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Nitric oxide is synthesized in diverse mammalian tis-
sues by a family of calmodulin-dependent nitric oxide
synthases. The endothelial isoform of nitric oxide syn-
thase (eNOS) is targeted to the specialized signal-trans-
ducing membrane domains termed plasmalemmal
caveolae. Caveolin, the principal structural protein in
caveolae, interacts with eNOS and leads to enzyme in-
hibition in a reversible process modulated by CaZ*-cal-
modulin (Michel, J. B., Feron, O., Sacks, D., and Michel,
T. (1997) oJ. Biol. Chem. 272, 15583-15586). Caveolin also
interacts with other structurally distinct signaling pro-
teins via a specific region identified within the caveolin
sequence (amino acids 82-101) that appears to subserve
the role of a “scaffolding domain.” We now report that
the co-immunoprecipitation of eNOS with caveolin is
completely and specifically blocked by an oligopeptide
corresponding to the caveolin scaffolding domain. Pep-
tides corresponding to this domain markedly inhibit
nitric oxide synthase activity in endothelial membranes
and interact directly with the enzyme to inhibit activity
of purified recombinant eNOS expressed in Escherichia
coli. The inhibition of purified eNOS by the caveolin
scaffolding domain peptide is competitive and com-
pletely reversed by Ca2*-calmodulin. These studies es-
tablish that caveolin, via its scaffolding domain, directly
forms an inhibitory complex with eNOS and suggest
that caveolin inhibits eNOS by abrogating the enzyme’s
activation by calmodulin.

The mammalian nitric oxide (NO)! synthases comprise a
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family of three related proteins and modulate diverse biological
processes ranging from neurotransmission to vascular homeo-
stasis to immunological surveillance (1, 2). These homodimeric
proteins share similar overall catalytic schemes to produce NO
by the NADPH-, heme-, and O,-dependent oxidation of L-argi-
nine in a complex reaction involving numerous redox cofactors,
and are absolutely dependent on the ability of the enzymes to
be allosterically activated by Ca2"-calmodulin. The roles of
calmodulin in NOS catalysis have been extensively studied,
and the binding of calmodulin appears to facilitate interdomain
electron transfer for all three enzyme isoforms. However, the
NOS isoforms differ in important aspects of their Ca2"-depend-
ence for enzyme activation by calmodulin. For the endothelial
and neuronal nitric oxide synthase isoforms (termed eNOS and
nNOS, respectively), transient changes in intracellular CaZ*
promote calmodulin binding and enzyme activation; eNOS and
nNOS are characteristically activated as a short-term response
to receptor-dependent calcium transients. By contrast, the in-
flammation-related NOS (iNOS) binds calmodulin avidly and
appears to be fully active even at low ambient intracellular
calcium levels in immunostimulated cells.

The different NOS isoforms may also be distinguished by
their subcellular distribution. eNOS is unique among the NOS
isoforms in being targeted to the signal-transducing membrane
microdomains termed plasmalemmal caveolae (3). Plasmale-
mmal caveolae are cholesterol- and glycosphingolipid-enriched
domains that appear to function as sites for the sequestration
of diverse membrane-targeted signaling proteins (4). Several
signaling proteins, including eNOS, have been shown to inter-
act with caveolin, an oligomeric integral membrane protein
that appears to serve as the structural “scaffold” within caveo-
lae. The work of Lisanti and colleagues (5-7, 24) has led to the
discovery of a direct interaction between caveolin and such
structurally diverse signaling proteins as c-Src, Ha-Ras, and G
protein «g. These interactions appear to be mediated through a
scaffolding domain comprising a 20 amino acid region (residues
82-101) within the caveolin molecule (5). Synthetic oligopep-
tides corresponding to this caveolin scaffolding domain directly
interact with c-Src, Ha-Ras, and Ga, and have been shown to
inhibit enzymatic activities associated with these signaling
proteins (5-7). The ability of these peptides to recapitulate the
inhibitory action of caveolin suggests that the caveolin scaffold-
ing domain mediates both association with and inhibition by
caveolin for diverse proteins. In the current studies, we have
extended this paradigm to the analysis of the interactions
between caveolin and eNOS and explored the central role of
calmodulin in the modulation of this interaction.

Recently, we reported the results of transient transfection
experiments in COS-7 cells in which we showed that the co-
expression of eNOS and caveolin leads to a marked inhibition
of eNOS enzyme activity (8). The enzyme activities of iNOS and
nNOS, which are not targeted to caveolae, are not affected by
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co-transfection with caveolin. Additionally, we found that the
interaction between eNOS and caveolin is entirely abrogated
by Ca?*-calmodulin, and we also documented that the inhibi-
tory effect of caveolin co-expression on eNOS activity is entirely
reversed by the addition of exogenous calmodulin. These data
have led us to hypothesize that caveolin and calmodulin regu-
late eNOS through reciprocal interactions with the enzyme.
However, several important questions remain following analy-
ses of these co-transfection experiments. Does caveolin interact
directly with eNOS, or are additional docking or adapter pro-
teins required for their association? Is acylation of eNOS re-
quired for its interactions with and inhibition by caveolin? Are
membrane lipids required? Which domain(s) of caveolin are
required for eNOS interaction? Can interactions between pu-
rified eNOS and caveolin be reconstituted in vitro? How do
caveolin and calmodulin interact in the reciprocal regulation of
eNOS activity? In the current studies, we have utilized purified
components of the eNOS-caveolin-calmodulin signaling system
to pursue answers to these questions. We demonstrate that the
caveolin scaffolding domain can potently and specifically me-
diate inhibition of eNOS activity and that direct interactions
involving this domain are required for eNOS-caveolin hetero-
mer formation. In addition, we document that the caveolin
scaffolding domain functions as a competitive inhibitor of the
allosteric activation of eNOS by Ca2*-calmodulin.

MATERIALS AND METHODS

Peptide Synthesis—As shown in schematic form in Fig. 1, peptides
were synthesized corresponding to the amino acids 82-101 scaffolding
domain of caveolin-1 (DGIWKASFTTFTVTKYWFYR, termed Cav-1
herein), to a rearranged version of the caveolin-1 peptide (WGIDKAF-
FTTSTVTYKWFRY, termed Cav-X), and to the calmodulin-binding do-
main of bovine eNOS (9), which corresponds to amino acids residues
493-512 (TRKKTFKEVANAVKISASLM, termed CaM-B). These pep-
tides were synthesized by the Biopolymers Facility of the Howard
Hughes Medical Institute at Harvard Medical School and purified by
high pressure liquid chromatography to a purity of >98% as confirmed
by mass spectrometric analysis.

Preparation of Recombinant GST-eNOS—The bovine eNOS ¢cDNA
(10) was cloned into the EcoRI site of pPGEX3X (Pharmacia Biotech Inc.)
to create a glutathione S-transferase (GST)-eNOS fusion construct un-
der transcriptional regulation by the inducible bacterial tac promoter.
This GST-eNOS construct was used to transfect Escherichia coli (XL-2
cells, Stratagene); synthesis of the fusion protein was induced for 2 h
with 0.1 mM isopropyl-1-thio-B-D-galactopyranoside in a freshly diluted
overnight bacterial culture. Bacteria were pelleted and resuspended in
a lysis buffer (phosphate-buffered saline, pH 7.4, 10 ug/ml lysozyme, 1
mM dithiothreitol, 1 mm EDTA, 1 mm EGTA, 1 um FMN, 1 um FAD, 1
MM L-arginine, and 10 uM tetrahydrobiopterin), sonicated for 10 s on ice
(output level-10; Branson Sonifier), and centrifuged (5 min, 14,000 X g)
to pellet unbroken cells. The supernatant was then incubated with
glutathione-Sepharose beads (Pharmacia) for 30 min at 4 °C according
to the manufacturer’s instructions; the beads were then washed three
times in lysis buffer. GST-eNOS fusion protein was eluted with lysis
buffer containing 10 mm glutathione. The GST-eNOS fusion protein, a
soluble protein, was further characterized in enzyme activity assays
and by polyacrylamide gel electrophoresis, as discussed below. NO
synthase activity was determined by measuring conversion of L-
[*H]arginine to L-[*H]citrulline, as described previously (11). Protein
concentrations were determined using the Bradford method (12).

Endothelial and Sf9 Cell Culture—Bovine aortic endothelial cells
(BAEC) were cultured and harvested (between passage 4 and 10) as
described previously (11). Expression of recombinant baculovirus ex-
pressing eNOS in insect Sf-9 cells followed our previously reported
protocols (13, 14).

Immunoprecipitation, SDS-PAGE, and Immunoblotting—Immuno-
precipitation of eNOS and caveolin followed our previously reported
protocols (8, 11) as summarized below. BAEC were harvested, lysed and
sonicated, then solubilized with a Ca®*-free CHAPS buffer containing
50 mm Tris-HCI (pH-7.4), 16 mm CHAPS, 1 mm dithiothreitol, 1 mm
EGTA, 1 mm EDTA, 10 uM tetrahydrobiopterin, 4 um FAD, 4 um FMN,
1 uM L-arginine, and protease inhibitors. Solubilized lysates were incu-
bated for 1 h at 4 °C either with polyclonal a-caveolin antibody (Trans-
duction Laboratories) at a final concentration of 4 wg/ml or with a
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previously characterized rabbit eNOS polyclonal antiserum (15, 16) at
a final dilution of 1:100. Protein G-Sepharose was then added for 1 h,
and the immunoprecipitated complexes were washed four times, eluted
by boiling in Laemmli sample buffer, separated on 12% SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane (Bio-Rad). Mouse
monoclonal a-eNOS and a-caveolin-1 antibodies (Transduction Labora-
tories) were then used to detect eNOS and caveolin-1 as described
previously (8, 11). Quantitation of proteins detected by immunoblotting
was performed using laser densitometry of x-ray films.

Gel Mobility Shift Assays for Calmodulin Binding—Purified calmod-
ulin was incubated with peptides as noted below and then subjected to
non-reducing polyacrylamide gel electrophoresis (using 18% polyacryl-
amide separating gel) in a modified Laemmli buffer system (17). Urea (4
M) was present in both the stacking and separating gels. To determine
the calcium dependence of calmodulin binding, either CaCl, (0.1 mMm) or
EGTA (2 mMm) as noted below were added to the electrophoresis running
buffer and the gel itself. Calmodulin (1.5 uM) was incubated with
various oligopeptides (2.5 uM) for 1 h at room temperature in 4 M urea,
0.1 M Tris-HCI, pH 7.2, in the presence of either EGTA (2 mM) or CaCl,
(0.1 mM) as indicated and followed by SDS-PAGE analysis.

RESULTS

Effects of the Caveolin Scaffolding Domain Peptide on Inter-
action between eNOS and Caveolin—We have previously shown
that eNOS and caveolin can be immunoprecipitated in a stable
heteromeric complex (11) and that addition of Ca?"-calmodulin
disrupts the association between eNOS and caveolin (8). To ex-
plore whether sequences corresponding to the caveolin scaffold-
ing domain could be implicated in the calmodulin-regulated in-
teractions between eNOS and caveolin, we designed synthetic
oligopeptides based on the scaffolding domain of caveolin (5) and
the calmodulin-binding domain of eNOS (9). As shown in Fig. 14,
the caveolin scaffolding domain peptide, corresponding to resi-
dues 82-101 of the human caveolin sequence, is termed “Cav-1.”
A control peptide that we have termed “Cav-X” has an identical
amino acid composition, but amino acids were exchanged pair-
wise at 8 highly conserved positions within this 20 amino acid
sequence; thus, the conserved aspartic acid residue at position 1
is exchanged for the conserved tryptophan residue at position 4
and vice versa. Likewise, residue Ser-7 was exchanged for Trp-11;
similarly traded were Lys-15 and Tyr-16, and Tyr-19 and Arg-20.
This “minimally scrambled” control peptide, Cav-X, thus has 60%
identity in amino acid sequence and 100% identity in amino acid
composition compared with the Cav-1 peptide. This conserva-
tively designed Cav-X control peptide helps to provide confidence
in the specificity of effects seen with the Cav-1 scaffolding domain
peptide. We designed experiments exploiting the Cav-1 peptide
to explore the possibility that the caveolin scaffolding domain
participates in the formation of eNOS-caveolin complexes. We
found that the Cav-1 peptide, but not the control Cav-X peptide,
completely blocked the co-immunoprecipitation by caveolin anti-
body of the eNOS-caveolin complex (Fig. 1B); these peptides did
not alter the recovery of caveolin. We also found that a peptide
corresponding to the eNOS calmodulin binding site (9), which we
have termed CaM-B (Fig. 1), had no effect on eNOS-caveolin
co-immunoprecipitation.

In a parallel series of experiments, antibodies directed
against caveolin were used to precipitate caveolin-eNOS immu-
nocomplexes, which were then isolated on protein G-Sepha-
rose. The addition of the Cav-1 peptide (but not the control
Cav-X peptide) promotes the dissociation of eNOS from caveo-
lin (Fig. 1C). The eNOS released by Cav-1 from the caveolin-
protein G-Sepharose immunocomplex can be completely recov-
ered from the supernatant; there is no change in the recovery of
caveolin (Fig. 1C, lower panels).

Effects of the Caveolin Scaffolding Domain Peptide on eNOS
Enzyme Activity in Endothelial Cell and Sf9 Cell Mem-
branes—We have previously shown that the co-transfection of
eNOS and caveolin-1 ¢cDNA into COS-7 cells leads to a marked
attenuation of eNOS enzyme activity and that this inhibition is
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Fic. 1. Oligopeptides and the blockade of eNOS-caveolin interaction. A, shown are the amino acid sequences of synthetic oligopeptides
used in these studies: the caveolin scaffolding domain peptide (Cav-1), its control peptide (Cav-X), and the calmodulin binding site peptide (CaM-B).
The peptide Cav-1 is based on amino acid residues 82—101 of caveolin-1, also termed the caveolin scaffolding domain (5). Cav-X represents a control
peptide for Cav-1 and is designed to maintain an identical amino acid sequence composition as the Cav-1 peptide. Pairwise exchange of amino acid
at 8 specific residues yields a control peptide that is 60% identical in sequence to Cav-1. The peptide labeled CaM-B is based on the sequence in
eNOS implicated in calmodulin binding (9) and corresponds to residues 492-512 of the bovine eNOS sequence (10). B, this panel shows the effects
of peptides on eNOS-caveolin co-immunoprecipitation from endothelial cells. For this SDS-PAGE/immunoblot analysis, peptides as shown were
added to solubilized endothelial cell lysates that were then immunoprecipitated with the polyclonal caveolin antibody as described in the text.
Peptides were present at a final concentration of 10 uM in 0.25% Me,SO. The results of eNOS antibody immunoblotting are shown in the upper
blot. The lower panel shows the result of reprobing this same immunoblot with the caveolin antibody. C, this experiment explored the release of
eNOS from caveolin immune complexes as promoted by caveolin scaffolding domain peptides. Solubilized endothelial cell lysates were incubated
with anti-caveolin antibody, and immune complexes were isolated using protein G-Sepharose as described in the text and then incubated with 10
uM Cav-1 or Cav-X peptide for 30 min at 22 °C. The Sepharose beads were then pelleted, and the proteins were released into the supernatant, and
those remaining bound in the protein G-Sepharose pellet were analyzed by SDS-PAGE and immunoblotting. The upper panel shows the results
of an eNOS antibody immunoblot analysis of the material remaining bound to the protein G-Sepharose after the peptide incubation, and the eNOS
immunoblot shown in the middle panel analyzes the proteins released into the supernatant. The immunoblot shown in the upper panel was

reprobed with antibody directed against caveolin and is shown in the lower panel.

relieved by adding purified calmodulin to the enzyme assay. As
seen in Fig. 2A, the Cav-1 peptide potently inhibits eNOS
enzyme activity in washed BAEC membranes (assayed in the
absence of added calmodulin), whereas Cav-X peptide had only
modest inhibitory effects even at higher peptide concentra-
tions. To test the hypothesis that calmodulin would antagonize
Cav-1 mediated NOS inhibition, separate experiments ex-
plored the effects of purified calmodulin on the inhibition of
eNOS promoted by the Cav-1 peptide (Fig. 2B). The addition of
exogenous calmodulin resulted in a small increase in the eNOS
activity in control BAEC membranes; however, in the presence
of Cav-1 peptide, increasing concentrations of calmodulin com-
pletely and dose-dependently reversed eNOS inhibition in-
duced by the peptide. The IC;, for Cav-1 in inhibition of eNOS
activity is 1.0 uMm in the absence of exogenous calmodulin;
addition of increasing amounts of calmodulin increases this
IC4, value to the point that no Cav-1-promoted inhibition of
eNOS is seen at the highest concentrations of calmodulin.

In an effort to determine whether endothelial-specific co-
factors or proteins are required for Cav-1 inhibition of eNOS
activity, we infected insect Sf-9 cells with recombinant baculo-
virus encoding eNOS (13). In experiments identical in design to
those described for BAEC, eNOS activity was determined in
washed cell membrane fractions from recombinant baculovi-
rus-infected insect Sf9 cells at various concentrations of Cav-1
and calmodulin. As shown in Fig. 2C, the Cav-1 peptide mark-
edly inhibits eNOS enzyme activity in Sf9 cell membranes. In
parallel experiments, Cav-X had no effect on NO synthase
activity (data not shown). In contrast to BAEC, NOS activity in
recombinant baculovirus-infected Sf9 cells is markedly acti-
vated by the addition of exogenous calmodulin, possibly reflect-
ing differences in the efficacy of insect calmodulin in mamma-
lian eNOS activation (among other possibilities). The effect of
Cav-1 on inhibition of eNOS activity is even more striking in
these S9 cell membranes, approaching 90% enzyme inhibition

at the highest Cav-1 concentrations. The addition of calmodu-
lin attenuated the NOS inhibitory effect of the Cav-1 peptide,
and at the highest concentrations of exogenous calmodulin, the
effect of Cav-1 is entirely abrogated in eNOS-infected Sf9 cell
membranes (Fig. 2C).

Bacterial Expression of Recombinant eNOS and Inhibition of
the Purified Enzyme by the Caveolin Scaffolding Domain Pep-
tide—The interactions between eNOS and caveolin were next
explored using purified bacterially expressed recombinant
eNOS. Study of the interactions of caveolin with purified eNOS
would help to explore the role, if any, of additional factors in
this protein-protein association. The effects of membrane lipids
may also be excluded by the analysis of eNOS in this E. coli
expression system; since the acylations of eNOS that are es-
sential for its targeting to plasmalemma do not take place in
this prokaryotic system, the bacterial expression of eNOS
yields a soluble rather than particulate enzyme (19). To facili-
tate purification of the protein using glutathione-Sepharose
affinity chromatography, we used the bacterial expression vec-
tor pGEX-3X (Pharmacia) to construct a recombinant plasmid
encoding a fusion protein between eNOS and GST. The fusion
protein was designed such that the GST is located at the eNOS
N terminus; this site was chosen because previously character-
ized eNOS fusion proteins involving the enzyme’s N terminus
appear to retain full activity (20). Indeed, the specific activity of
the purified bacterially expressed GST-eNOS fusion protein
averaged 50 nmol/min/mg protein (see Fig. 3), comparing fa-
vorably to previous reports for the specific activity of purified
eNOS (19). Using glutathione-Sepharose chromatography, the
GST-eNOS fusion protein was purified to apparent homogene-
ity in a single step from the soluble fraction of E. coli trans-
fected with this recombinant construct. SDS-PAGE of the pu-
rified protein yielded a single band in the Coomassie Blue-
stained gel; this band co-migrates with the single band
identified by immunoblotting with eNOS antibody (Fig. 3).
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FiG. 2. Inhibition of eNOS activity in biological membranes by
the caveolin scaffolding domain peptide. NOS activity was deter-
mined using the [*H]arginine — [*H]citrulline assay in biological mem-
branes in the presence of varying concentrations of the Cav-1 or Cav-X
peptide. A, NOS activity measured in endothelial cell membranes (no
exogenous calmodulin was added to these assays, which were per-
formed three times in duplicate with equivalent result). B, increasing
amounts of purified calmodulin were added to NOS activity assays
performed in endothelial cell membranes in the presence of varying
concentrations of the Cav-1 peptide as shown. This experiment, per-
formed in duplicate, was repeated three times with similar results. C,
recombinant baculovirus-expressing eNOS was used to infect insect Sf9
cells and washed membranes prepared from these cells used in NOS
activity assays identical in design to the experiment shown in B. The
experiment shown is representative of three similar experiments, each
performed in duplicate.

In the absence of added calmodulin, the purified GST-eNOS
fusion protein has no detectable NOS activity. A series of NOS
activity assays were performed in the presence of 0.1 um cal-
modulin, along with varying concentrations of the Cav-1 or
Cav-X peptides. The Cav-X peptide had minimal effects even at
higher peptide concentrations. By contrast, the Cav-1 peptide
completely inhibited enzyme activity of the purified GST-eNOS
with an ICg, of 0.3 uM (Fig. 3). To determine the mechanism
whereby caveolin inhibits calmodulin-activated eNOS enzyme

Caveolin versus Calmodulin in eNOS Regulation

activity, we conducted a series of NOS enzyme assays in the
presence of varying concentrations of calmodulin and Cav-1
peptide (Fig. 4A). The analysis of double reciprocal plots of NOS
activity versus calmodulin concentration studied at different
Cav-1 peptide concentrations (Fig. 4B) revealed a common y
intercept, consistent with competitive inhibition of calmodu-
lin’s activation of eNOS by the Cav-1 peptide. Extrapolation of
x axis intercepts permits the estimation of the K, for calmod-
ulin at different concentrations of Cav-1 peptide. In the absence
of Cav-1 peptide, the calmodulin K, is approximately 20 nwm,
increasing to 3 uM in the presence of 10 um Cav-1 peptide. As a
result, in the presence of 10 um Cav-1 peptide, NOS activity is
fully inhibited even in the presence of 100 nm calmodulin (Fig.
4B).

Gel Mobility Shift Assays to Explore Interactions of the
Caveolin Scaffolding Domains with Calmodulin—The key role
of Ca2"-calmodulin in modulating eNOS-caveolin interactions
led us to explore whether caveolin might also interact with
calmodulin directly, although our previous studies had found
no evidence for co-immunoprecipitation of caveolin with cal-
modulin in endothelial cell membranes (8). The specificity of
the enzyme inhibitory effect of the caveolin scaffolding domain
was explored in studies of calmodulin-dependent kinase activ-
ity in endothelial cell membranes in which we found that the
caveolin scaffolding domain peptide inhibits eNOS activity but
not calmodulin-dependent kinase activity in endothelial cell
lysates (data not shown). We next used the caveolin scaffolding
domain peptides in gel mobility shift assays (Fig. 5), and com-
pared the effects of these peptides with a eNOS-derived pep-
tide, termed CaM-B, corresponding to the enzyme’s calmodulin
binding site. This experimental approach is based on a modi-
fied, partially denaturing non-reducing Laemmli SDS-PAGE
system (17) and has been previously exploited to investigate
interactions between purified calmodulin and putative calmod-
ulin-binding peptides (18). We assessed the ability of Cav-1 and
CaM-B peptides to “shift” calmodulin migration to positions of
lower mobility in this modified electrophoresis system. As has
been previously reported (9), the CaM-B peptide, corresponding
to the eNOS calmodulin binding site, altered the migration of
purified calmodulin in a Ca%*-dependent fashion. By contrast,
addition of the Cav-1 peptide at concentrations that fully in-
hibit eNOS enzyme activity could not be shown to alter calmod-
ulin mobility in either the presence or absence of Ca®*. Taken
together, these results suggest, but do not prove, that the
caveolin scaffolding domain is unlikely to directly interact with
calmodulin.

DISCUSSION

The interaction of eNOS with caveolin appears to serve as a
key determinant of enzyme activity, and this interaction may
be dynamically regulated by the CaZ*-calmodulin-dependent
activation of NOS in endothelial cells (8). The present study
utilizes the purified components of this signaling system to
provide further insights into the mechanisms whereby caveolin
inhibits eNOS. A synthetic oligopeptide corresponding to the
caveolin scaffolding domain (Cav-1) contains sequences both
necessary and sufficient to inhibit enzyme activity of purified
eNOS, and the enzyme inhibition promoted by this peptide is
completely reversed by CaZ*-calmodulin. These results with
purified components further substantiate our prior observa-
tions in biological membranes: when eNOS activity is assayed
in membranes prepared from COS-7 cells co-transfected with
caveolin and eNOS, caveolin co-expression inhibits eNOS ac-
tivity, and the inhibitory effects of caveolin are entirely abro-
gated by calmodulin (8). In the present studies, it thus appears
that the caveolin scaffolding domain peptide can serve as a
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Fic. 3. Inhibition of purified recom-
binant eNOS by caveolin scaffolding

<
domain peptide. Purification of GST- .f?\c’c,
eNOS from E. coli (see text) was moni- il
tored by Coomassie Blue staining of SDS- kDa
PAGE of cleared bacterial lysates (first 205 - o
lane), and after elution of the recombi- 116 =
nant fusion protein following chromatog- 97 =
raphy on glutathione-Sepharose (second 67 =

lane); immunoblots of the eluted material

were probed with the eNOS antibody

(middle panel). eNOS activity was quan- “=-
titated in the purified preparation in the

presence of varying concentrations of

Cav-1 and Cav-X peptides (right panel).

Similar results were obtained in three

separate experiments, each performed in

duplicate.

surrogate for caveolin itself, at least insofar as the regulatory
interactions of caveolin and calmodulin with eNOS are
concerned.

The targeting of eNOS to plasmalemmal caveolae is depend-
ent on the myristoylation and palmitoylation of the enzyme
(reviewed in Ref. 2). Since the eNOS expressed in E. coli is a
soluble protein, being neither myristoylated nor palmitoylated,
the potent inhibition of bacterially expressed eNOS by the
Cav-1 peptide implies that eNOS acylation is not required for
productive and appropriately regulated interactions of the en-
zyme with caveolin. Indeed, these data complement our recent
studies of eNOS acylation mutants? and indicate that eNOS-
caveolin interactions, distinctive from eNOS targeting to caveo-
lae, may still take place even in the absence of eNOS acylation.
Clearly, the direct interactions of eNOS, caveolin, and calmod-
ulin can be reconstructed in a soluble system involving purified
components, and within the limitations of this experimental
system, it appears that additional protein or lipid components
are not required.

Several lines of investigation provide data suggesting that
caveolin and calmodulin do not interact directly; a peptide
derived from the calmodulin binding site on eNOS can be
shown to bind to calmodulin, but peptides derived from the
caveolin scaffolding domain fail to do so (Fig. 5). Furthermore,
the caveolin scaffolding domain does not have a typical calm-
odulin-binding sequence motif (22, 23). Our previous data
failed to show evidence for co-immunoprecipitation between
caveolin and calmodulin (8), and other calmodulin-dependent
enzyme activities including calmodulin-dependent protein ki-
nase do not appear to be inhibited by the caveolin scaffolding
domain peptide. These negative data do not preclude the pos-
sibility that under different experimental conditions the caveo-
lin scaffolding domain (or other sequences within the caveolin
molecule) might bind directly to calmodulin. However, the
caveolin scaffolding domain does not appear to interact with
calmodulin under the experimental conditions utilized in our
studies.

The binding site for caveolin has not yet been delineated for
eNOS, but a sequence motif found in several other caveolin-
associated proteins also appears to be present in eNOS (24). A
recent report suggests that sequences both within the N- and
C-terminal halves of caveolin appear to interact with eNOS in
addition to the caveolin scaffolding domain (21). However, our
data indicate that the caveolin scaffolding domain is both nec-
essary and sufficient for caveolin to interact with eNOS, and
thereby leads to enzyme inhibition. The formation of the het-
eromeric complex between eNOS and caveolin is completely

2 0. Feron, J. B. Michel, K. Sase, and T. Michel, submitted for
publication.
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Fic. 4. Effect of calmodulin on inhibition of purified bacte-
rially expressed eNOS by the caveolin scaffolding domain pep-
tide. At each of several different concentrations of the Cav-1 peptide,
the NO synthase activity of purified GST-eNOS was assayed at
varying concentrations of calmodulin, as noted on the figure. A, plot
of [calmodulin] versus NOS activity at varying concentrations of
Cav-1 peptide; B, double reciprocal plot of data shown in panel A. This
experiment is representative of five similar experiments, each per-
formed in duplicate.
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Fic. 5. Electrophoretic mobility gel shift assay of calmodulin.
Shown are the results of peptide incubations of the electrophoretic
mobility of purified calmodulin analyzed by non-reducing partially de-
naturing urea-SDS-PAGE performed in the presence of excess Ca®* (left
panel) or with excess EGTA (right panel). Cav-1, Cav-X, or CaM-B
peptides were incubated with the calmodulin prior to electrophoresis in
the presence of Ca®>" or EGTA as described in the text.

blocked by the caveolin scaffolding domain peptide, Cav-1; the
calmodulin-binding domain peptide, CaM-B, which is derived
from the eNOS sequence, has no effect on heteromer formation
(Fig. 1). In addition, when Cav-1 and CaM-B peptides are
mixed in calmodulin gel mobility shift experiments, the addi-
tion of the Cav-1 peptide failed to alter calmodulin association
with CaM-B (Fig. 5). Although not definitive, these results
suggest that eNOS domains distinct from (or in addition to) the
eNOS calmodulin binding site may mediate the association of
eNOS with the caveolin scaffolding domain.

It is unclear how caveolin inhibits such diverse enzymes,
variously attenuating the GTPase activity of Ha-Ras and G
protein a-subunits, the tyrosine kinase activity of Src, as well
as the NO synthase activity of eNOS. Our enzyme Kkinetic
analyses (Fig. 4) reveal that caveolin appears to serve as a
competitive inhibitor of calmodulin-dependent eNOS activa-
tion. However, the precise nature of this inhibition may be
more complex than can be elucidated by these limited kinetic
analyses, and the eNOS-caveolin interaction may be modulated
further by interactions of these proteins with other lipid and
protein constituents present in biological membranes. Aside
from eNOS, the other caveolin-modulated signaling proteins

Caveolin versus Calmodulin in eNOS Regulation

are not known to be calmodulin-dependent; elements of higher
order structure, as yet unidentified, may serve as the basis for
caveolin inhibition of NOS activity. The ability of caveolin to
dramatically alter the K, for calmodulin likely represents an
important mechanism influencing eNOS activation, as the cal-
modulin-modulated interactions of eNOS with caveolin may be
subject to both hormonal regulation and the influences of he-
modynamic shear stress associated with changes in intracellu-
lar Ca%*. The interactions of eNOS with calmodulin versus
caveolin provide a novel example of the reciprocal regulation of
enzyme activity by competing allosteric protein-protein
interactions.
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