600

H692(B)

FIGURE 5: nNOS active site with compound 3n bound. The F, — F,
omit electron density for the inhibitor is contoured at 3.00. The
ligation bonds of the new Zn>" site and hydrogen bonds are depicted
with dashed lines. The heme and H4B in the substrate-bound
structure (PDB entry 10M4) are overlaid to illustrate the large
conformational change of heme propionate A and the displacement
of HyB by the second aminopyridine of the inhibitor.

H463(B)

H4B

V106

Y477

H463(B)

Delker et al.

in a repositioning of the heme propionate as in nNOS. Instead, it
is situated between the two heme propionate groups and does not
result in any change in the heme propionate. In addition, Arg367
does not move, H4B remains bound, and thus Zn>" cannot bind.

The most obvious difference between nNOS and eNOS that
might contribute to Zn** binding in nNOS is Asp597 in nNOS,
which is Asn368 in eNOS. In nNOS, Arg596 must swing out of
the way to H-bond with Asp597, and because eNOS has an
Asn367 instead of Asp, there may not be the electrostatic
energetic incentive for Arg367 to move in eNOS. Another
difference between nNOS and eNOS that we have found con-
tributes to selectivity in previous studies is Vall06 in eNOS,
which is Met336 in nNOS (9). However, a series of crystal
structures of the eNOS N368D/V106M double mutant in
complex with double-headed inhibitors shows that Arg367 remains
in place, and thus, a second inhibitor molecule and Zn>" cannot
bind (Figures S3—S6 of the Supporting Information). We next
examined the inverse mutation in nNOS and converted Asp597
to Asn. The D597N mutant binds 3n the same as wild-type
nNOS, which includes Zn*" (Figure S7 of the Supporting
Information). In the presence of 3n, the Arg596 side chain still
swings out in a position of hydrogen bonding to Asn597 even
though the residue no longer bears a negative charge as Asp597in
wild-type nNOS. Clearly, the ability of Arg596 to move does not
depend on ion pairing with Asp597.

Is Removal of H,B Necessary in Creation of the Zn’"
Site? The next question addressed is whether displacement of
H,B is required for Zn** binding. The answer is no. In the nNOS
D597N-3j complex, the first 3j molecule binds to nNOS the
same as in the wild type. However, the electron density for the
second molecule is not well-defined and could best be accounted
for by assuming partial occupancy for both the inhibitor and H4B
(Figure 7A). The new Zn>" is still present, but one of the four
ligands is either the partially occupied inhibitor or a partially
occupied water molecule (Figure 7A). The heme propionate that
must move when two inhibitors bind also exhibits partial
occupancy in two different conformations. The picture becomes
a little more complicated in the nNOS D597N/M336V double
mutant (Met336 is Val in eNOS). In this mutant, only one 3j

Y477

FIGURE 6: eNOS active site with compound 3j (A) or 3n (B) bound. The F, — F,. omit electron density for the inhibitor is contoured at 2.50.
Hydrogen bonds are depicted with dashed lines. In panel A, Tyr477 moves to allow interaction of 3j with the heme propionate. In panel B, the
second aminopyridine of 3nis partially disordered. The H4B is not disturbed by ligand binding illustrated by the omit electron density for the pterin

at 2.50.
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D600
H692(B)

FIGURE 7: Activessite of (A) nNOS D597N or (B) nNOS D597N/M336V with compound 3jbound. The F, — F, omit density map for the inhibitor
isshownata2.50(A) or 3.00 (B) contour level. The new Zn site ligation bonds and hydrogen bonds are drawn as dashed lines. Heme propionate A
in each case has alternate conformations. In panel A, the second molecule of 3j only partially occupies the pterin site, while H4B together with two
water molecules, Watl and Wat2, accounts for the rest. In panel B, there is no second 3j molecule; hence, H4B binds with full occupancy indicated

by the F, — F. omit density map at 3.00.

molecule is bound (Figure 7B). In the wild-type protein, the
Met336 SD atom is 3.8 A from inhibitor A and 4.4 A from
inhibitor B, the one that displaces H4B. These interactions are
lost when Met366 is changed to Val, thus decreasing the affinity
for the second inhibitor molecule.

What Prevents eNOS from Binding a New Zn’"? What
remains a puzzle is why eNOS and the eNOS mutants designed to
mimic nNOS fail to bind a second inhibitor molecule and thus do
not bind Zn**. Upon further examination of the structures, one
additional difference may be contributing. His373 in eNOS
would be ~4.0 A from inhibitor B (if it would have bound)
and thus might interfere with binding. This residue is Ser602 in
nNOS. However, the nNOS S602H mutant still binds two
molecules of 3j with Zn>" bound, although inhibitor B and
H4B are at partial occupancy (Figure S8A of the Supporting
Information). The nNOS S602H—3n structure shows one inhibi-
tor bound that displaces the H4B and also promotes the forma-
tion of the new Zn”" site just like wild-type nNOS (Figure S8B of
the Supporting Information). However, the inverse mutant in
eNOS, H373S, binds 3j and 3n just like wild-type eNOS with only
one inhibitor bound (Figure S9A,B of the Supporting Informa-
tion). Therefore, the involvement of this His373 of eNOS in
prevention of binding a new Zn>" in eNOS has been ruled out.

While the various mutants do perturb the binding of the
double-headed inhibitors, other more subtle factors that are not
due to obvious amino acid differences near the inhibitors or Zn*"
control why nNOS can bind Zn*" but not eNOS. Although the
results we have obtained are somewhat complicated by the partial
occupancy of inhibitor B in the nNOS mutants designed to mimic
eNOS, there are three criteria that must be met in the formation
of the new Zn”" site. First, Arg596 must move from its H-bonding
position with H4B to make room for the Zn>". Second, the
heme propionate A normally H-bonding with H4B must move to
make room for the second inhibitor that coordinates the Zn>"
Third, one of the Zn>* ligands, His692B, is from subunit B at the
dimer interface. For His692B to coordinate Zn>", the His692B
side chain must adopt a new rotamer conformation and move
~0.5 A closer to subunit A, which requires some flexibility at the
dimer interface. eNOS cannot undergo any of these changes

required for binding of the second inhibitor and/or Zn*". It is
well-known that the eNOS dimer is more stable than that of
either nNOS or iNOS, indicating a more rigid and less flexible
dimer interface in eNOS (29). Such rigidity could prevent the
movement of His463B required to bind Zn>". In addition, a
tighter interface may make it more difficult to disrupt the heme
propionate—H4B H-bonding interactions, which are required for
binding of the second inhibitor molecule. Although not an easily
testable hypothesis, the best explanation for the primary causal
differences between eNOS and nNOS in binding these double-
headed inhibitors is the more rigid dimer interface in eNOS along
with the greater flexibility in nNOS, which allows the required
motions needed for binding Zn*"

Significance for NOS Inhibitor Design. The significant
conformational changes observed upon inhibitor binding and
formation of the new Zn®" site have identified three key flexible
regions in nNOS, but not in eNOS, which may prove useful in
the design of a new generation of NOS inhibitors. First, heme
propionate A, which interacts with the HyB, is quite flexible and
adopts various conformations in response to the bulkiness and
chemical nature of the ligand bound at the substrate binding
pocket. The conformation of this heme propionate will, in turn,
affect the binding of the H4B cofactor. Second, Arg596 must
move to provide room for the new Zn*" ion. Because Arg596
interacts with the H4B, movement of Arg596 and the heme
propionate weakens HyB binding, enabling easier displacement
by the second inhibitor molecule. Third, we hypothesize that the
relatively weaker dimer interface interactions in nNOS relative
to eNOS allow one of the Zn*" ligands, His692B, to move to
optimize the Zn*" coordination sphere. Because none of this
occurs in eNOS, owing to of a more rigid dimer interface, it
should be possible to exploit these nNOS-specific movements for
novel nNOS-selective inhibitor design. With respect to selectivity,
it is also worth noting that the new Zn>" site is probably not
“natural”, because we observe the Zn>" binding only in the
presence of inhibitors. In no case was a Zn>" ion found in either
nNOS or eNOS crystals presoaked in the presence of either
10 mM arginine or 5 mM S-ethylisothiourea and 5 mM Zn*"
acetate for 4 h (unpublished observations).
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