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thelial nitric oxide synthase. Am <J Physiol Renal Physiol 280:
F193-F206, 2001.—Renal function is highly dependent on endothelium-
derived nitric oxide (NO). Several renal disorders have been linked to
impaired NO bioavailability. The enzyme that is responsible for the
synthesis of NO within the renal endothelium is endothelial NO syn-
thase (eNOS). eNOS-mediated NO generation is a highly regulated
cellular event, which is induced by calcium-mobilizing agonists and fluid
shear stress. eNOS activity is regulated at the transcriptional level but
also by a variety of modifications, such as acylation and phosphorylation,
by its cellular localization, and by protein-protein interactions. The
present review focuses on the complex regulation of eNOS within the

endothelial cell.
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ENDOTHELIUM-DERIVED NITRIC oxide (NO) has important
effects on the renal vasculature. It modulates the con-
strictor actions on the afferent arteriole (35, 74, 75). In
addition to its direct effects on glomerular microvascu-
lar tone, NO decreases the sensitivity of the tubuloglo-
merular feedback system (14). NO is also a crucial
modulator of renal medullary blood flow, allowing pres-
sure natriuresis (101, 135, 137). In addition, renal
medullary oxygenation appears to be critically depen-
dent on an intact vascular NO system (15). Finally,
endothelium-derived NO prevents leukocyte infiltra-
tion of the vessel wall and thrombus formation in the
renal vasculature (161). Related to these NO-depen-
dent processes, a dysfunctional renal vascular NO sys-
tem has been associated with (salt-sensitive) hyperten-
sion (9, 37), ischemic injury of the kidney (78, 82, 100),
and tubulointerstitial renal disease (161, 162). It is of
interest that these vascular effects of NO may not only
be generated through the endothelial nitric oxide syn-
thase (eNOS), which is the classic “vasculoprotective”
NOS isoform but may also involve vascular expression
of the neuronal (nNOS) and inducible isoforms (iNOS)

of the enzyme (2, 81, 102). Nevertheless, functional
studies suggest that the eNOS isoform is the key en-
zyme in these processes (102). New functions of eNOS
in the kidney have recently been described as well. For
example, the NO-mediated inhibition of chloride in the
medullary thick ascending limb appears to depend on
the endothelial isoform of NOS (124). The present
review therefore focuses on the regulation of eNOS
function. In particular, the structure-function relation-
ships of the enzyme and its cellular regulation are
reviewed.

FUNCTION AND ACTIVITY OF eNOS:
NO VS. SUPEROXIDE

The free radical NO is generated exclusively by the
enzyme NOS. Three isoforms of NOS have been iden-
tified, which are highly homologous in their primary
structure (Fig. 1). Two isoforms are constitutively ex-
pressed, although their expression may be modulated:
nNOS (or NOS1) is expressed in neurons, and eNOS
(or NOS3) is expressed in endothelial cells, cardiac
myocytes, and blood platelets. The expression of iNOS
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Fig. 1. Structure of nitric oxide isoforms. NH,
(N) and COOH (C) termini are indicated. Homol-

/

ogy in amino acid sequences are depicted: open
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mologous in neuronal (nNOS) and endothelial
nitric oxide synthase (eNOS); solid boxes, iso-
form-specific sequences. For eNOS, regions in-

volved in acylation and in the binding of sub-
strates and cofactors are indicated as well as the
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(or NOS2) is not constitutive but is induced by various
cytokines. NO is synthesized from L-arginine through a
five-electron oxidation step via the formation of the
intermediate N®-hydroxy-L-arginine (119, 171). The
substrates for NOS-mediated NO production are the
amino acid arginine, molecular oxygen, and NADPH.
Cofactors that are required for NO generation are
tetrahydrobiopterin (BH4), flavin adenine dinucle-
otide, and flavin mononucleotide. Furthermore, the
enzyme contains binding sites for heme and calmodu-
lin, both being essential for enzyme activity. After
binding of calcium-loaded calmodulin to eNOS between
the COOH-terminal reductase and NH,-terminal oxy-
genase domain of eNOS, electrons are donated by
NADPH at the reductase domain, which are subse-
quently shuttled through the calmodulin-binding do-
main toward the heme-containing eNOS oxygenase
domain, which may result in the formation of the
enzyme products citrulline and NO (1). eNOS also
contains a motif involved in the binding of zinc (130).
Each eNOS dimer contains one zinc ion, which plays a
role in stabilization of the dimeric molecule.

Under certain conditions, NOS may generate super-
oxide instead of NO, a process called NOS uncoupling
(i.e., uncoupling of NADPH oxidation and NO synthe-
sis) (126). Superoxide generation by eNOS is mediated
via the heme group of its oxygenase domain (147) and
is dependent on the presence of its substrate, arginine,
and its cofactor, BH4 (155, 165). When there is an
abundance of both factors, eNOS produces NO. When
the concentration of one of these factors is relatively
low, eNOS generates superoxide. For instance, inhibi-
tion of BH4 synthesis in endothelial cells by 2,4-di-
amino-6-hydroxypyrimidine, an inhibitor of the rate-
limiting enzyme in BH4 synthesis, GTP cyclohydrolase
I, results in a reduction of NO synthesis, whereas
eNOS-mediated superoxide synthesis is increased.
This effect can be antagonized by the so-called BH4
salvage pathway, when endothelial cells are incubated
with sepiapterin, which results in an increase in cellu-
lar BH4 levels, independent of GTP cyclohydrolase I
(73). Similar findings have been reported for nNOS.
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The nNOS heme domain also produces superoxide
when concentrations of arginine and/or BH4 are low
(125, 154). In contrast, iNOS may also generate super-
oxide via its reductase domain (167). NOS uncoupling
has also been reported in vivo. NOS-mediated super-
oxide generation has been suggested to occur in renal
proximal tubules that were exposed to lipopolysaccha-
rides (153), in renal arteries exposed to oxidized low-
density lipoproteins (LDL) (129), in reperfusion injury
after ischemia (68), in pulmonary hypertension (111),
and in hypercholesterolemia (31, 148). These data in-
dicate that NOS activity is regulated by the abundance
of its substrate and cofactor, although many more
regulatory mechanisms exist in the cell, all of which
contribute to the enzyme activity of eNOS (Fig. 2).

TRANSCRIPTIONAL REGULATION OF eNOS

Although the term “inducible” has been restricted to
iNOS, eNOS expression is also regulated by a variety
of stimuli. First, its basal expression is largely tissue
dependent (151). eNOS is predominantly expressed in
endothelial cells of large- and medium-sized blood ves-
sels. In addition, there are numerous factors that affect
the basal expression levels. For instance, fluid flow
across the endothelium, also referred to as shear
stress, upregulates eNOS expression (114, 115). Six
shear stress-responsive elements have indeed been
identified in the eNOS promotor sequence on cloning of
the eNOS ¢cDNA and identification of the promotor
region (114, 141). Besides shear stress-responsive ele-
ments, the eNOS promotor also contains other putative
cis-elements, including Spl and GATA motifs, a sterol
regulatory element, estrogen-responsive elements, a
nuclear factor-1 element, a cAMP-responsive element,
and activator protein-1 (AP-1) and -2 (AP-2) binding
sites (99, 134). Sp1 has been shown to be involved in
lysophosphatidylcholine (lysoPC)-induced eNOS up-
regulation (25), whereas AP-1 activation mediates in-
creases in eNOS expression in the presence of immu-
nosuppresive drugs such as cyclosporin A (112). eNOS
expression is also upregulated by cyclic strain (7),
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Fig. 2. Cellular events involved in the regulation of eNOS activity.
The main pathway leading to a functional eNOS enzyme is depicted.
For transcriptional regulation, (de)stabilization of eNOS mRNA, and
protein-protein interactions, some examples of regulators of eNOS
activity are shown. Once the enzyme is functional, the presence of
substrate arginine and cofactor BH4 determines whether eNOS is
producing nitric oxide (NO) or superoxide. EPO, erythropoietin;
TNF-a, tumor necrosis factor-a; LPS, lipopolysaccharide; VEGF,
vascular endothelial growth factor; Hsp90, 90-kDa heat shock pro-
tein.

agents that inhibit protein kinase C (PKC) (116), en-
hanced proliferative state (6), hydrogen peroxide (39),
estrogen (150), vascular endothelial growth factor
(VEGF) (13, 83), insulin (84), basic fibroblast growth
factor (175), epidermal growth factor (175), transform-
ing growth factor-g (TGF-B) (72), and low concentra-
tions of oxidized LDL or its major atherogenic phos-
pholipid lysoPC (67, 172). An increased eNOS
expression by lysoPC and moderate amounts of oxi-
dized LDL may implicate an endothelial antiathero-
sclerotic defense mechanism at the early stages of
lesion formation.

Several factors that are known to lower eNOS ex-
pression include tumor necrosis factor-o (TNF-a) (114),
erythropoietin (163), hypoxia (105), and high concen-
trations of oxidized LDL (88). In line with these regu-
latory mechanisms, renal eNOS expression is in-
creased along with increases in cyclic strain as can be
found in, e.g., hypertension secondary to lead or angio-
tensin II infusion (24, 156), whereas such an increase
could not be found in erythropoietin-induced hyperten-
sion (113). Another determinant of eNOS expression is
NO itself. NO has been shown to be involved in a
negative-feedback regulatory mechanism and de-
creases eNOS expression via a cGMP-mediated process
(157). In agreement, the decrease in glomerular filtra-
tion rate after administration of lipopolysaccharides
could be attributable to inhibition of eNOS function,
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most likely by NO autoinhibition via activation of
iNOS (139).

There is a marked discrepancy among amounts of
eNOS mRNA, eNOS protein, and eNOS activity, dem-
onstrating complex regulatory mechanisms at the post-
transcriptional and posttranslational level. An impor-
tant feature here that concerns posttranscriptional/
posttranslational regulation is the stability (i.e., half-
life) of the eNOS mRNA (12). mRNA levels represent
the balance between gene transcription and mRNA
degradation. The kinetics of mRNA degradation is de-
pendent in part on nucleotide sequence motifs, which
are usually located in the 3’ untranslated region of the
gene. Possible interactions of specific proteins to these
sequences may render the mRNA more or less suscep-
tible to endonucleolytic cleavage. Two motifs often im-
plicated in mRNA destabilization are present at the 3’
end of the eNOS mRNA (99). In accordance, some
stimuli affect eNOS mRNA stability. TNF-a destabi-
lizes eNOS mRNA, which is suggested to be mediated
by the increased binding of regulatory cytosolic pro-
teins to the 3’ untranslated region of the eNOS mRNA
(3). Other stimuli that have been reported to decrease
eNOS mRNA stability include lipopolysaccharides (en-
dotoxins) (97), hypoxia (105), and oxidized LDL (91).
Such mechanisms could also be involved in decreased
eNOS expression in inflammatory models of renal in-
jury such as necrotizing crescentic glomerulonephritis
(65). On the other hand, certain conditions of shear
stress upregulate eNOS mRNA levels through post-
transcriptional events (176). VEGF- as well as hydro-
gen peroxide-induced eNOS upregulation are also de-
pendent on an enhanced stability of eNOS mRNA (13,
39). In conclusion, eNOS expression is affected by var-
ious stimuli, which modify eNOS regulation at the
mRNA level by inducing changes in transcription ki-
netics and stability of the eNOS mRNA.

COTRANSLATIONAL MODIFICATION OF eNOS:
MYRISTOYLATION

In contrast to the other NOS isoforms, eNOS con-
tains a myristoyl group that is covalently attached to
the glycine residue at its NH, terminus. The turnover
of the myristoyl group is as slow as that of eNOS itself,
demonstrating the irreversibility of myristoylation
(92). Myristoylation renders eNOS membrane bound,
whereas iNOS and nNOS are predominantly, if not
exclusively, cytoplasmic. The presence of eNOS at the
membrane (especially at the plasma membrane) may
serve an important purpose. It may bring eNOS in
close proximity to factors that are required for its
proper function, such as arginine, calcium, and cofactor
BH4. It is of particular interest that arginine and
calcium channels have indeed been identified in caveo-
lae at the plasma membrane (51, 104). Studies in
which the myristoylation site of eNOS was mutated
have demonstrated that the myristoyl moiety is an
absolute requirement for the membrane localization
and activity of eNOS (136). Without this modification,
eNOS is almost completely cytosolic and lacks palmi-
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toyl moieties (94, 133). Most likely, myristoylation tar-
gets eNOS to the Golgi complex, where it is palmitoy-
lated (140). Nevertheless, the NO-generating activity
of the myristoyl-deficient enzyme in vitro is not im-
paired (44).

eNOS REGULATION AT THE POSTTRANSLATIONAL
LEVEL

eNOS Palmitoylation

Degradation of eNOS is probably neither regulated
nor modified by cellular responses, because eNOS has
a rather long half-life of ~20 h (92). A posttranslational
modification that does modify eNOS activity is palmi-
toylation. eNOS is palmitoylated on two cysteine resi-
dues near the NH,, terminus (cysteine-15 and -26). This
modification is reversible, requires eNOS myristoyl-
ation, stabilizes the association of eNOS with the mem-
brane, and is required for a proper localization of eNOS
(92). The steady-state turnover of the eNOS palmitoyl
modification is 25 times faster than that of the myris-
toyl moiety or that of eNOS itself (92). The unique
(Gly-Leu); repeat between the two palmitoylation sites
of eNOS is required for the palmitoylation (94). Ago-
nists such as bradykinin have been suggested to pro-
mote eNOS palmitate turnover with a concomitant
release of eNOS from the plasma membrane (133).
Whether the transient depalmitoylation of eNOS is
required for its agonist-induced activation is unclear.
eNOS depalmitoylation is suggested to be mediated by
the cytosolic enzyme acyl-protein thioesterase and to
be potentiated by calcium-bound calmodulin (170).
However, these bradykinin-induced phenomena were
contradicted by others (92). The cellular enzyme activ-
ity of eNOS in which the palmitoylation sites were
mutated was markedly decreased, but to a lesser ex-
tent than for the myristoyl-deficient enzyme (143). A
mutated palmitoyl-deficient enzyme displays an al-
tered cellular distribution compared with wild-type
eNOS and is hardly detectable at the plasma mem-
brane (57, 133). The reduced amount of NO generated
by the palmitoylation-deficient enzyme within the en-
dothelial cell was not caused by alterations in its cat-
alytic properties, because purified wild-type and palmi-
toyl-deficient eNOS were kinetically identical (93).
Again, these findings strongly indicate that the enzy-
matic activity of eNOS within the endothelial cell is
dependent on its intracellular distribution.

eNOS Activation: Calcium vs. Tyrosine
Phosphorylation

NOS differs from iNOS in that its activity is depen-
dent on the presence of calcium and calmodulin. iNOS
binds calmodulin very tightly so that calmodulin forms
a constitutive subunit. eNOS activity is regulated by
changes in the cytosolic calcium concentration and is
therefore activated by hormones that induce a rise in
intracellular calcium levels, such as bradykinin (62),
estradiol (59), serotonin (17), VEGF (120), and his-
tamine (79). Calmodulin binds the calcium, and the
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calcium-calmodulin complex interacts with eNOS, re-
sulting in increased enzyme activity (see eNOS Local-
ization in Caveolae).

On the other hand, eNOS activation by hemody-
namic shear stress as well as isometric vessel contrac-
tion is independent of calcium (8, 49). The exact mech-
anism behind this mechanochemical transduction
process is not completely understood. Shear stress-
induced eNOS activation is regulated by a potassium
channel, which might act as a mechanochemical trans-
ducer within the plasma membrane of the endothelial
cell (27, 118), whereas it is not involved in eNOS
activation by calcium-mobilizing agents (69). Other cell
components that play a role in shear stress-induced
eNOS activation include caveolae and the cytoskeleton
(70, 132). The endothelial cytoskeletal network usually
maintains the shape of the endothelial cell, which is
essential for the relative impermeability of the endo-
thelial lining of the vessel wall. An alteration in fluid
flow across the endothelium results in a change in the
tension of the endothelial cytoskeleton and in the
transmission of this signal throughout the cell, which
immediately modulates eNOS activity. Accordingly,
disruption of the cytoskeleton attenuates flow-induced
eNOS activity, although it does not affect agonist-
induced calcium-dependent NO generation (70). Inter-
estingly, NO is important for stability of the endothe-
lial cytoskeleton and therefore has a role in the relative
impermeability of the endothelium (85, 96). In con-
trast, under certain conditions (e.g., hypoxia) and de-
pendent on the vascular bed, endothelial permeability
is enhanced due to VEGF-induced increases in NO
levels (47). Furthermore, shear stress-induced eNOS
activation is abrogated in the presence of tyrosine
kinase inhibitors, suggesting that tyrosine phosphory-
lation is involved (8, 28). The tyrosine kinase involved
in this process might be the VEGF receptor Flk-1,
because this receptor is phosphorylated and associated
with the adaptor protein Shc on application of shear
stress (21). Shear stress, but also calcium-mobilizing
agents, activate protein tyrosine kinases and result in
enhanced tyrosine phosphorylation of specific proteins
of 42 and 44 [mitogen-activated protein (MAP) kinases]
and proteins of 88, 90, 103, and 114 kDa (8, 22).
Moreover, estradiol- and VEGF-induced increases in
eNOS activity are attenuated by tyrosine kinase inhib-
itors (22, 120), suggesting that tyrosine phosphoryla-
tion may be required for eNOS activation by both shear
stress and calcium-mobilizing agents.

The protein tyrosine phosphatase inhibitor phe-
nylarsine oxide has been shown to activate eNOS in
the presence and absence of extracellular calcium and
the calmodulin inhibitor calmidazolium, which is in
accordance with the other indications that suggest that
tyrosine phosphorylation is essential for calcium-inde-
pendent eNOS activation (48). The phenylarsine oxide-
induced effect is inhibited by the protein tyrosine Kki-
nase inhibitor erbstatin. Also, ceramide enhances
eNOS activity in a calcium-independent manner (71).
Whether this is accompanied by an increase in eNOS
phosphorylation or is dependent on tyrosine phosphor-



INVITED REVIEW

ylation of other proteins is not known. Recently, there
have been some indications that eNOS might be phos-
phorylated on tyrosine residues, although this is sug-
gested to be dependent on the amount of cell passages,
indicating that the intracellular mechanisms that reg-
ulate tyrosine phosphorylation of eNOS are rapidly lost
when cells are cultured (48, 55). This may have been
the reason why many others have failed to detect
tyrosine phosphorylation of eNOS (28, 38, 159, 160).

eNOS Serine Phosphorylation

eNOS is phosphorylated on serine residues on expo-
sure of endothelial cells to shear stress as well as to
calcium-mobilizing agents (28, 108). In vitro, eNOS can
be phosphorylated by PKC and cAMP-dependent ki-
nase [protein kinase A (PKA)] (23, 66). In addition,
PKC-activating phorbol esters induce eNOS phosphor-
ylation in intact cells, which is accompanied by a de-
crease in eNOS activity. This decrease is prevented by
PKC inhibitors, suggesting that eNOS activity may be
regulated by PKC-mediated eNOS phosphorylation in
vivo. PKA mediates phosphorylation at threonine-495
and serine-1177 of human eNOS in vitro in a calcium-
and calmodulin-independent manner, resulting in
eNOS activation (109). Furthermore, there have been
some indications suggesting that PKA might be in-
volved in eNOS activation in vivo (152).

Recently, it was shown that the serine/threonine
kinase Akt (also known as protein kinase B) phosphor-
ylates eNOS in vitro as well as in vivo, thereby acti-
vating the enzyme (52, 53). Akt-mediated eNOS phos-
phorylation was suggested to play a role in both
calcium-dependent and -independent eNOS activation
pathways. Both shear stress and VEGF induce phos-
phorylation and activation of Akt (38). LY-294002 and
wortmannin, inhibitors of phosphatidylinositol 3-ki-
nase, the upstream activator of Akt, reduce shear
stress-, VEGF-, and insulin-induced phosphorylation
and activation of eNOS (38, 53, 174). In accordance, the
use of activation-deficient Akt has demonstrated that
Akt is required for VEGF- and insulin-mediated eNOS
activation (52, 173). The site of phosphorylation by Akt
is serine-1177 in human eNOS (52). Shear stress-in-
duced Akt activation is unaffected by the removal of
calcium or by the calmodulin antagonist calmidazo-
lium, implying that Akt-mediated eNOS activation in
response to shear stress requires only trace amounts of
calcium (in a similar way to iNOS) (38). This has been
confirmed by Sessa and co-workers (103), whose stud-
ies implicated that Akt-mediated eNOS phosphoryla-
tion reduces the dissociation of calmodulin from
activated eNOS. Shear stress-induced serine phos-
phorylation of eNOS was shown to be inhibited by
tyrosine kinase inhibitors, indicating that tyrosine
phosphorylation of a regulatory protein, which is acti-
vated upstream of Akt, precedes Akt-mediated eNOS
phosphorylation (28).

Bradykinin also induces serine phosphorylation of
eNOS, which is maximal after 5 min and is prolonged
for 20 min. The serine-phosphorylated enzyme is pri-
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marily cytosolic. This phosphorylation event appears
to be calcium dependent, because it is inhibited by
calmodulin antagonists and by removal of extracellular
calcium (108, 109). Whether bradykinin-induced serine
phosphorylation of eNOS is mediated by Akt and
whether this is required for eNOS activation remain to
be determined. Given the fact that eNOS-mediated NO
generation occurs faster than bradykinin-induced
serine phosphorylation of eNOS, it is likely that this
phosphorylation event is involved in the downregula-
tion of eNOS activity. Accordingly, incubation of endo-
thelial cells with NO donors induces serine phosphor-
ylation of eNOS, while inhibiting its activity (19, 108).
This suggests that eNOS-generated NO may induce
phosphorylation of eNOS in vivo and therefore may act
as a negative feedback mechanism for eNOS activity. If
this is the case, PKC might be the kinase involved in
this inhibitory phosphorylation event, because PKC-
mediated eNOS phosphorylation is known to inhibit
eNOS activity (66). Furthermore, the involvement of
PKC in eNOS inactivation is suggested by the fact that
G protein-coupled receptors, including the receptors for
bradykinin, acetylcholine, serotonin, and histamine ac-
tivate phospholipase C, an upstream activator of PKC
(16, 41).

Finally, other kinases could be involved as well in
the regulation of eNOS activity, perhaps dependent on
the agonist. For instance, studies in which the MAP
kinase kinase inhibitor PD-98059 was used have sug-
gested that members of the MAP kinase family play a
role in estradiol-induced eNOS activation (22).
Whether these kinases are actually able to phosphor-
ylate eNOS itself has not been examined.

In summary, serine phosphorylation of eNOS is es-
sential for the cellular regulation of eNOS function. It
might either increase or decrease its activity, depend-
ing on the kinase and the serine residue involved. In
particular, the serine/threonine kinase Akt has been
shown to regulate eNOS activity in vitro as well as in
vivo.

eNOS Localization in Caveolae

Studies from many research groups have indicated
that the localization of eNOS within the cell deter-
mines its activity. One particular site in the cell that
apparently is of importance to eNOS function is the
caveolus. Caveolae are specialized invaginations of the
plasma membrane and are present in most cell types,
with the highest number being present in endothelial
cells, adipocytes, fibroblasts, and smooth muscle cells.
The main components of caveolae are cholesterol, gly-
cosphingolipids, and some structural proteins, such as
caveolin, whereas phospholipids are practically absent
(121, 144). This membrane domain harbors many sig-
nal transduction pathways, and evidence is accumulat-
ing that signal transduction pathways ascending from
various stimuli from outside of the cell converge at this
specific spot (4, 95). eNOS was reported to be present in
caveolae but not in other parts of the plasma mem-
brane (143). However, it must be taken into account
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that the experimental procedures used for the isolation
of caveolae might influence the experimental findings.
For instance, detergent-based caveolae isolation proce-
dures have not always allowed eNOS coisolation, al-
though other caveolae isolation methods by the same
researchers did show that eNOS was localized within
caveolae (143). Similar findings have been described
for the epidermal growth factor receptor (110, 164) and
for the insulin receptor (64). Unfortunately, most of
these studies fail to show by immunoelectron micro-
scopic analysis of intact cells or of isolated caveolae
that these particular proteins do reside in caveolae. In
addition, the results of the biochemical experiments
are difficult to interpret, because the presence of alter-
native detergent-insoluble membrane domains that
are not homologous to caveolae has been demonstrated
(50, 61). Thus, although present in caveolae, the pres-
ence of eNOS in other plasma membrane domains
cannot be excluded.

The localization of eNOS within caveolae renders the
enzyme inactive. In caveolae, eNOS activity is inhib-
ited by caveolin-1 (77). Caveolin-1 is not exclusively
located in caveolae but is also resident in the Golgi
complex and is known to bind to the caveolae-enriched
lipids cholesterol and glycosphingolipids (26). Caveo-
lin-1 is an intrinsic membrane protein (although not
membrane spanning) that is irreversibly palmitoylated
and not only binds to itself in an oligomeric complex
but also interacts with eNOS via its so-called scaffold-
ing domain (amino acid residues 82—-101) (77, 107). In
addition, caveolin-1 may contain a second eNOS-bind-
ing motif (56, 77). Interestingly, within the endothelial
cell the binding of eNOS to caveolin-1 requires both
myristoylation and palmitoylation of eNOS, whereas in
vitro the eNOS-caveolin-1 interaction is independent of
both acyl groups (56). This indicates that the acyl
modifications mediate caveolar localization rather
than caveolin-1. The interaction between eNOS and
the caveolin-1 scaffolding domain strongly reduces
eNOS activity because caveolin-1 interferes with the
binding of calmodulin to eNOS when cytosolic calcium
levels are low (77, 106). However, the interaction with
the scaffolding domain is not restricted to eNOS. Other
signaling proteins that interact with the caveolin-1
scaffolding domain include phosphatidylinositol 3-ki-
nase, c-Src, and Ha-Ras (29, 89). Inhibitory interac-
tions have been reported for the PDGF receptor (168),
epidermal growth factor receptor (30), nerve growth
factor receptor Trk A (10), MAP kinases (40), and G
protein a-subunits (90). The sequence in human eNOS
that mediates the interaction with caveolin-1 is
350RSAAPFSGW?28, which corresponds to the scaffold-
ing domain-binding consensus sequences eXeXXXX¢
and eXXXXoXXo (¢ represents Trp, Phe, or Tyr; X
represents any amino acid) (29, 56). The activity of
eNOS in which this domain was mutated was not
affected by caveolin-1, in contrast to wild-type eNOS
(56). In accordance, an increased caveolin-1 expression
results in an increased eNOS-caveolin interaction and
in reduced eNOS activity (43, 44). The scaffolding do-
main-binding motif is situated in the eNOS oxygenase
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domain, although an interaction between caveolin-1
and the reductase domain of eNOS may also exist (58).
To which residues of the reductase domain caveolin-1
might bind is presently unknown.

Caveolae-localized eNOS also interacts with the bra-
dykinin receptor and with the cationic amino acid
transporter CAT-1 (76, 104). CAT-1 is involved in the
transfer of the NOS substrate arginine across the
membrane. Receptors for estrogen (80) and VEGF (42)
as well as a calcium pump (51) are also present in
caveolae. The receptors for bradykinin and acetylcho-
line are not constitutively present in caveolae but may
translocate to caveolar membranes on agonist stimu-
lation (36, 46). This indicates that most of the compo-
nents required for a proper eNOS function are concen-
trated within the caveolae, which may facilitate eNOS
function. However, the molecular interactions among
eNOS, CAT-1, and G protein-coupled receptors may
need further investigation, because the techniques
used in these studies imply the presence of these pro-
teins in caveolae rather than a direct interaction
among these molecules due to the detergent insolubil-
ity of caveolae. Some of these molecular interactions
have now been confirmed in in vitro assays (98). More-
over, the interaction of eNOS with the bradykinin
receptor blocks the electron transfer within the eNOS
molecule without affecting the binding of its substrate
arginine and cofactor BH4 (60).

In the presence of shear stress (131) or calcium-
mobilizing agents such as bradykinin (127), acetylcho-
line (45), estradiol (80), and calcium ionophore (45),
calcium-bound calmodulin associates with eNOS,
whereas caveolin-1 is displaced. The calcium ions that
are mobilized into the cytosol are reported to originate
from the extracellular environment and from intracel-
lular calcium stores (i.e., endoplasmic reticulum) (32,
62). Caveolin-1 displacement may coincide with eNOS
depalmitoylation (133). As a consequence of both of
these processes, eNOS is released from the plasma
membrane into the cytosol (108). However, this model
could not be confirmed by all research groups (92).
Interestingly, Venema et al. (160) reported an in-
creased interaction of eNOS and caveolin-1 on brady-
kinin incubation of endothelial cells. How eNOS is
inactivated is unclear. An increase in Golgi-localized
eNOS after its activation has been demonstrated (127).
Again, this phenomenon could not be confirmed by
others (48). Probably, the activated eNOS-calmodulin
complex generates NO until intracellular calcium lev-
els drop to the point that calmodulin dissociates and
the inhibitory eNOS-caveolin complex reforms (45).
This is not unlikely because the agonist-induced in-
creases and subsequent decreases in intracellular cal-
cium and NO show similar kinetics (18).

Because cholesterol is one of the main constituents of
caveolae and since hypercholesterolemia has been as-
sociated with a change in NO production (20), several
laboratories have studied the effect of endothelial cho-
lesterol loading on eNOS activity. Endothelial cells
incubated in the presence of cholesterol displayed a
50% increase in NO release in response to calcium
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ionophore, whereas eNOS expression was increased to
the same extent (123). Caveolin expression was not
significantly increased in these experiments, whereas
the number of caveolae was also increased by 50%. In
contrast, incubations with higher amounts of choles-
terol inhibited eNOS activity (34). Incubation of endo-
thelial cells with agents that lower the cholesterol
content of caveolae such as oxidized LDL and cyclodex-
trin resulted in translocation of both caveolin-1 and
eNOS from the caveolae and in inhibition of acetylcho-
line-induced eNOS activation (11). Myristoylation, pal-
mitoylation, and phosphorylation of eNOS were not
affected by cholesterol depletion, implying that these
molecular modifications were not involved in the eNOS
inactivation. Thus, although caveolar eNOS itself is
inactive, caveolar localization of eNOS is required for
its activity because conditions that inhibit the localiza-
tion of eNOS in caveolae (e.g., inhibition of eNOS
myristoylation and cholesterol depletion) markedly de-
crease eNOS activity. This implies that eNOS needs to
be localized in caveolae to be able to become activated.

eNOS in the Golgi Complex

Although most studies apparently agree in that NO
generation requires a functional eNOS enzyme at the
plasma membrane, and in particular at the caveolae,
most of the cellular eNOS is contained within the Golgi
apparatus in cultured endothelial cells as well as in
intact blood vessels (5, 140). The first 35-amino acid
residues of eNOS, containing all three acylation sites,
are required and sufficient for the targeting of eNOS to
the Golgi complex (94). Whether eNOS at the Golgi is
bound to caveolin-1 in a similar complex as has been
described for caveolae is unknown. At present, no clear
suggestion has been presented on the function of the
Golgi localization of eNOS. Golgi localization might be
required for eNOS repalmitoylation after activation
and depalmitoylation at the plasma membrane. Palmi-
toyl transferases may be present in the Golgi complex.
Accordingly, eNOS would recycle between the plasma
membrane and the Golgi complex. In that case, eNOS
probably moves from the Golgi to caveolae via vesicular
transport, as has been described for caveolin-1 (86).
However, data supporting this hypothesis are lacking
due to the few immunoelectron microscopic studies
that have been presented so far.

Incubation of cerebrovascular endothelial cells with
the Golgi complex-disrupting agent brefeldin A inhib-
ited NOS activity, implying that the Golgi localization
of eNOS is essential for eNOS activity, although it does
not provide any evidence that Golgi-localized eNOS
may be directly activated (146). Probably, Golgi disrup-
tion also indirectly affects eNOS localization at the
plasma membrane, because eNOS is thought to recycle
between the Golgi complex and the plasma membrane.
However, it cannot be completely excluded that the
Golgi might be a site of NO production. That Golgi-
localized eNOS is not a “silent” pool of eNOS is evident
from studies in which examination of recovery after
photobleaching of fluorescent-labeled eNOS showed
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that the enzyme is translocating to and from the Golgi
complex at high speed (145).

Interaction with the Cytoskeleton

Within the endothelial cell, eNOS has been reported
to reside in a detergent Triton X-100-insoluble cell
fraction under resting conditions (57). However, others
have reported that eNOS translocates to a Triton
X-100-insoluble cell fraction on stimulation with the
calcium-mobilizing agent bradykinin (159). At the
same time, bradykinin induces tyrosine phosphoryla-
tion of cellular proteins, which apparently is required
for translocation of eNOS because tyrosine kinase in-
hibitors block the translocation. Treatment of endothe-
lial cells with bradykinin also induces a transient in-
crease in the amount of detergent-insoluble caveolin-1
(160). Again, the translocation could be inhibited by
tyrosine kinase inhibitors.

Translocation of eNOS into a detergent-insoluble cell
fraction is also induced by shear stress (48). Shear
stress-induced eNOS activation as well as the concom-
itant translocation of eNOS into detergent-insoluble
membranes were dependent on the presence of ty-
rosine kinase inhibitors. Whether caveolin-1 also
translocates to a detergent-insoluble membrane frac-
tion after shear stress has not been determined. In
addition, eNOS activation by the tyrosine phosphatase
inhibitor phenylarsine oxide also coincided with a
translocation of both eNOS and caveolin-1 from a de-
tergent-soluble to a detergent-insoluble cell fraction
(48, 160). This translocation was independent of cal-
cium.

Although this detergent-insoluble cell fraction has
been referred to as cytoskeleton associated (87, 166),
one must not forget that caveolae are also detergent
insoluble (169). In addition, other distinct microdo-
mains have been reported that are Triton X-100 insol-
uble and enriched in glycosyl phosphatidylinositol-an-
chored proteins (138). Furthermore, depending on the
experimental procedures, this translocation may also
account for an interaction between caveolae and the
endothelial cytoskeleton, providing a possible explana-
tion as to why both eNOS and caveolin-1 translocate to
detergent-insoluble membrane domains.

Additional Interactions

A tyrosine-phosphorylated protein of 90 kDa inter-
acts with eNOS in cultured endothelial cells (159). The
interaction is markedly enhanced within 1 min of bra-
dykinin stimulation. The associated protein was de-
nominated eNOS-associated protein-1 (ENAP-1). At
present, it is unknown whether this protein interacts
directly or indirectly with eNOS or whether ENAP-1
associates with the detergent-insoluble cell fraction to
which eNOS translocates on bradykinin stimulation,
as was reported by the same research group (159).
Although bradykinin did induce a translocation of a
substantial amount of eNOS into the detergent-insol-
uble cell fraction, the eNOS-ENAP-1 interaction was
detected in the Triton X-100-soluble cell fraction.
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caveolin-1

Fig. 3. The eNOS activation-deactivation cycle (1-8). eNOS, which is resident in the Golgi complex (anchored in
the membrane by 1 myristoyl and 2 palmitoyl groups), is transported together with caveolin-1 to the caveolae at
the plasma membrane (PM) via vesicles (I and 2). Within the caveolae, eNOS is bound to caveolin-1, which inhibits
eNOS activity. Shear stress signals via a potassium channel and the cytoskeleton, which results in tyrosine
phosphorylation of specific proteins, activation of phosphatidylinositol 3-kinase, and subsequently in activation of
Akt kinase. Akt activation by shear stress but also by VEGF activates eNOS by serine phosphorylation (PS; 3),
which increases the affinity of eNOS for calmodulin. After agonist binding at the plasma membrane, eNOS-
activating receptors translocate to caveolae. The 7-membrane-spanning domain-containing receptors activate G
proteins, whereas the VEGF receptor signals via its tyrosine kinase domain. These receptors activate calcium
channels at the caveolae. Furthermore, they activate calcium channels of the endoplasmic reticulum (ER) via
phospholipase C and inositol 1,4,5-trisphosphate. This calcium flux induces binding of calmodulin to eNOS,
whereas the eNOS-caveolin-1 interaction is disrupted. At the same time, eNOS is depalmitoylated (only the
myristoyl moiety remains) and therefore translocates into the cytosol (4). On binding of calmodulin, eNOS
generates NO (and under certain conditions superoxide, O5-), which may be enhanced by the interaction with
Hsp90 (5). eNOS is inactivated by PS and by the dissociation of calmodulin (6). Perhaps phosphorylation induces
the eNOS-calmodulin dissociation. After translocation to the Golgi complex (7), eNOS is repalmitoylated (8), which
enables eNOS to be transported to the caveolae again. CAT-1, cationic amino acid transporter.

Another protein that has been demonstrated to in-
teract with eNOS is the 90-kDa heat shock protein
(Hsp90) (54, 142). This protein belongs to the family of
heat shock proteins, which affect activity and function
of other proteins by acting as molecular chaperones,
thereby modulating their structure. These heat shock
proteins were first identified for their role in physio-
logical stress situations (e.g., heat), but their role in

common molecular regulatory mechanisms has nowa-
days been beyond debate. Other signaling proteins to
which Hsp90 binds include G protein subunits, MAP
kinase kinase, Src, and Raf (128). Binding of Hsp90 to
eNOS in response to histamine, VEGF, or shear stress
increases eNOS activity by facilitating the calmodulin-
induced displacement of caveolin from eNOS (63). This
increase in eNOS activity is inhibited by the Hsp90
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inhibitor geldanamycin (54). Given the fact that Hsp90
and ENAP-1 are similar in their molecular weight, it
could very well be possible that ENAP-1 is Hsp90.
Whether eNOS-associated Hsp90 is indeed tyrosine
phosphorylated remains to be shown.

Studies using purified eNOS and phospholipid vesi-
cles have shown that eNOS is also able to bind phos-
pholipids. This association is restricted to anionic spe-
cies such as phosphatidylcholine. Ohashi et al. (117)
showed that these phospholipids enhanced eNOS ac-
tivity. In contrast, Venema and co-workers (158)
showed a decrease in its activity. They demonstrated
that the binding of eNOS to phosphatidylcholine vesi-
cles prevented the interaction of the enzyme with cal-
modulin. Calmodulin and the phospholipids bound
eNOS at the same site. Whether the association of
eNOS with phospholipids has some physiological rele-
vance remains to be shown. It is difficult to envision a
role for phosphatidylcholine in the regulation of eNOS,
because caveolar membranes are virtually devoid of
phospholipids (122). Perhaps phospholipids prevent
eNOS activation in the Golgi complex. Another lipid
molecule that binds eNOS and modifies its activity in
vitro is oleic acid (33). Whether this fatty acid has some
significant role in eNOS regulation in vivo also re-
mains to be determined.

CONCLUDING REMARKS

There is a large and rapidly expanding amount of
data on eNOS cell biology. A model based on the pub-
lished eNOS data is depicted in Fig. 3. However, still
very little is known about the exact eNOS regulation
within the cell. The most important reason for this is
that a considerable amount of data generated by dif-
ferent groups is contradictory. Many conclusions that
are drawn from cell-free in vitro systems may not turn
out to be true for the in vivo situation. Similarly,
certain interactions may not exist in vivo but might be
introduced during the experimental procedures, which
are used for studying the in vivo material. Cell culture
techniques will also definitely have their impact on
eNOS function and regulation (48, 149). Furthermore,
insight into the mechanisms of regulation are impeded
by the fact that eNOS expression and regulation might
be dependent on the vascular bed, from which the
endothelial cells are derived. This is reflected by the
different localization of eNOS within various vessel
types (5). In addition, different vessel types also dis-
play a different number of caveolae, suggesting that
the kinetics of eNOS activation is dependent on the
origin of the endothelium. With regard to the kidney,
regulatory information is almost absent despite the
crucial role of eNOS in normal renal physiology.

In general, eNOS activity is first of all modulated by
the presence of its substrates and cofactors within the
cell. These factors determine whether eNOS is a NO- or
superoxide-producing enzyme. In addition, eNOS ac-
tivity is affected by agents and conditions that affect its
expression and by its attachment to the membrane, its
cellular localization, phosphorylation events, and mul-
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tiple protein-protein interactions. Of course, these de-
terminants are highly interlinked within the cell and
provide a complex regulatory network. The main chal-
lenge now will be to unravel this network.
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