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This review concentrates on advances in nitric oxide synthase
(NOS) structure, function and inhibition made in the last seven
years, during which time substantial advances have been made in
our understanding of this enzyme family. There is now in-
formation on the enzyme structure at all levels from primary
(amino acid sequence) to quaternary (dimerization, association
with other proteins) structure. The crystal structures of the
oxygenase domains of inducible NOS (iNOS) and vascular
endothelial NOS (eNOS) allow us to interpret other information
in the context of this important part of the enzyme, with its
binding sites for iron protoporphyrin IX (haem), biopterin, L-
arginine, and the many inhibitors which interact with them. The
exact nature of the NOS reaction, its mechanism and its products
continue to be sources of controversy. The role of the biopterin
cofactor is now becoming clearer, with emerging data implicating

one-clectron redox cycling as well as the multiple allosteric effects
on enzyme activity. Regulation of the NOSs has been described
at all levels from gene transcription to covalent modification and
allosteric regulation of the enzyme itself. A wide range of NOS
inhibitors have been discussed, interacting with the enzyme in
diverse ways in terms of site and mechanism of inhibition, time-
dependence and selectivity for individual isoforms, although
there are many pitfalls and misunderstandings of these aspects.
Highly selective inhibitors of iNOS versus eNOS and neuronal
NOS have been identified and some of these have potential in the
treatment of a range of inflammatory and other conditions in
which iNOS has been implicated.
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INTRODUCTION

In 2001 it is timely to review what is now known about the nitric
oxide synthases (NOSs, EC 1.14.13.39) for several reasons.
Firstly, the NOSs were first identified and described in 1989, the
three major isoforms were cloned and purified between 1991 and
1994, and in 1994 there were several reviews of the work on these
enzymes to that time; in the 7 years since then the field of
research has matured, with something over 16000 papers being
published on NOS, including a great deal on the structure,
function and inhibition of the enzymes. Second, as can be seen
from a search on Medline, the rate of publication on nitric oxide
synthase appears to be approaching a plateau at approx. 2800
papers per year. Third, the first X-ray crystal structures of NOS
domains have been presented and published in 1998 and 1999,
allowing us to put together information, such as that obtained by
site-directed mutagenesis, as well as the large amount of indirect
and functional information, into the context of the actual 3-
dimensional structure. Fourth, the importance of the field of
nitric oxide research was recognised in 1998 by the award of the
Nobel Prize to R. Furchgott, L. Ignarro and F. Murad for
the work that led to the discovery of NO as a biological mediator
produced by mammalian cells. Finally, in 1999 it was reported
that the most highly cited U.K. biomedical scientist of that
decade was S. Moncada, because of the seminal work of his
group on NO [1].

The known NOS enzymes are usually referred to as ‘dimeric’
in their active form, ignoring the required calmodulins (CaMs)

which, strictly speaking, mean they are tetramers (of two NOS
monomers associated with two CaMs). They contain relatively
tightly-bound cofactors (6R)-5,6,7,8-tetrahydrobiopterin (BH,),
FAD, FMN and iron protoporphyrin IX (haem) and probably
(although see below) catalyse a reaction of L-arginine, NADPH,
and oxygen to the free radical NO, citrulline and NADP [2-4]
(Scheme 1). Three quite distinct isoforms of NOS have been
identified, products of different genes, with different localization,
regulation, catalytic properties and inhibitor sensitivity, and with
51-57 9% homology between the human isoforms. These isoforms
will be referred to by the most common nomenclature: nNOS
(also known as Type I, NOS-I and NOS-1) being the isoform first
found (and predominating) in neuronal tissue, iNOS (also known
as Type II, NOS-II and NOS-2) being the isoform which is
inducible in a wide range of cells and tissues and eNOS (also
known as Type III, NOS-III and NOS-3) being the isoform first
found in vascular endothelial cells. These isoforms have in the
past been also differentiated on the basis of their constitutive
(eNOS and nNOS) versus inducible (iNOS) expression, and
their calcium-dependence (eNOS and nNOS) or -independence
(AINOS), but as discussed below, such things now appear to be
by no means that straightforward! As also detailed below, splice
variants of these isoforms are starting to be identified, and it is
not yet certain that other gene products will not be found,
extending the family of NOSs further.

This review is intended to cover the advances which have
occurred in the last 7 years, building on what was known and
reviewed in 1994 [2-4] and in particular on the review in this
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nitroxyl anion; BH,, (6R)-5,6,7,8-tetrahydrobiopterin; NHA, N“-hydroxy-L-arginine; haem, iron protoporphyrin IX; RNS, reactive nitrogen species; SOD,
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Scheme 1 Overall reaction catalysed and cofactors of NOS
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Electrons (e7) are donated by NADPH to the reductase domain of the enzyme and proceed via FAD and FMN redox carriers to the oxygenase domain. There they interact with the haem iron and
BH, at the active site to catalyse the reaction of oxygen with L-arginine, generating citrulline and NO as products. In some circumstances (see text) NO™ may be a product instead of NO. Electron

flow through the reductase domain requires the presence of bound Ca®*/CaM.

journal [2]. It will address the structure, function and inhibition
of the NOSs. It concentrates on the mammalian, and wherever
possible the human NOSs (although brief mention will be made
of NOSs in non-mammalian species); wherever there are dif-
ferences between isoforms or between species these will be
highlighted. It will not address detailed methodologies [5-8],
the physiological and pathophysiological roles of the NOSs (the
reader is directed to some excellent recent reviews on this area
[9-12]), nor will it discuss other enzymes which may cause release
of NO other than from L-arginine, e.g. enzymes acting on NO
donors (e.g. S-nitrosoglutathione and nitroglycerine, reviewed in
[13]), bacterial nitrite reductases [14,15] or xanthine oxidase [16].
We apologise in advance for any omissions we may inadvertently
make; with approx. 50 papers per week mentioning NOS in their
title or abstract, 100 %, coverage would take most of our working
lives!

STRUCTURE

The three distinct genes for the human neuronal, inducible and
endothelial NOS isoforms exist, with a single copy of each in the
haploid human genome [17-23] (Table 1). The NOS genes have
a similar genomic structure, suggesting a common ancestral NOS
gene. NOSs exhibit a bidomain structure, shown in Figure 1, in
which an N-terminal oxygenase domain containing binding sites
for haem, BH, and L-arginine is linked by a CaM-recognition site
to a C-terminal reductase domain that contains binding sites for
FAD, FMN and NADPH [24-26]. The oxygenase and reductase
domains have been defined by limited proteolysis [27,28] per-

mitting the high-level expression in a variety of expression
systems, permitting structural and biophysical studies of the NOS
domains. The separate domains are catalytically active and
reconstitution of the second step of NO synthesis has been
achieved by combining the reductase and oxygenase domains of
human eNOS and murine iNOS [29,30].

NOS oxygenase domain structure

The last four years have seen significant advances in structural
studies of the NOS isoforms, with crystal structures being solved
for truncated oxygenase domains of murine iNOS [31,32],
human iNOS [33,34], bovine eNOS [35] and human eNOS [35]
with a variety of ligands bound. A structure of the nNOS
oxygenase domain has not been published to date. The human
iNOS oxygenase domain (amino acids 82-508) is an elongated
shape with a novel a—f fold described as resembling a baseball
catcher’s mitt with the haem group in the palm of the mitt [31].
The NOS distal pocket, primarily constructed from p-sheet
structure differs considerably from the distal pockets of other
haem-based oxygenases such as cytochrome P450s, and peroxi-
dases and catalases, which are all largely «-helical. The two
enzyme families appear to have achieved similar catalytic activity
through convergent evolution.

In the human iNOS oxygenase domain the haem iron is penta-
coordinate and axially co-ordinated to the proximal Cys*",
consistent with site-directed mutagenesis studies [36]. The haem
is buried in the protein interior and makes extensive van der

Table 1 Genes for human NOS isoforms

Human NOS Number of amino acids (aa) i Genbank

isoform Gene structure and size Chromosomal location predominant form, protein size accession numbers References

nNOS (NOS-1) 29 exons, 28 introns, complex structural 12024.2—12924.3 of chromosome 12 1434 aa, 161 kDa 102881, U11422 [17,18]
organization, locus over region of > 200 kbp

iNOS (NOS-2) 26 exons, 25 introns, 37 kbp 17cen—q11.2 of chromosome 17 1153 aa, 131 kDa 109210, 124553, X73029 [19-21]

eNOS (NOS-3) 26 exons, 25 introns, 21—22 kbp 7q35-7q36 of chromosome 7 1203 aa, 133 kDa M93718, M95296 [22,23]

© 2001 Biochemical Society
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Figure 1 Domain structure of human nNOS, eNOS and iNOS

Reductase domain

Oxygenase, reductase and PDZ domains are denoted by solid boxes and the amino acid residue number at the start/end of each domain is shown. The cysteine residue which ligates the haem
and the CaM-binding site is indicated for each isoform, myristoylation (Myr) and palmitoylation (Palm) sites on eNOS are shown, as is the location of the zinc-ligating cysteines (Zn in grey). The
autoinhibitory loop within the FMN regions of nNOS and eNOS are also shown and grey bars indicate the dimer interface in the oxygenase domain.

Waals interactions with hydrophobic and aliphatic side chains.
Two aromatic residues, Trp'®® and Phe®®® (of murine iNOS,
corresponding to Trp'** and Phe®® in human iNOS), sandwich
the porphyrin ring (Figure 2). Dimerization creates an = 30 A
deep, funnel-shaped active-centre channel formed primarily
from the residues of one subunit. The larger cavity opening is
~ 10 A x 15 A in cross section, large enough to allow diffusion
of both arginine and citrulline and is near the dimerization
interface. Arginine binds with the side-chain terminus fitted
tightly into the narrow part of this active-site cavity and with the
guanidino group lying coplanar to the haem. In the structure of
the murine iNOS oxygenase domain (amino acid residues 66—498)
the L-arginine guanidinium group makes two hydrogen bonds to
both carboxy oxygens of Glu*"! (corresponding to Glu®"" in
human iNOS) localizing the substrate over the haem, and one
hydrogen bond to the carbonyl of Trp?$¢ [32]. Glu®*"! has been
found to be critical for substrate binding to murine iNOS [37,38].
Additional hydrogen bonds are formed between the L-arginine
carboxy group and Tyr?®*” and the carboxy of Asp®*, which is
replaced by an Asn in eNOS. The binding of N“-hydroxy-L-
arginine (NHA) to murine iNOS oxygenase domain shows an
identical hydrogen-bonding pattern and orientation to arginine
[39]. Located near the dimer interface, but buried within the
protein and removed from bulk solvent is the BH, cavity.
The primary interaction is the parallel stacking of indole
aromatic rings of human eNOS Trp**” (human iNOS Trp*%;
Figure 2) and the BH, pterin, and in addition a number of
hydrogen-bonding interactions occur between heteroatoms of the
pterin and in human eNOS Arg®!' and Tle*®?, and Arg®,
His**! and Ala**¢ in human iNOS. However, mutational analysis
of these residues in iNOS showed that preserving residue identities
or aromatic character is not essential for BH, binding or activity
[40].

An unexpected finding in the crystal structure was a zinc
tetrathiolate centre located at the bottom of the dimer interface,
since the presence of zinc in NOS had not previously been
detected. The zinc iron is tetrahedrally coordinated to two
cysteines (Cys''® and Cys''®) from each subunit. The Cys-(Xaa,)-
Cys motif is strictly conserved across all NOS sequences known
to date, suggesting that the zinc centre is expected to be a

common feature of all NOSs [35]. Site-directed mutagenesis has
shown that iNOS Cys'!® and the corresponding residue in eNOS,
Cys®, are essential for dimer stability [41]. Furthermore, a
comparison between the zinc-free and zinc-bound human iNOS
oxygenase domain structures demonstrated a net gain of eight
hydrogen bonds with zinc binding, which would favour dimer
stabilization [34]. The zinc is positioned equidistant from each
haem with one of its ligands, Cys!'®, separated by only four
residues from Ser'?, which hydrogen-bonds directly to BH,,
suggesting that the zinc centre acts in a structural capacity by
helping to maintain the integrity of the BH,-binding site. Studies
on nNOS also reported a zinc playing a role in dimer stabilization
but not affecting enzyme activity [42]. A structural zinc was not
reported in the structure of murine iNOS oxygenase (amino acids
66-498); instead it was proposed that Cys!®® in each of the
murine iNOS monomers make an interchain disulphide bridge.
The ZnS, centre in both iNOS and eNOS oxygenase structures
is surrounded by a large, solvent-filled inter-subunit cavity of
~ 750 A® molecular surface, which may be a binding site for a
so far unidentified ligand [34].

A comparison of human eNOS and iNOS oxygenase structures
reveals them to be very similar in overall molecular shape, relative
orientation of cofactors and stereochemistry within the catalytic
centre [33]. The only significant difference in the arginine binding
site is at iNOS Asp?®2, which is an Asn in eNOS and lies some 9
A from the substrate guanidinium. The BH, cavity is also similar
between isoforms, with eNOS Ala**¢ being Ile in iNOS and eNOS
Val'® being Met in iNOS. As the catalytic sites of iNOS and
eNOS are so similar it is not obvious from a structural starting
point how selective inhibitors may be designed [43].

The structure of the human iNOS oxygenase domain with S-
ethylisothiourea [33] has provided a structural basis for inter-
preting the structure—activity relationship of this inhibitor with
iNOS [44]. The ethyl group of S-ethylisothiourea is packed near
the haem and Phe®** side chain in a relatively small and narrow
cavity, consistent with ethyl and propyl compounds being
optimal for NOS inhibition, while compounds with larger
aliphatic substituents bind with lower affinities. The crystal
structures of NOS isoforms with the more selective inhibitors
described below are awaited with interest.

© 2001 Biochemical Society
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Figure 2 Catalytic site of human iNOS domain

TRP372

The catalytic site of the human iNOS domain is shown with ball and stick representations of the haem (grey), L-arginine (yellow) and BH, (cyan). Amino acid residues from each NOS monomer

are labelled and coloured in a different colour, either green or magenta, illustrating that BH, binding is at the dimer interface. Some of the key hydrogen bonds between L-arginine and Glu

377

(corresponds to GIu®" in murine iNOS), L-arginine and the haem, and BH, and the haem are represented by white dashed lines. The Protein Data Bank file TNS1.PDB (from [34]) was used for

visualization of the structure of human iNOS domain in this picture.

NOS dimerization

As mentioned above, the association of the NOS into active
dimers involves a large interface in the oxygenase domain
involving two sections of the primary structure of NOS (Figure
1) [32,33,45]. This interface includes the binding site for BH, and
helps to structure the active-site pocket containing the haem
and the L-arginine binding site; it also has the two cysteine
residues per monomer, which either form a disulphide bridge
between the monomers or else ligate a zinc ion between the
monomers [35,45]. Furthermore, there is an ‘N-terminal hook’
domain which swaps between the two monomers as the dimer is
formed, helping to stabilize it [45].

Although no crystal structure has yet been published for the
reductase domains of NOSs, other methods have investigated
the possible involvement of these in the formation of dimeric full-
length enzyme, as well as other factors involved, revealing some
interesting differences between the isoforms. Yeast two-hybrid
studies with oxygenase and reductase domains [46] suggest that,
for iNOS, only the oxygenase domain is involved in dimer
formation, whereas for nNOS and eNOS, there are interactions
between the reductase domains and between the reductase and
oxygenase domains across the dimer which may also play a role.
This may explain why iNOS dimer formation is more critically

© 2001 Biochemical Society

dependent on the presence of BH, than is the case for nNOS or
eNOS (reviewed in [47,48]), if nNOS and eNOS dimerization
involves other regions of the enzyme away from the BH,-binding
site. For example, substantial proportions of nNOS or eNOS
expressed as BH,-free enzyme in Esherichia coli are in dimeric
form, unlike similarly expressed iNOS [47,49,50].

Nevertheless, BH, as well as haem and L-arginine all promote
and/or stabilize the active dimeric form of all three isoforms. The
presence of haem appears to be mandatory, with BH, and L-
arginine promoting dimer formation and stabilizing the dimer
once formed. In the case of nNOS, addition of BH, and L-
arginine to nNOS that was already dimeric induced conversion
into a more stable dimer which was unusually resistant to SDS
[51]; it is not clear whether this also occurs with the other
isoforms. Recent evidence with very potent inhibitors of di-
merization ([52]; see the section below on inhibition) suggests
that, for iNOS in intact cells, once the dimer is formed there is
little or no significant return to the monomer; again it is unclear
whether this will be true also for the other isoforms in the
physiological context.

Thus at present it is not possible to be sure of the physiological
or pathophysiological relevance of the distribution of NOS
between monomeric and dimeric forms, although it is of con-
siderable biochemical and possibly therapeutic interest.
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REACTIONS CATALYSED BY NOSs

The physiological biochemist is interested in NOS, as it is part
of the first mammalian pathway known to synthesize a gas as a
signalling molecule. However, the enzyme is at least as interesting
to the inorganic biochemist/enzymologist as it catalyses a novel
reaction for a haem protein, and involves a unique role for a
BH, cofactor.

Scheme 1 shows the NO synthesis reaction by NOS, as under-
stood in 1994 [2]. While many aspects of this scheme have been
questioned in the interim, it nonetheless provides a basis for
discussion and probably still represents the broad consensus of
the ‘normal’ functional reaction of NOS in the cell.

What does NOS synthesize?

It may be easiest to mention first which elements of this scheme
are not controversial, i.e. that L-arginine, NADPH and O, are
substrates and that NADP and citrulline are products. The
observant may have noticed that we do not specify L-citrulline,
despite the propensity of many authors to state that this is the
product. This is because as far as we are aware it has not been
published as to whether the product is L- or b/L-citrulline. There
is precedent from other amino acid-metabolizing enzymes for
reactions to result in a racemic D/L mix of products being formed
from a single substrate isomer. Finally it is well accepted that
NHA is an intermediate in the reaction [53].

NO versus nitroxyl

Perhaps most surprisingly for those not familiar with the field is
that it remains a matter of much debate as to whether NOS
directly synthesizes NO or not! This issue is important in
understanding the stoichiometry and mechanism of the NOS
reaction, as well as in understanding the physiological and
pathophysiological consequences of NOS catalysis (see below).
Whilst it is clear that cells and tissues containing NOS, and
extracts from them, can make NO, this does not necessarily mean
that it is the initial reactive nitrogen species (RNS) formed, and
‘NO’ synthesis is often inferred from the accumulation of
breakdown products, such as nitrite and nitrate, or from reactions
with haem proteins, such as the oxidation of oxyhaemoglobin
to methaemoglobin, or the stimulation of guanylate cyclase.
Other potential RNS [e.g. nitroxyl (NO™ ion or the protonated
species HNO), peroxynitrite (ONOO™ ion or the protonated species
ONOOH) and nitrosothiols] could in principle be formed first,
with the same products and reactions occurring either directly or
indirectly after subsequent reactions to form NO.

Schmidt et al. [54] in a provocatively titled paper ‘No NO
from NO synthase’ showed in studies of purified nNOS that
unless they added superoxide dismutase (SOD), they were unable
to detect authentic NO formation with a specific NO electrode or
by an NO chemiluminescence assay. Similarly others [55] have
shown enhanced NO synthesis from iNOS or nNOS on addition
of SOD. The authors concluded that nitroxyl anion (NO~) was
being formed and oxidized to NO in a reaction catalysed by SOD
[56]. Moreover, sub-stoichiometric amounts of other nitrogen-
centred species (nitrous oxide and hydroxylamine), which are not
plausible products of NO but rather of nitroxyl, were formed by
purified nNOS [54]. However, SOD can also enhance NO
formation by removing superoxide, that would otherwise rapidly
convert the NO into peroxynitrite [57]. Superoxide can be readily
produced in NOS assay mixtures, from the flavin cofactors in the
reductase domain [58] or from flavins added in the reaction
mixture [59]; also biopterin-depleted nNOS [60] and eNOS [61]

readily produce superoxide at the oxygenase (haem) domain.
Therefore the requirement of SOD for NO detection cannot
uniquely be assigned to NO~ formation. The NO spin trap N-
methyl-D-glucamine-dithiocarbamate did detect NO under these
conditions, leading some authors [59] to conclude that NO is the
major product of ‘NO’ synthase. However, a 1:1 stoichiometry
with citrulline was not obtained, suggesting the possibility that
NO™ may be a side product. Recently it has been suggested
that N-methyl-D-glucamine-dithiocarbamate may not be a specific
spin trap for NO, but can also trap NO~, re-opening the debate
[62]. Although it is difficult to detect NO~ specifically in
the aerobic conditions under which NOS operates, there is
evidence for its formation in murine iNOS from NHA, either
with NADPH/O, as co-substrates in the absence of BH, [49]
or with hydrogen peroxide as substrate to the BH,-replete enzyme
[63]. However, in the presence of BH,, NO formation seemed
favoured when arginine was the substrate [49]; presumably
under conditions of sub-optimal BH, availability and the
presence of L-arginine and NHA, both NO and NO™ might be
synthesized in vivo, the ratio of these products depending on the
conditions. We conclude that it is still an open question as to
whether NO or NO~ is the immediate product of NOS; it seems
likely that under different conditions in vitro it is possible to get
either product.

NO versus peroxynitrite

As mentioned above, NOS can under some circumstances
catalyse an ‘uncoupled’ NADPH oxidation (uncoupled from
NO formation), forming superoxide. It appears that nNOS has
a particular propensity to catalyse this uncoupled reaction, at
least in the test tube, e.g. at sub-saturating arginine or BH,
concentrations (below the K ) or in the presence of some NOS
inhibitors, such as N“monomethyl-L-arginine (L-NMMA). At
the other extreme, eNOS appears to synthesize detectable but
much lower amounts of superoxide in the absence of arginine or
BH,, although equivalent amounts (& 500 nmol/min per mg)
were synthesized in the presence of L-NMMA [64,65]. iNOS has
also been shown to produce detectable amounts of superoxide,
although this was lower (& 100 nmol/min per mg) under the
conditions tested than production by nNOS or eNOS and was
only suppressed by very high (mM) concentrations of arginine
[66]. Thus all three isoforms can make superoxide, depending on
the conditions, although it is at present unclear whether this
occurs physiologically. Because of the very rapid reaction of
superoxide with NO [67], synthesis of both species by the same
enzyme is likely to result in peroxynitrite formation, either in the
bulk solution following independent release of the two species, or
conceivably within the active site.

Another possibility, if nitroxyl is a product of NOS, is the
reaction of this species with oxygen to form peroxynitrite [68].
This reaction has a much slower rate constant than that of NO
with superoxide, but this is offset by the much higher concen-
trations of oxygen available. Thus, independently of whether NO
or nitroxyl is the initial product of NOS, peroxynitrite could be
formed subsequently.

NO or not, does it matter?

Yes! Quite aside from the point about understanding the enzyme
mechanism mentioned at the start of this section, if NOSs can
make a range of RNS, depending on the isoform and the
circumstances, then this could be of crucial importance in under-
standing the physiological and pathophysiological implications
of NOSs and their inhibition. Many NO donors specifically

© 2001 Biochemical Society
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release NO; if the RNS produced endogenously in vivo is, at least
in part, not NO, then this can explain the differences sometimes
observed between activation of NOS and addition of exogenous
NO. It could for example explain the apparent paradox that NO
donors have many anti-inflammatory and cytoprotective effects,
whereas NOS inhibition also appears to be anti-inflammatory
and cytoprotective [11,12,69-71], if the key effect of NOS
inhibition is to prevent nitroxyl and/or peroxynitrite synthesis. It
could also have a part to play in understanding the differences in
the roles played by eNOS compared with iNOS or nNOS (e.g.
in ischaemic brain injury, reviewed in [11,12,72]) if, as seems to be
the case, eNOS is less inclined than nNOS or iNOS to produce
RNS other than NO. Moreover it opens up the possibility that
different NOS inhibitors may have very different effects on
biological systems depending on whether they inhibit the syn-
thesis of both NO and other species [e.g. N%-nitro-L-arginine
(L-NNA) on nNOS] or not (e.g. L-NMMA on nNOS) [73].

So it would seem that for the time being we need to think of
the NOS enzymes as ‘nitrogen oxide synthases’ rather than nitric
oxide synthases, and to be aware of the possible consequences of
this.

NOS reaction stoichiometry

Coupled to this controversy over the reactive nitrogen product(s)
is that over the stoichiometry of the reaction. Clearly the
stoichiometry for the production of NO:

R=NH+ 1.5NADPH + 1.5H*+20, —
R=0+1.5NADP*+2H,0+'NO

would need to be adjusted if the product were nitroxyl, to:

R=NH +2NADPH +2H*+20, —
R=0+2NADP*+2H,0+HNO

Since the first step (monooxygenase I) in both cases is fairly
confidently stated as:

R=NH+NADPH+H"*+0, - R=NOH + NADP*+H,0O
Then the second step (monooxygenase II) for each should be:
R=NOH +0.5NADPH+0.5H"+ O, —
R=—0 +0.5NADP*+H,0+'NO
or,
R=NOH + NADPH +H*+0, -
R=0+NADP*+H,0+HNO

where R=NH is arginine, R=NOH is N“-hydroxy-L-arginine
and R=0O0 is citrulline.

While in principle this should provide an experimental test for
whether NO or nitroxyl is the prime product, in practice this is
made difficult by some of the technical challenges. Values in the
range 1-2 have been reported for the NADPH utilization:
citrulline formation stoichiometry, but these have to be
interpreted with care. In particular, there is usually an ‘un-
coupled’ rate of NADPH oxidation in the absence of amino acid
substrate (or presence of inhibitors such as L-NMMA), which
may or may not be redirected to support the reaction during
NO/nitroxyl synthesis, so that it is unclear whether or not this
uncoupled rate should be subtracted or not. If this rate is
subtracted, it may constitute a substantial under-estimation of
the NADPH stoichiometry. Moreover, since both NO or nitroxyl
may form peroxynitrite (in the presence of superoxide from NOS
or its cofactor, or oxygen from the atmosphere respectively), and
since this species will oxidize NADPH, more NADPH may be
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oxidized than is required for the direct reaction to form NO/
nitroxyl, over-estimating the NADPH utilization [54]. Combining
these caveats it is not possible at present to say whether the true
stoichiometry is 1, 1.5 or 2 NADPH consumed for each arginine
consumed /citrulline produced.

Roles of the flavin domain in NOS

Whilst much of the chemistry of NOS is novel, it is occasionally
reassuring to come across a part of the enzyme that behaves ‘as
expected’. The FAD and FMN in the reductase domain accept
electrons from NADPH and pass them on to the haem domain.
The role of the reductase domain can therefore be likened to that
of the cytochrome P450 reductases, which donates electrons to
the cytochrome P450 enzyme family. The essential role of the
flavin cofactors is to allow a two-electron donor (NADPH) to
donate electrons to a one-electron acceptor (haem), by forming
stable semiquinone radical intermediates. Characterization of
FMN-deficient mutants [74] of nNOS reveals that the electron
flow is in the direction NADPH — FAD — FMN. Electron flow
between the two flavins has been suggested to be the control
point where CaM acts, electron transfer from FAD to FMN
being slow in the absence of CaM—Ca?* [75]; the effect of CaM
is kinetic, rather than thermodynamic, since CaM—Ca?*" binding
has little effect on the redox potentials of the flavins [76]. A
comparison of the relevant flavin and haem redox potentials is
given in Scheme 2, along with the suggested pathway of electron
flow. Intriguingly the pathway of electron flow appears to ‘cross
over’ between different subunits of the dimer, i.e. the flavin
domain of one polypeptide chain donates its electron to the
haem domain of the other [77]. The physiological reason for this
is unclear, but it is clearly a major reason why the NOS
monomer is inactive.

Role of the haem in NOS

Just as it possible to liken the NOS flavin domain to cytochrome
P450 reductase, the NOS haem domain has apparent similarities
to cytochrome P450 enzymes. Both haems have a thiolate
(cysteine) ligand and the haem redox potentials are similar. Both
enzymes catalyse oxidations of substrate molecules bound close,
but not directly ligated, to the haem iron. However, there are
fundamental structural and functional differences between the
haems in the two enzymes. Structurally in NOS a tryptophan is
hydrogen bonded to the haem thiolate ligand, unlike in P450s
[32]. Functionally NOS catalyses a multi-electron, rather than a
two-electron, oxidation and therefore performs two separate
oxidation cycles, one to form NHA (monooxygenase 1) and the
other (monooxygenase II) to convert NHA to NO (or NO~). No
such stable intermediate is formed in P450 reactions, where a
single cycle is all that is required. However, the most striking
structural and functional difference is undoubtedly the presence
of a pterin co-factor in NOS.

Roles of the pterin cofactor in NOS

It has been appreciated for over 10 years that BH, is required
for the expression of NOS activity (see [2] for references), but it
has been a source of considerable controversy as to what roles
it might be playing, and in particular, whether it plays a redox role
in the reaction mechanism [32,35,51,60,73,78-92]. The mono-
oxygenase I reaction has an absolute requirement for a redox-
active BH, [93] but it is unclear whether or not it is required for
the monooxygenase II reaction [49]. Table 2 shows the rather
startlingly diverse range of functions proposed for BH, in NOS.
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Scheme 2 Redox potentials and direction of electron flow in nNOS

Citrulline + NO

FMNH2 Fed+
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The electron flow in the NOS dimer goes via NADPH — FAD — FMN in the reductase of one monomer to the haem iron in the oxygenase domain of a separate monomer. The redox potentials
are poised thermodynamically to make this occur. The potentials for the two-electron oxidation of NADPH and the one-electron oxidations of FADH,, FMNH, and ferric haem are illustrated at the
bottom of the Scheme, with the red arrows indicating the direction of electron flow. Note that given the variety of redox couples and the closeness of the FADH, and FMNH, potentials the detailed
picture is more complex than that illustrated. For example the FMNH™/FMN couple has a redox potential of —49 mV and is likely to donate electrons to the high-potential ferric superoxide species
to form the ferryl intermediate (see Scheme 4). Reduction of the FMN back to FMNH" would then require an electron from FADH". For more details of electron flow in nNOS, see Noble et al.

[76]. Redox potentials for the flavins in the other NOS isomers are not known as yet.

Table 2 Suggested functional roles of BH, in NOS

Mechanism BH, function/observation References
1 Promotes coupling of NADPH oxidation to NO synthesis and inhibits superoxide and hydrogen peroxide formation [60,73,78]
2 Promotes dimer formation and increases tightness/stability of dimer (e.g. to SDS) [61,79-82]
3 Allosteric binding effects: on subsequent arginine binding and on the binding of a second molecule of BH, [83-85]
4 Modifies haem environment (low spin to high spin) [86—-88]
5 Protects against inactivation, autoinactivation [32,89]
6 Redox active in catalysis [35,90-92]

Intriguingly none of these involve the two-electron BH,/BH,
cycle that is the ‘classical’ role for BH, in aromatic amino
acid hydroxylases, e.g. phenylalanine hydroxylase [94].

Studies using limited proteolysis, site-directed mutagenesis,
expression of truncated domains of NOS and X-ray crystal-
lography of such domains have provided a structural basis for
many of these observations. BH, binds to the haem-containing
domain of NOS, interacting with the haem propionate and thus

binding immediately adjacent to the active site where L-arginine
is bound, and also forming part of the NOS dimer interface
(Figure 2) [35,45]. These insights do not, however, provide
compelling evidence for which of roles 1-6 in Table 2 are the
most important, and whether BH, plays a direct catalytic role in
the NOS reaction.

Further insights have come from studies with a wide variety of
pterin analogues. Collectively, these have shown that many such

© 2001 Biochemical Society
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Scheme 3 Structures of the biopterin cofactors involved in NO synthesis

Shown are both the protonated and unprotonated forms of BH, and of the BH; radical, where
R represents:

It is hypothesized that BH, plays a redox role in NOS catalysis in which bound BHZ donates
one electron to the haem, forming BH;* which is then returned to the reduced state by
accepting an electron from a flavin in the reductase domain.

analogues are able to bind to NOS and have some of the effects
listed in Table 2, favouring the dimeric form and shifting the
haem to a high-spin state [95-97]. However, most of these
analogues are nonetheless ineffective in supporting NO synthesis,
and in fact many are inhibitors, showing that these effects are
insufficient to explain the critical role of BH,.

Although there are data to support a redox role for BH, in
the NOS reaction, little has been published to support a classical
BH,—quinonoid BH, cycle such as that which occurs between
aromatic amino acid hydroxylases and dihydropteridine re-
ductase. Recently, however, several lines of evidence have pointed
to an alternative. The possibility of the involvement of a pterin
radical was initially proposed on the basis of rapid-reaction
kinetics [90]. This was then supported by structural information
suggesting that a pterin species could be involved [35]. This
hypothesis has been confirmed by direct observation of BH; by
rapid freeze-quench EPR, formed by the haem domain of iNOS
during haem oxidation with oxygen [91]. This technique cannot
distinguish between the neutral radical and the cationic form, but
Raman et al. [35] proposed that both BH; and BH, might be in
their protonated cationic forms (BH;" and BH; respectively,
Scheme 3), based on the ability of the pterin-binding site of their
eNOS haem domain to bind L-arginine via its cationic groups,
when the arginine site was occupied by S-ethylisothiourea.

It therefore seems most likely that BH, does play a redox role
in NOS catalysis in which bound BH; donates one electron to the
haem, forming BH;" which is then returned to the reduced state
by accepting an electron from a flavin in the reductase domain
(Scheme 3). The other effects of BH, may play important ancillary
roles in promoting NO synthesis, in addition to this key catalytic
role.

© 2001 Biochemical Society

DETAILED NOS REACTION MECHANISMS

In order to understand the NOS mechanism it is helpful first to
understand how the haem iron in P450 catalyses the oxidation of
substrate molecules [98] (Scheme 4, upper left panel). In its
resting state the haem iron is low spin with cysteine and water (or
hydroxide) ligands. This form of the enzyme has a low redox
potential (—330 mV) and cannot be reduced by electrons from
P450. Therefore uncoupled turnover is minimized ; this prevents
‘wastage’ of electrons and decreases the possibility of forming
reactive intermediates (Fe**=0,”, Fe**=0,~) which, in the
absence of the intended substrate, can damage the protein and/or
biomolecules in its vicinity. Substrate binding displaces the distal
ligand and increases the redox potential (—170 mV), such that
electrons can now flow from the reductase to reduce the haem
iron. The ferrous iron then binds dioxygen-initially the same re-
action as in haemoglobin, forming the [Fe**=0, < Fe?*=0,""]
intermediate. This is immediately reduced by another electron to
form a ferric peroxide complex [Fe**=0,?"] which then under-
goes oxygen—oxygen bond scission to form the reactive oxy-
genating intermediate. This species formally contains iron in the
5+ oxidation state, but it is likely, as in peroxidase and catalases,
that one of the oxidizing equivalents is held on the porphyrin
ring as a cation radical [Fe**=0,]-P**. The exact nature of this
species is controversial as it is only formed in the presence of
the substrate and rapidly reacts with the substrate to form the
product and re-form the low-spin ferric form of the enzyme. In
the absence of the reductase it is possible to add hydrogen
peroxide to the enzyme and directly oxidize the ferric form to
the oxygenating [Fe*'=0, ]-P** species; this peroxide shunt is
directly analogous to the reaction mechanism of peroxidases.

Superficially the NOS monooxygenation I reaction (the two-
electron oxidation of arginine to NHA) might be expected to be
similar to that of P450. Although there is not a consensus mech-
anism for NOS, Scheme 4 (upper right panel) illustrates a
mechanism that is increasingly favoured by a number of groups
[48,99-102]. The enzyme starts off in the ferric state. Here the
first difference from P450 is observed, since purified iNOS is
low spin with a redox potential of —347 mV [103]. Substrate (ar-
ginine) binding increases this potential to —235 mV. Although
superficially this increase is similar to the effect of substrate
binding in cytochrome P450, this arginine-bound form of the
enzyme is inactive as there is no bound BH,. Adding the BH, to
the isolated enzyme makes it high spin with a redox potential of
—295mV, and the subsequent addition of arginine raises the
potential to —263 mV. In nNOS the BH,-bound enzyme has an
even more positive potential of —257 mV, which only changes to
—248 mV following subsequent arginine binding. Therefore in
the absence of arginine the NOS haem potential is not signifi-
cantly lower than that of the relevant flavins in the reductase
domain (—274 mV for the FMN/FMN"). NOS is less tightly
coupled than P450 and it is possible to reduce the iron in the
absence of substrate binding. The consequences of this are that
superoxide production from the haem is possible. The finding
that in vitro nNOS produces more superoxide than iNOS is
consistent with the higher potential of the nNOS haem in the
presence and absence of BH,.

The first step in the mechanism is the addition of an electron
to reduce the ferric haem. The ferrous form then binds oxygen
[104] to form the stable oxy complex [Fe** =0, «» Fe?**=0,""].
It is the dissociation of this species that is likely to be a source of
superoxide ion formation. Intriguingly, both arginine and BH,
decrease the rate of superoxide formation, but arginine decreases
the rate of decay of the oxy complex, whereas BH, increases this
rate [104]. These apparently contradictory findings can be
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Scheme 4 Comparison of cytochrome P450 and NOS monooxygenation | reaction

Upper left panel: in P450 the haem in the resting state is in the low-spin ferric form (I). Substrate (RH) binding displaces the distal ligand and shifts the haem to a high-spin state with a raised
redox potential (11). Electrons, from P450 reductase, can then reduce the iron to the ferrous state, species I1l. Oxygen then binds resulting in the ferrous—oxy complex (V). This species is formally
equivalent to a ferric—superoxide complex. Addition of another electron reduces the bound superoxide to peroxide (V) which is then protonated to the hydroperoxide (V). A further protonation induces
the irreversible breaking of the oxygen—oxygen bond, resulting in species VII, a ferryl iron with a protein-bound cation radical (P**). This highly oxidizing species rapidly oxygenates the nearby
substrate molecule, regenerating the resting state (I). The reaction can be short-circuited by the addition of peroxide to the high-spin ferric species (1), generating the hydroperoxide (species VI).
Thus in P450 enzymes, peroxide can frequently drive the oxygenation reaction in the absence of a supply of electrons from a reductase (the peroxide shunt). Upper right panel: in NOS in the
presence of biopterin the haem is already high spin (I) and substrate binding has a relatively small effect on the redox potential (II). An electron from FMNH, in the reductase reduces the iron
to the ferrous state (species IIl). Oxygen then binds, resulting in the ferrous—oxy complex (IV). This species is formally equivalent to a ferric—superoxide complex. Simultaneous addition of an electron
and a proton from BH, reduces the bound superoxide to hydroperoxide (VI). Subsequent protonation induces the irreversible breaking of the oxygen—oxygen bond, resulting in species VI, a ferryl
iron with a protein-bound cation radical (P**). This highly oxidizing species rapidly oxygenates arginine to NHA (ArgOH), regenerating the resting state (I). The peroxide shunt is inoperative in
NOS, but there is a significant rate of uncoupled turnover, generating superoxide, especially in the absence of BH,. [Note that in the two schemes in the upper panels the substrate once bound,
remains attached to the protein throughout the reaction cycle but is omitted in the intermediate structures for clarity.] Lower panel: suggested details of the arginine monooxygenation. The
ferryl—radical intermediate (VII) is capable of abstracting a hydrogen from the arginine, generating a substrate radical. This then reacts with the oxygen bound to the iron in a radical rebound
mechanism, generating the ferric resting state and NHA (ArgOH).
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Scheme 5 NOS monooxygenation Il reaction

Upper left panel: the same roman numerals are used in Scheme 5 to illustrate the same intermediates described in Scheme 4. Following NHA (ArgOH) binding, (Il) a single electron from the
reductase domain reduces the haem iron (I1). Subsequent oxygen binding generates the oxy complex (IV). NHA oxidation is suggested to be catalysed via a haem—peroxy (VI), rather than a ferryl,
intermediate. This occurs as NHA reacts with the oxy intermediate to generate the hydroperoxy complex (VI) and an NHA radical (Arg0"), which then rebound to react with each other, generating
NO, citrulline (Cit), water and the ferric haem protein again (I). A possible detailed mechanism for this reaction is illustrated in the lower panel. Upper right panel: it is possible to oxidize NHA
using hydrogen peroxide as an artificial oxidant. This mechanism probably occurs via a direct conversion of the bound NHA—ferric-haem complex (I1) into a hydroperoxy (V1) and then ferryl (VII)

intermediate. The final product is NO~, not NO.

rationalized if in the presence of arginine the dissociation of
superoxide from the oxy complex is inhibited, whereas in the case
of BH, the reduction of this complex is favoured. The transient
formation of a BH, radical following oxidation of the ferrous
haem by oxygen (see above) also points to a direct role for BH,
in reducing the oxy complex [91]. The peroxy complex is then
protonated (possibly by L-arginine itself [32]) and the oxygen—
oxygen bond broken to form the same [Fe'*=0, ]-P* inter-
mediate as seen in P450. This intermediate can then perform the

© 2001 Biochemical Society

two-electron oxidation of arginine to NHA, re-forming the ferric
enzyme (Scheme 4, lower panel).

The second oxidation cycle is unique to NOS (Scheme 5).
There is less agreement on reaction mechanisms here (or even
reaction products, see earlier), but it is thought that a high-valent
iron intermediate is not involved. Instead the oxidizing species
is suggested to be a ferric—peroxy intermediate. Ferric iron is
reduced to ferrous and oxygen binds. This form of the enzyme
then reacts directly with NHA to form an NHA radical and a
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haem—peroxy complex. The NHA radical and the peroxy complex
then react with each other in a ‘radical rebound’ mechanism to
generate citrulline and NO, and re-generate the ferric haem iron.
The presence of a Fe**—NO intermediate has recently been
detected [105]. As ferric NO complexes are generally less stable
than the Fe**—NO species, this makes thermodynamic sense as
a reaction intermediate. Several possible chemical mechanisms of
NO product formation during the monooxygenase II reaction
are discussed in detail by Adams et al. [100]. An adapted version
of the model suggested by Korth et al. [106] is illustrated in
Scheme 5 (upper right panel); however, the experimental evidence
at present is not sufficient to discriminate between different
mechanisms (especially given the argument as to whether NO or
NO- is the ultimate product).

As the haem group is responsible for both monooxygenation
cycles in NOS, there are opportunities to ‘short-circuit’ the
reaction pathway that must be avoided. Both cycles have an oxy
complex and a peroxy complex. Therefore in the second mono-
oxygenation cycle the enzyme must favour NHA reduction of
the oxy complex over BH, reduction. Given the similar proximity
of the arginine- and BH,-binding sites to the haem iron, one
would expect this difference to be due to a larger redox-potential
difference favouring NHA reduction. Similarly the NHA radical
rebound has to be favoured over the O—O bond scission of the
peroxy complex. Perhaps the protonation that occurs prior to
O—O bond breaking is easier for bound arginine than bound
NHA?

In P450 chemistry, peroxide shunt reactions have led to many
useful insights [98]. By analogy with P450, one would expect the
NOS monooxygenation I to allow peroxide as an electron donor.
In fact this is another difference between the two enzymes. NHA
formation from arginine has an absolute requirement for elec-
trons from NADPH. However, NHA can be oxidized to citrulline
by peroxide, a reaction that occurs in the purified, isolated haem
domain. However, in the case of NOS it seems unlikely that the
‘normal’ monooxygenation II process is occurring. There is
evidence for the formation of a ferryl iron species [107], the
product is predominantly NO~ [63] and, as well as citrulline,
significant amounts of N -cyanoornithine are formed [107].

Feedback inhibition of NOS by NO

Due to the stability of ferrous nitrosyl (Fe**—NO) complexes,
any enzyme that forms a reduced-ferrous-haem intermediate has
the potential to be inhibited by NO [108]. NOS is no exception.
For example, the reduction of the suggested Fe**—NO in-
termediate would generate Fe**—NO, as would the reaction of
NO~ with the ferric enzyme.

Both iNOS and nNOS can form inhibitory nitrosyl species
during turnover. In the case of iNOS [109], NO inhibition
appears weak and is partly due to build-up of the Fe**—NO
complex, but in nNOS up to 959, of the enzyme in the steady
state can be in the tighter Fe>*—NO form [110]. Unlike iNOS,
nNOS also seems able to react with NO within the enzyme active
site, as the addition of external NO scavengers has little effect
on the inhibition. A unified model to explain these findings
has recently been proposed by Stuehr’s group [111]. In line
with recent findings that a Fe**—NO complex is a final inter-
mediate in the catalytic cycle [105], they propose that the
dissociation of NO from this complex (normal catalysis) competes
with its reduction to the Fe**—NO species (auto-inhibition).

In general, three strategies exist for preventing inhibition by
NO in ferrous haem proteins [108]: kinetic prevention of the
bond being formed, an increase in the dissociation rate of NO, or
a modification of the chemical reactivity of the bond. In the case

2+

of NOS, as in some P450 enzymes, the latter course is followed,
and the Fe**—NO bond reacts rather quickly with oxygen,
generating nitrate and ferric iron [112]. This reaction is suggested
to be fast in iNOS and slow in nNOS [111], with the consequence
that in nNOS the rate of the oxygen reaction with the nitrosyl
complex is one of the steps that limits turnover in the steady
state. This may not be accidental; the presence of the conserved
tryptophan residue (Tyr**® in rat nNOS) that hydrogen bonds to
the haem thiolate ligand appears to be designed to increase the
stability of the nitrosyl complex and thus allow the enzyme to be
controlled by its product [113]. By competing with oxygen, NO
raises the K for oxygen of nNOS, making NO synthesis oxygen-
dependent throughout the physiological range [112].

REGULATION OF NOSs

NO is now known to be synthesized in a large number of
different tissues playing a wide variety of physiological roles. The
regulation of NOS activity in order for NO to perform this
variety of roles is complex. Cellular and tissue specific localization
of the NOS isoforms can be regulated by transcriptional regu-
lation, which has been reviewed elsewhere [114,115]. Table 3
summarizes the regulation of the activity, expression and local-
ization of the NOS isoforms by protein—protein interactions,
alternative mRNA splicing and covalent modifications

Regulation of NOS activity
CaM

CaM was the first protein shown to interact with NOS [116] and
is necessary for the enzymic activity of all three isoforms. The
Ca?"-dependence of NO synthesis distinguishes the NOS iso-
forms, with nNOS and eNOS having a much higher Ca**
requirement than iNOS. CaM binding increases the rate of
electron transfer from NADPH to the reductase domain flavins
[117,118] and artificial electron acceptors such as ferricyanide
and cytochrome ¢ [118]; it also triggers electron transfer from the
reductase domain to the haem centre [119].

nNOS and eNOS differ in their primary structure from iNOS in
the former having 40-50 amino acid inserts in the middle of the
FMN-binding subdomain, which has been described as an auto-
inhibitory loop [120]. Analysis of mutants of eNOS and nNOS
with this loop deleted has shown that the insert acts by
destabilizing CaM binding at low Ca** and by inhibiting electron
transfer from FMN to the haem in the absence of Ca*"/CaM
[121,122].

Phosphorylation

Phosphorylation of the nNOS and eNOS isoforms has an effect
on NOS activity. Fluid shear stress elicits phosphorylation of
eNOS and an increase in calcium-independent NOS activity
[123,124]. Studies showed that Ser''*® of eNOS is phosphorylated
by protein kinase Akt [125,126], which results in an increase
in electron flux through the reductase domain and an increase in
NO production [127]. In contrast, the phosphorylation of nNOS
at Ser®” by CaM-dependent kinases leads to a decrease in
NOS activity [128-130].

Protein inhibitor of NOS (PIN)

The N-terminal extension of nNOS also contains a binding site
for the 89-amino-acid protein PIN [131]. NMR spectroscopy has
been used to map the PIN-binding region of rat nNOS to
Met?28-His?** [132] and to determine that PIN binds nNOS with

© 2001 Biochemical Society
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Table 3 Regulation mechanisms of NOSs

For references see text. ENAP-1, eNOS-associated protein-1.

Type of regulation nNOS

eNOS iNOS

Alternate mRNA splicing Yes
Protein—protein interactions

Covalent modifications Phosphorylation

CaM/Ca®*, PDZ domains, PIN, caveolin-1, Hsp90

Not reported Yes
CaM/Ca?*, caveolin-1 and -3, Hsp90, ENAP-1 CaM/Ca®*, kalirin
Myristoylation, palmitoylation, phosphorylation Not yet reported

nNos-a (160 kDa)

- r
nMos-B (136 kDa) >
niNos-vy (Tn NOS in human) {125 kDa) o
236 .
336
NHy{ PDZ|~  ARG/HAEM/BH, FMN]|| [FMN—{FAD NADPH|- COOH
1 221 | B ! 724 757 949 980 1433
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(144 kDa)

Figure 3 Splice variants of rat nNOS

nNos-p (165 kDa) 34 aa insert

The PDZ, oxygenase and reductase domains on rat nNOS are denoted by solid boxes and the protein products of the splice variants are shown by arrowed lines as follows: black, nNOS-cz amino
acids 1-1433; red, nNOS-4 amino acids 2361433 ; green, nNOS-y amino acids 336—1433; blue, nNOS-z« amino acids 1-1433 with a 34-amino-acid insert in the FMN-binding domain. The
deleted amino acid residues 504—608 in nNOS-2 (detected in mouse nNOS) amino acids 1—1433 are indicated by a grey box.

a 1:2 PIN:nNOS stoichiometry. However, the literature is
contradictory on the ability of PIN to inhibit NOS activity. The
initial report suggested that only nNOS associated with PIN and
that PIN was inhibitory by destabilization of the nNOS [131].
However, recent reports claim that PIN neither inhibits nNOS
nor promotes monomerization [133] or that PIN has no effect on
nNOS dimerization but did inhibit both NOS and NADPH
oxidase activity of nNOS, eNOS and iNOS in a time-dependent
manner [134]. The identification of PIN as a light chain of
myosin and dynein [135] has led to the suggestion of an alternative
role for PIN as an axonal transport protein for nNOS rather
than a regulator of nNOS [133,134].

Heat-shock protein 90 (Hsp90)

The molecular chaperone Hsp90 has been identified as a regulator
of eNOS activity, possibly as an allosteric modulator [136].
Activation by vascular endothelial growth factor, histamine or
fluid shear stress in human endothelial cells increases the in-
teraction between eNOS and Hsp90 and increases eNOS activity
by approx. three-fold. The activity of purified eNOS was also
increased by purified Hsp90, suggesting a direct interaction, the
details of which are not yet clear. A previously identified protein
that interacts with eNOS, eNOS-associated protein-1 (‘ ENAP-
17)is a 90 kDa protein that is tyrosine phosphorylated in response
to bradykinin stimulation of eNOS activity in bovine endothelial
cells [137]. It remains to be demonstrated whether eNOS-
associated protein-1 is Hsp90. Recently, nNOS-hsp90 hetero-
complexes have been detected [138]. nNOS was not directly
activated by hsp90 in vitro, but a role for Hsp90 in incorporation
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of the haem into nNOS in in vivo situations where haem is limited
is suggested.

It has been thought that iNOS is primarily regulated at a
transcriptional level but the identification of a protein interacting
with iNOS in the central nervous system has recently been
reported. Kalirin appears to inhibit iNOS by preventing the
formation of iNOS dimers [139] and may play a neuroprotective
role during inflammation.

Regulation of NOS localization
Myristoylation, palmitoylation

Of the three NOS isoforms, ¢eNOS alone is acylated by both
myristate and palmitate [140]. eNOS is co-translationally and
irreversibly myristoylated at an N-terminal glycine residue while
palmitoylation occurs post-translationally and reversibly at
cysteine residues Cys'® and Cys?® [141,142]. Dual acylation of
eNOS is required for efficient localization to the plasmalemmal
caveolae of endothelial cells [143]. Palmitoylation is dynamically
regulated by agonist (e.g. bradykinin)-induced changes in
intracellular Ca2* [144].

Caveolin

eNOS is localized to the caveolae, [143,145] which are micro-
domains of the plasmalemmal membrane that are implicated in
a variety of cellular functions including signal transduction
events. The caveolin proteins are the major coat proteins of
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caveolae and in endothelial cells eNOS binds to caveolin-1, while
in cardiac myocytes eNOS is associated with caveolin-3 [146].
Caveolin-1 and peptides from the caveolin-1 ‘scaffold’ region
directly inhibit eNOS activity and this interaction is regulated by
Ca?"/CaM [147,148]. A nine-amino-acid binding motif for caveo-
lin has been identified in bovine eNOS, residues 350-358, and
deletion mutation of these amino acids produced an active
enzyme that was uninhibitable by caveolin-1 [149]. Additionally,
an independent interaction between caveolin-1 and the reductase
domain of eNOS has been described [150]. Caveolin-3 also binds
to nNOS in skeletal muscle, inhibiting NO synthesis, and this
inhibition is reversed by Ca*"/CaM [151].

The N-terminal 220 amino-acids of nNOS are unique to the
neuronal isoform (Figure 2) and contains a PDZ domain (where
PDZ stands for PSD-95 discs large/ZO-1 homology domain,
and where PSD-95 stands for post synaptic density protein 95)
that targets nNOS to synaptic sites in brain and skeletal muscle.
The membrane association of nNOS in neurons is mediated by
the PDZ domain, since the mouse nNOS splice variants nNOS/
and nNOSy, which lack this domain, occur in soluble fractions
of the brain [152]. The PDZ domain of nNOS interacts with the
second of several similar PDZ motifs in neuron-specific PSD-95
and PSD-93. Since PSD-95 also binds to the C-terminus of N-
methyl-pD-aspartate (NMDA) receptors through PDZ domains,
PSD-95 may contribute to the co-localization and functional
coupling of nNOS to NMDA receptors. Indeed PSD-95 as-
sembles a ternary complex with the NMDA receptor and
the nNOS PDZ domain [153] and peptides binding to either the
nNOS PDZ domain or PSD-95 have been shown to uncouple
NOS activity from NMDA receptor stimulation [154]. PDZ
domain interactions also mediate the binding of nNOS to skeletal
muscle a1 syntrophin, which forms a complex with sarcolemmal
dystrophin complex. The nNOS-PDZ consensus peptide-binding
sequence has been identified as G(D,E)-X-V with Tyr”” of nNOS
mediating the preference for Asp at the —2 peptide position
[155,156].

Expression of NOS splice variants

nNOS is encoded by one of the most structurally diverse human
genes, particularly in terms of promoter usage [157]. Post-
transcriptional regulation of the nNOS gene occurs in the form
of alternative mRNA splicing, and schematic representation of
the predicted gene products of four nNOS splice variants detected
so far (nNOSg, nNOSy, nNOSy and nNOS-2) and described
below with the full length nNOS (designated nNOS«) is shown
in Figure 3. As yet, the determinants of alternative-splicing
events or how these events are regulated and the biological
significance of the nNOS splice variants is poorly understood.

nNOSS and nNOSy

The detection of residual NOS activity in nNOS-knockout mice
generated by deletion of exon 2 in embryonic stem cells [158] led
to the identification of two splice variants of nNOS, nNOS/ and
nNOSy. Both lack the PDZ domain of nNOS which is encoded
by exon 2, and do not bind PSD-95 from brain synaptic densities
or associate with synaptic membranes [152]. Alternative splicing
of exon 2 occurs in a region-specific manner in the mouse
brain [159] and is developmentally regulated but the functions
for nNOSS and nNOSy are not yet clear. If translated in vivo,
nNOS/S would produce a 136 kDa protein with six unique
N-terminal amino acids and the deletion of the first 236 amino
acids of nNOS«, while nNOSy would produce a 125 kDa protein
with the deletion of the first 335 amino acids of nNOS« (Figure

3). The catalytic activities of nNOS/ and nNOSy by heterologous
expression by transfection into COS cells were reported to be
809, and 39, of nNOS« activity respectively [159].

An mRNA transcript encoding a human equivalent of the
mouse nNOSy, called TnNOS, has been detected at low levels
specifically in testes [160]. Although the protein product is
identical to nNOSy, two unique exons are spliced to exon 4 of
nNOS to produce a novel 5-untranslated region which may
contain a promoter for testis-specific regulation. Heterologous
expression of TnNOS in Chinese hamster ovary cells gave a
calcium-dependent NOS producing comparable amounts of NO
as nNOSa-transfected cell lines, which contrasts with the very
low NOS activity described for mouse nNOSy [160].

nNOSu

nNOS is selectively expressed in rat heart and is the predominant
isoform in rat skeletal muscle [161], and in rat and human penis
and urethra [162]. nNOSy has an additional 34 amino acids
inserted between the CaM- and flavin-binding domains (Figure
3) and is the most extensively characterized of the nNOS splice
variants. Kinetic parameters, V,,and K , and regulation by
Ca®"/CaM were found to be essentially identical for nNOSy and
nNOSa [161]. Rates of NADPH consumption and cytochrome ¢
reduction by nNOSyu were approximately half those of nNOSe,
implying that uncoupled turnover and production of H,0, may
be somewhat decreased for nNOSg [163]. The rates of degra-
dation in rat brain and muscle homogenates show that nNOSy
is degraded rapidly, but four-fold more slowly than nNOSea, with
calpain, a Ca*"-dependent protease, implicated as a major player
in this degradation.

nNQS-2

An mRNA variant of nNOS was detected in mouse brain
(approx. 59, of transcripts contained this deletion) that, if
translated, would result in a 105-amino-acid in-frame deletion of
residues 504—608 [164]. This splice variant has been called nNOS-
2 and has also been detected in human neuroblastoma cell lines
[165]. The deletion in this highly conserved region of nNOS
that is critical for L-arginine binding, has led to speculation that
nNOS-2 may be catalytically inactive and may therefore function
as a dominant negative regulator of nNOS activity [166]. The
enzymic function of nNOS-2 has not yet been analysed. Anti-
sense studies to selectively down-regulate NOSa and nNOS-2 to
functionally differentiate between them have suggested that
nNOS-2 plays a modulatory role in morphine analgesia but not
morphine tolerance [167] and that the splice variants of nNOS
play pharmacologically distinct roles.

iNOS splice variants

Relatively little information exists on iNOS splice variants,
compared with the data on the nNOS variants and as yet no
splice variants of eNOS have been detected. Alternatively spliced
mRNA transcripts of iNOS have been detected in human
epithelial cells and alveolar macrophages which if translated
would produce three proteins with deletions in the haem domain
at positions 242-335 (denoted iNOS,_, ) or 289-427 or in the
FMN-binding region at positions 604-678 [168]. Heterologous
expression of iNOS,_,_ in human endothelial kidney (HEK) 293
cells yielded a monomeric protein that did not retain NOS
activity but did retain NADPH diaphorase activty and CaM
binding [169]. Heterodimers between full length iNOS and
iINOS,_,_ were not detected after co-expression, suggesting that
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iINOS,_,_ may not exert the suggested dominant negative effect
on iNOS activity.

eNOS splice variants

As yet, no splice variants of eNOS have been reported.

ARE THERE ANY OTHER FORMS OF NOS?
Mitochondrial NOS ?

There have been some suggestions in recent years that there
might be a NOS in or associated with mitochondria. This was
originally based on cytochemical and immuno-cytochemical
evidence [170-172] showing association of either NADPH dia-
phorase- or NOS antibody-binding to mitochondrial membranes.
More recently still there have been reports of NO synthesis
within rat liver mitochondrial preparations, and of functional
effects of this on respiration [173,174], as well as of character-
ization and purification of a NOS from such preparations
[175,176]. It is still not absolutely certain, however, that this NOS
protein is associated specifically with mitochondria or whether it
is bound to or contained within other organelles present in
substantial amounts in the mitochondrial fraction, e.g. lysosomes,
as is normal for such preparations. While it remains to be
formally proven, this NOS seems likely to consist of a membrane-
associated iNOS, since it was recognized by antibodies to iNOS
but not those to eNOS or nNOS [168]. This is then consistent
with much earlier reports of non-cytosolic ‘membrane-associ-
ated’ iNOS in induced macrophages [177,178]. Although iNOS
does not have fatty acylation sites like those of eNOS, membrane
association via binding to membrane proteins such as the
caveolins provide a plausible alternative mechanism for this.

Osteoarthritic NOS ?

Reports on the NOS within the chondrocytes and cartilage of
osteoarthritic patients have provided some controversy. The
original reports that interleukin-1 induced an NOS presumed
that this was induction of iNOS, and indeed iNOS from
interleukin-1-exposed human chondrocytes was one of the first
to be cloned and sequenced [21]. In contrast, a study of
chondrocytes isolated from patients with osteoarthritis [179]
suggested that the osteoarthritic NOS (‘OA-NOS’) expressed in
these cells resembled nNOS rather than iINOS, both from its
immuno-reactivity and from its apparent molecular mass, and
might represent a novel form. More recently, studies of human
osteoarthritic cartilage both by immuno-histochemistry and NO
synthesis, as assessed pharmacologically in primary culture with
highly-selective iNOS inhibitors, has again, however, implicated
iNOS [180,180a]. Thus the data on balance suggest that iNOS,
rather than a novel osteoarthritic NOS or nNOS, is responsible
for the increased NO synthesis within osteoarthritic tissue.

Guinea-pig iNOS

The guinea pig homologue of human and rodent iNOS has
recently been cloned and expressed, with some surprises resulting
from the analysis of its expression in vivo and properties in vitro
[181]. The guinea pig enzyme was closest to human and mouse
iNOS in sequence (809, and 79 9, identity) and less similar to
human nNOS (379, identity) or eNOS (24 9, identity), and it
was potently inhibited by the highly-selective iNOS inhibitor N-
[3-(aminomethyl)benzyl]acetamidine (1400W; see below). For
rodent and human iNOS, calcium-independence of activity has
been considered to be a defining characteristic which distinguishes
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this isoform from nNOS and eNOS. However, the distinction
was much less clear for the guinea pig iNOS, since its calcium-
dependence was intermediate between that of rat nNOS and
human iNOS. Such behaviour has been reported for mutant
versions of eNOS and nNOS lacking the auto-inhibitory loop
described above [120—122]. The biochemical basis and physio-
logical significance of this behaviour of guinea pig iNOS is at
present unclear.

Distinguishing the NOS isoforms

Unfortunately this has become in many ways less clear-cut since
1994. At that time it appeared that the three NOSs were
distinguishable on the basis of several characteristics.

(1) Constitutive (eNOS, nNOS) versus inducible (iNOS) expr-
ession. It is now clear that all three can be induced, albeit by
different stimuli, and all three can be constitutively expressed in
some cells or tissues [114,115,182,183].

(2) Calcium dependence (eNOS, nNOS) versus independence
(INOS). This still holds for isolated human and rodent isoforms,
although it is not so clear-cut in the guinea pig (see above) and
is not known for many other species.

(3) Cytosolic (iINOS, nNOS) versus particulate or mixed
(eNOS) cellular location. It is now clear that all three can have
either cytosolic or particulate locations, with protein—protein
interactions playing an important role (see above).

(4) Subunit molecular mass of &~ 160 kDa (nNOS) versus
~ 130 kDa (eNOS, iNOS). Again, as described above, this is
only true for the major splice variant nNOS« (= 160 kDa) but
not for nNOS/ and nNOSy (&~ 130 kDa).

NOS INHIBITORS

There are a bewildering array of NOS inhibitors described in the
literature and in use as pharmacological tools. Of these the most
widely used have been L-NMMA, L-NNA and its methyl ester
prodrug (N%nitro-L-arginine methyl ester, ‘L-NAME’) and
aminoguanidine. Table 4 shows the efficacy of some of these in
inhibiting the three human NOS isoforms. In this section we will
describe some of the pitfalls in the published research on selective
NOS inhibitors, the types of interaction of different inhibitors, as
well as describing some of the recently discovered selective
inhibitors of the iNOS and nNOS isoforms.

Selective NOS inhibitor pitfalls
Definitions of selectivity

Unfortunately, the literature on NOS inhibitors has many
misleading statements and claims about the selectivity or other-
wise of many of these inhibitors. This has been a consequence of
differing criteria for what constitutes selectivity (does ‘selective’
imply 2-fold, 10-fold or 100-fold?), and how selectivity is defined
(ratio of IC,, values at constant substrate concentration or ratio
of K, values or ratio of pharmacologically-effective doses) or
determined (effects on isolated enzymes or in cells/tissues or in
vivo pharmacological properties). For the purposes of this review
we define of levels of selectivity on pragmatic grounds, and
primarily on the basis of relating their potency under identical
conditions in the physiological range (L-arginine concentration
etc). Inhibitors with less than 10-fold selectivity are unlikely to be
useful as selective agents because of the difficulties inherent in
attempting to use them in such a way that only one isoform is
affected, and should be regarded as non-selective. Agents which
have 10-50-fold selectivity can be useful as ‘partially selective’
inhibitors, as long as great care is taken over the necessary
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Table 4 Selectivity (a) and structures (b) of inhibitors of NOSs

The data shown are for inhibition of the human NOS isoforms in the presence of 30 #M L-arginine at 37 °C over 15 min after a 15 min pre-incubation with inhibitor under turnover [228]. This
permits the contribution of progressive inhibitory mechanisms to be at least partially reflected by the assay. Data are from Young et al. [229] except for * (J. Dawson and R. G. Knowles, unpublished
work). The human NOS isoforms were expressed in the baculovirus expression system, and cell lysates (after treating with Dowex ion-exchange resin to remove endogenous arginine) were used
as the enzyme source. T, INOS potency and selectivity known to be underestimates for these compounds because of the progressive inhibition of iNOS but not eNOS or nNOS; e.g. for 1400W
the steady-state values of iNOS ICg, and selectivity have been estimated to be < 0.1 xM, > 250-fold (versus nNOS) and > 5000-fold (versus eNOS) [203]. I, Partially-selective, 10—50-fold;

§, highly-selective, > 50-fold.

(@)
ICsy (M) Selectivity (fold)
Inhibitor iNOS nNOS eNOS iNOS versus nNOS iNOS versus eNOS nNOS versus eNOS
L-NNA* 31 0.29 0.35 0.09 0.11 12
-NMMA 6.6 49 35 0.7 0.5 0.7
7-NI* 9.7 8.3 1.8 0.9 1.2 14
ARL 17477* 0.33 0.07 1.6 0.2 5 231
Aminoguanidine* 31 170 330 5.5 11 19
L-NIL 16 37 49 231 49% 13
1400W 0.231 73 1000 3271 > 40007§ > 130§
GW273629 8.0F 630 1000 781§ > 125%§ >16
GW274150 147 145 466 1047§ 3331§ 32
(b)
Inhibitor Structure Inhibitor Structure
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Aminoguanidine

controls and concentrations/doses used. With compounds of
over 50- or 100-fold selectivity, inhibitors become much simpler
to use to inhibit the activity of a single isoform without affecting
others, and also start to have potential as selective therapeutic
agents without the potential for side effects that might arise from
inhibiting the other isoforms. Since the literature has used
‘selective’ rather indiscriminately, we perhaps need to refer to
such inhibitors as ‘highly selective’ in order to differentiate them.

Apparent in vivo selectivity

Several in vivo pharmacological effects of NOS inhibition have
been associated with the functioning of one or other of the three

isoforms, and effects or lack of them on these is sometimes used
to infer isoform selectivity of action. The classic example is that
when the activity of eNOS expressed in vascular endothelial cells
is inhibited, resulting in decreased release of NO as a mediator of
the relaxation of vascular smooth muscle, leading to constriction,
and increased vascular resistance, and thence to increases in
blood pressure. However, it is prudent to only refer to inhibitors
as being selective for a particular NOS isoform if selectivity of
effect has been shown at the isolated enzyme level, as well as
(ideally) on pharmacological effects in cells or tissues and in
vivo. Thus the compound 7-nitroindazole (7-NI) should not be
described as a selective nNOS inhibitor, since at the isolated
enzyme level it demonstrates no selectivity at all (Table 4). The
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confusion has arisen because of the interesting pharmacology of
this compound, inhibiting some processes inferred to be nNOS-
dependent without causing increases in blood pressure, thought
to be eNOS-dependent. Since 7-NI is not actually nNOS-selective
this is presumably because of some other explanation, e.g. cell-
type specificity of effect (neuronal verus endothelial), perhaps
depending on intracellular BH, concentration, or depending on
specific cellular transport or metabolism (for recent discussion of
this see [184]). Since all three NOS isoforms can be expressed in
neurons and both eNOS and iNOS in endothelial cells, cell-type
specificity is clearly a very distinct phenomenon from isoform
selectivity.

A related pitfall is that of inferring selectivity against eNOS
from a lack of significant effect on blood pressure at a particular
dose. This is inappropriate because increasing blood pressure
with NOS inhibitors appears to require significantly higher doses
than for some other effects. This is not surprising given the tight
homeostatic control on blood pressure. For example, in humans,
the non-selective NOS inhibitor L-NMMA causes a five-fold
increase in vascular resistance with only a 109, change in blood
pressure, because of reflex decreases in cardiac output [185-187].
The dose of L-NMMA required for 50 9%, of the maximum effect
on blood pressure in rodents is 17-30 mg/kg [188,189], whereas
it has powerful effects (attributable to constitutive NOS as well
as iINOS) on vascular leakage in response to endotoxin which are
maximal at 5 mg/kg [190]. Thus it is not valid to carry out
‘apples versus pears’ comparisons of blood pressure effects with
e.g. suppression of endotoxin-induced plasma nitrate (thought to
be mediated predominantly by iNOS) and to infer selectivity
from them. Over-reliance on the absence of effects on blood
pressure has led to inhibitors being described as being selective
which have no useful degree of selectivity, e.g. S-ethylisothiourea
[44].

Selectivity against only one other target

Another source of confusion is defining an inhibitor as selective
for, e.g. iINOS versus eNOS, and then ignoring its non-selectivity
for nNOS or completely distinct enzyme targets. Examples
include ARL 17477 (N-[4-(2-{[(3-chlorophenyl)methyl]amino}-
ethyl)phenyl]-2-thiophenecarboximide dihydrochloride) (see
below) and aminoguanidine. Whereas aminoguanidine has par-
tial selectivity for iNOS versus eNOS (=~ 10-fold, Table 4), the
selectivity over nNOS is minimal. It has a wide range of other
effects, inhibiting advanced glycosylation end-product formation,
diamine oxidase and polyamine metabolism [191-193] and cata-
lase [194] and having anti-oxidant effects [195,196]. Depending
on your temperament it is either distressing or funny that
different papers describe aminoguanidine as a ‘selective iNOS
inhibitor’, a ‘specific inhibitor of diamine oxidase’ or ‘an
inhibitor of advanced glycosylation end-product formation’,
frequently without mentioning any of its other targets! Clearly
aminoguanidine should not be being described as a selective
inhibitor. In the more subtle instances of agents which have
selectivity versus only one NOS isoform, this needs to be made
explicit when describing and using them.

Time-dependence of inhibition

Having established such pragmatic definitions of selectivity, one
final difficulty that arises in assessing efficacy and selectivity of
NOS inhibitors, and of comparing such data from different
groups in the literature, is the frequent finding of time-dependent
inhibition which may vary significantly between isoforms (for
examples see below and review by Bryk and Wolff [197]). This
means that the different potencies and selectivities will be
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observed depending on the protocol of the assay, especially the
time of exposure to the inhibitor. Screens for NOS inhibitors
have often used assays over short periods (0—10 min or 0—15 min)
with no pre-incubation, and this can lead to a very significant
under-estimation of the potency of slow-onset inhibitors. Since
exposure times in vivo in experimental or clinical use would be
likely to be > 30 min it is crucial that such time-dependence is
assessed in order to predict the potency and selectivity of
inhibitors in this context. Pre-incubation of inhibitor with enzyme
and substrates (e.g. for 15 min as for the data in Table 4) gives
a much better prediction of the efficacy and selectivity in intact
tissues and in vivo (although it may still underestimate the steady-
state potency of slow-onset inhibitors), whilst full analysis of the
time course of inhibition permits estimation of the true steady-
state potency and selectivity.

NOS inhibitor interactions with the NOS enzymes

Inhibitors of NOS have been described which interact with the
NOS enzymes in a variety of ways: different sites, as well as
differing time- and substrate-dependence, and mechanism of
inhibition.

L-Arginine site

Most inhibitors identified so far are competitive with the substrate
L-arginine and have therefore been inferred to be binding at the
arginine-binding site. In the instances in which data on NOS
haem-domain crystal structures have been published with such
inhibitors (aminoguanidine, S-ethylisothiourea, thiocitrulline),
they do indeed bind in the active site, interacting with the
conserved glutamate (Glu**® of bovine eNOS, Glu*"! of murine
iNOS) which also interacts with the guanidino group of L-
arginine [31,32,35].

However, with many arginine-site NOS inhibitors there are
mechanisms involved in their effects on NOS beyond simple
binding in competition with L-arginine. A substantial body of
work has been published on the mechanisms of iNOS inhibition
by aminoguanidine [197-199] and by the acetamidine inhibi-
tors, N°-iminoethyl-L-ornithine (L-NIO) and N°®-iminoethyl-
L-lysine (L-NIL) [200-203], GW273629 (S-[2-[(1-iminoethyl)-
aminolethyl]-4,4-dioxo-L-cysteine) and GW274150 (S-[2-[(1-
iminoethyl)amino]ethyl]-L-homocysteine) [204,205] (see Table 4).
These are all mechanism-based inhibitors of iNOS, requiring
active enzyme and NADPH substrate to permit inhibition to
proceed from the initial relatively weak binding to the enzyme:

E+1+EI
to potent inhibition/inactivation:
EI - EI*

where E is iNOS, I is the inhibitor, EI is the initial non-covalent
complex and EI* is a modified complex, either with a con-
formational change to tight binding or with covalent changes to
the enzyme, inhibitor or both. In the case of aminoguanidine this
appears to occur through multiple pathways of covalent modi-
fication of the enzyme [206], consistent with the promiscuity of
this compound in interacting with many targets (see above). This
is not the case with the acetamidines, which proceed from initial
binding (K; 2-20 #M) to potent inhibition without incorporation
of radiolabelled inhibitor into protein. Work with both L-NIO
and L-NIL suggest that this may involve reaction with and loss
of haem, perhaps by forming an unstable haem adduct which
breaks down to biliverdin, inactive iNOS and (via the unstable
carboxy-acetamidine) the original acetamidine [206]:

E+I—EIl > EI* > E*+1
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where EI is the initial non-covalent complex, EI* is the unstable
haem adduct and E* is inactive enzyme without intact haem
cofactor.

Biopterin site

There is also significant interest in inhibitors of NOS which act
at its BH,-binding site; this is located adjacent to the arginine-
binding region and the haem cofactor (see Figure 2). A range of
compounds have been identified which appear to interact with
the pterin site as assessed by a range of criteria, e.g. mutual
antagonism with BH, on activity, competition for binding of
radiolabelled BH, to full-length or haem domains of NOS. Some
are obvious pterin analogues, e.g. 4-amino-BH, BH, and a
range of synthetic analogues thereof, whereas others are not, e.g.
7-N1, 2.4-diamino-5-(3’,4’dichlorophenyl)pyrimidine (11U50)
[85,207,208]. The interactions of some of these pterin-site inhi-
bitors with NOS reveals unexpected complexity. For example,
some exhibit partial inhibition whilst others fully inhibit
[207,208]. As another example, 7-NI competes with the binding
of both [*H]nitro-L-arginine and B*H, to nNOS haem domains,
whereas the arginine-site inhibitor S-ethylisothiourea inhibits the
binding of [*H]nitro-L-arginine but promotes the binding of B*H,
[85], making it clear that there are allosteric interactions between
the two binding sites.

Haem-binding inhibitors

A further group of compounds interact directly with the haem.
In monomeric murine-iNOS haem domain crystallized in the
presence of the inhibitor imidazole, two imidazole molecules
have been shown to be bound to each monomer, one to the haem
iron and one to the arginine-binding region (Glu®") [31]. Various
anti-fungal imidazoles have been shown to inhibit NOS activity,
not only by interacting with the haem at the active site but also
by acting in competition with CaM [209]; these compounds have
also been shown to affect the assembly of iNOS monomers into
active dimer, either promoting or inhibiting dimerization [50].
Most recently, a class of substituted pyrimidine imidazoles have
been identified which do not directly inhibit NOS activity, but
very potently inhibit dimerization of iNOS during its synthesis
and assembly [52]. An example was shown from the crystal
structure of its complex with monomeric iNOS haem domain to
be ligated to the haem iron of iNOS.

Flavoprotein and CaM inhibitors

A range of inhibitors which have effects on a variety of either
flavoproteins (e.g. diphenyleneiodonium) or CaM (e.g. trifluo-
perazine) have been shown to inhibit NOS (see [2] for references).
At present these would not appear to be a promising avenue for
the discovery of selective inhibitors of NOSs.

Partially and highly isoform-selective NOS inhibitors

Identification of selective inhibitors of iNOS and nNOS has been
a goal of both academic and pharmaceutical scientists for some
years now. The observation of very high structural homology
between the haem domains of iNOS and eNOS [33] has led to
‘retrospective pessimism’ about whether selective inhibition of
iNOS is feasible [43]. Given that several inhibitors of > 100-fold
selectivity for iNOS versus eNOS have already been identified
(see below), this pessimism would seem to be somewhat in-
appropriate. A large number of patents claiming a range of
structural classes as selective NOS inhibitors have been published

[210,211]. Table 4 shows inhibition data for a range of compounds
for the three human isoforms under identical conditions.

Partially-selective nNOS inhibitors

In the search for selective nNOS inhibitors [212], some amino
acids have been described which are partially selective for nNOS
versus eNOS and iNOS. For example, S-ethyl- and S-methyl-L-
thiocitrulline [213,214] and vinyl-L-NIO [215] all show time-
dependent inhibition of nNOS with significant selectivities
versus isolated eNOS and iNOS enzymes. However, S-ethyl- and
S-methyl-L-thiocitrulline appeared less selective in intact rat
tissues and in vivo, raising questions over their usefulness as
pharmacological tools. The non-amino acid ARL 17477 has
been reported to be both a selective nNOS inhibitor in vitro and
effective in vivo in animal models of brain damage in stroke
[216,217]; however, these papers do not report whether
this compound inhibits iNOS. The data in Table 4 suggest
that this compound is partially selective for nNOS versus eNOS
(23-fold) but only 5-fold versus iNOS, so that ‘selective’ in this
context is primarily relative to eNOS only. Given the potential
role of iNOS in stroke [218,219] this may be significant.

Partially-selective INOS inhibitors

The acetamidine-containing analogues of arginine, L-NIO and L-
NIL (Table 4), discussed above in terms of their mechanism,
have been known for some time to be partially selective inhibitors
of iNOS versus eNOS and nNOS [200,220]. They are both 30-50-
fold selective for iNOS versus eNOS, and = 20-fold versus
nNOS, with no other known pharmacological actions apart from
competition with L-arginine for cellular uptake. They have been
widely used to probe the effects of iNOS inhibition, but caution
is necessary in attributing the effects observed purely to iNOS
inhibition. The relatively stringent selectivity test of comparing
the effects of L-NIO or aminoguanidine on early exacerbation
of endotoxin-provoked vascular leakage (an effect of eNOS/
nNOS inhibition) and on the later suppression (an effect
of iNOS inhibition) show that neither of these agents is acting
selectively at the doses used (15-50 mg/kg) [221].

More recently, compounds have been described that have high
selectivity for iNOS versus eNOS, while not being very selective
against nNOS. For example, some 2-iminohomopiperidines and
2-iminopyrrolidines with high (100-900-fold) selectivity for iNOS
versus eNOS, but similar potency on iNOS and nNOS (1-13-fold
selectivity), have been reported [222,223], such that these
arguably class as dual action iNOS/nNOS inhibitors. It will be
very interesting to contrast the pharmacology of such dual action
inhibitors with highly selective iNOS or nNOS inhibitors.

Highly-selective iNOS inhibitors

The first “highly selective’ iNOS inhibitors versus eNOS were the
bis-isothioureas reported by Garvey et al. [44]. Of these,
S,8’-[1,3-phenylenebis-(1,2-ethanediyl)]bisisothiourea (‘PBITU’)
is an L-arginine-competitive, rapidly reversible inhibitor of
human iNOS with a K of 47 nM, and a selectivity (in K, terms)
of 190-fold versus eNOS, although it is only =~ 5-fold selective
versus nNOS (K; 250 nM). This compound is a clear dem-
onstration that the substrate-binding sites of full-length human
iNOS and eNOS in solution are in fact significantly different
from each other, and poses a challenge to the structural biologists
to explain the basis of this. It may be revealing to study NOS
crystal structures with this compound bound. Unfortunately, the
utility of this series of compounds as pharmacological agents is
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limited by the poor cellular and tissue penetration of the more
selective compounds, as well as by significant acute toxicity.

1400W (Table 4), also identified by Garvey et al. [203], has
proved to be a further step forward, since it is not only highly
selective as an iNOS inhibitor versus both eNOS and nNOS, but
also penetrates cells and tissues. Inhibition of human iNOS by
1400W was competitive with L-arginine, NADPH-dependent
and developed relatively slowly, with a maximal rate constant of
0.028 s, and no significant reversal of this inhibition was
observed after 2 h. Thus it is either an irreversible, or only very
slowly reversible, mechanism-based inhibitor with a K, value
< 7 nM and steady-state selectivity against eNOS and nNOS of
> 5000-fold and > 250-fold respectively. Efficacy and selectivity
were maintained in vivo in the stringent test of its differential
effects on vascular leakage; unlike L-NIO and aminoguanidine it
suppressed the late, iNOS-driven phase of endotoxin-provoked
leakage (ED,, < 1 mg/kg) with no exacerbation of the early
phase as is seen when eNOS and nNOS are inhibited [203,221].
1400W does exhibit an acute toxicity at high doses, which is
likely to prevent its safe therapeutic use in humans, but there
is a significant therapeutic window such that it can be used
as a pharmacological tool in a variety of animal models
[203,221,224-228].

GW273629 and GW274150 are two novel NOS inhibitors that
have been identified from a series of acetamidine amino acids
which, like 1400W, have a very high degree of selectivity for
iNOS versus both eNOS and nNOS (Table 4) [229]. Both are
sulphur-substituted acetamidine amino acids (Table 4) acting in
competition with L-arginine. Like with 1400W the inhibition of
human iNOS is NADPH-dependent and develops relatively
slowly, whereas the inhibition of human eNOS and nNOS is
rapidly reversible. Again like 1400W this efficacy and selectivity is
maintained in intact cells and tissues, but there was no indication
of the acute toxicity seen with 1400W (and several other non-
amino acid NOS inhibitors). GW273629 and GW274150 have
been used to probe the roles of iNOS in several animal models of
diseases in which iNOS has been implicated [204,205].

The haem-binding substituted pyrimidine imidazoles discussed
in the previous section are not direct inhibitors, but instead
inhibit assembly of active dimeric iNOS during its synthesis.
Because of this, it is not straightforward to determine their
isoform selectivity, but studies with transient transfection of the
three isoforms suggested that high selectivity was achievable (one
compound being 1000-fold less potent on eNOS than on iNOS)
[52]. Tt will be interesting to see what the pharmacology and
utility of such compounds will be, and whether other compound
series are discovered with this unusual mechanism of action.

PERSPECTIVES FOR THE FUTURE

A decade of study of the NO synthases has brought us a long way
in understanding the structure, function and inhibition of this
family of isoenzymes, but we still have some important out-
standing questions:

e What is the three-dimensional structure of the reductase
domain and of the full-length enzyme, and thus how do the
haem and reductase domains interact?

e How does the three-dimensional structure of the haem domain
of nNOS compare with those of iNOS and eNOS?

e Does the distribution between monomer and dimer vary in
cells or in vivo, and if so what is its significance in the
regulation of the three NOS isoforms?

e What are the RNS directly produced from L-arginine by NOS
(NO, nitroxyl, peroxynitrite, or all three) and the stoichiometry
of the reaction?

© 2001 Biochemical Society

e What is the mechanism of NO formation from NHA (the
monooxygenase II reaction)?

e What are the key roles played by the pterin cofactor, and is it
redox cycling between BH, and BH,, during the NOS reaction?

e Which post-translational modifications are significant in the
regulation of the three isoforms?

e What is the significance and basis of the sub-cellular loca-
lization of the NOSs?

e Which cells and tissues express splice variants of the NOS
isoforms and what role(s) do these play?

e What is the molecular and structural basis of the high isoform
selectivity of some NOS inhibitors?

o Will selective iNOS, nNOS or dual iNOS +nNOS inhibitors
prove to be of value in the treatment of human diseases, and
if so, which diseases, and what side-effects might result?

If research on NOSs continues for another decade at anything
like the current level, then it will surely have answers for all of
these questions, and may well have resulted in the development
of new medicines to fight disease.

We would like to acknowledge GlaxoSmithKline scientists Norman Gray for help with
preparation of Figure 2 and John Dawson for the unpublished data in Table 4. C.E.C.
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