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Pathological nitric oxide (NO) generation in sepsis,
inflammation, and stroke may be therapeutically con-
trolled by inhibiting NO synthases (NOS). Here we tar-
geted the (6R)-5,6,7,8-tetrahydro-L-biopterin (H,Bip)-
binding site of NOS, which, upon cofactor binding,
maximally increases enzyme activity and NO produc-
tion from substrate L-arginine. The first generation of
H, Bip-based NOS inhibitors employed a 4-amino phar-
macophore of H,Bip analogous to antifolates such as
methotrexate. We developed a novel series of 4-oxo-pter-
idine derivatives that were screened for inhibition
against neuronal NOS (NOS-I) and a structure-activity
relationship was determined. To understand the struc-
tural basis for pterin antagonism, selected derivatives
were docked into the NOS pterin binding cavity. Using a
reduced 4-oxo-pteridine scaffold, derivatives with cer-
tain modifications such as electron-rich aromatic phe-
nyl or benzoyl groups at the 5- and 6-positions, were
discovered to markedly inhibit NOS-I, possibly due to
hydrophobic and electrostatic interactions with Phe*¢2
and Ser'®, respectively, within the pterin binding
pocket. One of the most effective 4-oxo compounds and,
for comparisons an active 4-amino derivative, were then
co-crystallized with the endothelial NOS (NOS-III) oxy-
genase domain and this structure solved to confirm the
hypothetical binding modes. Collectively, these findings
suggest (i) that, unlike the antifolate principle, the 4-a-
mino substituent is not essential for developing pterin-
based NOS inhibitors and (ii), provide a steric and elec-
trostatic basis for their rational design.
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Inhibitors of nitric-oxide synthase (NOS!; EC 1.14.13.39)
have been developed as therapeutic agents to modulate patho-
logically high nitric oxide (NO) synthesis (1, 2). The family of
NOS catalyzes the oxidation of substrate L-arginine to L-citrul-
line and NO (3-5), or a related molecule (6—8), in an NADPH
and O,-dependent manner (9). Enzyme activity depends on
multiple cofactors including FAD, FMN, (6R)-5,6,7,8-tetrahy-
dro-L-biopterin (H,Bip), and iron protoporphyrin IX (heme),
which are localized within each by-domain monomer consisting
of an N-terminal oxygenase and a C-terminal reductase do-
main connected by a calmodulin (CaM) recognition sequence
(10-14). Importantly, only homodimeric NOS is able to metab-
olize L-arginine and a single intersubunit ZnS, cluster appears
to be important for stabilizing the dimer and H,Bip-binding
site (10, 15, 16). To date, three distinct isoforms of NOS (9, 10)
have been identified: these include NOS-I (nNOS or neuronal)
and NOS-IIT (eNOS or endothelial), which are constitutively
expressed and Ca?"-dependent. The former is localized in neu-
rons, skeletal muscle, epithelial cells and modulates neuro-
transmission, gastrointestinal motility, and penile erection (9,
17, 18), while NOS-III is found in vascular endothelial cells (19)
and regulates blood pressure homeostasis (20, 21). The so-
called “inducible” NOS-II isoform (or iNOS) is expressed in a
number of tissues in response to endotoxin/cytokines and plays
a role in the immune response (2, 22); its activity does not
depend on physiological changes in free intracellular Ca2".
Finally, for two of the isoforms, NOS-II and III, structural
information is available from x-ray crystallography studies
using recombinantly expressed NOS oxygenase domain which
show highly conserved cofactor and substrate binding modes
(15, 16, 23).

Overproduction of NO by NOS-I and II has been implicated
in various pathological conditions including sepsis, inflamma-
tion, stroke, and neurodegenerative diseases (2, 9). To date, a
wide variety of NOS inhibitors have been developed as thera-
peutic candidates and used in both animal models and, to a
lesser extent, in humans (1, 2). Prototypical compounds were
mainly analogs of the substrate L-arginine (24-26) such as
N“-methyl-L-arginine, which in clinical trials reversed the hy-

! The abbreviations used are: NOS, nitric-oxide synthase enzyme
family (EC 1.14.13.39); H,Bip, (6R)-5,6,7,8-tetrahydro-L-biopterin; ICy,
value, concentration of inhibitor required for half-maximal inhibition;
NO, nitric oxide (synonym nitrogen monoxide); SCR, structurally con-
served region; Chapso, 3-[(3-cholamidopropyl)-dimethylammonio]-2-hy-
droxy-1-propanesulfonate.
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potension due to sepsis but did not increase survival (1, 2).
However, substrate-based inhibitors, which may also interfere
with other L-arginine-dependent biological pathway(s), have
failed to succeed in clinical development (1, 2). Interestingly,
although the NOS co-product L-citrulline does not regulate
NOS activity (8), analogs of L-citrulline such as L-thiocitrulline
have been reported to be potent NOS inhibitors although only
developed pre-clinically (1, 27-29).

Other binding sites of NOS have been pharmacologically
targeted including the flavin cofactor sites (FMN and FAD)
within the reductase domain (1, 30-32, 72). Potent and irre-
versible inhibitors such as diphenyleneiodonium (ICj, of 50—
150 nm) interfere with flavin function (1). However, given the
ubiquitous distribution of NADPH-dependent flavoproteins
within the body, the use of diphenyleneiodonium may be of
limited value. NOS catalysis can be inhibited within the oxy-
genase domain by compounds binding to the heme prosthetic
group such as indazoles and imidazoles (33, 34). However, the
specificity of various indazoles and imidazoles for the heme-
binding site is questionable.

A more promising target within NOS is the H,Bip-binding
site, which, upon cofactor binding markedly increases NOS
activity or stability and, consequently NO synthesis (35-39).
This site differs structurally compared with other pterin-de-
pendent enzymes such as the aromatic amino acid hydroxy-
lases (35—40). We recently described prototypical pterin-based
inhibitors that were optimized for NOS-I inhibition and did not
interfere with phenylalanine hydroxylase (38, 40). Interest-
ingly, a 4-amino analog of H,Bip was also reported to be a
potent inhibitor of H,Bip function in NOS (38, 41) and various
substituted derivatives demonstrated similar efficacy (42).
This suggested a close similarity between anti-pterin inhibitors
of NOS and antifolate inhibitors of dihydrofolate reductase
since both chemical scaffolds appeared to require a 4-amino
functionality to inhibit their target enzyme. However, due to
structural similarities with tetrahydrofolic acid, 4-amino
H,Bip additionally inhibits dihydropteridine and folate reduc-
tases (40) and, therefore, other 4-amino analogs may also lack
selectivity for NOS.

Herein we synthesized and refined a novel series of pterin-
based NOS inhibitors based on an intact 4-oxo-pteridine nu-
cleus analogous to the naturally occurring H,Bip. By system-
atically varying the substitution patterns in the 2-, 4-, 5-, 6-,
and 7-positions of the 4-oxo-pteridine nucleus, these com-
pounds were discovered to be effective NOS inhibitors and we
here describe their structure-activity relationship. Impor-
tantly, docking studies with the most effective inhibitors led to
a better understanding of the molecular considerations under-
lying NOS inhibition and was supported by co-crystallization
within the largely conserved NOS-III oxygenase domain. These
findings indicate that, unlike the antifolates, the 4-amino moi-
ety is not a structural prerequisite for NOS inhibition thus
allowing for the design of inhibitors with greater NOS selectiv-
ity. Collectively, this information provides a molecular basis for
the rational design and optimization of novel, pteridine-based
NOS inhibitors.

EXPERIMENTAL PROCEDURES

Materials—1-[2,3,4,5-*H]Arginine hydrochloride (2.85 TBq mmol ')
was purchased from Amersham Pharmacia Biochem (Braunschweig,
Germany); NADPH from AppliChem (Darmstadt, Germany); reduced
glutathione (GSH) from Roche Molecular Biochemicals (Mannheim,
Germany); (6R)-5,6,7,8-tetrahydro-L-biopterin (H,Bip) from Dr. Schircks
Laboratories (Jona, Switzerland); FAD, FMN, L-arginine hydrochloride,
and phosphodiesterase 3’,5'-cyclic nucleotide activator (calmodulin,
CaM) from Sigma (Deisenhofen, Germany). All 4-oxo-pteridine deriva-
tives were synthesized in the Faculty of Chemistry, University of Kon-
stanz (Germany) and purified by either re-crystallization or by chro-
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matographic means (at >98% purity as determined by TLC and NMR
spectra) and, characterized by 'H NMR, UV/vis, and elemental analy-
sis. All tetrahydropteridine derivatives in Table I were synthesized by
catalytic reduction and isolated as either pure (2-8), or as racemic (1,
11-18) and diastereoisomeric mixtures (9, 10). Detailed synthetic pro-
cedures will be published elsewhere except for derivatives 19 (see Refs.
43 and 44) and 1, 14-17, 20, and 21 (see Ref. 45). All other chemicals,
reagents, and solvents were of the highest purity available and either
from Merck AG (Darmstadt, Germany) or Sigma (Deisenhofen, Germa-
ny). Water was deionized to 18 MQ (Milli-Q; Millipore, Eschborn, Ger-
many). Unless otherwise indicated, all chemicals were dissolved in
Argon de-oxygenated water.

Enzyme Activity—Native NOS-I was isolated from porcine brain
cerebellum by previously described methods (38, 42, 46). The yield of
this purification method (42) was 0.5 mg of enzyme from 1.0 kg of tissue
with greater than 90% purity (from densitometric scanning of Coom-
assie-stained SDS-polyacrylamide electrophoresis gels) and a specific
activity of up to 670 nmol of L-citrulline mg™' min~*'. Native NOS-I is
known to co-purify with substochiometric amounts of bound H,Bip and
basal enzyme activity (residual activity in the absence of exogenously
added H,Bip) was 10-40% of V. (total activity in the presence of
excess, exogenously added H,Bip). Basal NOS-I activity is considered to
be independent of bound pterin following purification (38, 42). Catalytic
activity of NOS-I was determined from the Ca®*/calmodulin-dependent
conversion of L-[*H]arginine to L-[*H]citrulline (11, 46) during a stand-
ard incubation of 15 min (at 37 °C) with the following assay mixture
(volume of 100 ul, pH 7.2); NOS-I (0.4 ug), 50 nm CaM, 1 mm CaCl,, 5
uM FAD, 10 pum FMN, 250 uMm Chapso, 50 mM triethanolamine, 1 mm
NADPH, 7 mm GSH, 50 um total L-arginine of 1-[2,3,4,5-*H]arginine
and 2 uM H,Bip. The reaction was stopped by adding ice-cold acetate
buffer (pH 5.5). The L-[*H]citrulline formed was separated by cation
exchange chromatography and the amount of radioactivity determined
by liquid scintillation counting.

To identify active compounds,? we initially examined the effects of
the derivatives on H,Bip-stimulated NOS-I activity at a single concen-
tration of 100 uM. Those derivatives identified as being active (>50%
inhibition of H,Bip-stimulated NOS activity) were re-screened over a
full concentration range (0—1000 uM) to determine accurate log(concen-
tration)-response relationships and establish potency (IC;,). The corre-
sponding IC;, values were determined by nonlinear regression analysis
using either Biosoft UltraFit software (Cambridge, United Kingdom) or
GraphPad Prism software (San Diego, CA). Individual curves from each
triplicate were fitted by nonlinear regression analysis to sigmoidal
concentration-response curves of variable slope (that is, the Hill slope
was not fixed equal to 1). The corresponding IC,, value from each curve
was then calculated by the software and is represented as means.

Computational Procedures—All modeling work was done using the
program package SYBYL (47) on Silicon Graphics workstations. All
energy calculations of protein-ligand complexes were based on the TRI-
POS 6.0 force field (48) using Gasteiger-Marsili charges (49). Initial
conformations of ligands and complexes were minimized using quasi-
Newton-Raphson (BFGS) or conjugate gradient algorithms for 5000
steps. For docking of candidate molecules, the public x-ray structures of
endothelial and inducible NOS isoforms were used (15, 50). For the

2 The screening methodology and data analysis used here were sim-
ilar to our previous work (38, 42). All concentration-response curves
were characteristically sigmoidal in nature as analyzed by using curve
fitting software (Biosoft UltraFit V1.03 or GraphPad Prism, V2.0a)
employing the “built-in” equation for sigmoidal/logistic concentration-
response curve fitting; y = (A; — A,)/[1 + (x/x, )] + A,. Consistent with
previous findings (38, 42), a subclass of inhibitors where observed in the
present study to be effective over a narrow concentration range and
inhibited total enzyme activity (e.g. 4, 23, 26, 35, 35) whereas others,
despite being potent, were incomplete inhibitors (e.g. 3, 15, 16, 17). The
mechanistic basis for this is not fully understood although a selection of
compounds from both groups have been shown to be specific, competi-
tive, and reversible inhibitors at the NOS H,Bip site (see Ref. 38). As
previously, we therefore defined the IC,, value in the present study as
the concentration of inhibitor required to produce half-maximal enzyme
inhibition that can be achieved by each compound. The apparent lack of
potency of the inhibitors is to some extent assay related since in our
standard “functional” assay, we use a concentration of H,Bip (2 um)
that is in excess in relation to the EC;, of H,Bip (50—100 nm) for enzyme
activation and saturation. However, in radioligand binding studies, we
and others (e.g. Ref. 41) have seen a quantitatively different picture
with K; values in the low nanomolar range when using an amount of
[*H]H,Bip at the K, from saturation experiments (about 10 nm).
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coordinate files retrieved were from the National Brookhaven PDB data
base (52) all hydrogens were added, while structurally conserved water
and a glycerol molecule close to the H,Bip-binding site were removed.
All proteins were superimposed using Ca atoms of homolog residues
around the heme and H,Bip-binding sites plus selected carbon atoms
from heme and H,Bip.

After analysis of key protein-ligand interactions using the program
GRID (53), candidate molecules were manually docked into the active
site. The protein-ligand complex was then minimized by treating all
ligand atoms plus all protein residues within a sphere of 4 A as flexible,
while the remaining receptor was used to compute non-bonded inter-
actions. Convergence criteria were set to 0.001 kcal A~ All related
compounds were built accordingly, docked into the NOS-III H,Bip-
binding site and minimized using a flexible receptor.

The program MOLCAD was used for visualization of protein-ligand
interactions (54, 55). Molecular properties such as the lipophilicity
potential (56-58) and the electrostatic potential (by solving the Poisson-
Boltzmann equation; 59—62) were mapped onto Connolly solvent acces-
sible surfaces (63, 64) of the binding site to analyze relevant factors for
protein-ligand recognition. The separated surface approach (65) was
used to study the properties of the interface between individual ligands
and the protein cavity. A separated surface is defined by a set of points
located at the midpoint of the shortest distance vectors between surface
points of both molecules. Default settings for surface parameters were
applied. The step width for the grid to compute the Poisson-Boltzmann
electrostatic potential was set to 1 A, while the border width of the
solvent grid around the molecule was set to 8 A. Dielectric constants of
80 for the solvent and 2 for the solute were used while the electrostatic
potential at the boundary was computed using the Debye-Hiickel
equation.

To obtain more information about H,Bip-binding site differences in
different NOS isoforms, a homology model for the neuronal NOS iso-
form was generated using the program Composer (66—68) in the Sybyl
6.5 implementation. The x-ray structures of NOS-III and NOS-II iso-
form dimers (PDB codes 1nod, 2nod, 3nod, 1nse, 3nse, 4nse; Refs. 15,
23, and 50) were used as homologous sequences, while for loop search-
ing and construction the Sybyl 6.5 version of the Brookhaven Protein
Data bank with 1495 protein structures was utilized. Initial sets of
residues, which are topologically equivalent across the entire family of
input structures, were identified based on sequence homology. Then a
multiple alignment on the homologous sequences was generated and
identities across all sequences and these positions were assigned rela-
tive weights proportional to the square of their percentage sequence
identity to the model sequence. The weights determine the relative
contribution of each homolog to the framework on which the model is
built (69). A structural alignment of the known structures using seed
residues as the starting point was performed, leading to the determi-
nation of structurally conserved regions (SCRs). The sequence (human
brain NOS-I, GenBank™ accession code 1.02881) was aligned with the
SCRs to determine the location of the SCRs in the target sequence and
the homolog to use in constructing the backbone of each SCR in the final
model. This led to a complete model of the structurally conserved
regions of the target protein. A fragment from one of the homologs was
used to model the backbone of each SCR, while a rule-based procedure
was used to model side chains. The structurally variable regions of the
target protein was then constructed by selecting a fragment to model
each loop region either from the corresponding location in a homologous
protein or from the entire protein data base. The final NOS-I monomer
was checked for steric overlap, superimposed onto other isoforms and
completed by adding heme, H,Bip, and another NOS-I monomer ac-
cording to the NOS-III and NOS-II dimerization pattern. Finally, the
H,Bip/NOS-I dimer model was minimized by treating all H,Bip and
heme atoms plus all binding site residues within a sphere of 4 A as
flexible.

Co-crystallization of NOS-III Oxygenase Domain: 1 and 21f (from
Ref. 42)—Pterin-free NOS-III heme domain was obtained following
expression in Escherichia coli (15) and was used for co-crystallization
studies with the anti-pterins. Typically, co-crystallization experiments
involved the addition of 1-3 mM of the pterin-based inhibitors, 1 or 21f
(from Ref. 42), as previously described (15). Diffraction data were col-
lected under cryogenic conditions (100 K) using synchroton x-ray
source. A Quantum-4 CCD detector (ALS, BL 5.0.2) or Mar imaging
plate (SSRL, BL 7-1) was used for data collection. Data were processed
with DENZO/SCALEPACK (70). The F, — F, difference density, calcu-
lated with the pterin-free NOS-III heme domain model as Fc¢ and
phases, provided a clear contour of the anti-pterin compounds which
afforded model building with TOM (71). Structure refinements were
performed using the new maximum likelihood algorithm implemented
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in CNS (72). In the case of the 21f (Ref. 42) complex, the model was
refined to a crystallographic r = 0.225 (R,,.. = 0.265) against a set of 1.9
A data (73472 unique reflections with a scaling R, = 0.052), whereas
for the anti-pterin 1 data (40567 unique reflections, R, ., = 0.047) at
2.35 A, the final model had an r = 0.187 (R,,. = 0.228).

RESULTS AND DISCUSSION

We systematically screened and developed a novel class of
4-oxo-pteridine-based NOS inhibitors as drug candidates to
therapeutically modulate NOS-mediated pathophysiology. In
contrast to previous attempts using 4-amino analogs (anti-
pterins) based on the same principle as anti-folates, we synthe-
sized 4-oxo-pteridine derivatives based on the naturally occur-
ring H,Bip and examined their effects on NOS-I activity.
Indeed, analogous to our previous findings (38, 42) a subclass of
inhibitors were found to be effective over a narrow concentra-
tion range and inhibited total enzyme activity whereas others,
despite being potent, were incomplete enzyme inhibitors. As
previously, we therefore defined the IC;, value in the present
study as the concentration of inhibitor required to produce
half-maximal enzyme inhibition that can be achieved by each
compound.

NOS Oxygenase Homology Model—To understand the struc-
tural requirements for NOS-I inhibition by 4-oxo-pteridines, we
determined and compared bioactive conformations for conge-
neric ligands. Two approaches were used based on the available
target homologous protein three-dimensional structures: dock-
ing of reference compounds and x-ray crystallography. The
docking calculations were based on the availability of three-
dimensional x-ray structures for two other, very similar di-
meric NOS isoforms solved with bound H,Bip cofactor; the
inducible NOS (NOS-II; Refs. 23 and 50) and the endothelial
NOS (NOS-III, Ref. 15). Fig. 1 shows H,Bip bound within the
NOS-IIT heme dimer at the highest resolution available of 1.9
A: the pteridine ring lies apparently sandwiched by m-electron
stacking between residues Trp**® from one monomer and the
residue Phe52 from the second monomer, and is supported by
extensive hydrogen bond networks with Ser'®, Arg®¢? and the
heme propionic acid (see Ref. 15).

Given that no experimental three-dimensional structure for
the NOS-I isoform is currently available, for which the herein
reported biological affinities have been obtained, this prompted
us to additionally derive a homology model for this isoform
utilizing the three-dimensional structures and dimerization
pattern for both closely related homologs, NOS-IIT and NOS-II
(see Fig. 2: NOS-III in purple, NOS-II in orange, NOS-I in
green; the latter being the COMPOSER-derived homology mod-
el). Superposition of both experimental NOS structures did not
reveal any significant differences in the protein-ligand interac-
tion pattern. While the homology model of NOS-I (green; see
Fig. 2) is similar to both experimental structures as templates
(15, 23, 50), only two residues in the H,Bip vicinity differ
among these structures: Val'°® (NOS-III) is substituted against
Met in NOS-I and NOS-II, while for Ala'*® in NOS-III, an Ile
(NOS-II) or Val (NOS-I) replacement is observed, respectively.
Thus, the same binding site interactions observed within the
crystallized NOS-II and III structures would be directly appli-
cable to the NOS-I used in the present study and any differ-
ences in binding affinities among these isoforms can only be
explained by small changes in the hydrophobic interaction
pattern at the ligand binding surface.

Structural information derived by docking selected inhibi-
tors within the NOS-III heme dimer domain should be appli-
cable to kinetic findings with NOS-I. In support of this, we
compared the best docking mode and x-ray structure (see Figs.
3 and 4) for two effective pterin-based NOS inhibitors whose
structures are indicated in Fig. 7: the 4-oxo-pteridine 1 de-
scribed in the present investigation (Table I), and the 4-amino-
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Fic. 1. Interactions of H,Bip within
the dimeric NOS-III heme dimer do-
main from the crystal structure.
H,Bip, pink carbon, red oxygen, and blue
nitrogen bonds. The pteridine ring is
sandwiched by m-electron stacking be-
tween Trp**® from the first monomer and
Phe*%? (B) from the second monomer. Res-
idues from the first NOS-III monomer are
shown in purple, while green indicates
residues from the second monomer.
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pteridine, 21f from Frohlich et al. (42). In both cases, remark-
ably similar binding modes were observed when 1 and 21f were
either docked into the NOS-III heme dimer domain (green
carbons, see Figs. 3 and 4) or co-crystallized at high resolution
within the NOS-III heme dimer domain (white carbons, Figs. 3
and 4). That is, both rings of 1 and 21f are stacked with 3.6 A
distance and the main interaction occurs between these and
the indole of Trp**?; the hydrogen bonding pattern corresponds
to that of bound H,Bip within NOS (15).

The above structural comparison revealed sequence differ-
ences for this inhibitor-binding site raising the possibility of
generating isoform selective ligands using In Silico “rationale
drug design” analogous to that used to discriminate between
various target enzymes including COX-1/2 and matrix metal-
loproteinases (MMP1-MMP23). In the former case, certain key
amino acid differences within the active center confer selectiv-
ity and have been therapeutically exploited with the develop-
ment of COX-2-selective ligands (e.g. first generation Celebrex
and Vioxx). Investigations for isoform selectivity involve a com-
bined approach of structure-based design, homology modeling,
and ligand derived structure-activity relationship. For NOS,
NOS-I selective ligands appear to have therapeutic advantage
in stroke (NOS-III inhibition is detrimental). The detailed se-
quence and structural comparisons of available and modeled
NOS isoform structures revealed two main differences in the
binding site, namely the replacement of Vall°® in NOS-III
against Met/Met for NOS-I/II and Ala'*® replaced by Ile or Val
in NOS-II and III, respectively. Both mutations offer the pos-
sibility to design isoform selective inhibitors using the different
scaffolds investigated thus far for this binding site. The Vall%®
side chain is bulkier and is involved in contact with preferably
hydrophobic substituents attached to the 4-, 5-, and 6-positions
at the pterin scaffold than the corresponding Met present in

Trp76B

{

i
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Fic. 2. Structural comparison of
different NOS isoform H,Bip-binding
sites including heme moieties. The
bound H,Bip ligand is taken from the
NOS-III structure. Residues from NOS-
IIT are shown in purple, NOS-II in orange,
and NOS-I in green (COMPOSER-based
homology model of the dimer). The inter-
action surface between H,Bip and NOS-
III is color coded by interaction distance.
While the homology model of NOS-I is
similar to both experimental structures
as templates (15, 23, 50), only two resi-
dues in the H,Bip vicinity differ among
these structures: Val'°® (NOS-III) is sub-
stituted against Met in NOS-I and NOS-
II, while for Ala'*® in NOS-III, an Ile
(NOS-II) or Val (NOS-I) replacement is
observed, respectively.

NOS-II and III. In contrast, the latter residue appears to be
more flexible, which also may influence protein-ligand interac-
tions in this region. Indeed, we have identified certain 4-amino
and 4-oxo-pteridine-based NOS-I inhibitors with appropriate
substituents within N-5 and C-6 demonstrating isoform selec-
tivity of up to 30-fold against NOS-II and 10-fold against NOS-
III under the same assay conditions.?

Reduced 4-Oxo-pteridine Derivatives and Enzyme Inhibi-
tion—We have previously shown that the 6- and 7-positions of
the reduced 4-aminopteridine scaffold are important chemical
targets in the development of NOS-I inhibitors (42). Here we
varied the substitution pattern in the 5-, 6-, and 7-positions of
the reduced 4-oxo-pteridine scaffold. This approach yielded
several novel compounds that were discovered to inhibit NOS-I
activity (see Table I). For example, substituting the 1,2-dihy-
droxypropy!l side chain in the 6-position of the naturally occur-
ring H,Bip (I) with a hydrogen produced a NOS-I inhibitor
although with poor efficacy (Table I, compound 2; residual
activity in the presence of 100 puM inhibitor, 81 + 6% of V,,.).
Interestingly, 2 was considerably more active following specific
N-5 modifications: acylation with a benzoyl group (3, 42 = 16%
of Vs IC50 = 90 uMm) and phenylthiocarbamoyl substitution
(4, 10 = 3% of V. ,; IC50 = 50 um): less effective was a long
chain 3-(4-benzoylphenyl)propionyl (5, 75 = 4% of V_ ,.) group
and a benzoylthiocarbamoyl (6, 78 + 7% of V ,.) substituent.
The favorable changes in the case of 3 and 4 may have been due
to steric reasons associated with the displacement of structural
Arg3%” and/or pterin bridging crystal water (15, 23) by the
inhibitor within the pterin binding pocket (see Figs. 5 and 6).

3 A. Frey, H. Matter, P. Kotsonis, H. Strobel, O. Klingler, L. G.
Frohlich, W. Pfleiderer, and H. H. H. W. Schmidt, manuscript in
preparation.
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Fic. 3. Comparison between the
best docking mode (green carbons)
and x-ray structure (white carbons)
for the 4-oxo-pteridine inhibitor, 1, in
the NOS-III dimer-binding site. Com-
pound 1 was co-crystallized within the
NOS-IIT heme dimer domain (PDB code
1DMJ) as described under “Experimental
Procedures.” Residues from the first
NOS-III monomer are shown in purple,
while green indicate residues from the
second monomer.

Tmp76B

Val106

Trpa47B

Importantly, the degree of steric tolerance between the N-5
substituted groups and structural Arg®®” (and/or pterin bridg-
ing crystal water) appeared to be small since, in striking con-
trast to the active 3 (N-5; -COCzHj), the phenoxycarbonyl
derivative 7 (N-5; -COOC4zH;) was devoid of any inhibitory
effect on NOS-I activity (108 = 7% of V,,,). In this case, the
additional bulk due to the bridging oxygen atom probably shifts
the phenyl group further away in space and is differently
located in relation to the pteridine ring structure.

Differences with respect to steric limitations in the binding
mode at the N-5 position probably influence the strength of
interactions between the inhibitor and enzyme. For example,
while N-5 benzoyl substitution yielded the effective inhibitor 3
(42 £ 16% of V. IC50 = 90 um), the addition of a p-substi-
tuted fluorine atom within the benzoyl group rendered this
derivative inactive (8, Table I; 102 * 12% of V.. ). We also
observed similar results by introducing other electronegative
atoms larger in size but less electronegative than fluorine
within the para position (either para-Cl or para-I).* Similarly,
by substituting additional steric bulk in the 6- and 7-positions
of I (Table I), modifications at the N-5 position that alone were
found to be optimal for inhibition could be effectively counter-
acted (Table I; compare 3 with 9, and 4 with 10). Taken to-
gether, the latter findings indicate unfavorable steric hin-
drance within the pterin binding pocket of NOS-I, possibly
involving residues in the first (Ser'®) and second (Phe*%%)
monomers, respectively (Figs. 5 and 6). This contention is con-
sistent with previous molecular modeling using Comparative

4 H. Matter, P. Kotsonis, H. Strobel, O. Klingler, L. G. Frohlich,
W. Pfleiderer, H. H. H. W. Schmidt, unpublished observations.
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Fic. 4. Comparison between the
best docking mode (green carbons)
and x-ray structure (white carbons)
for the 4-aminopteridine inhibitor,
21f (from Ref. 42), in the NOS-III
dimer-binding site. Compound 21f was
co-crystallized within the NOS-IIT heme
dimer domain (PDB code 1DMK) as de-
scribed under “Experimental Proce-
dures.” Residues from the first NOS-III
monomer are shown in purple, while
green indicate residues from the second
monomer.

Molecular Field Analysis* based on steric and electrostatic
considerations and the present docking studies for a selection
of active derivatives (Fig. 5).

The above observations prompted us to consider introducing
hydrophobic substituents at the 6-position of I (Table I) within
the region otherwise occupied by the 1,2-dihydroxypropyl side
chain of H,Bip. This should provide ideal steric and hydropho-
bic complementation to accommodate pterin-binding site inter-
actions with the carbonyl of Ser!'®* and the phenyl ring of
Phe?%2, Indeed, by substituting a hydrophobic phenyl group at
the C-6 position of the otherwise weakly active, 6-unsubsti-
tuted 2, the potent NOS-I inhibitor 11 was generated (Table I;
40 = 1% of V., IC5o = 7 puM). In contrast, C-6 substitution
with a naphthyl group (12; Table I; 67 = 16% of V) was less
effective indicating possibly steric hindrance with Ser'®* and
Phe?62, It is interesting to note that inhibitory potency of 11
was similar to that previously reported (42) with the corre-
sponding 4-amino substituted derivative 21f (17 *= 1% of V.,
IC;, = 6 uMm). This indicates that the 6-position of the reduced
4-oxo-pteridines is also an important chemical target in devel-
oping effective NOS-I inhibitors. In general, for the reduced
scaffold, the 4-oxo derivatives described within this study dis-
played similar efficacy and potency to the published 4-amino
series (42) when the same substituents were employed under
identical assay conditions.

The 1,2-dihydroxypropyl side chain of H,Bip is known to be
important in the activation of NOS and supports high affinity
cofactor binding (K; = 10-20 nm) as a consequence of (i),
hydrogen bonding with crystal water and/or the carbonyl
groups of Ser'® and Phe*%? and (ii), hydrophilic and/or hydro-
phobic interactions with both Ser'®* and Phe*®? within the
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TABLE I
Effect of substituents in the 5, 6, and 7 positions on the inhibition of NOS-I activity by 4-0x0-5,6,7,8-tetrahydropteridine derivatives I

0 ?5
R
HN7 ¢ 'Eli °
{1 8 7
H,N" N7 N7 R,
H
No. Rs Re R, NOS activity” IC50”
M
1 CH,0CO (cyclic Ry/Ry) H 316 35
2 H H H 81+ 6
3 COC:H, H H 42 + 16 90
4 CSNHCH, H H 10+3 50
5 CO(CH,),C¢H,-4-COC,H, H H 75+ 4
6 CSNHCOCH, H H 78 + 7
7 COOCH, H H 108 + 7
8 CO-4-FC:H, H H 102 + 12
9 COCGH, CH, CH, 106 + 2
10 CSNHC-H, CH, CH, 114+ 8
11 H CeH, H 40+ 1 7
12 H C,oH, (Naphthyl-) H 67 + 16
13 H CH,OH H 103 = 5
14 H CH,OCH, H 83+ 3
15 H CH,NH,, H 44 + 3 32
16 H CH,NHCH, H 35+1 20
17 H CH,N(CH,), H 37+3 25
18 H CH,OCO(CH,),-C¢H,- H 57 + 3

4-COC,H,

¢ Inhibition of H,Bip (2 uMm) stimulated NOS total activity at an inhibitor concentration of 100 pM.
b 1C,, values were only determined for those compounds which inhibited NOS total activity at least by 50%.

Fic. 5. Binding modes of the 10
most active 4-oxo-pteridine-based in-
hibitors docked into the NOS-III
dimer-binding site. Inhibitors of IC;,
values ranging from 7 to 33 uM are shown
in white carbons, hydrogens are omitted
for clarity. Residues from the first NOS-
IIT monomer are shown in purple, while
green indicate residues from the second
monomer. See Figs. 1 and 2 for further
details. The inhibitors shown include: 11,
16, 17, 23, 24, 25, 27, 28, 34, and 35.

pterin pocket (10, 15). To examine further the effect of the
6-position of H,Bip (I, Table I), the 1,2-dihydroxypropyl side
chain was either shortened (13) or the free hydroxy function of
13 additionally methylated (leading to 14). However, in both
cases this approach failed to produce effective inhibitors (Table
I: 103 and 83% of V., respectively) whereas replacement of
the free hydroxy function of 13 (Table I) with an amino (15),
methylamino (16), or dimethylamino (17) functionality led to
efficacious NOS inhibitors (Table I; enzyme inhibition, 35—44%
of V. IC50 = 20-32 um). Moreover, the introduction of a
large 3-(4-benzoylphenyl)propionyl substituent at the free hy-
droxy function was less effective (18, 57 = 34% of V,,,,). Taken
together, these findings apparently indicate (i) a hydrophilic
region directly adjacent to the 6-position which can be effec-
tively occupied by both a 1,2-dihydroxypropyl group and
CH,NR, substituents (derivatives 15-17) or (ii) an additional
hydrophobic region located further away which can be accessed
by substituents in the 6- but not 7-position (see Fig. 5). Con-
sistent with this interpretation, docking studies of the most
potent inhibitors based on a reduced 4-oxo-pteridine scaffold
(11, 16, and 17) revealed similar bindings modes as H,Bip (Fig.

Trp76B
Val106

U Ser104

> &
L7

_-'\ - > -

Ala148

j_,.l

Argas7 Phed62B

6) with respect to the orientation of the bicyclic framework and
favorable steric and hydrophobic interactions at Ser'®* and
Phe*52 with bulky C-6 substituents (Fig. 7 shows the structures
of H,Bip, the 4-oxo-pteridine 1 described in the present inves-
tigation in Table I, and the 4-aminopteridine, 21f from Fréhlich
et al. (42)).

Aromatic 4-Oxo-pteridine Derivatives and Enzyme Inhibi-
tion—We also varied the substitution pattern in the 2-, 4-, 6-,
and 7-positions of the corresponding aromatic 4-oxo-pteridine
derivatives II (Table II). Modifications of the C-6 1,2-dihy-
droxypropyl side chain of IT included: shortening the 1,2-dihy-
droxypropyl side chain (19), methylation of the free hydroxy
function of 19 (leading to 20), and substitution of the hydroxy
function of 19 with either an amino (21) or a dimethylamino
(22) group. However, in contrast to the reduced 4-oxo-pteridine
(I) series 15-17 (Table I), in nearly all cases no appreciable
enzyme inhibition was observed. We reported similar findings
for the same chemical modifications for the corresponding ar-
omatic 4-aminopteridines under identical assay conditions (42)
and suggested that their lack of inhibitory potency may be
related to the planar conformation of the pyrazine ring and
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both ineffective insertion and binding within the H,Bip cavity.
Surprisingly, in contrast to the aromatic 4-aminopteridines
(42), 6-phenyl substitution of II (Table II) alone markedly in-
creased the inhibitory effectiveness (23; 8 = 1% of V., IC5, =
26 wM) revealing again functional differences between the
4-ox0- and 4-aminopteridine scaffolds. This appeared to be true
also for compounds 24, 25, and 26 when compared with the
corresponding 4-amino series under identical assay conditions,
which were all inactive (see also Ref. 42). These differences
probably reflect tighter binding between the 4-oxo-pteridine
and NOS-I as a consequence of enhanced hydrophilic interac-
tions between the 4-oxo group with both the propionic acid

hydrophobic
environment

1
Heme H2N N

side chain
Ttelectron
stacking

Serto

hydrophilic ]

environment

Trp*e

Fic. 6. Two-dimensional representation of possible interac-
tions within the pterin-binding site. The interactions indicated
between NOS-I and the reduced 4-oxo-pteridines I (Table I; adapted
from Ref. 42) would also be applicable for the aromatic 4-oxo-pteridines
II (Table II).
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group of the heme and the iminium group of the guanidine of
structural Arg3%7 (see Figs. 5 and 6).

The introduction of sterically bulky groups in the 6-position
of the aromatic 4-oxo-pteridines Il was found to be an effective
approach (Table IT; 2-15% of V.., IC5, values = 21-33 um):
4-chlorophenyl (24), 4-methoxyphenyl (25), 3-(4-benzoylphe-
nyl)propionyl (26), phenylacetyl (27), and naphthyl (28). It is
particularly noteworthy that the aromatic 4-oxo-pteridine scaf-
fold (II) appeared to better tolerate additional steric bulk at C-6
compared with the reduced 4-oxo-pteridine series (I). This was
evident with the C-6 substituents, 3-(4-benzoylphenyl)propio-
nyl (compare 18 with 26) and a naphthyl (compare 12 with 28).
These differences probably reflect enhanced insertion and bind-
ing of the aromatic pyrazine ring within the pterin pocket due
to more favorable m-electron stacking with Trp**° (see Figs. 5
and 6) as a consequence of the C-6 substitution. In support of
this, docking studies revealed similar binding modes between
the reduced (Table I; 11, 16 and 17) and the aromatic 6-sub-
stituted pteridines (Table II; 23, 24, 25, 27, 28, 34, and 35)
regarding: (i) the orientation of the pteridine scaffold between
the amino acid residues, Phe*%? and Trp**° and (ii) steric ac-
commodation of C-6 substituents within the region otherwise

H OH
HN3 ¢ |
L on
H,N N
H,Bip

0

o >\—o NH,

/J\\ | )\\N N

HNT NN N N
H

1 21f

FiG. 7. Structures of H,Bip compounds 1 (from Table I) and 21f
(from Ref. 42).

TaBLE II
Effect of substituents in the 2, 4, 6, and 7 positions on the inhibition of NOS-I activity by aromatic 4-oxo pteridine derivatives II

OR,
N7 r;j} Re
& Mo

Ry NN R,

No. R, Ry Re R; NOS activity IC5¢°
M

19 NH, H CH,0H H 80 = 10

20 NH, H CH,OCH, H 62+9

21 NH, H CH,NH, H 81+8

22 NH, H CH,N(CH,), H 66 = 7

23 NH,, H CeH; H 8+ 26

24 NH,, H 4-CIC,H, H 10+3 27

25 NH, H 4-CH,0C.H, H 15 + 2 29

26 NH, H CH,0CO(CH,),-C4H,-4-COCH, H 2+1 60

27 NH, H CCCgH, H 7+1 21

28 NH,, H C,oH,(Naphthyl-) H 13+3 33

29 NH,, H CH,C,H, H 43+ 3

30 NHCOCH, H CH,CH, H 76 + 3

31 NH, H H CH,CGH, 103 + 2

32 NH, CH, H CH,C H, 120 + 3

33 NCN(CH,), H CH,OCO(CH,),-C4H,-4-COCH; H 95 + 2

34 NH,, C.H,, CCC4H, H 3+0 8

35 NH,, C:H,, CBrCBrC-H, H 9+0 13

¢ Inhibition of H,Bip (2 um) stimulated NOS total activity at an inhibitor concentration of 100 pM.
& IC,, values were only determined for those compounds which inhibited NOS total activity at least by 50%.
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occupied by the 1,2-dihydroxypropyl side chain of H,Bip.

Given the steric limitations at the 7-position of II, we hy-
pothesize that C-7 substitution would be ineffective on enzyme
inhibition analogous with previous results (42) using an aro-
matic 4-aminopteridine scaffold. This was exemplified by the
fact that the favorable inhibitory effect of benzyl substitution in
the 6-position of II (Table II; 29, 43 * 3% of V) was not
observed when substituted in the 7-position (Table II; 31,
103 = 2% of V_,.), probably due to NOS-binding site con-
straints at Ser'%* and Trp**® (Figs. 5 and 6). We found that the
2-position may also influence the inhibitory potential of the
aromatic 4-oxo-pteridines since the addition of steric bulk here
greatly attenuated the favorable effect of C-6 substitution with
either a benzyl (compare 29 and 30, Table II) or 3-(4-benzoyl-
phenyDpropionyl (compare 26 and 33, Table II) groups. This
finding seems to contrast the situation using the aromatic
4-aminopteridine scaffold (see Ref. 42) where a variety of
changes in the 2-position of the pyrimidine moiety, such as
replacement of the 2-amino group alone with a hydrogen, meth-
ylthio, phenyl, or 2-hydroxyethylamino substituent were with-
out effect. The structural basis for these differences remain to
be fully explained although the 2-amino group of H,Bip inter-
acts via solvent with heme carboxylate and the carbonyl of
Trp449.

Conclusions—In the present study, 4-oxo-pteridine deriva-
tives of H,Bip were discovered to inhibit NOS-I activity anal-
ogous to the previously described 4-amino analogs and a struc-
ture-activity relationship is described. These findings indicate
that the 4-amino moiety is not a prerequisite for inhibition and
allows for the design of inhibitors with greater selectivity for
NOS. Importantly, docking studies of selected 4-oxo-pteridines
led to a better understanding of the molecular basis for the
ligands’ bioactive conformation in relation to biological affinity
and was supported by co-crystallization within the largely con-
served NOS-III oxygenase domain. The observed binding
modes were remarkably similar to H,Bip with chemical inter-
actions between heme carboxylate and the N-2 amino group,
and hydrophobic interactions in the 6-position that are other-
wise occupied by the dihydroxypropyl side chain. This informa-
tion provides a steric and electrostatic basis for the rational
design of novel, pteridine-based NOS inhibitors.
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