
Summary. Nitric oxide (NO) is a gaseous radical with
unique biological functions essential for the
cardiovascular system, host defense and neuro-
transmission. For two decades it was thought that NO
was able to diffuse freely across relatively long distances
and to traverse major parts of the cell, if not multiple cell
layers. However, NO has been proven to be extremely
reactive: it reacts with other reactive oxygen species,
heavy metals, as well as with cysteine and tyrosine
residues in proteins. In accordance, it is now widely
accepted that once NO is generated, it is very short-lived
and diffuses only over a short distance. This urges for
the local production of NO and the localization of NO
synthases in the proximity of their downstream targets.
This review discusses the highly organized localization
of NO synthases, with the endothelial isoform (eNOS) as
its main focus, since from this synthase most is known
about its subcellular localization and regulation.
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Implications of high NO reactivity

NO, elected "Molecule of the Year" by Science in
1992, is a diffusible second messenger that has a half-
life of a few milliseconds in vivo. This is caused by its
ability to react with various substances in an extremely
rapid fashion, which is mainly due to its unpaired
electron (Hanafy et al., 2001). One of its main
physiological actions involves its reaction with the
heme-contained iron within the enzyme guanylate
cyclase in vascular smooth muscle cells, resulting in
dilation of the bloodvessel (Gruetter et al., 1980). Other
transition-metal-containing proteins that undergo iron
nitrosylation include the bacterial transcription regulator
Fur (D'Autreaux et al., 2002) and catalase (Brown,

1995). Intriguingly, NO can also react with the iron in
the heme of NO synthase (NOS) molecules, resulting in
inhibition of NOS dimer formation (Chen et al., 2002). 

In addition to NO-mediated regulation of enzymes
via its reaction with transition metals, at high
concentrations NO can also modify protein function by
direct interaction with two amino acid residues.

First, NO may react with free thiol groups of
cysteine residues (a process called S-nitrosylation or
nitrosation), which leads to the formation of more stable
nitrosothiols, with half-lives up to several minutes
(Jaffrey et al., 2001). Nitrosothiol formation can be the
result of a direct reaction with NO or of an oxidative
nitrosylation reaction involving the preformation of
peroxynitrite (Espey et al., 2002). Examples are S-
nitrosoglutathione and S-nitroso-cystein-glycine which
have important regulatory functions in synaptic
neurotransmission in the brain (Salt et al., 2000). Other
S-nitrosylated proteins include the NMDA and
ryanodine receptors (Xu et al., 1998; Jaffrey et al.,
2001), ras (Lander et al., 1997), caspases (Mannick et
al., 2001), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Molina y Vedia et al., 1992) and DNA repair
proteins (Laval and Wink, 1994). Recently, using an
adapted version of the yeast two-hybrid system, it was
shown that nitrosylation events play a role in the
regulation of several protein-protein interactions, further
delineating the importance of this modification
(Matsumoto et al., 2003). Importantly, S-nitrosylation
has been indicated not to occur in an at random fashion,
but to be dependent on the presence of specific
consensus motifs (Hess et al., 2001). How such motifs
can determine S-nitrosylation events is currently
unknown. Possibly, these motifs influence the
accessibility of the thiol groups to NO. 

Second, NO can react with the phenol moiety in
tyrosine residues, a process also known as tyrosine
nitration (Hanafy et al., 2001). This process requires the
preformation of peroxynitrite and usually has
detrimental effects on protein function. Proteins that can
be nitrated on tyrosine residues in vivo include actin
(Aslan et al., 2003), histone proteins (Haqqani et al.,
2002), protein kinase C (Knapp et al., 2001),
prostacyclin synthase (Zou et al., 1998), and
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transcription factor STAT1 (Llovera et al., 2001).
Tyrosine nitration predominantly occurs in case of
inducible NOS (iNOS), since this NOS isoform is
capable of producing rather large quantities of NO
(Nishida and de Montellano, 2001). This is conform to
the physiological relevance of iNOS: destruction of
tumor cells, bacteria and other microbes invading the
body (Nathan, 1997).

Another important chemical reaction is the reaction
of NO with the radical gas superoxide (O2

-), leading to
the formation of yet another oxidative substance:
peroxynitrite (ONOO-). As discussed above, the
formation of peroxynitrite may result in S-nitrosylation
and tyrosine nitration of proteins with a concomitant
change in their function, e.g. peroxynitrite decreases NO
generation by endothelial NOS (eNOS) via inhibition of
Akt (Zou et al., 2002). In addition, peroxynitrite can also
react with NOS cofactor tetrahydrobiopterin (BH4),
thereby directly decreasing NOS activity (Kuzkaya et
al., 2003). Interestingly, superoxide can be generated by
NO synthases themselves, in case of so-called "NOS
uncoupling", i.e. uncoupling of NADPH oxidation. In
case of NOS uncoupling, NOS-generated superoxide
may even react with NO produced by another NOS
molecule, possibly within the same NOS dimer, thereby
even further reducing the availability of NO. NOS
uncoupling has been demonstrated for all three NOS
isoforms in vitro and is dependent on the intracellular
levels of their substrate arginine and cofactor
tetrahydrobiopterin (BH4) (Vasquezvivar et al., 1998;
Pou et al., 1999). For eNOS, uncoupling has also been
reported to occur in vivo (Stroes et al., 1997; Guzik et
al., 2002; Shi et al., 2002a) and is at least in part
determined by hsp90 action and plasma LDL levels
(Pritchard et al., 2002; Shi et al., 2002b). 

The limited half-life of NO due to its high reactivity
is compensated for by two mechanisms. First, NO can
react with molecules that are able to release NO at a later
stadium, thereby buffering NO. For instance, in blood
the reaction of NO with hemoglobin, resulting in the
formation of S-nitrosohemoglobin, permits the transport
of NO to tissues in which NO may be released together
with oxygen via transnitrosation of a transport protein.
Another S-nitrosylated protein in the circulation is
albumin, which is considered to be the main NO carrier
in serum (Stamler et al., 1992). Within tissues, NO
'stores' involve S-nitrosated proteins from which NO
may be transferred to target proteins via low molecular
weight thiols as well as nitrite (Rodriguez et al., 2003).
Even though diffusion of NO through membranes is
considered to be more effective than its diffusion
through cytosol, the relevance of this process in vivo
may be limited. A recent study indicated the targeted
delivery of NO from one cell to another that involves the
formation of NO-membrane protein transport
complexes, rather than the diffusion of NO across
membranes (Pawloski et al., 2001).

Second, the short reactive life of NO urges for its
defined local synthesis, especially when low quantities

of NO are generated, which is the case for eNOS and
neuronal NOS (nNOS). This implicates the need for the
juxtaposition of eNOS and nNOS with their targets at
specific localizations (or microdomains) within cells.
For eNOS, its intracellular localization has been studied
for more than a decade. Several research groups
discovered that within endothelial cells, eNOS is present
at the plasma membrane where it can be found at
caveolae (Shaul et al., 1996). In addition, eNOS is also
present at the Golgi complex and in the cytosol
(Robinson et al., 1995; Sessa et al., 1995). Recently,
cell-cell contacts have been described as important sites
where eNOS is specifically enriched (Govers et al.,
2002a). Also for nNOS and iNOS it has become evident
that, though both enzymes are not anchored in the
membrane bilayer, they are enriched at particular parts
of the cell. The cellular localization of NO synthases is
governed by isoform-specific sequences in their primary
structures (Fig. 1). The relevance of the presence of NO
synthases at specific cellular compartments is discussed
in this review. Related to the specialized localization of
the NOS enzymes, also the NO targets are restricted in
their localization and are present in close proximity of
NOS. A clear example is eNOS main effector guanylyl
cyclase. This enzyme is partially associated with the
plasma membrane in heart and platelets, which highly
sensitizes it for NO, further indicating a highly spatially
confined regulation of NO signaling (Zabel et al., 2002). 

eNOS 

eNOS is mainly expressed in endothelium,
cardiomyocytes and blood platelets, where it contributes
for a large part to the role of the endothelium as the first
line defense mechanism against the development of
vascular disease. NO generated by eNOS has a wide
range of functions: it induces vasodilation, and inhibits
platelet aggregation, adhesion of platelets to the
endothelium, expression of adhesion molecules, and
migration and proliferation of smooth muscle cells.
Furthermore, eNOS-generated NO is important for
angiogenesis, and has a major role in the regulation of
the permeability of the endothelium (Gewaltig and
Kojda, 2002). In accordance, eNOS gene therapy has
been shown to inhibit neointima formation after balloon
angioplasty (Chen et al., 1998), to inhibit intimal
hyperplasia of vein grafts (Ohta et al., 2002) and to
improve relaxation of atherosclerotic vessels (Ooboshi et
al., 1998), while eNOS hyperactivity in caveolin-1
knock-out mice results in hyperpermeability of the
microvasculature (Schubert et al., 2002).

Besides the regulation of eNOS at the level of
expression by factors such as shear stress (Noris et al.,
1995), hypoxia (McQuillan et al., 1994), TNF-α (Alonso
et al., 1997) and VEGF (Bouloumie et al., 1999), eNOS
activity is coordinated by a complex combination of
substrate/cofactor availability, protein-protein
interactions, phosphorylation, acylation and cellular
localization. Even while a lot is known about the
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Fig. 1. Primary structure of NO synthases. nNOS, iNOS, and eNOS consist of an N-terminal oxygenase domain and a C-terminal reductase domain,
linked by a calmodulin binding motif. The NOS oxygenase domain shares homology with the NOS homologue from bacteria as shown. The NOS
reductase domain resembles mammalian cytochrome P450 reductase (sequence not shown) with an overall 30% sequence homology. The synthesis
of NO and co-product L-citrulline requires NOS substrates L-arginine, oxygen and NADPH, and cofactors tetrahydrobiopterin (BH4), flavin adenine
dinucleotide (FAD) and flavin adenine mononucleotide (FMN). Furthermore, NOS contains binding sites for heme, calmodulin and zinc. Residues that
are acylated, phosphorylated or involved in binding of other proteins or NOS cofactors are indicated. Coiled coil regions were predicted according to the
method of Lupas (Lupas et al., 1991) (http://www.ch.embnet.org/software/COILS_form.html). Proline-rich regions were identified using a protein motif
identifier engine and the Hits database (Pagni et al., 2001) (http://hits.isb-sib.ch/cgi-bin/PFSCAN). Protein accession numbers: human nNOS, P29475;
rabbit nNOS, O19132; rat nNOS, NP_434686; mosquito Anopheles stephensi NOS, O61608; tobacco hornworm NOS, AAC61262; Drosophila
melanogaster NOS, T13254; Bacillus subtilis NOS, NP_388644.1; human hepatocyte iNOS, P35228; human muscle iNOS, AAC83554; canine iNOS,
AAC78630; murine iNOS, P29477; chicken iNOS, Q90703; human eNOS, P29474; bovine eNOS, P29473; porcine eNOS, Q28969; murine eNOS,
P70313. *:rat nNOS residues 840-873 are absent in rat nNOS isoform P29476 (Magee et al., 1996).
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localization and interacting partners of eNOS, the
complex molecular mechanisms regulating eNOS
localization and activity are remarkably poorly
understood. The results of many years of eNOS research
starting with its cloning more than a decade ago are
discussed in the following sections.

eNOS regulation by signal transduction pathways

The signal transduction pathways that are involved
in eNOS activation are quite well understood. The factor
which is the prime modulator of NOS function is
calmodulin (CaM) (Bredt and Snyder, 1990). Upon
agonist-induced rises in intracellular calcium levels,
Ca2+-bound CaM interacts with nNOS and eNOS to
initiate their enzymatic activity. With a tightly bound
CaM that is constitutively associated, iNOS on the other
hand is fully active under basal calcium concentrations
(Abu-Soud and Stuehr, 1993). The binding of
calmodulin induces the activation of the NOS reductase
domain and the shuttling of electrons from the reductase
domain to the oxygenase domain (Craig et al., 2002).
Agonists that induce eNOS activation by increasing
cytosolic Ca2+ levels include acetylcholine, bradykinin,
serotonin, and histamine. 

Shear stress-induced eNOS activation is less
sensitive to Ca2+ fluxes. Fluid shear stress causes an
increase in PI 3-kinase activity and the activation of
serine/threonine kinases Akt (also known as protein
kinase B or PKB) (Dimmeler et al., 1999) and protein
kinase A (PKA) (Boo et al., 2002), with the latter most
probably mediating the shear-stress-induced
phosphorylation of (human) eNOS at Ser-1177 (Boo et
al., 2002). This phosphorylation increases the enzymatic
activity in relatively low intracellular calcium levels,
though chelation of calcium still abolishes eNOS
activity, indicating that phosphorylation at Ser-1177
sensitizes eNOS for Ca2+-calmodulin binding (Caulin-
Glaser et al., 1997; Dimmeler et al., 1999).

VEGF-stimulated Akt kinase also phosphorylates
eNOS at residue Ser-1177, with a concomitant increase
in eNOS activity (Fulton et al., 1999). In addition,
estradiol and bradykinin activate eNOS in an Akt-
dependent manner as well (Haynes et al., 2000; Harris et
al., 2001b), though bradykinin-induced increases in Ser-
1177 phosphorylation and activation of eNOS require
activated PKA as well (Bae et al., 2003). Hsp90, which
interacts directly with eNOS, may play a regulatory role
in the process of Akt-mediated eNOS activation, by
acting as a molecular scaffold for the two proteins
(Russell et al., 2000; Fontana et al., 2002). Recently the
c-Src kinase was found to be activated by estradiol
upstream of PI 3-kinase and Akt via direct interaction
with the estrogen receptor (Haynes et al., 2003), while
protein kinase C has been implicated in VEGF-induced
eNOS activation (Kou et al., 2002). Moreover, the
VEGF receptor can be used by factors other than VEGF
to induce eNOS activation, i.e. via transactivation. This
has been reported for the platelet-derived bioactive lipid

sphingosine 1-phosphate which is able to induce tyrosine
phosphorylation of the VEGF receptor (Tanimoto et al.,
2002). 

In addition to Ser-1177, other phosphorylation sites
have been identified in eNOS (Fig. 1). Phosphorylation
at Ser-114 and Thr-495 (human eNOS) has a negative
impact on eNOS activity (Harris et al., 2001b; Kou et al.,
2002), the latter by inhibiting the binding of calmodulin
(Fleming et al., 2001), while phosphorylation at Ser-615
and Ser-633 increases Ca2+-calmodulin sensitivity and
its overall activity, respectively (Michell et al., 2002).
Ser-615 and Ser-633 are located within the auto-
inhibitory element of eNOS and nNOS (Fig. 1),
suggesting that phosphorylation of these residues may
impede a structural change in the auto-inhibitory loop,
thereby enhancing the enzymatic activity of the
synthase. Dephosphorylation of eNOS has been reported
to be mediated by the protein phosphatases calcineurin
and PP2A (Harris et al., 2001b; Greif et al., 2002; Kou et
al., 2002). Taken together, these processes urge for a
coordinated mechanism of eNOS activation involving
both phosphorylation and dephosphorylation steps.

eNOS intracellular localization

An important characteristic of the intracellular
localization of eNOS is its dependence on the origin of
the endothelial cell. For instance, endocardial and
coronary arterial endothelium express more eNOS than
cardiac venous and capillary endothelium, while in the
endocardial endothelium, relatively more eNOS is
present at peripheral cell borders compared to arterial
and venous endothelium (Andries et al., 1998). This is
inherent to the fact that different vessel types have
different specific functions (Cines et al., 1998). Also,
endothelial cells from different vessels have different
amounts of caveolae, which most probably has its effect
on eNOS function. In addition, the amount of caveolae
tends to decrease once endothelial cells are being
cultured. All these issues have a negative impact on the
progress in eNOS research, in particular since different
research groups use endothelial cells from different
origins for their experiments (i.e. similar vessels from
different tissues or even functionally and
morphologically different vessel types). 

eNOS at caveolae

One particular characteristic of all endothelial cells
is the high abundance of caveolae. Endothelial caveolae
contain eNOS and have been the main focus of eNOS
localization studies (Shaul et al., 1996) (Fig. 2).
Caveolae distinguish themselves from the rest of the
plasma membrane by their typical morphology (flask
shape) and by their specific lipid composition: they have
a high amount of glycosphingolipids and cholesterol.
The most abundant as well as best studied protein that is
present at caveolae is the 22 kDa protein caveolin-1.
Caveolin-1 interacts with a multitude of proteins that are
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located at the cytoplasmic surface of caveolae. Its so-
called scaffolding domain, a hydrophobic domain
between the amino-terminus and the putative membrane
domain, is involved in membrane binding as well as in
the interaction of caveolin-1 with heterotrimeric G
protein subunits, Src tyrosine kinases, H-Ras, EGF
receptor, protein kinase C, and other caveolin-1
molecules (Li et al., 1996; Couet et al., 1997; Oka et al.,
1997; Schlegel et al., 1999). By its ability to interact
with so many signaling molecules and to suppress their
basal activity, caveolin-1 recruits these proteins into a
complex signaling network at the site of caveolae, thus
enabling them to regulate specific signal transduction
pathways in a highly coordinated fashion once their
activation is initiated.

Importantly, eNOS also interacts with the caveolin-1
scaffolding domain. This interaction renders eNOS
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Fig. 2. Model for localization and regulation of eNOS in the endothelial cell. For details see text. Green-colored proteins represent structural proteins of
the cell-cell contacts: α, α-catenin; ß, ß-catenin; γ, γ-catenin (plakoglobin); VE, VE-cadherin; P, PECAM-1; vi, vinculin; VA, VASP; d, desmoplakin; PM,
plasma membrane.

inactive and requires eNOS residues 350FSAAP
FSGW358, which are well conserved within the other
NOS isoforms. Mutation of this domain abolishes the
ability of caveolin-1 to inhibit eNOS activity and
peptides derived from the scaffolding domain of
caveolin-1 and -3 (but not the analogous region of
caveolin-2) inhibit eNOS, nNOS and iNOS in vitro
(Garcia-Cardena et al., 1997). Interestingly, systemic
injection of a cell permeable peptide resembling the
caveolin-1 scaffolding domain in mice reduces eNOS
activity (Bucci et al., 2000), supporting the notion that
the interaction with caveolin-1 is an important
mechanism for the control of eNOS activity. 

The localization of eNOS at caveolae is not
mediated by its interaction with caveolin-1 but by
myristoylation and palmitoylation at its amino-terminus
(Shaul et al., 1996). Studies by the research group of



Sessa have revealed that co-translational myristoylation
at Gly-2 renders eNOS membrane-bound while
subsequential post-translational palmitoylation at Ser-15
and Ser-26 targets eNOS to caveolae (Sessa et al., 1995;
Garcia-Cardena et al., 1996). While eNOS
myristoylation is irreversible, palmitoylation on the
other hand is a reversible process. Importantly,
palmitoylation-deficient eNOS is localized to the Golgi
area only and is less active than wild-type enzyme.
However, in vitro this mutant is as active as wild-type
eNOS indicating that caveolar localization of eNOS is
required for its optimal activity and that complex
formation with caveolin-1 keeps eNOS in an inactive yet
activatable state (Liu et al., 1996). After stimulus-
induced increases in intracellular calcium levels,
calcium-bound calmodulin displaces caveolin-1 from
eNOS, resulting in NO production by eNOS and in a
redistribution of eNOS from caveolae (Michel et al.,
1997).

Unfortunately, at present it is unknown how much of
the plasma membrane pool of eNOS is localized at
caveolae. Recent studies, demonstrating that only 5% of
membrane-associated eNOS is bound to caveolin-1,
suggest that the regulatory role of caveolin-1 (and
caveolae) in modulating eNOS activity may be very
limited (Pritchard et al., 2002). Nevertheless, mice
lacking caveolin-1 have no endothelial caveolae and
clearly show an enhanced eNOS activity, suggesting an
important role for caveolin-1 and caveolae in eNOS
regulation (Drab et al., 2001). In addition, activation of
eNOS at caveolae is facilitated by the local enrichment
of factors that are crucial for its activity. Caveolae
harbour the arginine channel CAT-1 (McDonald et al.,
1997), calcium channels (Fujimoto, 1993), enzymes that
mediate regeneration of arginine (Flam et al., 2001), and
receptors for eNOS agonists (Haasemann et al., 1998;
Chambliss et al., 2000).

Other caveolar proteins that are known to interact
with eNOS include hsp90 and dynamin-2. At least in
part, the eNOS-hsp90 interaction takes place at caveolae
in a complex that also contains caveolin-1 (Gratton et
al., 2000). Moreover, hsp90 binds eNOS in close
proximity of the caveolin-1 binding motif (Fontana et
al., 2002). Several functions have been attributed to
hsp90-eNOS binding: hsp90 may increase the affinity of
Ca2+-calmodulin for eNOS (Song et al., 2001; Takahashi
and Mendelsohn, 2003), hsp90 may be regulating eNOS
uncoupling (Pritchard et al., 2001; Song et al., 2002),
and/or hsp90 may act as a scaffold for eNOS and Akt
(Fontana et al., 2002; Takahashi and Mendelsohn, 2003).
Recently, hsp90 was shown to function as a scaffold for
eNOS and its downstream target soluble guanylate
cyclase (Venema et al., 2003).

Recent findings have indicated both the interaction
as well as colocalization of eNOS and dynamin-2 (Cao
et al., 2001). A dynamin-2 proline-rich region interacts
with part of the eNOS FAD binding domain, probably
via an SH3-like domain (Cao et al., 2003). This
interaction potentiates eNOS activity in vitro as well as

in vivo, most likely by increasing the electron transfer
between FAD and FMN. Since both dynamin-2 and
eNOS are present at caveolae as well as the Golgi
complex, it is not completely clear at present where
dynamin-2 has its effect on eNOS. The interaction of
dynamin-2 with eNOS is enhanced after calcium
ionophore stimulation, raising the possibility that
dynamin-2 may bind eNOS upon Ca2+-calmodulin-
induced dissociation of the eNOS-caveolin-1 complex
(Cao et al., 2001). Possibly, caveolin-1 interferes with
dynamin-2 binding.

Another binding partner which has been suggested
to interact with eNOS in caveolae is the voltage-
dependent anion channel porin (Sun and Liao, 2002).
The localization of porin in caveolae may be defined by
its ability to bind cholesterol. The eNOS-porin
interaction is enhanced by calcium mobilizing agonists,
suggesting a potential role of intracellular calcium in
regulating this interaction. Importantly, the interaction
augments eNOS activity.

While eNOS interacts with caveolin-1 in endothelial
cells, it binds to caveolin-3 in cardiomyocytes (Feron et
al., 1998a). This interaction is also inhibitory. In
cardiomyocytes, eNOS is targeted to caveolae that also
harbour L-type calcium channels as well as
acetylcholine and ß-adrenergic receptors, all involved in
eNOS activation (Feron et al., 1997; Darby et al., 2000;
Rybin et al., 2000). NO that is produced here inhibits the
L-type calcium channels, suggesting an inhibitory
feedback regulation (Barouch et al., 2002). 

In summary, the localization of eNOS at caveolae in
endothelial cells and cardiomyocytes is clearly important
for its enzymatic activity. In addition, considering the
effect of NO on protein function (see section 1), it
cannot be excluded that caveolar localization of eNOS is
important for caveolae function. Hence, it is tempting to
speculate that caveolar eNOS may have a role in
regulating signal transduction pathways that emerge
from caveolae. 

eNOS at the Golgi complex

The localization of eNOS at the Golgi complex is
mediated by myristoylation at its amino-terminus (Liu et
al., 1996). Furthermore, the first 35 amino acid residues
of eNOS are required and sufficient for the targeting of
eNOS to the Golgi complex (Liu et al., 1997).
Remarkably, the relevance of the presence of eNOS at
the Golgi complex has remained a mystery. In contrast to
eNOS that is localized at caveolae, it is not known
whether Golgi-resident eNOS can be activated. Recently,
it was shown that active eNOS can be found at the
perinuclear region, but it is not clear whether this is due
to activation in the Golgi or to intracellular trafficking of
eNOS to the Golgi complex after activation at the
plasma membrane (Fulton et al., 2002). Deletion of both
palmitoylation sites in eNOS restricts eNOS localization
to a perinuclear area, probably the Golgi complex
(Garcia-Cardena et al., 1996), while eNOS activity is
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largely impaired, suggesting that Golgi-localized eNOS
cannot be activated. A crucial experiment to determine
whether eNOS may be activated in the Golgi is to
analyze activation of an eNOS molecule, in which all
three acylation sites are replaced by a transmembrane
domain and a Golgi retention motif. Yet this experiment
remains to be awaited. If eNOS is able to become
activated in the Golgi complex its regulation does not
involve caveolin-1, since this eNOS regulator is not
present in the same Golgi subcompartment as eNOS
(Govers et al., 2002b). Since the Golgi most probably
contains the largest pool of eNOS within the cell, it is
certainly important to determine what the exact role of
that pool is. Maybe the (inactive) Golgi pool of eNOS
acts as a storage depot that can be easily translocated
towards the plasma membrane for activation whenever
that is required. However, the rather even distribution of
eNOS over all Golgi stacks and TGN is not in favor of
this and more likely suggests that eNOS routinely travels
through the Golgi complex in an intracellular trafficking
cycle, perhaps involving the plasma membrane and/or
the cytosol (Govers et al., 2002b). This scenario is
supported by FRAP (fluorescence recovery after
photobleaching) studies that show that eNOS within the
Golgi complex is not a silent pool of eNOS that does not
move (Sowa et al., 1999). Other studies have suggested
that upon activation, eNOS redistributes from the plasma
membrane towards the Golgi complex, possibly via the
cytoplasm (Goetz et al., 1999; Figueroa et al., 2002).

A protein that has been implicated in the regulation
of eNOS’ subcellular disribution is the NOS Interacting
Protein NOSIP. NOSIP binds to the carboxy-terminus of
the eNOS oxygenase domain, distal of the caveolin-1
binding motif. NOSIP and caveolin-1 are not likely to
bind eNOS simultaneously, since a peptide
corresponding to the caveolin-1 scaffolding domain
inhibits eNOS-NOSIP complex formation (Dedio et al.,
2001). NOSIP overexpression results in a decrease in the
amount of eNOS at the plasma membrane, an increase at
the Golgi complex, as well as in a reduced eNOS
activity. Since NOSIP does not affect eNOS activity in
vitro these results indicate that eNOS activation requires
its presence at the plasma membrane rather than at the
Golgi.

Cytosolic eNOS 

As for the role of the Golgi localization of eNOS, it
is also not known why a relatively small amount of
eNOS is present in the cytosol and whether those eNOS
molecules are active or activatable. All studies so far
agree on the presence of eNOS in the cytosol, but there
is some discussion on the questions 'how' and 'why'. It
has been suggested that upon eNOS activation by
agonists, eNOS dissociates from caveolin-1, binds
calmodulin, and gets depalmitoylated, whereafter it is
present in the cytosol, being able to produce NO (Michel
et al., 1993; Prabhakar et al., 1998; Figueroa et al.,
2002). However, not all research groups could detect this

phenomenon (Liu et al., 1995; Zabel et al., 2002; L.
Bevers and R. Govers, unpublished observations).
Cytosolic eNOS is certainly without palmitate (Liu et al.,
1995). In contrast, cytosolic eNOS still contains its
myristoyl group as this modification is irreversible (Liu
et al., 1995). This implies the presence of an additional
eNOS-interacting protein which is able to cover the
myristoyl group when eNOS is in its cytosolic form, in
homology with the GDI factors for rab proteins which
cover the rab geranylgeranyl group. Cytosolic eNOS is
not likely to become activated by agonists. eNOS, in
which the myristoylation site is removed, is completely
cytosolic and still maintains its activity in vitro, but
cannot be activated in intact cells (Sakoda et al., 1995;
Feron et al., 1998b). In accordance, this mutant is hardly
phosphorylated at Ser-1177 in response to VEGF
(Gonzalez et al., 2002). 

eNOS at cell-cell contacts 

Recently, it was shown that eNOS is highly enriched
at cell-cell contacts in cultures of both microvascular
(capillary) and macrovascular (aortic) endothelial cells
(Govers et al., 2002a). Its presence at these contact sites
is dependent on their maturation as eNOS is not yet
present at contact sites of early confluent monolayers.
Moreover, it is independent of the formation of adherens
junctions since VE-cadherin and plakoglobin-positive
junctions already form before the cell-cell contacts
become enriched in eNOS. Importantly, eNOS activity
induced by agonists was shown to be highly correlative
with its presence at cell-cell contacts.

The presence of eNOS at these sites has some major
implications. First, (patho)physiological conditions that
alter the organization of the endothelium may directly
affect the enzymatic activity of eNOS. This has
important biological relevance. NO is required for
VEGF- and histamine-induced increases in endothelial
permeability (Yuan et al., 1993; Fukumura et al., 2001).
An increase in endothelial permeability, induced by
these hormones, will break up cell-cell contacts and may
provide an important negative feedback mechanism for
eNOS, thus inhibiting further generation of NO and
preventing major endothelial leakage. In addition, if the
integrity of the endothelium is disturbed by bacteria or
tumor metastases, disruption of endothelial contact sites
will have a negative impact on eNOS-mediated NO
generation. Subsequently, the diminished NO generation
may induce the local expression of adhesion molecules
at the luminal site of the endothelium, resulting in the
attraction of leukocytes that will try to kill the pathogen
(Khan et al., 1996; Adams et al., 1997).

Second, the localization of eNOS at cell-cell
contacts, the limited working range of NO due to its
short half-life, and the role of NO in the regulation of
endothelial permeability has an obvious meaning. By
being able to locally generate NO at the contact sites,
eNOS is able to regulate these sites with high precision,
without too much interference from NO scavenging
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factors. This is very important since both low and high
NO levels induce hyperpermeability of the endothelium,
suggesting that the NO-mediated organization of the
endothelial permeability involves a complex regulatory
mechanism, that may consist of multiple NO-sensitive
pathways (Baldwin et al., 1998; Fischer et al., 1999).
This is consistent with the finding that low doses of the
eNOS agonist estrogen decreases endothelial
permeability, while high doses increase permeability
(Cho et al., 1999).

Third, cell-cell contacts are important
mechanosensors for fluid shear stress (Kano et al.,
2000). eNOS is activated by fluid shear stress,
suggesting that eNOS is in proximity of molecules that
are involved in signaling fluid shear stress. PECAM-1,
which is localized together with eNOS at contact sites, is
involved in shear stress-induced cell activation and the
regulation of endothelial permeability (Osawa et al.,
2002; Mamdouh et al., 2003). Shear stress induces the
tyrosine phosphorylation of PECAM-1, which is
required for activation of downstream signaling
pathways, including those involving MAP kinases. Both
eNOS and PECAM-1 are in part Triton X-100-insoluble
at cell-cell contacts, suggesting an interaction between
these molecules and the cytoskeleton (Ayalon et al.,
1994; Govers et al., 2002a). The role of the cytoskeleton
in the maintenance of the endothelial permeability, and
its sensitivity to NO, implicate a functional localization
of the eNOS molecules that are linked to the
cytoskeleton (Baldwin et al., 1998). 

The receptor for the eNOS agonist VEGF is also
localized at cell-cell contacts, where it becomes tyrosine
phosphorylated during shear stress (Chen et al., 1999).
In contrast to PECAM-1 and eNOS, the VEGF receptor
is localized at adherens junctions where it is associated
with VE-cadherin and acts as a mechanical transducer
for fluid shear stress (Carmeliet et al., 1999; Shay-Salit
et al., 2002). Moreover, VEGF-induced receptor
activation results in phosphorylation of components of
the VE-cadherin complex (Esser et al., 1998). Though
eNOS and the VEGF receptor are not localized in the
same structure, their proximal localization may suggest a
direct regulation. In support of this hypothesis, recent
studies have shown that the VEGF receptor is essential
for shear stress-induced activation of eNOS (Jin et al.,
2003). Interestingly, Rho family GTPases are involved
in the regulation of cytoskeleton, cell-cell contacts and
eNOS activity, suggesting a role for Rho in NO-
dependent aspects of endothelial permeability (Takai et
al., 1995; Fukata and Kaibuchi, 2001; Ming et al., 2002).

The eNOS-interacting protein NOSTRIN (eNOS
TRaffick INducer) also localizes at cell-cell contacts
(Zimmermann et al., 2002). NOSTRIN, identified as an
eNOS interactor by yeast two-hybrid analysis, is a 58
kDa endothelial protein containing a cdc15 domain at its
N-terminus and a SH3 domain at its C-terminus, that
interacts with the eNOS oxygenase domain. Similarly to
eNOS, NOSTRIN predominantly localizes to a
perinuclear region in subconfluent cells and only

localizes at the plasma membrane when cell cultures
become confluent. In addition, NOSTRIN was found
hardly soluble in detergent Triton X-100, suggesting the
association of NOSTRIN with cytoskeletal elements,
possibly resembling the presence of eNOS at detergent-
insoluble cell-cell contacts (Govers et al., 2002a). This
may be caused by NOSTRIN's cdc15 domain, since
other proteins containing this domain have been
implicated in cytoskeletal organization. Interestingly,
overexpression of NOSTRIN in eNOS-expressing CHO
cells causes a redistribution and inhibition of eNOS,
implying an important role for NOSTRIN in cellular
eNOS regulation (Zimmermann et al., 2002).

The vasodilator-stimulated phosphoprotein VASP,
member of the Ena/VASP protein family (reviewed in
Kwiatkowski et al., 2003), is also localized at cell-cell
contacts. Here, it is involved in the organization of the
subcortical actin network. VASP binds G-actin and
induces actin filament formation (Walders-Harbeck et
al., 2002). Interestingly, VASP can be activated by NO,
via NO-mediated activation of guanylate cyclase and the
subsequent activation of cGMP-dependent protein
kinase (Sporbert et al., 1999). As for eNOS, VASP has
also been identified as a substrate of PKA, one of the
kinases that becomes activated by shear stress (Boo et
al., 2002; Comerford et al., 2002). Of note is that Rho
GTPases have been implicated to play a role in VASP
function (Dutartre et al., 1996). These data suggest a
close relation between eNOS and VASP function in the
regulation of endothelial cytoskeleton and permeability. 

In summary, eNOS is present at cell-cell contacts
where it is involved in the regulation of endothelial
permeability. Vice versa, endothelial cell-cell contacts
are important for eNOS activity. It will be interesting to
see whether pathophysiological conditions that decrease
eNOS activity such as oxidized LDL (Blair et al., 1999),
hyperglycemia (Noyman et al., 2002) and
hypercholesterolemia (Feron et al., 1999) affect the
localization of eNOS at cell-cell contacts. 

eNOS in the nucleus

Over the last couple of years there have been
occasional reports of eNOS residing in the nuclear
compartment. After stimulation with VEGF eNOS has
been reported to translocate from caveolae into the
nucleus. Interestingly, this occurs in parallel with nuclear
targeting of the VEGF receptor Flk-1/KDR and
caveolin-1. It was speculated that nuclear translocation
of caveolar eNOS and Flk-1/KDR may represent a
mechanism for targeting NO production to the nuclear
compartment where it might influence transcription
factor activation (Feng et al., 1999). Moreover, eNOS
has been observed to translocate into the nucleus of
hepatocytes in states of various liver disorders
(McNaughton et al., 2002), but the significance of this
finding remains unclear. Again, nuclear translocation of
eNOS might be due to growth factor activity, which
characteristically is enhanced in chronic liver
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inflammation and cirrhosis (Harada et al., 1999; Okano
et al., 1999). Furthermore, nuclear eNOS has been
reported for glandular elements of normal endometrium
and endometrial carcinoma (Bentz et al., 1997) and
brown adipocytes, where in addition it has been shown
to be metabolically active. This lead to the suggestion of
the existence of a noradrenaline-modulated functional
NOS system in the nucleus of brown adipocytes,
possibly involved in the modulation of gene expression
(Giordano et al., 2002). Interestingly, nuclear NOS has
also been demonstrated in cultured neonatal rat
cardiomyocytes (iNOS; Buchwalow et al., 1997) and
pancreatic ß-cells (nNOS; Lajoix et al., 2001), but taken
together the body of evidence for nuclear localization of
enzymatically active NOS is not as convincing as for
other subcellular distribution patterns and the
mechanism and control of nuclear transport as well as its
physiological consequences remain to be defined.

nNOS

Several functions have been suggested for nNOS-
mediated NO generation. In peripheral neurons, NO has
an important role in neurotransmission, through a
mechanism that most likely involves S-nitrosylation. In
brain, NO has been implicated in several forms of
synaptic plasticity. In skeletal muscle, nNOS-derived
NO may play a role in dilating adjacent blood vessels
(Thomas and Victor, 1998). This could serve to increase
the blood flow to contracting skeletal muscles to support
their enhanced metabolic needs. In the heart,
sarcoplasmic reticulum-localized nNOS plays an
important role in the autocrine regulation of myocardial
contractility, which is thought to be mediated via NO-
induced activation of Ca2+ channels in the sarcoplasmic
reticulum (Ashley et al., 2002; Barouch et al., 2002).

In contrast to eNOS, nNOS as well as iNOS are not
anchored in the membrane by lipid modifications. In
addition, they are not regulated by Akt kinase (Fulton et
al., 1999). Nevertheless, nNOS can be phosphorylated in
vivo. Ca2+/calmodulin-dependent kinase IIa
phosphorylates nNOS at Ser-852 (human nNOS, Fig.  1),
which inhibits its activity (Hayashi et al., 1999;
Komeima et al., 2000). Remarkably, phosphorylation of
eNOS at the corresponding serine residue (eNOS Ser-
615, see figure 1), has a positive effect on its activity
(Michell et al., 2002). Both nNOS and iNOS are
degraded by the ubiquitin-proteasome system (Bender et
al., 2000; Musial and Eissa, 2001). Like eNOS, nNOS is
tightly regulated by calmodulin. Because NO reacts
relatively non-specifically with cysteines to form S-
nitrosothiols adducts thereby affecting protein function,
anchoring nNOS to specific proteins or membranes may
deliver neurally generated NO selectively to its
physiological targets. nNOS is targeted to membranes
via its amino-terminal PDZ (PSD-95/Discs-large/ZO-1)
domain (Fig. 3). PDZ domains are small modular
protein-protein interaction interfaces that play an
essential role in gathering receptors, channels, and

downstream effectors in protein complexes at cell
junctions (Harris et al., 2001a). nNOS has an extended
PDZ domain that can bind ligands in an unusual head-to-
tail arrangement (Hillier et al., 1999; Harris et al.,
2001a). The 30 amino acid residue extension comprises
a rigid ß-hairpin finger structure that contains a near-
consensus PDZ "pseudo-peptide" sequence (Wang et al.,
2000). This extension can bind the PDZ domain of either
PSD-95 or α1-syntrophin, leaving the true nNOS PDZ
motif available for interaction with additional nNOS
binding partners (Christopherson et al., 1999; Hillier et
al., 1999).

In neurons, the nNOS PDZ domain links nNOS to
membranes via its interaction with the postsynaptic
density protein PSD-95 (Brenman et al., 1996), resulting
in the presence of half of nNOS in the particulate cell
fraction and in the enrichment of nNOS at synaptic
junctions (Hecker et al., 1994) (Fig.  3A). PSD-95
contains three PDZ motifs that mediate the role of PSD-
95 in protein clustering (Imamura et al., 2002). It is
tempting to speculate that the PDZ domains of PSD-95
bring nNOS in direct contact with its downstream targets
or regulators. Intriguingly, PSD-95 also interacts with
the NMDA glutamate receptor, which is a potent
activator of nNOS by its ability to induce a calcium
influx (Kornau et al., 1995; Christopherson et al., 1999).
In addition, the α2/ß1 isoform of NO target guanylyl
cyclase also associates with membranes via PSD-95
(Russwurm et al., 2001; Zabel et al., 2002). This
resembles the situation for eNOS, where multiple
elements that are required for eNOS-mediated NO
synthesis as well as NO targets are localized together
with eNOS in caveolae. In brain, nNOS also interacts
with α1-syntrophin (Hashida-Okumura et al., 1999) and
with CtBP (Carboxyl-terminal-Binding Protein) (Riefler
and Firestein, 2001). Whereas nNOS overexpression
induces a redistribution of CtBP in transfected cells, the
function of CtBP and the relevance of both nNOS-CtBP
and nNOS-α1-syntrophin interactions in brain are
currently unknown.

nNOS also binds through its PDZ domain to
CAPON (Carboxy-terminally Associated Protein Of
NOS) (Jaffrey et al., 2002). The latter links nNOS to
Dexras1, a dexamethasone-induced G-protein of the
Ras-family that is predominantly expressed in brain
(Fang et al., 2000). Interestingly, the linkage to nNOS
via CAPON is required for the sensitivity of Dexras1 for
NO (Fang et al., 2000). 

Members of the synapsin family, associated with
synaptic vesicles and involved in their release, are also
linked to nNOS via CAPON (Jaffrey et al., 2002).
Intriguingly, in synapsin I and synapsin II knock-out
mice, the cellular nNOS distribution is changed,
suggesting an important role for synapsins in synaptic
nNOS localization. Possibly, the nNOS-CAPON-
synapsin complex formation is required for the role of
nNOS in synaptic vesicle release, demonstrating the
necessity of the close proximity of NOS and its target
molecules (Meffert et al., 1994; Montague et al., 1994).
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In skeletal muscle, nNOS is membrane-associated
and enriched at motor endplates at the sarcolemma
(Kobzik et al., 1994) (Fig.  3B). Here, nNOS localization
is mediated by the PDZ-based interaction between
nNOS and α1-syntrophin (Brenman et al., 1996; Adams
et al., 2001). In skeletal muscle, α1-syntrophin acts as a
molecular adaptor protein that recruits nNOS as well as
other proteins to the dystrophin glycoprotein complex at
the sarcolemma. nNOS molecules lacking the PDZ
domain do not associate with skeletal muscle
sarcolemma (Brenman et al., 1996). In accordance, the
absence of dystrophin (as in Duchenne muscular
dystrophy) or α1-syntrophin results in the redistribution
of nNOS from the sarcolemma to the cytosol (Brenman
et al., 1995; Kameya et al., 1999). 

In skeletal muscle, nNOS also interacts through its

PDZ domain with the calmodulin-dependent calcium
pump PMCA4b (Schuh et al., 2001), and with caveolin-
3 at sarcolemmal caveolae (Venema et al., 1997). Both
interactions bring nNOS to the plasma membrane, while
inhibiting its activity (Schuh et al., 2001; Sunada et al.,
2001). Its localization at caveolae suggests that nNOS
may be part of signaling pathways diverging from
caveolae in skeletal muscle as is the case for eNOS in
endothelium.

In addition, nNOS interacts with the 10 kDa protein
PIN (protein inhibitor of nNOS) (Jaffrey and Snyder,
1996). In muscle, nNOS inhibitor PIN is localized in
close proximity of the sarcolemma, thus aptly able to
regulate nNOS activity there (Guo et al., 1999). nNOS
and PIN also coexpress in brain, so perhaps PIN is
regulating nNOS activity here as well (Roczniak et al.,
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Fig. 3. A. Schematic
representation of nNOS
localisation at the neuronal
junction. nNOS and the NO
targets NMDA receptor and
α2/ß1 guanylate cyclase are
assembled at the plasma
membrane via their interaction
with PSD-95. Linkage of the
NO-sensitive proteins synapsin
and Dexras1 to this multiprotein
complex involves adaptor
protein CAPON. nNOS also
interacts with CtBP and
phosphofructokinase. PDZ
domains are depicted in yellow,
nNOS b-hairpin finger in grey
(adapted from Christopherson
et al., 1999). B. nNOS
localisation at the skeletal
muscle sarcolemma. The
calcium channel PMCA4B and
the dystroglycan-dystrophin
complex target nNOS to the
plasma membrane via PDZ
motif-mediated interactions.
The interaction with PIN
abolishes nNOS activity. In the
cytosol, nNOS interacts with
phosphofructokinase (adapted
from Brenman et al., 1996).



2000). PIN reduces nNOS activity by destabilizing the
nNOS dimer, without altering its localization. 

Another binding partner for nNOS in both brain and
skeletal muscle is phosphofructokinase (Firestein and
Bredt, 1999). Also this interaction is mediated by the
PDZ domain of nNOS. In brain, phosphofructokinase
and nNOS are enriched and interact in synaptic vesicle
fractions, while in skeletal muscle, the interaction takes
place in the cytosol.

In pancreatic beta-cells, nNOS binds via its PDZ
domain to the receptor tyrosine phosphatase-like protein
ICA512 (Ort et al., 2000). This interaction also brings
nNOS to the membrane, since ICA512 is a
transmembrane protein.

Other proteins found to interact with nNOS include
hsp90, bradykinin B2 receptor, and NOSIP. The nNOS-
hsp90 interaction is thought to enhance nNOS activity
and/or decrease nNOS uncoupling (Bender et al., 1999;
Song et al., 2002). However, the exact role of hsp90 in
regulating nNOS activity in vivo remains to be

established. The bradykinin B2 receptor binds both
nNOS and eNOS (Ju et al., 1998; Golser et al., 2000).
The bradykinin B2 receptor binds to the nNOS
oxygenase domain, in close proximity to its catalytic
center, where it blocks the electron transfer between the
flavin and the heme. Several biological implications for
the involvement of the bradykinin receptor in activation
of nNOS have been suggested, including pain induction
and penile erection (Golser et al., 2000). The interaction
between nNOS and NOSIP has only been suggested
from yeast two hybrid studies. nNOS appeared to bind
NOSIP, though with a somewhat lower affinity than
eNOS (Dedio et al., 2001). Whether this interaction
exists in vivo and what the relevance of this interaction is
remains to be established.

iNOS

The inducible NOS enzyme was first discovered in
mouse macrophages, but is now known to be expressed
in a wide variety of cell types, in particular when
activated by cytokines such as tumor necrosis factor-α,
interferon-γ, and interleukin-1ß. Importantly, iNOS
produces NO at micromolar levels, whereas both eNOS
and nNOS produce NO in the nanomolar range. Hence,
iNOS may not serve so much for signaling purposes but
for the elimination of bacteria and tumor cells. An
important feature of iNOS is its constitutive association
with calmodulin. As a result, iNOS is always active,
even when intracellular Ca2+ levels are low. This feature
is at least in part caused by the absence of an
autoinhibitory element in its primary structure (Nishida
and de Montellano, 2001). In contrast to iNOS, both
eNOS and nNOS contain such a domain, which causes
their activity to be dependent on intracelular Ca2+ levels
(Fig. 1).

It is currently unknown whether, as has been
demonstrated for eNOS and nNOS, iNOS is regulated by
phosphorylation. Despite the lack of a membrane anchor,
in macrophages part of iNOS is found in membrane
fractions (Forstermann et al., 1992) (Fig. 4A). However,
the molecular basis of this membrane association is
unclear at present. In macrophages, the iNOS oxygenase
domain interacts with Rac2, a hematopoiesis-specific
Rho GTPase (Kuncewicz et al., 2001). Rac2 may target
iNOS to membranes since a small fraction of Rac2 is
associated with membranes via its prenylation
(Michaelson et al., 2001; Tao et al., 2002). Importantly,
Rac2 overexpression induces a cellular redistribution as
well as hyperactivation of iNOS, indicating that also for
iNOS localization is important for its enzymatic activity.
In macrophages, iNOS also interacts with NAP110
(NOS-associated protein of 110 kDa), which reduces
iNOS activity by inhibiting iNOS dimer formation
(Ratovitski et al., 1999b). NAP110 has been proposed to
protect macrophages against NO toxicity until they are
ready to kill. Hsp90, a binding partner for eNOS and
nNOS, also interacts with iNOS. This interaction
enhances iNOS activity in macrophages (Yoshida and
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Fig. 4. Localization of iNOS in the macrophage (A) and epithelium (B).
In the macrophage, iNOS is partially membrane-associated via an
unknown mechanism, possibly via interaction with a membrane-
associated protein. iNOS binds to and is regulated by Rac2 and
NAP110. In the enterocyte, iNOS is connected to the plasma membrane
via its interaction with EBP50. EBP50 also interacts with the chloride
channel CFTR and the Na+/H+-exchanger NHE3. Both CFTR and NHE3
are regulated by iNOS-generated NO. 



Concluding remarks

The function of NO synthases is not merely to
generate NO. Their role is to produce the right amount
of NO at the right place. Production of NO at the wrong
place will result in S-nitrosylation and tyrosine nitration
of proteins in an uncoordinated fashion and possibly in
alteration of their function, while because of its high
reactivity with proteins as well as with transition metals
and superoxide, NO will not reach its prime targets. To
circumvent this problem, NO synthases are localized at
specific cellular sites, where they are in close proximity
of their target molecules. This functional localization is
defined by lipid modifications and protein-protein
interactions. A perfect example of spatial confinement of
NOS function has been demonstrated in heart where the
specific localization of nNOS and eNOS in distinct
intracellular compartments enables these enzymes to
mediate their independent and opposite effects (Barouch
et al., 2002), further elucidating the importance of
targeted NOS localization.
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