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The intense interest and rapid pace of nitric oxide 
(*N0) research has occurred, at least in part, because of 
the significant therapeutic potential associated with the 
rational control of 'NO synthesis. Several recent reviews 
have appeared that highlight various aspects of this area 
of research.1-4 The biological actions of 'NO are directly 
related to the tissue and cell type that produces it. For 
example, when 'NO is synthesized in the vascular endo
thelium, it causes relaxation of the adjacent smooth muscle 
via activation of guanylate cyclase, an enzyme present in 
vascular smooth muscle. The resulting transient increase 
in cGMP acts as a second messenger in this relaxation, 
presumably via a cGMP-dependent kinase. A similar 
mode of action has been proposed for cell to cell signaling 
in the brain, and although there is not uniform agreement 
on the function of 'NO in the brain, it appears to play 
some role in long-term potentiation.6 As mentioned below, 
some if not most nonadrenergic, noncholinergic (NANC) 
neurons are 'NO-activated nerves, and the signaling in 
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these neurons has also been speculated to involve cGMP. 
'NO has also been shown to be synthesized by immune 
system cells such as macrophages and neutrophils where 
a function in the host response to infection has received 
considerable attention. The immune system seems to have 
harnessed the toxic properties of 'NO to kill or stem the 
growth of invading organisms that have been reported to 
include various pathogens and tumor cells.6 The exact 
mechanism of killing or growth stasis is a difficult question, 
but increasing evidence supports the hypothesis that 'NO 
interferes with iron homeostasis and key cellular iron 
proteins.7 Since the initial report of 'NO-induced ADP 
ribosylation,8 several additional papers have appeared 
reporting that 'NO caused an auto ADP ribosylation of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).9-11 

However, it appears that the reaction does not involve a 
straightforward ADP ribosylation of GAPDH. A reaction 
involving 'NO, the nicotinamide ring of NAD, and the 
active-site thiol of GAPDH has been reported to occur.12 

The therapeutic potential of 'NO has apparent application 
in situations where levels of 'NO are elevated above what 
are considered normal for physiological function and in 
situations where the 'NO concentration is presumably 
below that which leads to the desired response. Since a 
number of reviews have been written on both the 
established and potential physiological actions of 'NO, 
this article will focus on approaches toward regulation of 
'NO action by control of nitric oxide synthase (NOS), the 
enzyme responsible for 'NO synthesis. While strategies 
to increase NOS activity in vivo are possible, the use of 
•NO-releasing drugs represents a more realistic approach 
toward resolving clinical problems that are related to low 
levels of 'NO or problems that can be reversed by direct 
treatment with 'NO. 

Inhibition of NOS, in particular isoenzyme selective 
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Figure 1. Reaction catalyzed by nitric oxide synthase. Also 
shown is iV°-hydroxy-L-arginine (L-NHA) which can substitute 
for L-arginine and appears to be an intermediate in the reaction. 

inhibition, will clearly be of therapeutic value. This is 
especially evident in endotoxic shock where levels of *NO 
exceeds normal physiological levels. The clinically ob
served extreme hypotension in shock has been linked to 
elevated levels of 'NO and has been reversed in both animal 
models of shock13 and in humans.14 Early results show, 
however, that selective inhibition will be critical in the 
treatment of shock.15 Inflammation associated tissue 
damage has also been linked to elevated levels of 'NO16 

and may be related to the formation of peroxy nitrite and 
the reactivity of this oxidant.17 It has also been speculated 
that postischemic damage in stroke may be related to 
increased 'NO levels that presumably would occur. The 
origin of this increase is speculated to result from the rise 
in Ca2+ and the resulting stimulation of NMDA receptors 
which in turn would activate 'NO synthesis.18 

On the other hand, evidence is accumulating that relates 
certain clinical problems to the lack of, or diminished levels 
of, 'NO. Although the lack of 'NO or NOS has not be 
explicitly shown, treatment with "NO or 'NO-releasing 
drugs either is being used or is under consideration. In 
particular, nonadrenergic, noncholinergic (NANC) neu
rons appear to be regulated by "NO, apparently providing 
a role for 'NO in gut motility and penile erection for 
example. Indeed studies have shown that 'NO plays a 
critical role in erectile function in the penis.19,20 Perhaps 
most surprising is the relatively rapid move that this area 
of research has made into the clinic where infants and 
adults with pulmonary hypertension have been success
fully treated with 'NO added to ventilator gas.21-22 Several 
other diseases have been implicated and include rheu
matoid arthritis23 and inflammatory bowel disease.24 As 
investigations continue, novel physiological functions of 
'NO will be uncovered. For example, the recent reports 
that inhibition of 'NO synthesis prevents tolerance to 
morphine is a particularly interesting and potentially 
important new development.25-26 Evidence for a role in 
gene transcription has also been recently reported.27 

Although direct treatment with 'NO is beyond the scope 
of this review, it is worth noting that the toxicity and 
clinical reactivity of 'NO may limit its applicability. 

Characterization of Nitric Oxide Synthase 
Considerable progress has been made in the charac

terization of NOS.1 The reaction catalyzed by this enzyme 
is shown in Figure 1 and involves the oxidation of L-arginine 
to citrulline and 'NO. The reaction is overall a five-electron 
oxidation. A number of NOS isoforms have been purified 
and characterized, and several more have been cloned and, 
in some cases, functionally expressed. The picture that 
is emerging is one of a family of closely related proteins, 
at least some of which are the products of several distinct 
genes. In general, the synthases can still be grouped into 
two broad categories: (i) a constitutive, Ca2+/calmodulin-
dependent type that is involved in cellular signaling and 

(ii) an inducible isoform characterized in macrophages 
and other cells that sometimes shows a dependence on 
Ca2+/calmodulin. The first constitutive NOS isoforms 
purified were from rat and porcine cerebellum.28-30 These 
proteins, with reported monomeric Afr values on SDS-
PAGE ranging from 150 to 160 kDa, are cytosolic and 
exist as homodimers under native conditions. A constitu
tive isoform (135 kDa on SDS-PAGE) isolated from bovine 
vascular endothelium is distinct in that it is membrane 
bound.31 The cDNA-derived amino acid sequence of this 
endothelial cell NOS isoform shows a myristoylation 
consensus sequence at the N-terminus which is absent in 
the cytosolic isoforms isolated from murine macrophages 
and rat cerebellum.32 In addition, the bovine endothelial 
NOS sequence showed no transmembrane domain regions, 
suggesting that myristoylation is responsible for the 
membrane anchor of this NOS isoform. An initial report 
was consistent with myristoylation of the endothelial 
NOS,33 and subsequent studies convincingly showed that 
myristoylation is critical for the membrane association of 
this isoform.34 

The inducible isoform purified from murine macroph
ages is a cytosolic protein with a monomeric Mr of 130 kDa 
and again found to be dimeric under native conditions.35,36 

A sequence comparison shows that this isoform is about 
50-60% identical to the cerebellar isoforms. In general, 
isoforms from the same tissue are essentially identical. 
For example, the sequence comparison of the bovine 
endothelial to human endothelial shows them to be 95% 
identical,32,37 whereas both of these isoforms show 50-
60% identity to the macrophage inducible isoform. The 
rat hepatocyte inducible isoform is essentially identical 
(96 %) to the murine macrophage isoform.38 An interesting 
picture is emerging with regard to the comparison of 
inducible isoforms. Several human inducible isoforms 
have been cloned including one from hepatocytes39 and 
one from a colorectal adenocarcinoma cell line.40 These 
isoforms are essentially identical to each other (~99%) 
with only a few amino acid differences. However, com
parison of these inducible isoforms to that from the murine 
macrophage shows about 80% identity. In general, while 
all human isoforms are essentially identical regardless of 
the origin of the tissue, significant differences exist with 
the murine macrophage isoform. Nonetheless, polyclonal 
antibody raised against the murine macrophage NOS cross-
reacts with human liver inducible NOS, but not with 
constitutive isoforms (Richards and Marietta, unpublished 
results). A truncated mRNA coding for the rat cerebellar 
NOS has been isolated recently.41 The significance of this 
finding is not clear, especially since the region missing 
comes about from an in-frame deletion of two exons. These 
exons are from a highly conserved region of the all the 
NOSs and may represent the substrate binding site. 

The cofactor binding sequences are highly conserved in 
all the isoforms. Bredt et al. were the first to report 
isolation of a cDNA for the rat cerebellar NOS and the 
first to note the significant homology to NADPH cyto
chrome P-450 reductase from the derived amino acid 
sequence.42 This P-450 reductase domain appears to be 
present in all isoforms and has the requisite binding 
sequences for NADPH, FAD, and FMN. As the sequence 
predicts, 1 equiv each of FAD and FMN were found bound 
to the murine macrophage NOS.35 In general, this has 
been found to be true for other isoforms that have been 
examined, although several reports note a requirement 
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for FAD or FMN which is most likely due to loss of the 
flavin during purification. Additionally, NOS is now 
known to contain a cytochrome P-450 type iron proto
porphyrin IX heme. This was initially found for the 
macrophage isoform43 and subsequently in other iso-
forms.44,45 The Xmax of the Soret peak is ~400 nm and 
that of the reduced CO complex is ~445 nm. The heme 
domain of the protein is probably located toward the 
N-terminus since from the sequence homology the re
ductase domain is clearly located in the C-terminus. 
However, the N-terminal sequence shows little homology 
to the P-450s, and it appears that NOS lies outside the 
large group of related P-450 gene products referred to as 
the P-450 superfamily.46 The common P-450 structural 
elements are missing in NOS, suggesting that NOS is more 
likely to be an example of convergent evolution rather 
than a protein that diverged from the common P-450S.46 

Typical P-450 substrates are very lipophilic compounds 
with residues in the active site designed to accommodate 
these type of substrates. Although nothing is known at 
this point about the active site of NOS, given the polar 
nature of the substrate L-arginine, it is likely to be 
dramatically different when compared to typical P-450s. 
Hence the lack of sequence similarity at the N-terminus 
when NOS and P-450s are compared is not too surprising. 

In addition, the common sequence that is found in most 
P-450s and involves the cysteine residue that ligates to 
the heme-iron also appears to be absent, so while spectrally 
characterized as a P-450, NOS clearly is somewhat atypical 
for this highly conserved class of proteins. Nevertheless, 
some of the chemistry catalyzed by the enzyme that is 
described below is typical of P-450s. Taken together, these 
findings, plus the fact that NOS contains a P-450 reductase 
domain, place NOS is a unique biochemical niche as a 
so-called self-sufficient P-450. Only one other example 
exists of a P-450 that has the reductase in the same 
polypeptide as the heme, and that is the fatty acid 
monooxygenase from Bacillus megaterium characterized 
by Fulco and co-workers.47 These investigators in fact 
coined the term self-sufficient P-450. 

NOS also shows a dependence on (6i?)-tetrahydro-L-
biopterin (H4B) which is typically used as a cosubstrate 
in the aromatic amino acid hydroxylases such as pheny
lalanine hydroxylase where it serves to provide the two 
electrons needed for oxygen reduction. While a specific 
role for H4B in the NOS reaction is not clear at this time, 
several important findings have been reported. Unfor
tunately, the gross details of the NOS-catalyzed reaction 
will remain incomplete until the function of this reduced 
pterin is understood. The H4B requirement for NOS was 
first observed in studies with the inducible murine 
macrophage isoform48'49 and has subsequently been shown 
for all NOS isoforms.31,50-52 The picture that is emerging 
suggests an unusual role for this reduced pterin in the 
NOS reaction. Although what follows has been carried 
out with inducible isoform, the results will probably be 
similar with the constitutive isoforms. H4B forms a 1:1 
complex with NOS.53 The reduced pterin will dissociate 
from the enzyme especially if the purification is carried 
out without H4B in the buffers.53 The amount of pterin 
that dissociates must be empirically determined, but NOS 
isolated in this manner is typically about 20-50 % saturated 
with pterin and the activity is linearly dependent on the 
pterin bound.53 To date several interesting effects of H4B 
have been observed. Macrophage NOS isolated in the 

absence of H4B has a significantly altered Soret peak of 
the heme spectrum. The Xmax of this so-called pterin-
deficient NOS is ~418 nm, indicative of a low-spin-state 
heme.64 As mentioned above the pterin-saturated NOS 
Xmax is ~400 nm. NOS assayed in the presence of H4B is 
more tightly coupled as well.65'66 These results suggested 
that H4B had an effect on the structure of the enzyme and 
led to the examination of the influence of H4B on the 
monomer (130 kDa) to dimer (260 kDa) ratio, since all 
NOS isoforms appear to be homodimers in the native state. 
Indeed, using native gels to analyze the monomerrdimer 
ratio, a significant portion of pterin-deficient NOS exists 
in the inactive monomeric state and that the ratio is shifted 
to dimer with the addition of H4B.54 Although this 
dimerization is dependent largely upon H4B, a recent 
report that examined essentially the same question 
concluded that dimerization requires heme, L-arginine, 
and H4B.57 This latter report shows that activity is 
primarily associated with the dimeric form of the enzyme. 

Current thoughts on the mechanism have recently been 
reviewed.1,58 Briefly, the first step in the reaction involves 
the hydroxylation of L-arginine to produce iV°-hydroxy-
L-arginine (L-NHA).59,60 The molecular details involved 
in the further conversion of L-NHA are not known; 
however, recent results are consistent with heme involve
ment in this step as well as the step that leads to the 
hydroxylation of L-arginine.61 The formation of L-NHA 
is thought to entail the straightforward P-450-catalyzed 
hydroxylation of L-arginine. While P-450-dependent 
hydroxylation of guanidines has yet to be established, 
precedent for this type of hydroxylation on amidines has 
been reported.62 The conversion of L-NHA to citrulline 
and 'NO has been speculated to involve a ferric peroxide 
heme intermediate as a nucleophile in the reaction in a 
manner analogous to that proposed for aromatase. The 
involvement of a ferric peroxide nucleophile in P-450 
reactions was first proposed by Akhtar and colleagues in 
estrogen biosynthesis.63,64 The demethylation of the C-19 
position involves 3 equiv of NADPH and O2. The first 
two steps are considered to be straightforward hydroxy-
lations ultimately forming the C-19 aldehyde. The third 
step is proposed to involve the ferric peroxide intermediate. 
This is particularly interesting since this would necessitate 
an apparent change in mechanism where chemistry takes 
place before oxygen-oxygen bond scission occurs. Fur
thermore, if L-NHA provides one of the two electrons 
needed, then the attack of the heme-ferric peroxide on 
this amino acid radical intermediate should lead directly 
to the products of the reaction.1 Recently reported 
chemical model studies support this type of mechanism 
in NOS.65 Up to this point the structural differences noted 
above for the various NOS isoforms has not translated 
into significant differences in terms of mechanism. The 
homology identity that has been observed in all isoforms 
in the important regions of the protein does not auger well 
for the development of selective inhibitors that are based 
on substrate structure. And yet, as described below, 
surprisingly this potential does indeed exist. 

Drug Design 
A number of strategies have emerged with regard to the 

rational control of the physiological levels of *NO. By far, 
inhibition of NOS has received the most attention, and as 
mentioned above isoform-selective inhibitors will be 
essential in any therapeutic application. In particular, 
most efforts have been directed toward selective inhibition 
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of the inducible NOS that could be used in the treatment 
of endotoxic shock and other clinical problems related to 
abnormally high levels of'NO. As described above, several 
important differences exist among the isoforms suggest
ing, at least in principle, that isoform-selective inhibition 
is possible. Strategies include (i) interaction at the arginine 
binding site, (ii) ligands directed toward the heme, (iii) 
interaction at the H4B binding site, (iv) inhibition of H4B 
biosynthesis, (v) Ca2+/calmodulin antagonism, and (vi) 
interference in the transcriptional regulation mechanism 
of inducible NOS. 

(i) Arginine Analogues. All of the NOS isoforms have 
shown rather narrow specificity at the arginine binding 
site. The requirement for the L-configuration at the 
a-carbon appears to be absolute exemplified by that fact 
that D-arginine is not a substrate and does not inhibit the 
reaction. This same stereochemical rigidity has been 
observed for several arginine analogues that have been 
studied as potential substrates or inhibitors. Other than 
L-arginine, only L-homoarginine has been reported to be 
a substrate for the reaction.66 The homologs of L-arginine 
that are shorter by successive carbons have not been 
studied in detail. As discussed below, N°-methyl-L-
arginine, the widely studied NOS inhibitor, can also serve 
as an alternate substrate.67 

Hibbs and colleagues were the first to describe the use 
of iV^-methyl-L-arginine (L-NMA), a simple iV-alkyl-
substituted arginine derivative, to inhibit 'NO formation.68 

These studies in macrophages were initially focused on 
the ability of these activated cells to kill invading organisms 
such as tumor cells and pathogens. While these cytotox
icity oriented investigations were being carried out, parallel 
experiments probing a role of macrophages in nitrosamine-
induced carcinogenesis were on-going, and both lines of 
investigations led to the characterization of a novel 
macrophage metabolic pathway involving the conversion 
of L-arginine to citrulline, NO2", and NO3-.68-71 LPS and 
cytokines such as IFN-7 induce the synthesis of NO2" and 
NO3" in murine peritoneal macrophages in culture as well 
as from a variety of established macrophage cell lines.69'70'72 

It was in this context that L-NMA was used to inhibit 
NO2" and NO3" synthesis, prior to the finding that 'NO 
was an intermediate in the reaction which then generated 
NO2" and NO3" as the stable solution decomposition 
products of the reaction. Since this initial finding and the 
subsequent results which showed that L-NMA directly 
inhibited *NO formation in murine macrophages,73 many 
reports have appeared that have used this and other simple 
JV-alkyl derivatives as NOS inhibitors. 

Most of the reported studies have been carried out with 
crude, partially purified NOS or cells in culture and 
consequently must be interpreted with caution. In general, 
all simple arginine analogues inhibit both the inducible 
and constitutive NOS isoforms. These compounds are 
presumed to be reversible competitive-type inhibitors since 
most of the in vivo studies which involve measuring a 
physiological effect in response to treatment with an 
arginine analogue, followed by washout of the inhibitor 
with a buffer that contains arginine, observed the sub
sequent return of the inhibited response. These results 
suggest that, at least with the constitutive form of the 
NOS, the inhibition is reversible. However, as discussed 
below, this is not always the case. 

Some attempts have been made to rank-order the 
potency of various analogues. Gross and colleagues 
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Figure 2. L-Arginine analogues characterized as NOS inhibitors. 

examined L-NMA as well as iV°-amino- and iV°-nitro-L-
arginine (L-NAA and L-NNA, respectively) .74 The studies 
were carried out in cell culture with activated murine 
macrophages and bovine aortic endothelial cells and 
measured only NO2" in the media. They found iV^-amino-
andiV^-nitro-L-arginine to be about 100-fold more potent 
than L-NMA in inhibiting endothelial NO2" synthesis with 
ICso values of 1 and 100 IJM, respectively. On the other 
hand, L-NMA and A^-amino- were about equipotent in 
inhibiting macrophage NO2" synthesis and iV^-nitro- much 
less active (IC50 values of 4.3,2.6, and 60 nM, respectively). 
Differences due to uptake by the cells were not addressed, 
and this would be expected to play an important role in 
the overall potency. This is especially true because L-NMA 
appears to be transported by the cationic amino acid 
transporter while iV-alkyl analogues with substitutions that 
greatly lower the pifa of guanidine moiety, such as N°-
nitro, are transported as neutral amino acids.76 Similar 
comparisons have been generated by others, and while 
there have been qualitative differences, in general N°-
nitro-L-arginine appears to be relatively more potent for 
constitutive isoforms of NOS.76,77 Many in vivo studies 
have employed the methyl ester of iV^-nitro-L-arginine 
(L-NAME). In some cases this analogue appears to be 
biologically more potent, although the reason for this is 
not clear. It is possible that the ester enables this analogue 
to cross the cell membrane more easily; however, once 
inside ester hydrolysis almost certainly occurs at a 
significant rate. In short, it is not clear if the ester itself 
is active or simply liberates the carboxylic acid inside the 
cell. 

Several other alkyl analogues have been synthesized 
and studied to a limited extent. For example, N°-
cyclopropyl-L-arginine (L-CPA) was found to be a revers
ible inhibitor of the inducible NOS from murine mac
rophages.78 This analogue showed modest selectivity for 
the constitutive isoform in studies carried out in cellular 
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systems that compared cytokine-induced 'NO synthesis 
in murine macrophages, vascular smooth muscle versus 
constitutive 'NO synthesis in central nervous system tissue 
yielding IC50 values of 184,258, and 0.55 MM, respectively.77 

Whether this represents true selectivity at the active site 
or some other phenomenon remains to be established. N*-
(Ethylimino)-L-ornithine (also known as AT-(iminoethyl)-
L-ornithine) (L-NIO) has also been examined in cellular 
systems and homogenates and compared to L-NMA and 
L-NNA.79 While L-NIO was about 5 times more potent 
than L-NMA and L-NAME in indirect measures of NOS 
activity, in physiological type experiments L-NAME was 
the most potent in inhibiting acetylcholine-induced re
laxation of rat aortic rings and more potent in lowering of 
mean arterial blood pressure and heart rate.79 Although 
quite interesting, these results cannot yet be interpreted 
on a molecular level. 

All the findings summarized above have characterized 
reversible inhibition of NOS. Several reports have ap
peared that have described irreversible inhibition of NOS. 
This irreversible inhibition has been most thoroughly 
characterized with the inducible murine macrophage NOS 
and L-NMA.67'80'81 The initial report of irreversible 
inactivation was carried out with unpurified murine 
macrophage NOS.80 L-NMA showed time and concentra
tion dependent inactivation of NOS that was protected 
by L-arginine. Furthermore, this inactivation appeared 
to be dependent on turnover, suggesting that L-NMA is 
acting as a mechanism-based inhibitor of NOS. It had 
been proposed that turnover involved N-hydroxylation at 
the substituted nitrogen generating A/^-hydroxy-A/0-
methyl-L-arginine (L-NHMA) as a product.80 This com
pound was synthesized and found itself to inactivate the 
purified macrophage NOS in a mechanism-based fashion.60 

From a comparison of the macroscopic kinetics derived 
from the inactivation experiments, L-NHMA is more 
effective than L-NMA.60-67 Similar results with L-NMA 
and L - N H M A were obtained by Feldman and colleagues 
in a comparison of irreversible inactivation of murine 
macrophage and rat cerebellar NOS81 and by Mayer and 
co-workers.82 The turnover of L-NMA with purified NOS 
has recently been characterized more thoroughly67,81 and 
is illustrated in Figure 3. Briefly, the initial step is most 
easily understood in terms of typical P-450 oxidative 
chemistry where after initial le~ oxidation, oxygen rebound 
can take place on either N or C. When oxygen rebound 
occurs on the methyl C, L-NMA is demethylated forming 
CH2O and L-arginine.67 NOS that has not been inactivated 
will then convert the in situ generated L-arginine to 'NO 
and citrulline. As initially proposed, L-NHMA is also 
observed as a reaction product,60,67,81 presumably via 
oxygen rebound on N. NOS will convert L-NHMA to 'NO 
and citrulline as well, along with the formation of CH2O, 
which has led to the speculation of a nitrone intermediate67 

(Figure 3). If formed, this nitrone should hydrolyze to the 
observed products, and it is a likely intermediate con
sidering the potential chemistry that could occur at the 
active site. It is clear that this processing is directly related 
to the inactivation observed; however, exactly how is still 
an open question. The formation of a methylnitrosonium 
ion has been proposed,81 although it is unlikely that this 
species, if formed, will be solely responsible for the 
inactivation. It is interesting that NOS apparently acts 
only on the substituted nitrogen atom. Formation of 
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Figure 3. Jv -̂Methyl-L-arginine (L-NMA) processing by NOS. 
The reactions characterized are consistent with NOS functioning 
as a cytochrome P-450. 

products derived from the unsubstituted nitrogen have 
not been observed. 

Several other studies have reported observations that 
suggest mechanism-based inactivation of NOS. The 
apparent irreversible loss of cerebellar NOS activity in 
rats treated with A^-nitro-L-arginine (L-NNA) has been 
reported.83 At about the same time, Moncada and 
colleagues described the inhibition of NOS activity in cells 
and supernatant derived from either the murine mac
rophage J774 cell line or rat peritoneal neutrophils by 
AMiminoethyl)-L-ornithine (L-NIO).84 While L-arginine 
could protect against this inhibition if co-incubated with 
L-NIO, the inhibition could not be reversed by L-arginine, 
suggesting that irreversible inhibition had taken place. A 
recent report compared the inhibition observed with 
L-NNA with the constitutive rat cerebellar NOS and the 
inducible murine macrophage NOS. This analogue was 
found to be a simple reversible inhibitor of the inducible 
NOS; however, it was about 300-fold more potent in 
inhibiting the constitutive NOS.86 More interesting was 
the finding that the inhibition of the constitutive NOS 
appeared to be of a slow onset, tight-binding type of 
inhibition. Similar results with L-NNA and the rat 
cerebellar NOS have been reported by others as well.82 

Both reports, however, do not address their findings with 
respect to the stoichiometry of L-NNA bound versus the 
level of inactivation.82,85 They do not appear to be directly 
correlated as expected, implying that some additional 
interaction or chemistry is occurring. These results 
provide an explanation for the observations with L-NNA 
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in rats and shed further light on active-site differences 
that exist between these two isoforms. The potential for 
the design of arginine-based analogues that show selective 
NOS isoform inhibition clearly exists. 

(ii) Heme Ligands. NOS contains a cytochrome P-450 
type heme,1 and one of the general approaches that has 
been used for this class of enzymes are compounds that 
could form ligands to the heme. Destruction of the heme 
after binding is also an approach toward irreversible 
inhibition, and this may play a role in the inhibition of 
NOS by iV^amino-L-arginine. The inhibitory properties 
of aminoguanidine may also rely on the ability to 
coordinate with heme,86 since guanidine itself does not 
inhibit the enzyme. Imidazole derivatives such as the 
antimycotic agents miconazole and ketoconazole inhibit 
P-450s and show a binding spectrum consistent with 
interaction at the heme binding site. Recently, Wolff and 
colleagues showed that the cerebellar NOS is inhibited by 
imidazole, 1-phenylimidazole, and 2-phenylimidazole as 
well as miconazole, ketoconazole, and clotrimazole.87,88 The 
inhibition (IC50) with the imidazole and the phenyl-
substituted imidazoles ranged from 25 to 600 nM, while 
the antimycotic agents were more potent ranging from 0.8 
to 20 nM. In addition to potential interaction at the heme 
site, the antimycotic imidazoles seemed to interfere with 
the calmodulin-NOS interaction. Imidazole itself does 
form a ligand to the heme in the macrophage NOS (White 
and Marietta, unpublished results) and rat cerebellar 
NOS;89 therefore, the mode of action of these compounds 
as heme ligands is a potential mechanism of inhibitory 
action. Initial studies with 7-nitroindazoles as inhibitors 
may also be explained based on this type of interaction.90 

On the basis of the results summarized above, inhibitor 
design based on heme ligation is likely to meet with some 
success, albeit the path toward the design of selective 
inhibitors based on this strategy is presently not clear. 

Recently, some attention has been focused on the 
possibility that the 'NO derived from NOS inhibits 
subsequent turnover of the enzyme in a manner analogous 
to feedback inhibition.91 The ability of 'NO to form a 
relatively stable complex with both ferric and ferrous P-450 
hemes has been established a number of years ago;92 

however, the complexes were unstable in the presence of 
oxygen. In general, the ferric complexes of hemoproteins 
and 'NO have fast off rates, and so the instability is due 
to dissociation followed by reaction of *NO with O2 in 
solution. The ferrous nitrosyl complexes typically have 
slow off rates; however, most of these studies have been 
carried out with hemoproteins such as hemoglobin where 
the ligand to the heme is histidine and not cysteine as in 
P-450 and NOS. Issues related to this topic have recently 
been discussed.93 While the formation of a nitrosyl 
complex has been observed during turnover (Hurshman 
and Marietta, unpublished observations), it forms only 
under conditions of relatively high enzyme concentration 
and is spectrally transient. The potential of 'NO to inhibit 
NOS physiologically is still an open question; however, 
the chemistry of 'NO interaction with a P-450 type heme92 

and the reactivity of'NO with ferrous oxy heme complexes 
such as hemoglobin94 argues against this potential mode 
of inhibition. The analogy to CO inhibition is probably 
not relevant since the interactions of CO with either type 
of heme is fundamentally different and the CO complexes 
with both types of heme are chemically stable under 
oxygen. 

(iii) H4B Binding Site/Biosynthesis. As briefly 
described above, the role H4B in the NOS reaction is not 
entirely clear, despite the overall importance of this 
reduced cofactor to the enzyme. Interference with either 
H4B binding or H4B biosynthesis is potentially a target 
for drug design because of the inherent instability of NOS 
in the absence of H+B.53'54 Inhibition via the reduced pterin 
function/binding site will most likely be of some use with 
inducible NOS. Most attention has been directed toward 
inducible NOS in the vascular smooth muscle where 
elevated levels of 'NO are presumed to play a role in the 
hypotension associated toxic shock. Indeed, a dependence 
on H4B has been shown for induction in the vascular 
smooth muscle,96 and this appears to be related to de novo 
synthesis.96 Several years ago, a substantial effort was 
invested into H4B replacement therapy in an effort to 
treat several diseases such as atypical phenylketonuria, 
Parkinson's disease, and a number of neurological disorders 
that were throught to involve low in vivo levels of H4B. 
The results of these studies have been mixed. If r e 
targeted approaches toward NOS are going to be effective, 
selectively will be the critical issue. The previous studies 
with diseases that involve abnormal H4B levels illustrate 
the potential problems of nonspecific effects. Since the 
interaction of NOS with H4B is quite different from that 
when it functions as a recyclable in solution cosubstrate, 
it is possible that an understanding of the binding site will 
point the way toward a selective acting pterin antagonist. 
Efforts to identify the pterin binding site are underway 
and will provide details into H4B binding and, therefore, 
the design of agents to interact at this site. 

(iv) Ca2+/Calmodulin Antagonists. Inhibition of 
NOS through calmodulin antagonists should, in principle, 
be fraught with selectivity problems and provide an 
unfruitful avenue in the design of NOS inhibitors. This 
will almost certainly be the case for constitutive NOS 
isoforms that show a typical type of calmodulin interaction 
and have been shown to be inhibited by Ca2+ chelators 
such as EGTA and calmodulin antagonist such chlorpro-
mazine and W-7. Namely, a reversible binding to NOS 
dictated by increases in intracellular Ca2+ levels. Inducible 
NOS isoforms from the outset showed no dependence on 
either Ca2+ or calmodulin. This view is beginning to 
change, brought about initially from analysis of the cDNA 
sequence.97-99 All three groups noted that a calmodulin 
recognition sequence appeared to be present in the murine 
macrophage NOS. Indeed, it appears that calmodulin 
copurifies with the inducible NOS from murine macroph
ages.100 This study suggests that inducible NOS isoforms 
form a very tight (essentially irreversible) interaction with 
calmodulin and does so requiring very low concentrations 
of Ca2+. As with H4B described above, since the interaction 
of calmodulin with NOS appears to be unique, the design 
of agents that will selectively interfere with this process 
is possible. Interestingly, the characterization of other 
inducible NOS isoforms have shown that some show an 
interaction with calmodulin that is more typical. For 
example, human hepatocyte inducible NOS (cloned and 
functionally expressed)39 and rat hepatocyte inducible 
NOS (purified)101 both show inhibition by EGTA and 
calmodulin antagonists. Comparison of the presumed 
calmodulin binding sequence in these cloned forms shows 
some nontrivial substitutions compared to the macrophage 
sequence. Significant progress has been made recently 
on calmodulin-NOS interactions, with the rat cerebellar 
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isoform using peptides derived from the calmodulin 
binding site.102-103 

(v) Transcriptional Regulation of Inducible NOS. 
The regulation of inducible NOS is currently under study, 
and it is not clear at this time if a viable approach toward 
inhibitor design will emerge. Initial reports of NOS 
genomic sequence analysis indicates that control of enzyme 
expression is complex. Interestingly, simple glucocorti
coids may function by inhibition of expression of inducible 
NOS in vascular smooth muscle.104 Since glucocorticoids 
do not directly inhibit the enzyme, it does appear that the 
inhibition was the result of inhibition of expression. Other 
avenues to approach inhibition at the level of transcription 
or translation await further understanding of the mecha
nisms of regulation. Complete pharmacological inhibition 
of a specific NOS isoform is, at present, not possible. 
However, specific disruption of the neuronal NOS gene, 
commonly referred to as a "knock-out" experiment, was 
recently reported in mice.106 Expression of this NOS 
isoform and NADPH-diaphorase staining that is correlated 
with NOS activity were both absent in the mutant mice. 
Interestingly, neuronal morphology, viability, and other 
characteristics examined appeared normal, although low 
levels of NOS activity in the brain were observed. The 
mice did develop greatly enlarged stomachs as well as other 
gastrointestinal abnormalities. This type of approach will 
no doubt prove quite useful in dissecting the complex 
signaling pathway mediated by 'NO. 

Conclusions 
There is no question that 'NO occupies an important 

physiological niche and that imbalances in the finely tuned 
synthesis can have extremely deleterious ramifications. 
The rapid advances made in the understanding of NOS 
enzymology has already suggested strategies that can be 
employed toward the design of potent inhibitors that could 
be used in clinical situations related to elevated levels of 
'NO. The debate continues over disease targets beyond 
endotoxic shock, but it is likely that others will emerge 
and that controlling 'NO at the molecular levels will involve 
the design of isoform-selective NOS inhibitors. 
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