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Signal transduction of eNOS activation
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Abstract

21Consistent with its classification as a Ca /calmodulin-dependent enzyme the constitutive endothelial nitric oxide (NO) synthase
(eNOS) can be activated by receptor-dependent and -independent agonists as a consequence of an increase in the intracellular

21 21 21concentration of free Ca ([Ca ] ) and the association of the Ca /calmodulin complex with eNOS. Additional post-translationali

mechanisms regulate the activity of eNOS, including the interaction of eNOS with caveolin-1, heat shock protein 90 (Hsp90), or
membrane phospholipids, as well as enzyme translocation and phosphorylation. In response to fluid shear stress the maintained production

21 21of NO by native and cultured endothelial cells is associated with only a transient increase in [Ca ] . In the absence of extracellular Cai

and in the presence of calmodulin antagonists, shear stress stimulates a maintained production of NO which is insensitive to the removal
21of extracellular Ca , but sensitive to tyrosine kinase inhibitors, Hsp90-binding proteins and phosphatidylinositol 3-kinase inhibitors. A

pharmacologically identical activation of eNOS can be induced by protein tyrosine phosphatase inhibitors suggesting that the
21phosphorylation of eNOS, and possibly that of an associated regulatory protein(s), is crucial for its Ca -independent activation.  1999

Elsevier Science B.V. All rights reserved.
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1. eNOS and tetrahydrobiopterin (H B), and a reductase domain4

(amino acids 492–1205) containing binding sites for FMN,
Nitric oxide: Since the discovery of an endothelium- FAD, NADPH and calmodulin (CaM) [6]. The functional

derived relaxing factor (EDRF) by Furchgott and endothelial NO synthase (eNOS), like the other isoforms,
Zawadzki [1], which was later identified as nitric oxide is a dimer comprised of two identical subunits, both of
(NO) [2–4], it has become clear that there are a number of which are myristoylated and palmitoylated. H B may well4

additional endothelium-derived vasodilator and vasocon- prove to be essential for the dimerisation of eNOS as NOS
strictor autacoids (endothelin-1, prostacyclin, prostaglandin monomers are both catalytically inactive and unable to
H and the endothelium-derived hyperpolarizing factor: bind either L-arginine or H B [7]. Only the dimer retains2 4

EDHF). None of these autacoids play such a central role in the ability to bind substrate and cofactor and the presence
the regulation of vascular tone and homeostasis as the of H B is critical for dimer formation [8]. Maintenance of4

principle EDRF, the free radical NO, which is generated the integrity of the H B-binding site on the eNOS oxygen-4

via a five-electron oxidation of a guanidino nitrogen from ase domain appears to involve a zinc tetrathiolate or
L-arginine. Zn[S-cysteine] positioned equidistant from each heme and4

The nitric oxide synthase (NOS) present in vascular H B [9]. The identification of ZnS in eNOS may well be4 4

endothelial cells is a multi-domain enzyme consisting of an of physiological relevance and it is feasible that increasing
N-terminal oxygenase domain (amino acids 1–491) that nitrosative stress in vivo may result in the release of the
contains binding sites for heme, L-arginine (Glu361) [5] zinc from the oxygenase domain, destabilise the H B4

and/or deplete eNOS of this essential cofactor and favour
2the generation of superoxide anions (O ).2*Corresponding author. Tel.: 149-69-63016052; fax: 149-60-

63017668.
E-mail address: Fleming@em.uni-frankfurt.de (I. Fleming) Time for primary review 25 days.
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21 2During the synthesis of NO, NADPH-derived electrons Ca -dependently produces O rather than NO [22] and2

pass into the reductase domain flavins and then must be amplifies intracellular oxidative stress. While the possi-
2transferred to the heme located in the oxygenase domain so bility that eNOS-derived O contributes to endothelial2

that the heme iron can bind O and catalyse stepwise NO dysfunction has been much debated over the last few years2

synthesis from L-arginine [10–14]. The binding of CaM to [23,24], such an effect could account for the observation
its binding site (amino acids 493–512) is generally ac- that H B restores endothelial function in hypercholes-4

cepted to activate NO synthesis by enabling the reductase terolemic patients [25]. Given that the redox state of
domain to transfer electrons to the oxygenase domain endothelial cells and for example the activation of redox-
[10,15]. sensitive transcription factors is regulated by the balance

2Comparative analysis of NOS domain interactions between NO and O production, eNOS may well be the2

shows that subunit association of eNOS involves not only most crucial enzyme determining the anti- or pro-hyperten-
head to head interactions of oxygenase domains but also sive and eventually pro-atherogenic state of the vascula-
tail to tail interactions of reductase domains and head to ture.
tail interactions between oxygenase and reductase domains
[16]. While, detailed experiments have not been performed

21on eNOS, domain swapping occurs in iNOS dimers, 2. Ca -dependent eNOS activation
suggesting that in order to properly align reductase and
oxygenase domains for NO synthesis electrons are trans- 2.1. The interaction of eNOS with calmodulin
ferred from the flavin to heme of adjacent subunits [17]
(see Fig. 1). The eNOS is classified as a constitutive and strictly

2 21Superoxide anion (O ): In addition to NO, all of the Ca /CaM-dependent enzyme [26]. Indeed, an increase in2
2 21 21 21NOS isoforms can generate O in a Ca /calmodulin- the intracellular concentration of free Ca ([Ca ] ), as2 i

dependent manner, especially in the absence of L-arginine observed following receptor-dependent and -independent
and H B [18–22]. While some investigators initially agonist stimulation, enhances endothelial NO production4

2attributed the ability of eNOS to generate O to an artefact and elicits vasodilatation (for review, see Ref. [27]). Both2

associated with endothelial cell culture, i.e. H B depletion the agonist-induced NO formation and subsequent vasodi-4
21in passaged cells, evidence is continuously accumulating to latation are abolished by the removal of Ca from the

suggest that H B depletion, and thus an eNOS-dependent extracellular fluid [28,29]. The identification of a CaM-4
2generation of O , could be implicated in hypertension and binding domain in the primary structure of eNOS [30–32]2

atherosclerosis. Indeed, H B can be oxidised by peroxy- together with the finding that CaM binding proteins4
2 2nitrite (ONOO ), to dihydrobiopterin such that ONOO inhibited enzyme activity [26] suggested that the binding

21may attenuate eNOS activity by essentially depleting of a Ca /CaM complex is essential to activate the
endothelial cells of H B. Under these conditions, eNOS constitutive enzyme.4

Fig. 1. Proposed model for an eNOS dimer indicating domain swapping and electron transfer pathway. CaM, calmodulin; H B tetrahydrobiopterin; AL,4

auto-inhibitory loop, represents the ZnS recently described to be positioned equidistant from the two heme groups and H B.4 4
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Alterations in the CaM-binding domain determine the spanning region between the N- and C-terminal cytosolic
21Ca sensitivity of the various NOS isoforms and substitu- domains. A component of the C-terminal membrane

tion of eNOS and iNOS CaM-binding domains in eNOS/ proximal segment, termed the scaffolding domain (amino
iNOS chimeric proteins produces major alterations in the acids 82–101) is responsible for attachment of a number of

21Ca /CaM dependence of the intact enzymes. Replace- signal proteins to the caveolae, including G protein
ment of the iNOS sequence with that of eNOS creates a subunits, phosphatidylinositol 3-kinase and the Src family

21functional enzyme which is both Ca - and CaM-depen- protein tyrosine kinases [40,41].
dent, while replacement of the eNOS CaM-binding se- The subcellular localisation of eNOS and alterations in
quence with that of iNOS creates a functional enzyme its cellular compartmentalisation following cell stimulation

21which is CaM-independent but that remains Ca -depen- are controversial. Previous reports have assigned eNOS to
dent [33]. The CaM-binding domain of eNOS has also the Golgi apparatus [42–44], while others have localised
been reported to directly bind phospholipids, and thus may eNOS in plasma membranes [45] or partially /exclusively
determine the membrane association of the enzyme. Both a in plasmalemmal caveolae [46–49]. The truth lies some-
direct physical interaction and an association dependent on where in between as immunostaining of porcine coronary
the phosphorylation of both the CaM-binding domain of arteries for eNOS reveals an association with the plasma
eNOS and CaM have been proposed [34,35]. membrane and with a perinuclear region, identified as the

CaM may however bind to more than one site in a NOS Golgi apparatus. Moreover, co-staining of endothelial cells
subunit, a finding emphasised by more recent studies on with antibodies raised against eNOS and caveolin-1 clearly
the interaction between CaM and caveolin-1 [36,37]. In shows that not all eNOS is co-localised with caveolin-1
nNOS, and probably also in eNOS, CaM effects an (Fig. 2). In which fraction eNOS is active in unstimulated
electron transfer at two separate sites within one subunit. cells, and can account for the basal production of NO is
Not only does CaM control NO synthesis by governing also controversial, since the eNOS in caveolae is thought
heme iron reduction, it also enhances reductase activity by to be mostly inactive (see below) and disruption of the
two mechanisms, only one of which is associated with an Golgi apparatus in rabbit carotid arteries failed to affect
increased rate of flavin reduction [36]. NO-mediated relaxation [50].

21Another distinctive difference between the Ca -reg- The binding of caveolin-1 to a consensus site
21ulated and Ca -independent NOS isoforms is the exist- (F XAAPFXXW) in the eNOS oxygenase domain is350

ence of a unique polypeptide (45 amino acid) insert in the proposed to antagonise CaM binding and thereby inhibit
21FMN binding domains of the Ca -dependent enzymes enzyme activity [41,51–53]. This motif in NOS lies

which is not shared by iNOS or other related flavoproteins between the heme and the CaM-binding domain adjacent
[38].Three-dimensional molecular modelling suggested to a glutamate residue which is necessary for the binding
that the insert originates from a site immediately adjacent of L-arginine, suggesting that caveolin-1 may interfere with
to the CaM-binding sequence and synthetic peptides heme iron reduction, similar to the L-arginine analogues
derived from the 45 amino acid insert were found to [53]. Analysis of the crystal structure of the eNOS
potently inhibit the binding of CaM to eNOS as well as oxygenase domain revealed that the putative caveolin-1
enzyme activity [38]. Based on these observations, it was recognition motif is primarily inaccessible to solvent.
suggested that the polypeptide insert is an auto-inhibitory Therefore, it is relatively unlikely that caveolin-1 is able to
control element, docking with a site on eNOS which interact with this sequence [9]. Other groups have however
physically impedes CaM binding and thus enzyme activa- detected interaction between both the N- and C-terminal
tion. Such a control mechanism would imply that CaM domains of caveolin-1 and the oxygenase domain of eNOS
must displace the insert on binding to eNOS. The insert [53,54]. In experiments to examine how a caveolin-1
peptide is also a potential site for phosphorylation as 12 of scaffolding domain peptide (amino acids 82–101) would
the 45 amino acids are either serine or threonine [38], thus, affect NO synthesis, it was recently demonstrated that
phosphorylation and/or dephosphorylation may influence caveolin-1 must bind to the reductase domain of eNOS in
the affinity of insert peptides for binding and the sensitivity order to inhibit enzyme activity [37]. Therefore, caveolin-1
and/or affinity of eNOS/CaM binding. binding to the reductase domain of eNOS compromises its

ability to bind CaM and to donate electrons to the heme
2.2. The interaction of eNOS with caveolin-1 subunit, thereby inhibiting NO synthesis [37]. The inter-

action of caveolin-1 with the reductase domain was
Caveolae, are invaginations of the plasma membrane independent of the caveolin binding motif and reversed by

which function to bind and organise a variety of signalling CaM. Co-expression of eNOS and caveolin-1 in COS-7
molecules [39]. The chief structural component of cells leads to a marked inhibition of enzyme activity [55].
caveolae are cholesterol and structural proteins, such as the This inhibitory interaction is reported to be reversed by the
caveolins (caveolin-1, -2 and -3). Caveolin-1 is abundant addition of CaM, suggesting that eNOS activity may be

21in endothelial cells and its hairpin structure can be determined by the relative proportion of eNOS–Ca /
attributed to the inclusion of a 33-residue membrane CaM to eNOS–caveolin-1-binding [55].
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Fig. 2. Localisation of eNOS in the endothelium of native and cultured endothelial cells. (A) En face confocal microscopy of porcine coronary artery (left)
and cultured human umbilical vein endothelial cells (right) labelled with a specific eNOS antibody. Note the localisation of eNOS to the plasma membrane
and to the perinuclear Golgi region. In each case the bar510 mm. (B) Western blot analysis showing the distribution of eNOS and the caveolar marker
protein caveolin-1 in cell fractions prepared from native porcine aortic endothelial cells (Lys, lysate; Cyt, cytosol; PM, plasma membrane; NCM,
non-caveolar membrane; Cav, caveolin-rich membrane).

One additional post-translational mechanism thought to following cell stimulation with bradykinin [60,61] has
govern the interaction between eNOS and caveolin-1 is been described, this finding could not be confirmed by
tyrosine phosphorylation, although it is not clear at the other groups [62]. eNOS has also been reported to
moment whether or not one or both of the proteins must be translocate to a Triton X-100-insoluble /cytoskeletal cell
tyrosine phosphorylated [56]. Moreover, additional pro- fraction following stimulation with bradykinin [63], again
teins may be involved as preliminary evidence also sug- this is not a universal observation [59]. In the case of
gests that additional eNOS-associated proteins are phos- bradykinin, one additional possibility has recently arisen,
phorylated [57–59]. based on the proposed association of eNOS with the B2

Although, there is overwhelming evidence for the kinin receptor [64]. As this receptor is relatively rapidly
existence of such a reversible protein–protein interaction, desensitised and internalised via caveolae [65], it is
the exact mechanism in vivo is still uncertain. For exam- possible that the translocation of eNOS into the cytosol
ple, caveolae contain relatively large concentrations of represents the cycling of the enzyme bound to the B2

CaM and whether the stoichiometry of CaM to caveolin-1 receptor or a membrane component in its close vicinity.
in the vicinity of eNOS could ever reach the state at which At this stage it should be stressed that although the
eNOS is mostly inactive is, at the moment, unclear. points discussed above are applicable to the endothelium
Moreover, the ongoing debate regarding the competitive on the whole, the endothelium of one vessel or vascular
antagonistic roles of CaM and caveolin-1, undermines the bed is not always identical with that of another. The
possible relevance of the auto-inhibitory loop in the intracellular localisation of eNOS differs in endothelial
vicinity of the CaM-binding domain, in regulating eNOS cells within the coronary system [66] as do the specific
function. proteins expressed by the endothelium from one organ to

What happens to eNOS after dissociation from the the next [67]. There are also vessels and vascular beds in
caveolin-1 complex? This is also a point which is still which NO plays little or no role in mediating vasodilat-
largely unresolved, since, although the dissociation of ation and although this function is still controlled by the
eNOS from a membrane fraction (as a consequence of endothelium, the autacoids mediating this response are
depalmitoylation) and its translocation to the cytosol prostacyclin and EDHF(s).
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2.3. Other modulators of eNOS activity modulin and caveolin-1, [53,58] no additional eNOS-asso-
ciated proteins had been characterised until recently.

There is a clear disparity in the temporal relationship ENAP-1 : ENAP-1 (endothelial NOS-associated protein-
21between agonist-induced increases in endothelial [Ca ] 1) [63] is a tyrosine-phosphorylated, 90 kDa proteini
21and the activation of eNOS, the duration of the Ca - observed to interact with eNOS immunoprecipitated from

21response being significantly shorter than that of the cultured bovine aortic endothelial cells. The Ca -elevat-
subsequent NO production. Indeed, apart from changes in ing, receptor-dependent agonist bradykinin, which en-

21intracellular levels of Ca , a number of post-translational hances NO production, is reported to stimulate two and
mechanisms have been proposed to regulate eNOS activi- one half cycles of tyrosine phosphorylation /dephos-
ty; including the interaction of eNOS with associated phorylation of ENAP-1 within 10 min. The functional
proteins, or membrane phospholipids, and phosphorylation significance of the temporal waves of tyrosine phosphoryl-
(Table 1). In addition, relatively small pH changes in the ation have not yet been elucidated [63].
physiological range (from 6.7 to 7.4) markedly alter the Hsp90 : Heat shock proteins (Hsp100, 90 70, 60 and the
activity of the eNOS derived from two different species small Hsp/a-crystallins), so-called because they are pref-

1 1[68]. Moreover, selective inhibition of the Na /H ex- erentially synthesised by organisms exposed to heat or
changer induces a pronounced intracellular acidification as other physiological stress, are also expressed constitutively
well as a decrease in NO production [68,69]. High and function as molecular chaperones, able to mediate
concentrations of NO have been reported to inhibit NOS many cellular processes by influencing higher order protein
activity by interacting with the heme prosthetic group [70]. structure [75]. Several signal transduction systems, espe-
Additional pathways may also be implicated as the pro- cially steroid receptors, utilise an interaction with Hsp90 as
longed incubation of endothelial cells with NO irreversibly an essential component of the signalling pathway and a
inhibits eNOS by a mechanism that may involve the number of signalling molecules such as G protein bg

generation of O [71]. subunits and protein kinases, including Src and Raf2

components of the mitogen-activated protein kinase
(MAP) cascade, are also bound to Hsp90 (for review see

2.4.1. Associated proteins Ref. [76]). Geldanamycin and herbimycin, commonly
The concept that eNOS may complex proteins which accepted as inhibitors of Src-family tyrosine kinases, do

determine cellular targeting or regulate its activity is not inhibit the kinase activity of Src, but bind in a specific
somewhat analogous to the situation described for nNOS manner to Hsp90, inhibiting Src-Hsp90 heterocomplex
which associates with a1-syntrophin [72], the postsynaptic formation and increasing Src turnover [77,78].
density proteins (PSD-95 and PSD-93) [73] as well as a Hsp90 has recently been identified as an eNOS-associ-
small dimer-destabilising protein [74]. Apart from cal- ated protein, and its binding to the enzyme increases

catalytic activity [79]. A certain amount of Hsp90 appears
to complex with eNOS in unstimulated endothelial cells as

Table 1 immunoprecipitation of Hsp90 results in the recovery of
Cellular and pharmacological modulators of eNOS activity in response to eNOS, and vice versa. In response to cell stimulation withahumoral and physical stimuli

histamine or VEGF, Hsp90 is rapidly recruited to eNOS
Agonists Physical stimuli and exposure of endothelial cells to fluid shear stress
(bradykinin, (shear stress,

stimulates the association of both proteins, albeit with aacetylcholine etc.) isometric contraction)
slower time course. In all cases the association of Hsp90

Cellular modulators with eNOS increased NO production and was prevented by21Ca /calmodulin ↑ ↔
pretreatment with geldanamycin [79]. The eNOS-associ-Caveolin-1 ↓
ated Hsp90 may also serve as a scaffolding protein,Hsp90 ↑ ↑

ENAP ? ? facilitating the organisation of additional associated regula-
↑ pH ↑ ↑i tory proteins.
Serine phosphorylation % ↑ Given the similarity in the molecular weight of ENAP
Tyrosine phosphorylation ? ↑?

and Hsp90, it is possible that these are one and the same
protein. Although Hsp90 has been described as a serine /Pharmacological

modulators threonine phosphorylated protein [80], co-immuno-
Ro 31-8220 ↑ ↔ precipitation experiments showed that genistein inhibited
Erbstatin ↔ ↓ ligand-induced release of Hsp90 from the glucocorticoid
Geldanamycin ↓ ↓

receptor. Thus, the interaction of proteins with Hsp90 mayCalmidazolium ↓ ↔
also be regulated by a tyrosine kinase-dependent pathwaya Of the pharmacological inhibitors Ro 31-8220 is a PKC inhibitor,
[81]. Preliminary experiments also indicated that theerbstatin a tyrosine kinase inhibitor, geldanamycin an Hsp90-binding
Hsp90 which forms a complex with eNOS following theprotein and calmidazolium a calmodulin antagonist. ENAP: eNOS-associ-

ated protein, ↑: increase, ↓: decrease, ↔: no effect, and ?: effect unclear. application of fluid shear stress is indeed tyrosine phos-
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21phorylated (Unpublished observation). Additional tyrosine- 2.5. Ca -independent eNOS activation
phosphorylated eNOS-associated proteins (115–120 and

21Although classified as Ca /CaM-dependent enzyme, a|150 kDa) have also been described [59], but the identity
21basal eNOS activity was originally reported at Caof these remains to be elucidated.

concentrations as low as 10 nmol / l in lysates prepared
from native endothelial cells, indicating that a significant
portion of the NO produced by unstimulated endothelial2.4.2. Phosphorylation

21cells may be formed via a Ca -independent pathway [92].The role of protein kinases in the regulation of endo-
Little physiological relevance was attributed to this phe-thelial NO production is a topic of intense current in-
nomenon, especially after the identification of a CaM-vestigation, since several consensus sequence sites for
binding domain in the primary structure of eNOS. Morephosphorylation by protein kinase (PK) A, PKB (Akt),
recent thorough biochemical studies have however re-PKC and calmodulin kinase II are found in eNOS.
inforced the original observation that eNOS may produceAlthough eNOS was initially reported to be basally

21NO in an apparently Ca -independent manner. Whilephosphorylated solely on serine residues [60,82–84] evi-
eNOS, like the neuronal isoform, requires binding ofdence that eNOS is also threonine and tyrosine phos-

21Ca /CaM to achieve maximal NOS activity, a basal levelphorylated has recently been provided [56,59]. In cultured
21of NO synthesis could be demonstrated even when Ca /endothelial cells, bradykinin was initially described to

CaM was omitted and 0.5 mM EDTA was present in theenhance the serine phosphorylation of eNOS, an effect
assay solution [10]. Moreover, eNOS binds CaM so tightlywhich was maximal after 5 min and was maintained for at
that the activity of the purified enzyme is about 80% ofleast 20 min [82]. This bradykinin-induced phosphoryla-

21 maximum and immunoprecipitation of eNOS results in thetion of eNOS appears to be a Ca -dependent phenomenon
co-precipitation of CaM, unless stringent washing pro-and is inhibited either by a calmodulin antagonist or the

21 cedures are used. As L-arginine binding has also beenremoval of extracellular Ca . A rough comparison of the
shown to stimulate heme reduction in the absence oftime course of NO production and eNOS activation in
supplementary CaM, the enzymatic synthesis of NO byresponse to bradykinin tends to suggest that at least this
eNOS appears to be partially regulated by binding of bothserine phosphorylation of eNOS may be an inactivating
CaM and arginine [10]. These findings for eNOS representmechanism and fits well with the observations that PKC
a significant difference from the enzymatic properties of(which phosphorylates eNOS in vitro [83]) negatively
the other NOS isoforms, and may serve to ensure theregulates endothelial NO production [69,83,85,86]. In
continuous production of NO, independent of fluctuationsaddition, the exposure of pulmonary artery endothelial

21in [Ca ] . Moreover, the dependency of enzyme activitycells to SNP, enhances the serine phosphorylation of eNOS i

on L-arginine binding would be expected to prevent thein a PKC-dependent manner and attenuates eNOS activity
2production of O in the absence of substrate. eNOS[71]. Fluid shear stress also induces the serine and tyrosine 2

activation in response to the application of shear stress tophosphorylation of eNOS, together with the maintained
21 endothelial cells differs from that activated by receptor-Ca -independent production of NO [69,87]. While defini-

dependent agonists in that it is maintained (over hours) andtive proof of an enhanced serine or tyrosine phosphoryla-
21 21tion of eNOS under Ca -free conditions is at the moment can be observed in the absence of extracellular Ca , and

lacking, it would seem that, under these experimental is not inhibited by the calmodulin antagonist calmi-
conditions, the increase in phosphorylation is unlikely to dazolium which abrogates the agonist-induced vasodila-
be an inhibitory signal. It is most probable that the effect tation to acetylcholine [69,93]. A pharmacologically identi-
of phosphorylation on eNOS activity very much depends cal activation of eNOS can be induced by protein tyrosine
on the specific residue phosphorylated, as phosphorylation phosphatase inhibitors suggesting that the tyrosine phos-
of Ser741 in the CaM-binding domain of nNOS prevents phorylation of eNOS or an associated regulatory protein is

21the binding of calmodulin and attenuates enzyme activity crucial for its Ca -independent activation [59]. In native
[88], while the Akt-mediated serine phosphorylation of porcine aortic endothelial cells eNOS exists as part of a

21eNOS increases enzyme activity [89]. multi-molecular complex and its Ca -independent activa-
Elaborating the functional consequences of eNOS tion seems to be linked to eNOS phosphorylation, and

tyrosine phosphorylation is even more complex, as this association of the enzyme with other proteins, as well as
modification is only evident in primary cultured cells the redistribution of the eNOS complex to a Triton X-100-
[56,59] and investigators using passaged endothelial cells insoluble /cytoskeletal cell fraction [59]. The hypothesis
have generally been unable to detect phosphotyrosine that eNOS can be activated by at least two independent
residues on eNOS [63,82,84]. The use of tyrosine kinase signalling pathways is supported by the observation that
inhibitors provides only limited information on the role disruption of the cytoskeleton attenuated the flow-induced
played by tyrosine phosphorylation in the regulation of release of NO in native endothelial cells but failed to affect
endothelial NO production as many of these compounds the agonist-induced production of NO [94]. In addition,

21directly affect Ca -signalling processes [90,91]. RGD-containing peptides have been reported to attenuate
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the flow-induced dilation of isolated coronary arterioles molecular connections between integrins, cytoskeletal fila-
without affecting the response to substance P [95]. This ments and nuclear scaffolds have been proposed to provide

21Ca -independent activation of eNOS is sensitive to a pathway for signal transfer, thus raising the possibility
certain kinase inhibitors notably tyrosine kinase inhibitors that mechanical stimuli may be passed on to the nucleus in
such as erbstatin A, and the Hsp90-binding protein, the absence of /or simultaneously with mechano-chemical
geldanamycin, but is unaffected by inhibitors of protein signalling processes [98]. The localisation of eNOS, in the
kinase C which potentiate acetylcholine-induced NO syn- vicinity of the cell–cell contact [66] and within caveolin-
thesis [69,96,96]. rich membrane domains [46,47], both subcompartments of

As a change in detergent solubility is frequently indica- the plasma membrane in which several key signal trans-
tive of the formation of a protein complex it is tempting to ducing complexes are concentrated, is likely to have
speculate that fluid shear stress and tyrosine phosphatase profound repercussions on enzyme activity as well as on
inhibitors may alter the conformation and/or protein its sensitivity to activation by signal transduction cascades

21coupling of eNOS, facilitating its interaction with specific other than those resulting in an increase in [Ca ] .i
phospholipids, proteins and/or protein kinases which
enhance /maintain its activation. Indeed, the time course of
the association of Hsp90 with eNOS [79] parallels the Acknowledgements
changes in the detergent solubility of eNOS induced by
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