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ABSTRACT: Nitric oxide is generated under normal and pathophysiological conditions by three distinct
isoforms of nitric oxide synthase (NOS). A small-molecule inhibitor of NOS (3-Br-7-nitroindazole, 7-NIBr)

is profoundly neuroprotective in mouse models of stroke and Parkinson’s disease. We report the crystal
structure of the catalytic heme domain of endothelial NOS complexed with 7-NIBr at 1.65 A resolution.
Critical to the binding of 7-NIBr at the substrate site is the adoption by eNOS of an altered conformation,
in which a key glutamate residue swings out toward one of the heme propionate groups. Perturbation of
the heme propionate ensues and eliminates the cofactor tetrahydrobieptarie interaction. We also
present three crystal structures that reveal how alterations at the substrate site facilitate 7-NIBr and
structurally dissimilar ligands to occupy the cofactor site.

Nitric oxide (NO)} is a key signaling molecule in human nonconstitutive isoform of NOS (iNOS) is transcriptionally
physiology (—3) with soluble guanylyl cyclase (sGC) induced by pro-inflammatory agents such as endotoxin
serving as the hemoprotein receptor for Ng. Upon NO (bacterial lipopolysaccharide), interleukin-12, and other
binding, sGC is activated and converts GTP to cGMP, cytokines in a variety of cell types. Overproduction of NO
thereby facilitating signal transductio)( A family of three by INOS has been implicated in a number of pathological
enzymes, collectively known as nitric oxide synthases (NOS) conditions including septic shocik@).

(6), catalyzes the oxidation of a terminal guanidinium  NOS js an important drug targetl), and isoform-
nitrogen of the amino acid-arginine resulting in NO  sgjective inhibitors are needed to block the uncontrolled
biosynthesis, 8). Two of these isoforms (endothelial and  roguction of NO in disease statek2). It is critical that
neuronal NOS) are constitutive in that they support transient these inhibitors not affect eNOS as it would severely perturb
production of NO suitable for cellular signaling. NO gener-  pjo0d pressure homeostasis. Identification of NOS inhibitors
ated by the endothelial NOS (eNOS) is involved in the haye focused heavily or-Arg-like compounds that target
regulation of blood pressure, organ blood flow distribution, the substrate-binding site on the catalytic heme domain.
and inhibition of platelet aggregation. NO derived from the yrthermore, the design of potent isoform-specific inhibitors
neuronal NOS (nNOS) functions as a neurotransmitter in the ha5 heen made difficult by the strong structural similarity
brain. Excessive NO generation in the central nervous (13—15) exhibited by the -Arg binding site on all three NOS
system, however, leads to neuropathology. For example,jssforms. Nevertheless, as evidenced by the development of

nNOS mutant mice deficient in neuronally derived NO cox-2 inhibitors (6—18), isoform-selective inhibitor design
exhibit a remarkably increased resistance to str@keThe holds great promise for NOS.

We hypothesized that compounds with little or no struc-
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Ficure 1: Structural formulas of substrate, cofactor, and the ligands
used in this crystallographic study.

to produce discernible changes in systemic blood pressure
(20, 26). Although the exact mechanism for the specificity . 2: Omit 2, — F. electron density maps, contoured at 1
pf these |nh|b|t0r§ to I’INOS.II’] vivo is poorly undererOd’ It o:‘G;J?I\ITIB'r, NICI:A f;nd CCPHG at both tlh)(le suf)slfrate and cofactor
is thought that differences in uptakg pathways of different binding sites with heme group and Trp-449 shown in the back-
cell types may play a role. More importantly, 7-NI' and ground, respectively.
7-NIBr are extremely neuroprotective in animal models of
stroke @7) and Parkinson’s diseas@g 29). Therefore, = MarResearch Mar345 imaging plate, the Cornell High
understanding the molecular basis of 7-NIBr recognition by Energy Synchrotron Source (CHESS) Beamline F2 with an
NOS will aid in the development of new isoform-selective ADSC Quantum 1 CCD detector, and the Advanced Light
inhibitors that can be used in the treatment of neurodegen-Source (ALS) BL5.0.2 with an ADSC Quantum 4 CCD
erative disorders involving NO-mediated neurotoxicity. detector. The raw data frames were integrated and scaled
A fundamental insight arising from our work on 7-NIBr  with the HKL Suite 83). To locate the bound ligands,
complexed eNOS is a structural demonstration of the difference Fourier electron density maps were calculated with
cooperativity between the substrate- and cofactor-binding CNS 34). Once the model of ligands was built into the
sites in NOS and the dynamics of the key active-site residue structures using TOM/FRODGBY), further structure refine-
Glu-363. These results will have important ramifications for ments were carried out with CNS or SHELXB@). Data
the design of isoform-selective NOS inhibitors targeted to collection and refinement statistics are summarized in Table
either the substrate, cofactor, or both binding sites. 1. Omit 2, — F. electron density maps of three complex
structures shown in Figure 2 were generated by running
EXPERIMENTAL PROCEDURES simulated annealing protocol in CNS at initial temperature
L-NNA and 7-NIBr were purchased from Alexis and ©f 1000 K with the ligand of interest omitted during the
Calbiochem, respectively. NIC/8() and CPHG 81) were ~ calculation.
synthgsmed accordmg to the publlshe.d procgdures. RESULTS AND DISCUSSION
Bovine endothelial NOS heme domain protein sample was
generated by trypsinolysis from the holo-eNOS expressed Molecular Recognition of 7-NIBr at the Substrate Binding
in Escherichia coli(15, 32). For the pterin-free protein  Site. The active-site structure of eNOS is shown in Figure
preparations, kB was omitted in all buffers used during 3. The substrate,-Arg, is positioned over the heme where
purification. The eNOSinhibitor complex crystals were  H-bonds with the conserved Glu-363 help to orient the
grown at 280 K using the sitting drop vapor diffusion method substrate for regioselective hydroxylation by, presumably,
developed for the substrate complex, so that the only an Fe-linked O atom. The essential cofactofBHs bound
difference here is to replaeceArg with millimolar amounts at the intersubunit interface. Note thafBdand theoi-amino
of inhibitors in the crystallization cocktaillg). HsB was group ofL-Arg both H-bond with the same heme propionate.
not added to either the protein or mother liquor prior to or Presumably, 7-NIBr displacesArg from the active site
after crystallization. despite the fact that 7-NIBr bears no structural similarity to
Cryogenic (100 K) X-ray diffraction data were collected L-Arg. To understand how 7-NIBr binds to NOS, we solved
at various synchrotron facilities: Stanford Synchrotron the crystal structure of 7-NIBr bound to the catalytic heme
Radiation Laboratory (SSRL) BL7-1 or BL9-1 with a domain of eNOS at 1.65 A resolution. Strong electron density
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Table 1: Data Collection and Refinement Statistics

data set NIBR1 NIBR2 NICA CPHG NNA1 NNA2
PDB code 1DocC 1D00O 1FOJ 2DM6 1ED5 8NSE
cell dimensions (A)
(space groupP2;2:2;)
a 57.44 57.59 58.38 58.20 58.82 58.31
b 105.98 106.06 106.49 106.56 106.42 105.78
c 155.79 155.78 155.70 156.67 156.16 156.61
data resolution (A) 1.65 1.95 2.10 1.95 1.80 2.25
total observations 398 353 231841 141 597 174 140 314 057 153 298
unique reflections 114 549 73044 54 878 63 487 87722 44 385
Reyn? 0.048 0.050 0.058 0.068 0.061 0.052
(0.586% (0.612) (0.761) (0.779) (0.639) (0.216)
/o0 115 8.8 8.4 6.2 9.2 16.4
(2.1¥ (2.0) (1.5) 1.2) 1.7) (2.5)
completeness 0.984 0.957 0.952 0.896 0.971 0.963
(0.991¥ (0.935) (0.965) (0.897) (0.996) (0.691)
reflection used in refinement 112 609 58 970 50 855 58 892 77 286 39 054
R-factor 0.213 0.200 0.227 0.220 0.220 0.227
R-free? 0.259 0.247 0.259 0.255 0.254 0.276
no. of protein atoms 6593 6593 6593 6593 6593 6593
no. of heteroatoms 179 173 163 157 155 157
no. of waters 655 426 372 516 633 206
RMS deviation
bond length (&) 0.009 0.008 0.007 0.007 0.008 0.007
bond angle (deg) 0.023A 1.4 1.4 1.3 1.4 1.4

aNIBR1 and NIBR2, 3-bromo-7-nitroindazole with thesBtfree and -bound protein, respectively; NICA, 7-nitroindazole-2-carboxamidine;
CPHG,N-(4-chlorophenyl)N'-hydroxyguanidine; NNAL1 and NNAX\“-nitro-L-arginine with the HB-free and -bound protein, respectivelReym
= Y|l — Oy 1, wherel is the observed intensity arifi the averaged intensity of multiple symmetry related observations of the refletiibe.
values in parentheses were obtained in the outermost resolutionddRétictor= 3 ||Fo| — Fc||/3 |Fo|, Fo andF. are the observed and calculated
structure factors, respectivelyR-free was calculated with the 5% of reflections set aside randomly throughout the refinement. The same set of
reflections were chosen for every data set.

358. 7-NIBr forms a second H-bond with the protein that is
between the nitro group and peptide NH of Met-360. In
addition to these two H-bonds, many (31) nonbonded
contacts exist between the inhibitor and the protein with

bromine participating in roughly one-fourth (7) of these
Arg contacts.

A striking difference between the substrat&5)( and
7-NIBr bound crystal structures is the position of the Glu-
363 side chain (Figure 4A). Glu-363 was known to be critical
for NOS function 87, 38) prior to the crystal structures which

) waad (a) (R) show that Glu-363 forms specific H-bonding interactions
' with L-Arg. In the 7-NIBr bound structure Glu-363 assumes
'-ﬁsmua)

\::‘371(;;) the substrate, donates an H-bond to the carbonyl O of Trp-

E363(A)

F462 (B:
LY

H4B

V338(A)

a different rotameric state{ of 165°) than that observed in
the L-Arg bound form f: of —65°). This rotameric state
Ficure 3: A molecular model of the eNOS active angB-binding places the Glu-363 side chain in the proximity of one of the

sites. Note that-Arg and H,B both H-bond with the same heme heme propio_nates, requiring the heme _propionate_: also to
propionate. move. The nitro group of 7-NIBr nicely fills the void left

behind by the Glu-363 side chain. For example, the H-bond
for 7-NIBr occupies the site whereArg is normally bound ~ between Met-360 NH and Glu-363 OEL1 in thé\rg bound
(Figure 2). The orientation of the inhibitor is unambiguous Structure is replaced by one involving the nitro group (vide
due to the bulky density of the bromine atom used as a guideSUupra).
in positioning the inhibitor into its electron density. When 7-NIBr, being an aromatic heterocycle, albeiteficient
compared with the contoured surface of the substrate orat carbon atoms due to the increase in number of ring N
inhibitors that resemble-Arg (15), 7-NIBr is relatively atoms, probably derives some of its binding energy from
planar and stacks parallel within van der Waals contact the 7—x stacking interactions with the heme and many
distance to the heme plane (Figure 4A). The pyrazole nonbonded contacts it entertains with the protein. Neverthe-
nitrogen atoms do not coordinate the heme iron. An oxygen less, the driving force behind the molecular recognition of
atom from the nitro group of 7-NIBr establishes a close 7-NIBr at the substrate-binding site cannot solely arise from
nonbonded contact with the methyl group of pyrrole A. C4 stacking interactions since indazole, per se, is not an inhibitor
and C9 of the inhibitor are-4.0 A away from the heme of NOS @9). This leaves the nitro group as the most
iron. N1 of 7-NIBr assumes a position similar to one of the distinguishing feature that accounts for the potency of 7-NIBr
terminal guanidine nitrogen atoms of the substrate and, like and 7-NI withKp values in the range of 100 nM24). In
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Ficure 4: Stereomodels of the various complexes used in this study. The inhibitors are green, residues in subunit A yellow, and residues
in subunit B cyan. Dashed lines indicate H-bonding interactions. The color schemes used for elements are carbon, light gray; nitrogen,
blue; oxygen, red. (A) The 7-NIBr complex showing the inhibitor bound at both.tAeg and H,B binding sites. The heme and position

of Glu-363 in the eNOS-Arg complex are shown as white models to highlight the change in the orientation of Glu-363 and one heme
propionate. (B) The-NNA complex. There is no difference in the binding . 6NNA in the pterin-free or -bound structures so only the
pterin-bound structure (pterin site not included) is shown. (C) The NICA complex. Note that NICA at the active site no longer has the
carboxamidine group probably due to slight contamination with 7-NI, a starting material in the synthesis of NICA. (D) The CPHG complex
with the inhibitor bound at both the substrate angBHbinding sites.

addition to providing an extra H-bonding interaction with inhibitor compared to other indazoles is the nitro-peptide
the protein, the electron-withdrawing properties of the nitro H-bond and electrostatic stabilization of the partial positive
group imparts a partial positive charge on the indazole charge on the indazole ring which provides greater electro-
aromatic ring compared to unsubstituted indazole. A DELPHI static complementarity at the active site than unsubstituted
(40) electrostatic calculation shows that 7-NIBr is situated indazoles.

in a large electronegative potential owing primarily to Glu-  Structural Determinants of 7-NIBr Binding to the Cofactor
363, despite its movement away from the inhibitor, and the Site.A surprising finding in the 7-NIBr-complexed crystal
heme propionate. Thus, the 7-NIBr ring mimics thérg structure is that 7-NIBr not only interacts with the substrate-
guanidinium in both electrostatic stabilization andtacking binding site but also binds to the cofactor site (Figure 4A).
with the heme ring. It thus appears that the two unique Pterin-free eNOS was used in the cocrystallization experi-
features of 7-NIBr that can help explain its potency as a NOS ments since we have routineliL5) used this form of the
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protein in structure determination. The electron density of conformations of the heme propionate that would otherwise
the inhibitor is clearly discernible (Figure 2), and the data be interacting with the cofactor and substrate. In one subunit,
quality in conjunction with the strong density corresponding we observe two alternate conformations characterized by
to the Br atom removes any ambiguities on the orientation Glu-363 OE*-heme propionate O2A, a distance of 2.6 and
of the inhibitor. There are no changes in the position of main- 3.8 A, respectively. In the second subunit, the distance of
chain and side-chain atoms of theB-site. The nearly perfect  separation between these two atoms is slightly larger (4.2
stacking interactions observed with 7-NIBr bound at the A). In the alternative conformation, the carboxylate of one
substrate-binding site are not observed at the cofactor-bindingpropionate is bent over, pointing to the other propionate
site despite the abundance of aromatic side chains. There igroup. These results provide strong evidence for the existence
a partial stacking interaction between 7-NIBr and Trp-447 of multiple heme propionate conformations resulting, in large
from the second subunit (Figure 4A). In addition, there are part, from the lack of H-bonded interactions with the
no H-bonds between the inhibitor and protein in the cofactor substrate and/or /B, also due to the close proximity of the
binding site. Nonbonded contacts, nearly twice as many asaltered Glu-363 side chain.
those in the substrate site, are fully responsible for the Biochemical studies on NOS show that 7-NI is competitive
recognition of 7-NIBr at the cofactor site. Roughly one-third against {H]H.B (21, 25), with an apparent inhibition constant
(22) of the nonbonded contacts between the inhibitor and (K, measured for nNOS) of 120 nM28, 24) and given the
protein are made with one subunit and includes six of sevensimilar inhibitory potency of 7-Nl, in vitro, for all NOS
interactions made by the Br atom. Five of these six isoforms @9), we would assume a comparalievalue for
interactions are made with Trp-449 since Br sits on top of eNOS as well. Furthermore, due to enhanced specificity of
the indole ring. The remaining two-thirds (40) of the the brominated analogue over 7-NB2j, a similar or lower
nonbonded contacts are made with the second subunit. AK, would be expected for 7-NIBr. This would represent a
preponderance of inhibitor contacts with the latter involve 4-fold weaker affinity for 7-NI compared with the native
the aromatic main- and side-chain (Trp-76, Trp-447, and Phe-cofactor K4 = 30 nM for H,B (41)]. Modifications to the
462) atoms. One striking observation is the close proximity indazole nucleus, such as the inclusion of the Br atom, could
of Glu-465, from the second subunit, to the nitro group of improve the affinity of the inhibitor for the IB site such
7-NIBr, which is reminiscent of Glu-363 and its interactions that it approaches a value similar to the cofactor itself.
with the inhibitor at the substrate-binding site. Nearly all Although there are no direct measurements of the ability of
atoms of Glu-465, with the exception of CD, OE1, and OE2, 7-NIBr to displace radiolabeled /B, seven additional
are within 4.0 A of one of the nitro oxygen atoms, with CG nonbonded contacts made by the Br atom at the cofactor
and backbone N exhibiting the closest distance of separation.site would suggest an improved binding affinity. Given this
An important difference, however, is that the side-chain scenario, it is difficult to predict whether 7-NIBr first
carboxylate of Glu-465, unlike Glu-363 at theArg binding displaces BB at the cofactor site or-Arg at the substrate
site, is anchored via three H-bonded contacts to main-chainsite. Should HB displacement by 7-NIBr occur first, lack
and side-chain atoms. of H-bonded interactions to the heme propionate would result
7-NIBr Binding to the Substrate Site Perturbs,BH in the weakening of the interaction between substrate and
Interaction With eNOSTo test whether 7-NIBr binding at  the propionate. Regardless of which site gets occupied first,
the substrate site directly impedes cofactor binding, we the domino effect that follows 7-NIBr binding ensures a
cocrystallized 7-NIBr with eNOS already complexed tBH marked decrease in affinity at the second site for the native
For this purpose, we utilized eNOS heme domain protein ligand. In essence, crystal structure analysis of the 7-NIBr-
that was purified in the presence of exogenously add@&l H NOS interaction has allowed us to capture the exquisite
to ensure that the cofactor sites in both subunits would be cooperativity that exists between the substrate and cofactor
fully occupied. The crystal structure of the 7-NIBr complex binding sites. At the mechanistic level, these structural
of eNOS thus obtained reveals that the cofactor is no longerfindings also reveal a concerted interplay between three
bound and 7-NIBr has instead taken its place (Figure 4A). nonprotein components (substrate, cofactor, and heme pros-
This structure is indistinguishable from one in which 7-NIBr thetic group) to ensure a catalytically competent rotamer
was cocrystallized with the pterin-free protein. Regardless position for Glu-363.
of whether the starting material wagBtfree or HB-bound, eNOS— L-NNA Complex7-NI specifically competes with
cocrystallization in the presence of 7-NIBr resulted in two another nitro-containing NOS inhibitoR4, 41), N®-nitro-
molecules of the inhibitor bound per subundne at the L-Arg (L-NNA, Figure 1). Since-NNA also contains a nitro
substrate binding site and the other occupying the pterin- group and is a potent inhibitor of NOS witky of ap-
binding site. A structural model for how alterations at one proximately 25 nM 23), we asked if there are similarities
binding site affects another site can therefore be proposed.n the modes of recognition between 7-NIBr andNNA,
To accommodate 7-NIBr in the active site, Glu-363 must especially concerning the common nitro group in both
adopt a new rotomeic state near one of the heme propionaténhibitors. To this end, we cocrystallizeedNNA with eNOS
groups. As a result, the heme propionate group also mustheme domain and solved and refined the structure to 1.80 A
move. This same propionate H-bonds with botiBHand resolution.
L-Arg in catalytically competent NOS18—15), thereby The binding mode of-NNA (Figure 4B) at the substrate-
mediating the cross-talk between the substrate agl8 H binding site is similar to that of-Arg insofar as the
binding sites. Hence, an alteration in the conformation of H-bonding and nonbonded contacts are concerned. The
this key propionate will alter its ability to effectively H-bond introduction of the nitro group, however, leads to new
to both H,B and the substrate. The 1.65 A resolution structure H-bonded interactions and nonbonded contacts with the
of 7-NIBr-bound eNOS heme domain reveals three distinct inhibitor. First, backbone amide N atoms of two adjacent
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residues, Gly-357 and Trp-358, respectively, act as H-bond site when a potent inhibitor S-ethylisothiourea (SEITU) was

donors to the two oxygen atoms of the nitro group. In the bound at the substrate site. Furthermore, it was not clear at
7-NIBr bound structure, however, these amide nitrogens arethat time whyL-Arg cannot bind to the pterin site when it

in the vicinity of N2, C3, and Br atoms (Figure 4A). Second, was also bound at the substrate-binding site. Upon observing
thirteen new nonbonded contacts are established betweerthat 7-NIBr independently occupies both substrate and

L-NNA and the protein. All of these involve the nitro group cofactor binding sites at the same time, we questioned
of the inhibitor with Pro-336, Phe-355, Ser-356, Gly-357, whether the inability of a compound, bound at the substrate
and Trp-358 being the key residues making the contactssite, to entertain H-bonded interactions with the heme

(Figure 4B). Again, these residues contact N1, N2, C3, and propionate confers promiscuity to theBisite. To test this

Br atoms in the 7-NIBr-complexed structure. Interestingly, hypothesis, we chose two compounds that (1) had been
one nonbonded contact, involving the carbonyl O of Trp- shown to interact with NOS, and (2) retained some chemical

358 with an oxygen atom of the nitro group, is conserved in features of both substrate and inhibitor.

the interaction of both-NNA and 7-NIBr with eNOS.

The substrate-Arg has aKq of 2.5 uM (42—44) while
L-NNA exhibits aK4 of 25 nM (23), a roughly 4-fold greater
affinity compared to 7-NI. The nitro group obviously plays

The first compound, 7-nitroindazole-2-carboxamidine
(NICA, Figure 1), has been reported in the literat36) @s
an inhibitor of NOS. We cocrystallized this compound with
pterin-complexed eNOS and solved the structure to assess

arole in the improved potency of these compounds. As notedthe binding mode of the inhibitor. The crystal structure

in the previous section, 7-NIBr derives at least part of its
potency as a NOS inhibitor from electrostatic stabilization

reveals that NICA binds to the pterin site (Figure 4C), but
its binding mode is distinct from that of 7-NIBr. Specifically,

due to the electron-withdrawing properties of the nitro group the amidino function of the inhibitor establishes bidentate
as well as H-bonding. The effect of the nitro group is shared H-bonds with the same propionate that interacts with the

to some extent by-NNA and 7-NI in that the nitro group

pyramidone function when the pterin cofactor is bound. The

provides new and favorable protein contacts. A major interaction between the amindino group and heme propionate

difference in 7-NI and.-NNA, however, is that-NNA is a
chiral molecule and the-NNA enantiomer is neither a potent
inhibitor of NOS in vitro (L2) nor able to induce a pressor
response in vivo45). In fact,pD-NNA is routinely used46)

is very similar to the way the guanidinium group i6fArg
interacts with the heme propionate whetrg is bound in
the H,B site (15). The main difference is that-Arg forms
only one H-bond with the heme propionate. In addition,

as a negative control in experiments that also utilize the active numerous nonbonded contacts are made between the indazole

enantiomer,L-NNA. The absolute need for chirality in
L-NNA to confer specificity illustrates that the positioning
of L-NNA similar to L-Arg at the substrate-binding site

nucleus and the protein, similar to that seen with 7-NIBr.
Interestingly, NICA is not bound at the substrate-site. Instead,
the electron density could only be modeled as 7-NI (Figure

coaxes the nitro group into its binding pocket. The absence2). On the basis of the mode of 7-NIBr binding at the

of a chiral restraint in 7-NI and 7-NIBr allows these inhibitors

substrate site (Figure 4A), NICA would experience signifi-

to choose a binding mode that would favor optimal stacking cant steric hindrance and explains why it is not bound at the
with the heme plane and avoid potential steric clashes. Thesa -Arg site. 7-NI is the precursor in the chemical synthesis
structures of the inhibitor complexes reveal that the nitro of NICA, and residual amounts of this starting material are

group of L-NNA and 7-NIBr is recognized in two unique
ways with L-NNA selecting the catalytically competent
rotamer of Glu-363 and 7-NIBr opting for an altered rotamer
of Glu-363, yet the nitro groups of both inhibitors form
stabilizing protein contacts.

Inhibitor binding studies have revealed tha-binding
to the cofactor site enhancedNNA binding to the substrate
site. The ability of HB to affect L-NNA binding varies
between the three NOS isofornf, with nNOS showing
marked improvement in-NNA binding when cofactor is
present 44). However, the binding of-NNA in the active

site as shown in Figure 4B is exactly the same in the pterin-

present even after purification. This is probably sufficient
to bind at the substrate site. Regardless, the ability of the
H4B binding site to recognize yet another unique compound
is established, and furthermore, it occurs only when the
compound bound at the substrate site fails to make contact
with the heme propionate.

The second compound we chose to test the promiscuity
of H4B site is 4-chlorophenyl hydroxyguanidine (CPHG,
Figure 1). The elegant enzymological work of Mansuy and
co-workers 81) has demonstrated that CPHG is a substrate
of INOS. Furthermore, the conversion of CPHG by NOS to
the corresponding urea and NO has a strict requirement for

free and -bound states. The only difference is that solvent H,B analogous to the transformation Nf-hydroxy+-Arg
occupies the pterin site in the pterin-free state. The observed(NOHA). More importantly, CPHG is incapable of engaging
dynamics of the Glu-363 side chain and the heme propionatein H-bonded contacts with the heme propionate and, there-

suggest a plausible explanation of this phenomenonB H

fore, becomes a viable candidate to test the interplay between

binding to the cofactor site stabilizes the propionate position substrate site H-bonding patterns and cofactor site promiscu-

for proper interaction with the primary amino group of
L-NNA, then additional binding would be facilitated. As there
are no additional sites for-NNA binding on the heme
domain, cooperativity between the pterin-site andrg site

ity. Again, we cocrystallized CPHG with pterin-free eNOS
heme domain and solved and refined the structure to 1.95 A
resolution. Two molecules of CPHG are bound per heme
domain subunit, one at the substrate-binding site and the other

as detailed by our structural findings can explain these at the HB-binding site (Figure 4D). The electron density

observations.

Cofactor Binding Site of NOS Exhibits a High et of
Promiscuity.In an earlier studyX5), we demonstrated the
ability of the substrate,-Arg, to bind to the HB binding

for both molecules of CPHG is clearly discernible (Figure
2). At the substrate site, CPHG participates in three H-bonded
interactions exclusively involving the guanidinium group.
Two of these include interactions from Glu-363 side chain
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to NE and NH2 of CPHG and another between Trp-358 O former is different, cannot be assumed in the dimeric state,
and CPHG NH2. Although the hydroxyl group is within and is inconsequential to our description of a novel altered
H-bonding distance (3.2 A) to Gly-357 N, the geometry is conformation, structural hints from Glu-363 side-chain
unfavorable. The CI atom of CPHG is involved in three dynamics provide a wealth of information. That Glu-363
nonbonded contacts. The interaction of the hydroxy-guani- adopts a new conformation in the 7-NIBr complex has
dine is analogous to that seen in the crystal structure of provided a structural basis for introducing knowledge-based
NOHA-complexed eNOS14). When bound to the B site, dynamics information into drug-design strategies for NOS.
CPHG makes two H-bonded contacts involving both terminal The present work also highlights the importance of dynamics,
guanidinium nitrogen and hydroxyl oxygen atoms, interacting however small, in making a substantial contribution to the
with the backbone carbonyl O of Ala-448 and a heme information content regarding how a target recognizes a
propionate oxygen, respectively (Figure 4D). Th®H ligand.

group is in a different conformation from that observed in  In summary, we have demonstrated that, although 7-NIBr
the substrate binding site, also within H-bonding distance targets the highly conserved substrate and cofactor-binding
to the terminal guanidinium N of Arg-367. In addition, partial sites of NOS, its high specificity is garnered by adapting to
stacking between Trp-447 and the phenyl ring of CPHG, a unique and altered protein conformation. The ability of
similar to that observed with 7-NIBr, is observed. The 7-NIBr to exploit this characteristic element of its target
chlorine atom of CPHG, unlike Br of 7-NIBr, however, provides a significant intellectual boost for the further
establishes all (13) of its nonbonded contacts with the seconddevelopment of therapeutically important isoform-specific
subunit. Over 60% of these contacts are made with the GIn-NOS inhibitors.

464 and Glu-465 pair. These results provide convincing
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