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CONSPECTUS

N itric oxide (NO), which is produced from L-arginine by the |

nitric oxide synthase (NOS) family of enzymes, is an J\mmt

important second-messenger molecule that regulates several Lonseo 7 _
physiological functions. In endothelial cells, it relaxes smooth (5’3%/ \>\ \/,Xéuxw
muscle, which decreases blood pressure. Macrophage cells pro- A

duce NO as an immune defense system to destroy pathogens
and microorganisms. In neuronal cells, NO controls the release
of neurotransmitters and is involved in synaptogenesis, synap-
tic plasticity, memory function, and neuroendocrine secretion.
NO is a free radical that is commonly thought to contrib- )
ute to oxidative damage and molecule and tissue destruc- A
tion, and thus it is somewhat surprising that it has so many 'Q\\(\(
significant beneficial physiological effects. However, the cell N
is generally protected from NO's toxic effects, except under
certain pathological conditions in which excessive NO is pro-
duced. In that case, tissue damage and oxidative stress can
result, leading to a wide variety of diseases, including rheumatoid arthritis, Alzheimer’s disease, and Parkinson’s disease,
among others. In this Account, we describe research aimed at identifying small molecules that can selectively inhibit only
the neuronal isozyme of NOS, nNOS. By targeting only nNOS, we attained the beneficial effects of lowering excess NO in
the brain without the detrimental effects of inhibition of the two isozymes found elsewhere in the body (eNOS and iNOS).
Initially, in pursuit of this goal, we sought to identify differences in the second sphere of amino acids in the active site
of the isozymes. From this study, the first class of dual nNOS-selective inhibitors was identified. The moieties important for
selectivity in the best lead compound were determined by structure modification. Enhancement provided highly potent, nNOS-
selective dipeptide amides and peptidomimetics, which were active in a rabbit model for fetal neurodegeneration. Crystal
structures of these compounds bound to NOS isozymes showed a one-amino-acid difference between nNOS and eNOS in
the second sphere of amino acids; this was the difference that we were searching for from the beginning of this project.
With the aid of these crystal structures, we developed a new fragment-based de novo design method called “fragment hop-
ping”, which allowed the design of a new class of nonpeptide nNOS-selective inhibitors. These compounds were modified
to give low nanomolar, highly dual-selective nNOS inhibitors, which we recently showed are active in a rabbit model for
the prevention of neurobehavioral symptoms of cerebral palsy. These compounds could also have general application in
other neurodegenerative diseases for which excess NO is responsible.
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disease? They try to design compounds that lower
the concentration of that molecule. But what if, for

Introduction

So, what do medicinal chemists do when there is
an excess of a particular molecule that leads to a
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example, the goal were to lower nitric oxide (NO)
production to prevent neurodegenerative diseases

Vol. 42, No. 3 = March 2009 = 439-451 = ACCOUNTS OF CHEMICAL RESEARCH = 439



Downloaded by UNIV MAASTRICHT on August 29, 2009 | http://pubs.acs.org
Publication Date (Web): January 20, 2009 | doi: 10.1021/ar800201v

Design of Selective Neuronal NOS Inhibitors Silverman

and all NO production were blocked? Then there may be the
desired benefit to the target diseases, but there also would be
detrimental effects resulting from the inability to produce the
second messenger NO where it is needed in normal physiol-
ogy. What is required in this case is an inhibitor of NO pro-
duction only in neuronal tissue, not in other cells.

The enzyme that produces NO is nitric oxide synthase
(NOS), and it occurs in three isozymic forms, two constitutive
forms and one inducible form." The one in endothelial cells
(eNOS), which produces NO for regulation of the blood pres-
sure, and the one in neuronal cells (NNOS), which produces
NO for neurotransmission, are constitutive; the one in mac-
rophage cells (iNOS) is induced by cytokines and pathogens
to produce NO to combat infection and microorganisms. The
three NOS isozymes are unusual in that all require five cofac-
tors for catalysis. NADPH in the reductase domain trans-
fers two electrons to FAD, then to FMN, which transfers one

electron to a heme in the oxygenase domain (actually to the
heme in the other subunit); tetrahydrobiopterin also is present
in the oxygenase domain to help catalyze the conversion of
L-arginine to L-citrulline and NO.

It has been demonstrated with transgenic mice that loss of
each of the NOS isozymes would produce the effect expected
of diminished NO in each of the respective cells.? These exper-
iments suggest that if selective inhibition of nNOS could be
attained, there should be a protective effect on neurodegen-
erative diseases without the hypertensive effects of eNOS inhi-
bition or potential immune system problems of iNOS
inhibition.

Hypothesis for the Design of Selective
Neuronal Nitric Oxide Synthase Inhibitors
Because of the potential benefit to the treatment of neurode-
generative disease, many pharmaceutical companies in the

TABLE 1. Dipepeptide Amides with Dual nNOS Selectivity?

Ki (uM) Selectivity”
Compound
0{1 aNOS  iNOS eNOS nNOS/ nNOS/
R .
2_N eNOS iNOS
H
R
s, H__nuno,
L-ArgNO2 [ pArgNO2. ™) 0.77 62 33 43 80
NHp
L-ArgNO2 L LysNHy """y, 045 100 140 310 230
L-ArgNO2L.Om-NHy " ~NAN% 33 97 250 740 290
L-ArgNO2. L Dbu- S, 0.13 25 200 1500 200
NH3
., _NH
L-ArgNOZL-Dpr-NHy "2 1.1 61 260 240 55
o
L-ArgNO2.pAsn- \J\NHZ 0.32 8.9 410 1300 28
NH3
- OH
D-ArgNOZ.L-Ser-NH) "/ 125 1200 220 170 940
L-ArgNO2.D.Om- NN, 100 1300 640 51
NH3
L-Lys-D-ArgNO2. 1N iy 1.7 4700 230 140 2800
NH3
D-Lys-D-ArgNOZ. NN, 089 910 30 34 1000

NH3

9The enzymes used for the K; determinations are bovine brain nNOS, recombinant murine iNOS, and recombinant bovine eNOS. ® The ratio of K; (€NOS or

iNOS) to K; (nNOS); all are nNOS selective.
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FIGURE 1. Structure of lead compound and sites of modification.
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FIGURE 2. Hypothesis for the activity of retro-inverso NOS
inhibitors.

late 1980s and early 1990s initiated programs to identify
nNOS-selective compounds.? Because there were no crystal
structures available at that time, a common approach was to
use the substrate, L-arginine, as the lead compound and make
a large number of analogues in the hope that the appropri-
ate structural change would produce a compound that pref-
erentially bound to nNOS over eNOS and iNOS. However, for
many years there was little or no success in finding highly
dual-selective inhibitors. It seemed apparent to me that the
reason for this lack of selectivity was that the active sites of all
three of the isozymes were quite similar because the substrate
and reaction for all three were identical. Therefore, any mod-
ifications that were made to L-arginine had similar effects on
binding to the active sites of all three isozymes. What was
needed was a compound that could be anchored into the
active site and extend out to reach the second sphere of

Design of Selective Neuronal NOS Inhibitors Silverman

amino acid residues in search of a difference away from the
heme-binding site. Because there were no crystal structures
reported for any of the NOS isozymes, it was not clear where
differences, if any, might lie.

Initial Design of Dual-Selective Neuronal
Nitric Oxide Synthase Inhibitors

It was reported by a group at Glaxo Wellcome Laborato-
ries in 1993 that L-nitroarginine was a 250-fold selective
inhibitor of nNOS over iNOS but not selective over eNOS.
Because of the lack of selectivity over eNOS, it produces
extensive hypertension in animals.> However, L-nitroargin-
ine was shown to be a competitive inhibitor, indicating that
it was bound in the active site, as would be expected
because of its structural similarity to the substrate. The
nNOS/INOS selectivity was impressive, so nitroarginine was
selected as the anchor molecule to which additional amino
acids could be added to extend into the second sphere of
amino acids. It was already known that some dipeptides
acted as substrates for NOS.® Eventually, these compounds
would have to cross the blood—brain barrier, so instead of
making dipeptides, we started with a few analogues of
nitroarginine- and phenylalanine-containing dipeptide
esters and amides. Two of the analogues gave selective
inhibition in the 1000-fold range.” This provided the impe-
tus for a larger library comprised of all of the possible
nitroarginine-containing dipeptide amides containing the
commonly encoded amino acids in addition to some non-
commonly encoded and synthetic amino acids.® Also, all
four stereochemistries (L,L; L,0; D,L; D,D) and both regiochem-
istries (N- and C-terminal) of each dipeptide amide were
prepared. About 185 analogues were synthesized and
screened against the three isozymes of NOS in search of an
analogue that inhibited nNOS without inhibiting iNOS or
eNOS. At the end of the screen, there were 10 analogues
that were the first highly dual-selective inhibitors of nNOS
over both iNOS and eNQOS (Table 1). One common feature
of most of the analogues was an amino group in the side
chain of the amino acid attached to nitroarginine. The most
potent analogue, L-nitroargininyl-L-2,4-diaminobutyramide
(1, Figure 1), had a K; of 130 nM toward nNOS with a selec-
tivity over eNOS of 1538 and over iNOS of 192. It was
interesting that the retro-inverso dipeptide amides, L-ni-
troargininyl-L-lysinamide (2) and p-lysyl-p-nitroargininamide
(3) (Figure 2) had similar activities, although the selectivi-
ties varied. A possible binding rationalization for why 2 and
3 are both active is depicted in Figure 2. Electron—nuclear
double resonance (ENDOR) spectroscopy is used to iden-
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tify nuclei that interact weakly with an electron spin to give
detailed information about atoms at a paramagnetic site.
For example, it can be used to determine distances and ori-
entations of atoms surrounding paramagnetic centers, such
as the iron atom in heme. ENDOR spectroscopy supported
the hypothesis that these two peptide amides were bound
in NNOS in a 180° relationship.® The retro-inverso analogue
p-2,4-diaminobutyryl-p-nitroargininamide (4) was less
potent and selective than 1.°

y NHNO,
HoNo -, NS N
NH, O7 "NH,
4

Structure—Activity Relationships (SAR) of
the Lead Compound

The important question about these newly discovered dual-
selective inhibitors, however, was why were they potent
and dual-selective? Consequently, a study was carried out
to determine which moieties of lead molecule 1 were
responsible for potency and selectivity.'' The biggest sur-
prise was that the corresponding dipeptide analogue of 1
(instead of the dipeptide amide) exhibited poor potency (28
uM) and had little selectivity (3.5-fold over eNOS and
43-fold over iNOS). It was found that the free primary
amino group was essential; acylation or alkylation'?
strongly diminished both potency and selectivity. Alkyla-
tion of the peptide NH (5) or conversion to a peptoid (6) led
to a sharp decrease in potency and selectivity (Figure 3).
However, excision of the carboxamido group (7) only
decreased potency and selectivity by less than a factor of
4. We wondered whether the importance of the nitroguani-

NHN02 HN NHNOZ
6(n=1-3)
NH2
HN_-NHNO, HN NHCN
HN
N
HoN \M/\NHz HaN \/I\ Ho
7(n=1-3)

NHZ
FIGURE 3. Modifications made to lead compound 1.
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dino group derived from a low pK, guanidine or whether
the nitro group itself was beneficial. Conversion to the cor-
responding cyanoguanidine (8, pK, similar to that of
nitroguanidine), however, destroyed both potency and
selectivity.'?

Conformationally-Rigid Analogues of the
Lead Compound

While we were carrying out SAR studies to determine what
moieties of the lead molecule were essential for potency
and selectivity, we initiated structure modification studies.
Because a side chain amino group was important, we pre-
pared a family of conformationally rigid analogues of 1 by
replacing the diaminobutyramide group with 4-aminopro-
linamides (9).'* The syntheses of these compounds

HN NHNO,

HoN NH

WCONHZ HoN 0
N i
H N~ CONH;
H

9 N
H 10
NHNo2 HN NHNOz HN__NHNO,
NH
H CONH,
LN
CONH 2 A
EONH, 2 0 NH

13

required the development of new synthetic methodolo-
gies.'® These analogues have three stereogenic centers;
therefore, we synthesized all eight stereoisomers. When the
4-aminoprolinamide was at the N-terminus (10), potencies
were very weak. Also, we made the series of analogues in
which the 4-aminoprolinamide was at the C-terminus and
attached at the pyrrolidine nitrogen (11) before we deter-
mined that the peptide amide NH was essential for activ-
ity; since these compounds do not have a peptide amide
NH, none was active. However, when the 4-aminoprolina-
mide was at the C-terminus and attached at the 4-amino
nitrogen instead of the pyrrolidino nitrogen, one of the ste-
reoisomers (12) was more potent (100 nM) than 1 with
comparable selectivities. Substitution at the pyrrolidine
nitrogen decreased the potency, but the 3-amino regioiso-
mer of 12 (compound 13) was comparable in potency and
selectivity to 12.'°

Another conformationally rigid class of peptidomimetic
structures related to 12 that we prepared had pyrrolidino
(14/15) and piperidino (16—18) moieties without the ter-
minal amido group.'? The descarboxamido analogue (14)
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of 12 was slightly more potent and with enhanced selec-
tivity over both eNOS and iNOS. Two of the piperidino ana-
logues (16 and 18) were only slightly less potent than 12.

HN NHNOz HN NHN02 HN NHNOz
HoN O /d; /d < >
0
HN NHN02 HN NHN02

i@ Ji@,

The side chain amino group could provide electrostatic
stabilization or hydrogen bonding interactions with an
nNOS residue. To test which of those interactions is more
relevant, a series of hydroxyl-containing analogues of 7
was synthesized (19).'” The most potent of the three com-
pounds was one-eighth as potent as 7 with about one-third
the eNOS selectivity, suggesting that an electrostatic inter-
action is more important than hydrogen bonding.

HN NHNO,

/d M/\OH

Reduced Peptide Bond Peptidomimetics

Peptides are notoriously susceptible to metabolic proteoly-
sis; to avoid this potential problem, the peptide carbonyl
was modified. The simplest modification was a reduction to
the corresponding amine (20)."'® These reduced amide bond
peptidomimetics were comparable in potency (120 nM), but
the selectivities for nNOS over eNOS and iNOS were
enhanced relative to 1. However, these compounds were
still highly hydrophilic and, because of the number of
amino groups, were multicharged. Both of these proper-
ties could prohibit the compounds from entering the brain.
To lower the charge, a related series of compounds with a
hydroxyl in place of the terminal amino group (21) was pre-
pared and found to have very poor potency and little selec-

Design of Selective Neuronal NOS Inhibitors Silverman

tivity, again supporting the importance of an electrostatic
interaction in the second amino acid or amine.'”

NHNo2 NHNOz HN_NHNO,
NH
N\/H‘NH HoN NM/\OH HzN n
20,n=1,2,3 22
NHNOZ NHNo2

iw y ¥

To enhance potential bioavailability, the lipophilicity of the
compounds had to be increased and the charge decreased.
Those aims led to the design of a library of aromatic reduced
peptide bond peptidomimetics (22 and 23).'° In addition to
the added lipophilicity provided by the aromatic moieties, they
also served to reduce the pK, values of many of the amino
groups in the hope of reaching both goals simultaneously.
One of these analogues (24) was the most potent nNOS-se-
lective inhibitor we had prepared to that point (K; 50 nM) with
outstanding eNOS (2121-fold) selectivity.

Another common approach for replacing a peptide bond
with a more bioavailable moiety is the use of a hydroxyeth-
ylene isostere.?® A series of reverse hydroxyethylene isos-
teres of 7 was synthesized (25, n = 1,2); the most potent
(50% more potent than 7, n = 1) and selective (same selec-
tivity over eNOS and half the iNOS selectivity) was 26.%' As in
the case of the reduced amide series, the hydroxyethylene
isosteres with a terminal hydroxyl group instead of amino
group had very poor potency and little or no selectivity.

HN.__NHNO, HN. NHNO,
NH K
OH @
HoN n NHz N NH,
25 26

X-Ray Crystallography Supports the Initial
Hypothesis

The first crystal structures of iNOS*? and eNOS>* were
reported in the late 1990s. Both isozyme structures, particu-
larly in the active site, were strikingly similar, as expected. The
structure that was needed to elucidate the inhibitor selectiv-
ity we observed was that of nNOS, but that structure did not
become available until 2002.2° A fruitful collaboration
between my group and the Poulos group ensued. Crystal
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FIGURE 4. Stereoview of crystal structures of 1 bound to (A) nNOS and (B) eNOS.

structures of 1, 12, and 20 (n = 1) bound to NNOS and eNOS
provided the answer to the question of selectivity.>® The struc-
tures shown in Figure 4, in which 1 is bound to nNOS and
eNOS (the structures with 12 and 20 (n = 1) bound are sim-
ilar), rationalize the SAR findings. In Figure 4A, it is apparent
that the primary a-amino group of the L-nitroargininyl could
not be modified, by either acylation or alkylation, because in
nNOS it is engaged in an electrostatic interaction with Asp597
and Glu592. The peptide amide NH is important because of
a hydrogen bond to a water molecule, and the C-terminal car-
boxamide undergoes hydrogen bonding with GIn478,
Arg481, and Ser477. The other key interaction is the side
chain amino group, which interacts via a water molecule to
one of the heme propionate groups, presumably an elec-
trostatic interaction because, as noted above, replacement
of the amino group with a hydroxyl group leads to major
losses in potency and selectivity. The nitroguanidino group
of all three inhibitors binds to NNOS the same as the guani-
dino group of arginine analogues (including L-nitroargin-
ine), amidines, and thioureas,?” namely, in a bifurcated
hydrogen bonding interaction with the conserved Glu592.
The nitro group strengthens this interaction with an addi-
tional hydrogen bond. From Figure 4A,B, it can be seen
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that, unlike the curled conformation that 1 adopts when
bound to nNOS, 1 adopts an extended conformation when
bound to eNOS. Whereas the curled conformation in nNOS
places the a-amino group in position for a direct interac-
tion with Glu592, the extended conformation in eNOS
places the o-amino group too far from Glu363 for direct
hydrogen bonding; furthermore, an additional water mol-
ecule inserts between Glu363 and the a-amino group of 1.
It appears that this conformational difference and the
isozyme selectivity favoring nNOS binding over eNOS bind-
ing result from a single-residue difference between these
two isozymes in the second sphere of amino acids, namely,
Asp597 in nNOS is Asn368 in eNOS. Therefore, the proto-
nated primary a-amino group of 1 in eNOS cannot partic-
ipate in the electrostatic interaction that it does in nNOS
because of the lack of the anionic aspartate residue at that
position. This difference between nNOS and eNOS was the
initial goal of this project, that is, to see whether there is a
difference among the isozymes in the second sphere of
amino acid residues in (or near) the active site. This
accounts for why the earlier attempts by other groups to
identify compounds that show isozyme selectivity had
failed. They were making substrate analogues that bound
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FIGURE 5. Stereoview of crystal structure of 1 bound to (A) D597N nNOS mutant and (B) N368D eNOS mutant.

directly in the active site over the heme-binding pocket, and
the Asp597/Asn368 difference is at the periphery of the
active site.

To demonstrate the importance of this single amino acid
difference, two mutants were made, one in which Asp597 of
wild-type nNOS was mutated to an asparagine residue, which
would make the nNOS have binding properties more similar
to those of wild-type eNOS, and one in which Asn368 of wild-
type eNOS was mutated to an aspartate, making eNOS more
wild-type nNOS-like. These changes had no effect on the pro-
tein structures but had a large effect on inhibitor binding. The
crystal structure of the D597N nNOS mutant with 1 bound
(Figure 5A) shows that the inhibitor switches to the extended
conformation and a water molecule inserts between Glu592
and 1, exactly as if it were wild-type eNOS. Likewise, the
N368D eNOS mutant binds 1 in a curled conformation (Fig-
ure 5B), exactly as in wild-type nNOS. Consistent with these
conformational changes observed in the crystallographic anal-
ysis, it was found that the K; for the three inhibitors increased
(decreased potency) by 210—227-fold just from the single
amino acid mutation! Conversely, the K; values for the three
inhibitors with the N368D mutant of eNOS decreased
(increased potency) by a factor of 1122 relative to wild-type

eNOS. A second, less significant, difference is Val106 in eNOS,
which corresponds to Met336 in nNOS, so a double eNOS
mutant, N368D/V106M, was expressed, and the K; value for
12 in the double mutant was shown to decrease (increased
potency) by a factor of 100-fold.?® Clearly, the major bind-
ing difference between nNOS and eNOS resides in the elec-
trostatic difference between Asp597 and Asn363, respectively.
As noted above, p-lysyl-p-nitroargininamide (3) appears to
be a retro-inverso dipeptide amide of L-nitroargininyl-L-lysina-
mide (2) based on kinetic and ENDOR spectroscopic studies.’
Crystal structures of 3 bound to the heme domain of nNOS
and eNOS show that the nitroguanidino group of the C-termi-
nal p-nitroargininamide occupies the same binding site as the
nitroguanidino group of the N-terminal L-nitroargininyl (2), as
was predicted by the ENDOR spectroscopic measurements in
support of a retro-inverso binding model.?° The early model
predicting that 2 and 3 bind at the same site (Figure 2) was
not too far off from reality, except that two different carboxy-
lates are involved in the binding of the two compounds.
Crystal structures of nNOS complexed with 12 and 20
(n = 1) (Figure 6, panels A and B, respectively) reveal a con-
served structural water molecule that is hydrogen bonded
between the two heme propionate groups and the inhibi-
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FIGURE 6. Crystal structure of nNOS complexed with (A) 12 and (B) 20 (n = 1).

tors. Based on computer modeling and docking experi-
ments, we hypothesized that by attachment of a hydrogen
bond donor group, such as a hydroxyl or amino group, to
the nitrogen atoms on the inhibitors that interact with that
water molecule, the inhibitor molecules may be able to dis-
place the structural water molecule and interact directly
with the heme cofactor. This should enhance the poten-
cies of both of these inhibitors. Consequently, compounds
27 and 28 were synthesized and tested for inhibition of the
three isozymes.3° Surprisingly, there is little, if any, differ-
ence between the potency and selectivities for 20 (n = 1)
compared with 27 (R = OH; when R = NH,, it was least
potent) and for 12 compared with 28. X-ray crystal struc-
tures of 27 (R = OH) and 28 bound to nNOS (Figure 7, pan-
els A and B, respectively) clearly showed that the
N-hydroxyl groups had, indeed, displaced the structural
water molecule, resulting in a direct interaction with the
heme propionate, as was predicted by computer model-
ing. One possible explanation for the lack of increased
potency is that the binding energy gain in the direct inter-
action with the cofactor was erased by the binding energy
loss from disruption of the stable structural water mole-
cule. Another explanation comes from inspection of the
crystal structures with 27 (R = OH) and 28 bound, which
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show that the distance between the nitroguanidino group
and Glu592 and that between the primary amino group and
another structural water molecule are longer by 0.2 and 0.3 A,
respectively. This smaller H-bond binding energy compensates
for the binding energy gained by direct interaction with the
heme. These observations could rationalize why the hydroxy-
ethylene isostere analogues (25) also did not exhibit greater
improvement of potency than 7.2

HN.__NHNO, HNY NHNO,
i * 3
N.,
HoN N ~NH,  HaN O)L NH
o] NH
27 28

Computer Modeling To Design New
Selective nNOS Inhibitors

With crystal structures of nNOS-selective inhibitors bound to
NOS isozymes in hand, it was possible to do computer mod-
eling to determine which regions in the active sites of the
isozymes were important for isozyme selectivity.?' The active
sites were characterized by examination of molecular interac-
tion fields (MIFs) obtained by 10 different GRID*? probes, and
the MIFs were evaluated by the consensus principal compo-
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nent analysis (CPCA) method.3® Twenty-five inhibitors were
docked into this model, and regions identified by this method
as being important for selectivity agreed with the SAR results.
The two most important physicochemical parameters seem to
be electrostatic and hydrophobic interactions.

The initial computer modeling studies were the impe-
tus for a new, more comprehensive modeling approach
directed at de novo inhibitor design of new classes of com-
pounds having molecular diversity and NOS isozyme selec-
tivity;>* we termed this approach fragment hopping. The
core of this approach is the derivation of the minimal phar-
macophoric element for each pharmacophore. Sites for both
ligand binding and isozyme selectivity are considered in
deriving the minimal pharmacophoric elements. Five gen-
eral-purpose libraries were established: a basic fragment
library, a bioisostere library, rules for metabolic stability, a
toxicophore library, and a side chain library. These librar-
ies can be employed to generate focused fragment librar-
ies to match the minimal pharmacophoric elements for
each pharmacophore and to link the fragment to the
desired molecule. Starting from the nitroarginine-contain-
ing inhibitors described above, this modeling method was
applied to the design of new selective nNOS inhibitors, and
the minimal pharmacophoric elements were derived (Fig-
ure 8A). Based on this model, a small nonpeptide mole-
cule (29) was designed having nanomolar potency (390
nM) with nNOS/eNOS and nNOS/iNOS selectivities of 1100
and 150, respectively. Unlike the nitroarginine-containing
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Glu592

Tyr588, 26

dipeptide amides, these compounds are racemates, sug-
gesting that a single enantiomer should have greater
potency and selectivity. A superimposition of the predicted
bioactive conformation derived by this approach and the
crystal structure of the R,R-isomer of 29 (Figure 8B) dem-
onstrates why this compound exhibits excellent potency
and nNOS selectivity. A comparison of the crystal structures
of 29 and 20 (n = 1) (Figure 9) shows that the aminopyri-
dine of 29 and the nitroguanidino group of 20 (n = 1)
undergo electrostatic interactions with Glu592, and the pyr-
rolidino nitrogen of 29 and the a-amino group of 20 (n =
1) serve the same function of forming an electrostatic inter-
action with Asp597.

ZT

N2
(#)-29 H

This method was refined further to take advantage of two
steric or hydrophobic binding pockets, one lying just above
the aminopyridine ring (F584/V587) and one forming a
pocket beyond the terminal aminoethyl group (W306/M336/
L337).2> Computer modeling suggested that attachment of a
methyl group at the 4-position of the pyridine would be best
accommodated in the F584/V587 pocket, and a series of ary-
lalkyl groups could bind into the W306/M336/L337 pocket.
A variety of structures were docked and tested, and two that
looked promising had para-chlorobenzyl (30) and meta-fluo-
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rophenethyl (31) substituents attached to the terminal amino-
ethyl group.2® They were much more potent and selective

A i )
\ ,’ than the parent compound (29) having K; values of 85 and 14
,fMET — Y nM, respectively, with nNOS/eNOS selectivities of 1000-fold
) ;’QRA7°5 and 2000-fold, respectively, and nNOS/iNOS selectivities of

100-fold and 290-fold, respectively.
| Chiral syntheses of the two cis and two trans isomers were
—< & developed; the (3'R,4'R)-isomer (32) had a K; of 5 nM and
nNOS/eNOS and nNOS/iNOS selectivities of 3800 and 730,
respectively.?” Its enantiomer had one-tenth the potency with
one-eighth and one-tenth the selectivities, respectively. One of
1_’5‘:]—_%/ the trans-isomers (33) was almost as potent and selective as

ARG+ AG03 32.
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Recently, a crystallography/computer-based approach for
the design of selective iNOS inhibitors called anchored plas-

FIGURE 8. (A) Minimal pharmacophoric elements for nNOS-selective ticity was reported.®® The general approach is that part of the
binding and (B) superimposition of the predicted bioactive S . . o .

) . : inhibitor binds directly over the heme, where it is anchored in
conformation of 29 derived by fragment hopping and the crystal ] ] i o i
structure of 29. place by the invariant glutamate residue. Bulky rigid substit-

1336 1336

R706 R706
ET570 ET570
U337 U337
: ﬂ SERS56!

FIGURE 9. Stereoview of overlay of the crystal structures of 29 and 20 (n = 1).
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uents are built onto the inhibitor, which then extend out of the
active site, where subtle differences in the NOS isoforms lead
to isoform selectivity. This approach is fundamentally the
same as the one we took in our eatlier studies using nitroargi-
nine as the anchor for the design of nNOS-selective inhibi-
tors, which became the basis for fragment hopping.>*

Although anchored plasticity and fragment hopping share
common features, there are distinct differences. Unlike
anchored plasticity, fragment hopping does not require prior
identification of isozyme-selective inhibitors. The minimal
pharmacophoric elements for ligand isozyme selectivity can
be derived directly by comparison of the isozyme structures
with the use of the GRID/CPCA approach. Another difference
is that in the anchored plasticity model, conformational
changes, which involve both residues that directly contact the
bulky substituent of the inhibitor and second and third tier
amino acids, are required to reveal new binding pockets and
to control isoform selectivity; this is not the case with frag-
ment hopping.

There also are examples of NOS inhibitors that would not
have been identified by either of these approaches. The syn-
thetic compound 1400W is a known iNOS-selective inhibitor
(K; = 0.14 uM for iNOS, 75 uM for eNOS, and 2 uM for
nNOS).?? The crystal structures of the three NOS isozymes in
complex with 1400W (iNOS, PDB code 1QWS5;*° nNOS, PDB
code TQWC;*® and eNOS PDB code 1FOI*") exhibit little or no
differences in the active site, even 8 A away from the ligand.
Therefore, residue movement is not the reason for isozyme
selectivity. In this case, selectivity for iNOS probably derives
from enzyme—ligand dynamics and 1400W serving as a
unique irreversible inhibitor for iNOS without inactivator mod-
ification*? owing to the high turnover of iNOS compared with
the other isoforms.

Animal Studies with Selective nNOS
Inhibitors

The aromatic reduced peptidomimetic analogue 24 seemed
to have sufficient potency and selectivity that we wanted to
determine whether it also had in vivo activity. In collabora-
tion with Dr. Sidhartha Tan and Dr. Matthew Derrick, pedia-
tricians at Evanston Hospital, who had developed a rabbit
model for fetal neurodegeneration,**> 24 was administered
intrauterine to pregnant rabbits in which the oxygen supply to
the fetuses was clamped off for 30 min to create a
hypoxic—ischemic environment. Under these conditions, when
saline was administered as a control, the fetuses all died prior
to birth; removal of their brains revealed massive neurode-
generation that occurred under those conditions. However,
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when 24 was administered prior to hypoxia, there was a con-
centration-dependent protection of the fetal brain from neu-
rodegeneration.** When fetal brain cells were cultured in the
presence of 24, cell survival was concentration dependent,
consistent with protection of the cells from apoptosis and
death by 24.

After these initial neurodegeneration protection studies
were completed, Tan and co-workers developed a modifica-
tion of their rabbit model so that some of the fetuses came to
term.*> Inspection of the Kits that survived showed symptoms
and behaviors reminiscent of cerebral palsy, a family of neu-
rodegenerative conditions; an important cause in humans is
the blockage of oxygen to the fetus during pregnancy.*®
There is no known cure and no treatment to protect the fetus
from hypoxic brain injury leading to cerebral palsy,*” despite
a reduction in the mortality of high-risk infants.*® Compounds
30 and 31 (racemates) were tested for their ability to prevent
the symptoms of cerebral palsy in the rabbit model. Intrauter-
ine administration of these compounds at a concentration of
100K; 30 min prior to and immediately after uterine ischemia
was carried out, and the effect on NOS and NO formation, on
cardiovascular indicators, and on neurobehavioral effects were
monitored. After birth the fetal brains were excised and fro-
zen and half were assayed for NOS and half for NO; both NOS
and NO had decreased relative to the saline control animals.
The blood pressure and heart rate of the rabbit dams were
monitored during the experiment, and no change was
observed relative to the saline control, suggesting little or no
effect on eNOS (as expected from the large nNOS/eNOS selec-
tivity). The most striking difference in the Kits from saline-
treated versus 30- or 31-treated rabbit dams was that almost
half of the Kits from saline-treated dams died prior to birth, but
no deaths were observed from 30- and 31-treated animals. Of
the Kkits from saline-treated dams that came to term, severe
neurobehavioral abnormalities occurred in 67% of them com-
pared with only 149% in those from dams treated with 30 or
31. Furthermore, the 30- and 31-treated animals exhibited a
remarkably larger number (83% and 69%, respectively) of
normal Kits (in two litters, all 19 Kits were normal); only 9%
of the kits from saline-treated dams were born normal. None
of the compounds caused any detectable systemic toxicity in
the rabbit dams.

Summary

This research started with a basic science question: Are there
any differences in the second sphere of amino acids in the
active site of the isozymes of NOS that could be identified for
NNOS-selective inhibitor design? From this study, the first class
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of dual nNOS-selective inhibitors was identified. The moieties
of the best lead compound that were important for selectiv-
ity were determined by structure modification; then the
potency and selectivity were enhanced to provide highly
potent and nNOS-selective dipeptide amides and peptidomi-
metics, which were active in a rabbit model for fetal neurode-
generation. Crystal structures of these compounds bound to
NOS isozymes showed that there was a one amino acid dif-
ference between nNOS and eNOS in the second sphere of
amino acids; this was the difference that we were searching
for from the beginning. With the aid of these crystal struc-
tures, a new fragment-based de novo design method was
developed, called fragment hopping, which allowed the design
of a new class of nonpeptide nNOS-selective inhibitors. These
compounds have been modified to give low nanomolar,
highly dual selective nNOS inhibitors, which were active in a
rabbit model for the prevention of neurobehavioral symptoms
of cerebral palsy. These compounds could have general appli-
cation in neurodegenerative diseases because excessive NO
leads to many of these diseases. However, these compounds
are still too polar for good blood—brain barrier penetration, so
future efforts are directed at increasing the bioavailability of
these compounds, a common problem in drug design, which
we are trying to resolve from basic principles important to
bioavailability.
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