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Endothelial nitric oxide synthase (eNOS) produces NO
(and/or other reactive nitrogen species) in vascular
endothelial cells and cardiomyocytes in response to a

variety of agonists and mechanical stimuli (eg, stretch, shear).
The central role of NO in the homeostatic balance of the
healthy endothelium justifies a growing interest in the mo-
lecular mechanisms governing its production by eNOS in a
stimulus- and (sub)cellular-specific fashion, including in
response to a variety of drugs (eg, statins, angiotensin-
converting enzyme inhibitors, �-blockers) widely used for the
treatment of cardiovascular diseases. In addition to transcrip-
tional regulation, eNOS activity is regulated posttranslation-
ally by the availability of its substrate, L-arginine, and
cofactors (eg, tetrahydrobiopterin [BH4]), as well as protein-
protein interactions with a number of partners that activate or
inhibit the enzyme. Because new information on transient
clustering of signaling molecules is likely to accumulate,
especially with the use of functional proteomics,1 thereby
potentially increasing the list of eNOS regulators, one may
legitimately ask these fundamental questions: (1) how do
these different proteins associate with each other in a discrete
subcellular compartment and in what sequential order and (2)
how important is their (often transient) association for the
proper functioning of any signaling pathway, especially in
intact cells or in vivo. The availability of convergent data on
x-ray crystal structure of the eNOS oxygenase domain,
together with results using site-directed mutagenesis (or gene
deletion experiments, eg, for caveolin-1 and caveolin-3) on
several of the putative eNOS partners, now provides at least
some of the answers and motivates the proposal of an updated
model for eNOS activation.

Recap
Like the other two members of the NOS enzyme family,
eNOS (1203 aa, 133-kDa protein encoded by NOS3, located
on 7q35–7q36 of human chromosome 7) has a bidomain
structure in which the N-terminal oxygenase domain, where

heme, BH4, and L-arginine bind, is linked by a calmodulin-
binding site to a C-terminal reductase domain containing
binding sites for flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), and NADPH (see Figure). The
association of eNOS into its active dimeric form is stabilized
by heme and L-arginine as well as BH4, the binding site of
which is structurally maintained by a recently identified zinc
center coordinated by critical cysteine residues. The
N-terminal domain also contains the glycine residue support-
ing cotranslational and irreversible myristoylation, as well as
cysteines (Cys15 and Cys26) reversibly and posttranslation-
ally palmitoylated that are unique to eNOS and importantly
condition its caveolar association.2 When bound to its recog-
nition site upon increases in calcium concentration, calmod-
ulin increases the rate of electron transfer from NADPH to the
reductase domain flavins and from the reductase domain to
the heme center. The crystal structure of the reductase domain
has not been solved yet, but the primary structure of eNOS
(and neuronal NOS [nNOS]), unlike inducible NOS (iNOS),
contains a 40 to 50 aa insert in the middle of the FMN-
binding domain that may function as an autoinhibitory loop
by destabilizing calmodulin binding at low calcium levels.
Conversely, stimulus-induced increases in calcium may pro-
mote the displacement of the autoinhibitory loop upon bind-
ing of calmodulin to its binding site. Accordingly, inhibition
of eNOS activity by calmodulin inhibitors and calcium
removal justifies the traditional definition of eNOS as a
calcium-sensitive enzyme.

eNOS is regulated by phosphorylation on serine, and, in
specific circumstances, also on tyrosine and threonine resi-
dues. Stimuli such as vascular endothelial growth factor
(VEGF), insulin, or shear stress induce phosphorylation at
serine 1177 (for human)/1179 (for bovine eNOS) through
phosphatidylinositol-3-kinase–dependent activation of Akt
(protein kinase B), with an ensuing increase in enzyme
activity that can be reproduced with recombinant Akt in vitro
or overexpressed, constitutively active Akt in intact cells.3,4

Akt-phosphorylated eNOS, or eNOS where serine 1177 is
mutated to aspartate (S1177D, which mimics the negative
charge conferred upon phosphorylation), retains enzymatic
activity despite low levels of calcium or calmodulin both in
vitro and in situ. The mechanism for this apparent decrease in
calcium sensitivity is unclear. Displacement of an autoinhib-
itory carboxy tail and influence on the more N-terminal
autoinhibitory loop (see above) have been proposed as
potential explanations, without eliminating the possibility of
phosphorylation-induced changes in interaction with eNOS-
associated proteins (see below), at least in intact cells. Other
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kinases, eg, protein kinase A, protein kinase G, and AMP-
activated kinase, also phosphorylate eNOS on serine 1177,
the latter inducing also phosphorylation on threonine 495, as
does protein kinase C. Phosphorylation on threonine 495
inactivates eNOS, so that dephosphorylation at this residue
(eg, in response to stimulation with histamine or bradykinin),
together with the activating phosphorylation on serine 1177,
may coordinately regulate overall enzyme activity.5

Protein Partners
Caveolin

eNOS directly interacts with recombinant caveolin-1, or
GST-caveolin fusion proteins in vitro, is coimmunoprecipi-
tated with anti–caveolin-1 antibodies from endothelial cell
extracts (and anti–caveolin-3 antibodies in extracts of cardio-
myocytes), and colocalized with caveolin in plasmalemmal
preparations enriched in caveolae. This interaction results in
eNOS inhibition, which can be reversed by addition of
exogenous calmodulin, suggesting a reciprocal regulation of
the enzyme by inhibitory caveolin versus activating calcium/
calmodulin.6 A consensus binding motif for caveolin is found
within aa 350 to 358 of eNOS. Its functional importance was
demonstrated by the inability of overexpressed caveolin to
inhibit eNOS mutated on this motif.7 Conversely, the caveo-
lin clamp on eNOS is mimicked by caveolin scaffolding
domain (CSD) peptides comprising aa 82 to 101 in the
primary binding region of caveolin-1 for eNOS (aa 60–101).
Interaction with caveolin both maintains eNOS in a resting,
inactivated state and ensures its proper localization to plas-
malemmal caveolae (supported also by the enzyme prenyla-

tion), which conditions its activability by other signaling
proteins (eg, G protein–coupled receptors [GPCRs]) concen-
trated in the same locale, although the proportion of total
cellular eNOS targeted to caveolae may vary among (even
endothelial) cell types. The functional relevance of the
caveolin clamp in vivo was recently demonstrated from the
hyporesponsiveness to constrictor agonists and enhanced
vasorelaxation attributable to increased NO release in mice
genetically deficient in caveolin-1.8,8a Likewise, our group
showed that statins potentiate eNOS activity by decreasing
caveolin-1 abundance in vitro9 and in vivo (unpublished
observations, 2002), at least in macrovascular endothelial
cells where the caveolin pool is lower and the proportion of
caveolin-bound eNOS is higher.

hsp90
This 90-kDa, mostly cytosolic, heat shock protein is

expressed at high levels (accounting for up to 1% to 2% of
total cellular protein content) even in unstressed conditions
and is involved in the proper folding of specific protein
substrates, in addition to its more recently apprehended role
in the conformational regulation of signal transducing mole-
cules, including members of the Src-kinase family of nonre-
ceptor tyrosine kinases, Raf and other serine/threonine ki-
nases, transcription factors such as steroid hormone receptors
and p53, and eNOS, among others.10 hsp90 is an essential
protein in eucaryotes, as illustrated by the lethality of ho-
mozygous disruption of its only homologue in Drosophila
and disruption of many signaling pathways after heterozy-
gous disruption. The two human gene products, hsp90� and
hsp90�, share �85% sequence homology. hsp90 is endowed

Domain structure of bovine eNOS and mutual binding sites for caveolin, hsp90, and Akt. Oxygenase and reductase domains of eNOS
are in solid boxes. Calmodulin (CaM) binding site, autoinhibitory loop, and sites for myristoylation and palmitoylation are indicated, as
well as phosphorylation sites on threonine 497 and serine 1179. Potentially overlapping binding sites for caveolin and hsp90 on the
C-terminal half of the oxygenase domain are indicated, as well as domains for dimerization (white boxes, above). The amino acid resi-
due number at the start/end of each site for mutual protein-protein interaction is shown. L-arg indicates L-arginine; BH4, tetrahydro-
biopterin; FMN, flavin mononucleotide; and M, middle portion of hsp90.
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with ATPase activity that is tightly coupled to movements of
the protein, although the involvement of ATP in the mecha-
nism of hsp90-assisted folding remains enigmatic. Neverthe-
less, the use of geldanamycin (GA) and related ansamycins
that bind to the ATP site of hsp90 and disrupt its association
with client proteins has helped to elucidate many of its
functional implications in cell signaling.

hsp90 is associated with eNOS in the resting state, and,
upon stimulation of endothelial cells with VEGF, estrogen,
histamine, shear stress, and statins, the association between
the two proteins is increased, concomitant with enhanced NO
production.11,12 The mechanism of this activation remained
unclear and could involve an allosteric modulation of eNOS
resulting in enhanced affinity of calcium/calmodulin for the
enzyme, as was demonstrated for nNOS.13 In this context, it
is important to note that another client protein for hsp90 is
Akt, the kinase involved in the activating phosphorylation of
eNOS on serine 1177 (see above). Sato et al14 had already
shown that hsp90 independently binds to and enhances the
activity of Akt by preventing its dephosphorylation. More-
over, they had identified aa 327 to 340 of hsp90� as critical
for the binding to Akt, which involved aa 229 to 309 of the
latter. Also, our group had previously demonstrated that
stimulation of endothelial cells with VEGF or statins en-
hanced the recruitment, on the eNOS multiprotein complex,
of phosphorylated Akt and hsp90; inhibition of this phenom-
enon with GA pointed to a key role for hsp90 as an adapter
between its two client proteins, Akt and its substrate, eNOS.15

In the study by Fontana et al16 in this issue of Circulation
Research, three different approaches are used to further
characterize the domains of hsp90 required to bind eNOS, ie,
yeast two-hybrid analysis, coprecipitation in cell extracts, and
GST-fusion protein experiments in vitro. Previous analysis
had implicated the C-terminus of hsp90 in the binding of
proteins containing a tetratricopeptide domain (TPR; consist-
ing of repeated degenerate motifs of 34 aa that share weak
sequence homology), such as the immunophilins FKBP51
and 52. Whereas adenine nucleotides (and GA) bind to the
ATP site, other protein partners, including Akt, bind in the
middle domain (M domain) of hsp90. In the two-hybrid
screen reported in the present study, the M domain (aa
442–600) likewise showed the strongest interaction with the
N-terminal portion (aa 2–403) of eNOS (which also weakly
interacted with more N-terminal sequences of hsp90). With
this assay, more C-terminal sequences of eNOS (aa 304–709)
showed no interaction with any hsp90 construct, thereby
apparently restricting the relevant portions to aa 2 to 304 of
eNOS. However, coprecipitation assays from extracts of cells
transfected with epitope-tagged, full-length, or deleted con-
structs of both hsp90 and eNOS did not reveal an interaction
between holo-hsp90 and a 1 to 300 aa fragment of eNOS.
Instead, longer fragments, containing at least aa 1 to 400 did
interact, leading the authors to propose regions between aa
300 and 400 of eNOS as functionally important for hsp90
binding. The reason(s) for this discrepancy remain(s) unclear.
Nevertheless, GST-fusion proteins spanning N-, M-, or
C-domains of hsp90 at least confirmed the preferential
interaction of holo-eNOS with the M domain of hsp90.

The interesting result from these interaction analyses is that
sequences of the M domain of hsp90 that bind eNOS (aa
442–600) or Akt (aa 327–340; see above) do not overlap,
lending credence to the proposition that hsp90 serves an
adapter for the kinase and its substrate, as mentioned above.
Fontana et al16 further established that this mutual binding to
the M domain not only allows Akt-dependent phosphoryla-
tion of eNOS, but even potentiates it (at least at early time
points). By comparing the efficiency of phosphorylation of
holo-eNOS versus a C-terminal NOS peptide containing
serine 1179 (which would not bind to hsp90), they showed
that this potentiation does not result from an intrinsic increase
in kinase activity but probably results from a conformational
adaptation of eNOS by hsp90 that renders it more phosphor-
ylatable by Akt. Finally, the authors observed that overex-
pression of hsp90 in endothelial and COS-7 cells enhanced
basal and VEGF-stimulated NO production, paralleled by
increased phosphorylation of Akt and wild-type eNOS (but
not the S1179A mutant, at least in COS cells), further
emphasizing the functional importance of hsp90-modulated
phosphorylation of eNOS on serine 1179 for its regulation.
This also confirmed earlier results from our group showing
increased recruitment of phosphorylated Akt, phosphorylated
eNOS, and NO-dependent capillary tube formation in endo-
thelial cells transduced with hsp90 constructs.12

These studies go to some length in answering the questions
outlined in my introduction but do not resolve all of them. A
close look at the primary sequence of eNOS (see Figure)
mapping the regions where its partners interact suggests
several overlaps for binding in the C-terminal half of the
oxygenase domain, eg, for caveolin (aa 350–358) and hsp90
(aa 300–400). Although both proteins can be detected in
eNOS immunoprecipitates at the same time (suggesting a
binding equilibrium or additional nonoverlapping caveolin/
hsp90 binding sites on eNOS), agonist stimulation clearly
recruits more hsp90 on eNOS; not unexpectedly, this trans-
lates into less eNOS binding to caveolin, compatible with
mutual and reciprocal binding to a common region. In support
of this, CSD peptides completely abrogated the recruitment of
hsp90, phosphorylated Akt, and the phosphorylation of eNOS
in endothelial cells.12 This then asks the question of the
temporal sequence and the interrelationship between these
events, especially in the context of the additional binding of
calmodulin to its nearby binding site, which was also previ-
ously shown to be reciprocal with caveolin. Clearly, the
coprecipitation methods used in the present study have their
limitation in terms of temporal resolution. Nevertheless, our
group has shown that VEGF stimulation produces an early
(0.5-minute) disruption of the eNOS-caveolin complex, fol-
lowed (at 2 minutes) by recruitment of hsp90 on eNOS. These
early steps are clearly calcium-dependent and condition the
recruitment of activated Akt to phosphorylate eNOS. Only
when eNOS is phosphorylated does its activity become less
calcium-sensitive.15 Does hsp90 itself displace caveolin from
its overlapping binding site, or is this a consequence of the
stabilization of calmodulin binding, itself favored by the
subsequent phosphorylation of eNOS on serine 1177/(1179)?
How does the inactivating phosphorylation of eNOS on
threonine 495/(497) fit into this model, especially given the
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surprising finding by Fontana and colleagues16 that hsp90
overexpression increases eNOS phosphorylation on this site?
The notion that eNOS functions as a dimer adds another layer
of steric complexity, given the identification of a dimer
interface in the same C-terminal half of the oxygenase
domain. Whether dimerization is properly taken into account
in recombinant protein assays in vitro remains uncertain.

Another question voluntarily left aside, but equally impor-
tant, is the relationship among these protein-protein interac-
tions, changes in eNOS phosphorylation, and subcellular
localization. In this context, it is worth recalling that the
C-terminal half of the oxygenase domain contains overlap-
ping sites for another protein partner of eNOS, NOSIP, which
was shown to promote the translocation of eNOS to intracel-
lular compartments.17 Finally, we still do not understand how
agonists, physical forces, or drugs (eg, statins) promote the
recruitment of hsp90 on eNOS. Some insights may be
provided from further examination of the functional rele-
vance of changes in tyrosine phosphorylation of hsp90,12 now
also emerging as a maestro of eNOS signaling.
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