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ABSTRACT: N-Terminal myristoylation and thiopalmitoylation of the endothelial isoform of nitric oxide
synthase (eNOS) are required for targeting the enzyme to specialized signal-transducing microdomains
of plasma membrane termed caveolae. We have previously documented that the subcellular localization
of eNOS is dynamically regulated by agonists such as bradykinin, which promotes enzyme depalmitoylation
and translocation from caveolae. More recently, we have shown that association of eNOS with caveolin,
the principal structural protein in caveolae, leads to enzyme inhibition, in a reversible process modulated
by Ca&*—calmodulin (CaM). We now report studies of the respective roles of acylation and caveolin
interaction for regulating eNOS activity. Using eNOS truncation and deletion mutants expressed in COS-7
cells, we have identified an obligatory role for the N-terminal half of eNOS in stabilizing its association
with caveolin. By exploring the differential effects of detergents (CHABSctyl glucoside), we have
shown that this direct interaction between both proteins is facilitated by, but does not require, eNOS
acylation, and, importantly, that treatment of intact aortic endothelial cells with the calcium ionophore
A23187 leads to the rapid disruption of the eN&Swveolin complexes. Finally, using transiently
transfected COS-7 cells, we have observed that the myristoylation-deficient cytosol-restricted eNOS mutant
(myr-) as well as the cytosolic fraction of the palmitoylation-deficient eNOS mutant (painay both

interact with caveolin; this association also leads to a marked inhibition of enzyme activity, which is
completely reversed by addition of calmodulin. We conclude that the regulatory eb&¥8olin
association is independent of the state of eNOS acylation, indicating that agonist-evokédalva
dependent disruption of the caveoliaNOS complex, rather than agonist-promoted depalmitoylation of
eNOS, relieves caveolin’s tonic inhibition of enzyme activity. We therefore propose that caveolin may
serve as an eNOS chaperone regulating NO production independently of the enzyme’s residence within
caveolae or its state of acylation.

Nitric oxide (NOY is an important signaling molecule by the fatty acids myristate and palmitaté—€). While
involved in many biological processes, and is synthesized myristoylation is an essentially irreversible protein modifica-
in mammalian cells by a family of calmodulin-activated NO tion occurring cotranslationally on N-terminal glycine resi-
synthases (NOS)1¢-3). The endothelial NOS (eNOS) is  dues within a specific consensus sequere thiopalmi-
unique among the NOS isoforms in its being dually acylated toylation is a reversible post-translational modification for

which no unique consensus sequence exi§)s (The
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The role and regulation of protein lipidation in the targeting

of signaling proteins to plasmalemmal caveolae are incom-

Feron et al.

mutants of bovine eNOS lacking either the N-terminsl
511) or the C-terminalA528—1205) domains have been

pletely understood. Mutagenesis studies have documentedtreated using propitious restriction enzyme sites within the

that myristoylation of G-proteim subunits 18) or palmi-
toylation of caveolin 16) is not required for their caveolar
localization, whereas thiopalmitoylation of PTK3) and
prenylation of H-RasX9) are both necessary and sufficient
to confer localization of these proteins to caveolae. More-
over, since palmitoylation may undergo dynamic regulation
by agonists (for refs, se@ and 15), this specific acylation
may play a critical role in the reversible caveolar targeting
of signaling proteins, and in the modulation of their biologic
activity. For example, we have reported that bradykinin
promotes eNOS depalmitoylatio@), and thereby could
importantly influence the agonist response by promoting

eNOS cDNA sequence,Bglll site (at bp 1536) and Bsd
site (at bp 1598), respectively. Deletion mutants lacking aa
13-506 (A12-507) and aa 86506 (A85—507) were
created by removing the sequence in the eNOS cDNA
between theAval site (at bp 50) and th8&glll site (at bp
1536), and between tharalll site (at bp 273) and th&gll
site (at bp 1536), respectively. These different constructs
have all been subcloned into pK-CMV expression vector,
as previously describedl9). Caveolin-1 cDNA in the
eukaryotic expression vector pCB-7 was obtained from
Michael Lisanti (Whitehead Institute, Cambridge).

Cell Cultures and Cell TransfectionCOS-7 cells and

enzyme translocation from plasmalemmal caveolae to otherbovine aortic endothelial cells (BAEC) were cultured as
cell compartments. The agonist-induced translocation of described4, 6, 23). COS-7 cells were transfected with the
eNOS from caveolae likely leads to local changes in cofactor plasmid cDNA in 100-mm cell culture plates using Lipo-
and substrate availability for the enzyme, and may also fectamine (Life Technologies, Gaithersburg, MD) according
modulate the interaction of eNOS with other caveolae- to the manufacturer's protocol; an irrelevant plasmid encod-
targeted signaling proteins, with important consequences foring -galactosidase was used as a control to maintain
the cellular regulation of NO synthesis. identical amounts of DNA in each transfection.

Several recent reports have presented evidence for direct Preparation of Cellular Lysates and Subcellular Frac-
regulatory interactions between caveolin and diverse lipid- tionation. Transfected COS-7 cells or BAEC were harvested
modified signaling proteins including PTK, G-protei by scraping in phosphate-buffered saline, pelleted by cen-
subunits, and H-Ras2{, 22), perhaps indicating that trifugation, and then resuspended in a “CHAPS buffer”,
protein—protein interactions may influence the caveolar containing 50 mM Tris-HCI (pH 7.4), 20 mM CHAPS, 125
targeting of signaling molecules. In similar fashion, we have mM NacCl, 2 mM dithiothreitol, 0.1 mM EGTA, and protease
shown that eNOS can be quantitatively immunoprecipitated inhibitors (1 mg/mL leupeptin, 1 mg/mL pepstatin, and 1
by antibodies directed against caveol2B); In addition, mM phenymethanesulfonyl fluoride), as previously described
we have recently found that the interaction of eNOS with (23—25). In some experiments, the 20 mM CHAPS
caveolin leads to a profound inhibition of eNOS enzyme detergent was replaced by 60 mM octyl glucoside (OG). Cells
activity, and that C& —calmodulin relieves the inhibition  were lysed by sonication (three 10-s bursts, output power 1)
of eNOS by caveolinZ4). These studies raise important using a Branson sonifier 450 (Branson Ultrasonic Corp.,
guestions regarding the cellular regulation of eN@&veolin Danbury, CT); cell debris was discarded following a brief
interactions in the context of enzyme acylation. Does eNOS 100Q) centrifugation. When cell fractionation was required,
need to be targeted (by acylation) to caveolae in order to cells were first lysed by sonication in a hypotonic buffer
interact with caveolin? Alternatively, is it the interaction and separated into soluble and particulate fractions by
of caveolin with eNOS that is responsible for targeting the ultracentrifugation (1000@f) 1 h), as previously described
enzyme to caveolae where palmitoylation may then occur? (4, 6, 19, 25).

Is eNOS depalmitoylation required for its dissociation from  Immunoprecipitation.Aliquots of cell lysates were incu-
caveolin (and subsequent enzyme activation)? Alternatively, bated with rabbit anti-caveolin-1 or anti-eNOS polyclonal
does caveolin remain associated (or reassociate) with eNOSantibodies (Transduction Labs) at a final concentration of 4
following the latter's depalmitoylation and translocation to ug/mL; antibody titration experiments (not shown) docu-
noncaveolar subcellular compartments? The present studiesnented that this concentration led to quantitative immuno-
explore the interactions between caveolin and various eNOSprecipitation of caveolin from cell lysates. The isoform
acylation and deletion mutants in transfected COS-7 cells, specificity and lack of cross-reactivity of these antibodies
and investigate the regulation of eN©&aveolin interactions  have been previously establishe2B), After 1 h at 4°C,
in intact endothelial cells. protein G-Sepharose beads (50 mL of a 50% slurry) were
added to the supernatant for a further 1-h incubation at 4
EXPERIMENTAL PROCEDURES °C. Bound immune complexes were washed 3 times with

Plasmid ConstructscDNA constructs encoding wild-type  CHAPS or OG buffer and then once with 50 mM Tris-HCI
eNOS, the myristoylation-deficient mutant (myyr or the (pH 7.4), 150 mM NaCl. Immunoprecipitated proteins were
palmitoylation-deficient mutant (palmhhave previously been  then eluted by boiling for 5 min in Laemmli sample buffer.
described 4, 6, 19). The myristoylation-deficient mutant SDS-PAGE and Immunoblotting.Denatured immuno-
eNOS (glycine at position 2 changed to alanine) and the precipitated proteins were loaded and separated on 7.5 or
palmitoylation-deficient mutant eNOS (cysteine residues at 12% SDS-polyacrylamide gels and transferred to a PVDF
positions 15 and 26 changed to serine) were generated bymembrane (BioRad). After blocking with 5% non-fat dry
PCR-based mutagenesis using the wild-type eNOS cDNA milk in Tris-buffered saline with 0.1% (v/v) Tween 20
as template, and have been previously characterize®).( (TBST; Sigma), membranes were incubated with primary
Truncation and deletion mutants have also been describedantibodies directed against the C-terminal (Transduction
and characterized previousitq, 25). Briefly, truncation Labs) or N-terminal end (Santa Cruz) of eNOS, or against
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caveolin-1 (Transduction Labs)rfd h in TBST containing A ]
1% non-fat dry milk. After 4 washes (15 min each), the MGNLKSVGEPGPPCGLGLGLGLCGKQG
membranes were incubatedrfd h with a horseradish
peroxidase-conjugated secondary antibody (Jackson Immu-
noResearch Labs) at a 1:10 000 dilution in TBST containing
1% non-fat dry milk. After 4 additional washes in TBST, Al1-511
the membranes were rinsed once in TBST, incubated witha ;5 507
chemiluminescent reagent according to the manufacturer’'s

protocols (Renaissance, DuPont NEN), and exposed to X-ray A85-507
film. A528-1205

Nitric Oxide Synthase Aclity. NOS activity was deter-

mined in transfected COS-7 cell lysates or subcellular %

fractions by measuring the conversion #iJarginine to pH]- = % UE_I ;

citrulline, as previously described (26). f P 2‘ - i
43 42 =

RESULTS

Interaction of Truncation and Deletion eNOS Mutants with Total -
Caveolin. To address the specificity of the interaction Cell Lvsate --
between caveolin and eNOS, we have explored the ability : et —

of caveolin antibodies to immunoprecipitate several deleted

and truncated eNOS mutants recombinantly expressed in Detergents:
COS-7 cells. The cDNA constructs have previously been

characterized §, 25); a schematic representation of the

encoded proteins is shown in Figure 1A. Truncated isoforms i CHAPS
lacking the N-terminal half A1—511) or C-terminal half — -

(A529-1205) of eNOS as well as isoforms deleted in the IF with

N-terminal half but containing the myristoylation site12— cavenlin-1 Ah

507) or both the palmitoylation and myristoylation sites

(A85—507) have been used and compared with the WT- Oetyl-

eNOS; immunoblots are presented in Figure 1B (upper — Glucoside
panel). The interactions of these different truncated and

deleted eNOS isoforms with caveolin-1 have been studied

after lysis and solubilization in the CHAPS buffer, as  Immunohlot

previously described®G—25). We have also compared the ~ with eéNOS Ab:  C-term.  N-term.

pattern of coimmunoprecipitation when the detergent OG is Ficure 1: Characterization of the association between caveolin-1
substituted for CHAPS. and eNOS in COS-7 cells: behavior of truncated and deleted

: T : isoforms and the influence of detergents. (A) Map of the different
Whgr_1 |mmunopreC|p|tat|_ons were performed In thg pUﬁer deleted and truncated eNOS isoforms and localization of the
containing CHAPS, caveolin antibodies immunoprecipitated gjfferent anti-eNOS antibodies used. Also shown above the
WT-eNOS as well as the different truncated and deleted schematic of the WT-eNOS are the N-terminal 30 aa, including
isoforms, with the notable exception of the truncated isoform the myristoylation site at Gly2 and the palmitoylation sites at Cys15
lacking the N-terminal half of the enzymA{—511) (Figure and Cys26. Note that the different truncated and deleted mutants

. . are all catalytically inactive (Robinson & Michel, 1995). (B) The
1B, middle panel). These data suggest that acylation upper panel shows the immunoblots of WT-eNOS as well as of

(myristoylation) alone is sufficient for protein targeting to the different constructs transfected in COS-7 cells. The middle and
CHAPS-solubilized caveolinprotein complexes. We next lower panels show the eNOS immunoblots of caveolin-1 immu-

repeated these experiments, solubilizing the eNG&veolin noprecipitations performed in the presence of CHAPS or OG,

: ; : respectively; no difference was observed in the amounts of caveolin
cr:)_mglexes with t_hi deterger#_O_G, :N'tc;] the expect?_th dn that immunoprecipitated from CHAPS- and OG-solubilized transfected
this detergent might more efficiently disrupt proteirpi COS-7 cells (not shown). These experiments were repeat&d 2

interaction, as reported elsewhe@r{29). The effect of  times with equivalent results. A lower molecular weight band was
OG was dramatic: anti-caveolin-1 antibodies only precipi- variably seen in immunoblots of th&85—-507 truncated eNOS

tated the WT-eNOS and the truncated isoform lacking the mutant, possibly reflecting a degradation product of this internally

) ; : deleted construct. Note that all the proteins were detected by a
C-terminal half of the enzymeAb29-1205) (Figure 1B, C-terminal anti-eNOS antibody, with the exception of the truncated

lower panel). The eNOS mutants containing the acylation jsoform A528-1205, which was detected by an eNOS N-terminal
motifs of the N-terminus but lacking large portions of the antibody (the difference in the antibodies used in immunodetection
N-terminal half of eNOS were no longer coimmunoprecipi- may explain differences in the intensity of the bands observed).
tated by anti-caveolin antibodies in the presence of OG. performed cotransfection experiments, in which the myr
These data suggest that specific sites for interaction of eNOSmutant [which is almost exclusively detected in the cytosol
with caveolin are located within the N-terminal half of the (4)] is coexpressed with the myristoylatad 2—507 deleted
enzyme. isoform (which lacks the putative N-terminal caveolin
eNOS Oligomerization and @aolin Interaction. We next binding region). Since heterodimeric complexes between the
explored the relative roles of acylation and caveolin associa- full-length and truncated eNOS can clearly for2b), we
tion in the process of eNOS targeting to caveolae. We have explored whether the myristoyl group of thé2—
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AL2-507 cDNA (ug): 1510 5 0 Time (min):

|
A anti-eNOS IP == j e :'Ifr-..-,r
- Cav-lIP = —  — a-eNOS

— Ficure 3: Inhibition of the association between caveolin-1 and
B anti-cav-11P s == -+ eNOS by C&" ionophore in endothelial cells. Shown are the eNOS
immunoblots of anti-caveolin-1 immunoprecipitations from BAEC
incubated in presence of 20/ A23187 for 0, 1, and 3 min. Cells
C post-1F° have been lysed, as described in the text, in CHAPS or OG buffers;

supernatant ol g H— myr in control experiments, the amounts of caveolin immunoprecipitated

by caveolin-1 antibodies were not significantly different in the

different detergent and time conditions (not shown). This experiment
was repeated 3 times with equivalent results.

D cell lysale - -
- - Perturbation of eNOSCaveolin Interactions by CH

) ) . lonophore. We have recently shown that the eNO©S
FiGUurRe 2: Rescue of myr mutant-caveolin-1 coimmunoprecipi-

tation by coexpression of the truncatad2—507 isoform. COS-7 C{ivgolln Im;lunocomple?( can be disruptén vitro b.y
cells were transfected with an expression vectopgsper 100- binding of C&"—calmodulin to eNOSZ4). The next series

mm plate) encoding the mymutant, and the indicated amounts of experiments investigated whether this interaction could
of A12-507 cDNA. Note that the amount of DNA in each also be altered in intact, cultured endothelial cells treated
transfection was kept constant by the addition gfgalactosidase with the calcium ionophore A23187 (20M). By comparing

expression plasmid. Panel A shows the eNOS immunoblot (using - .
a C-terminal antibody) of the eNOS immunoprecipitation (using '€ €ffects of CHAPS and OG to solubilize the caveolin

an N-terminal antibody). Also shown are the eNOS immunoblots complex, we have also attempted to further explore more
(using an N-terminal antibody) of immunoprecipitations performed subtle modifications in this model of dynamic regulation of
from COS-7 cell lysates with anti-caveolin-1 antibodies (panel B) aNOS. Figure 3 shows that after-3 min of incubation

and from the supernatant of the caveolin immunoprecipitation (panel . . : ) S
C). Panel D shows, for each condition, anti-eNOS immunoblotting W/t the calcium ionophore A23187, CHAPS-solubilized

(using an N-terminal antibody). These experiments were repeated€NOS can still be quantitatively immunoprecipitated from
3 times with equivalent results. BAEC by caveolin-1 antibodies. However, when OG is used

instead of CHAPS in the lysis and immunoprecipitation
507 isoform could promote the targeting of the mymutant buffers, the recovery of eNOS in the caveolin-1 coimmu-
from its primary cytosolic location to caveolae and thus npoprecipitation is decreased by 80% after 1 min, and this
SHOW? |tstassc;0|a;tlgn \'/)(I;;[hthca\r%e;/dm.t Ctos'7tce|!{5 lvvere reduction persists for at least 10 min (data not shown).

erefore transfected wi e mymutant construct plus . . .

increasing amounts of plasmids encoding th&2—507 Coexpression of Geolin-1 with WT-eNOS or myr
isoform, and caveolin immunoprecipitations were performed Mutant. eNOS.'_I'he fmdmg that ?NOS may dissociate from
in the presence of OG in order to exclude any interaction of c_ave_oll_n following an Increase In cytosolic %i‘a:once_ntra—_

tion in intact endothelial cells suggests that the disruption

the A12—-507 isoform with caveolin (see Figure 1B). - . A
( g ) of eNOS-caveolin interactions could constitute an early

When an antibody directed against the N-terminal end of g i
eNOS was used to immunoprecipitate the mywutant from event preceding the translocation of eNOS from caveolae.

COS-7 cell lysates, thA12—507 truncated protein (which Since the trgnslocation of eNOS from cavgolae likely a_lters
is not recognized by this antibody) was detected in the the responsiveness of the enzyme, we'deS|gned' experiment
immunoprecipitate (Figure 2A), indicating that the myr [0 €xplore whether eNOS association with caveolin can occur
mutant and the deleted eNOS protein form heterodimers, Outside the caveolae environment. Thus, we have comparec
Figure 2B shows that the mymutant needs to be coex- features qf the predom}nantly membrane—assouat_ed WT
pressed with the\12—507 deletion eNOS mutant in order ~€nzyme with the cytosolic myrmutant ) by performing

to be immunoprecipitated by caveolin-1 antibodies. With Cotransfection experiments in COS-7 cells using this eNOS
higher levels of expression of tilel2—507 deleted isoform, ~ Mutant plus varying quantities of caveolin-1 cDNA. Ca-
the recovery of the myr mutant in the caveolin-1 immu- veolin is expressed in endothelial cells at a relatively high
noprecipitates was increased in parallel. We also analyzedlevel (30); it seemed to us that a more tractable model to
the expression of myrmutant left behind in the supernatant study the caveolin-dependent regulation of eNOS could
of the immunoprecipitations. The amount of mynutant  €Xploit the presence of caveolae in COS-7 ceéjsand the
(recovered by anti-eNOS immunoprecipitation) progressively low level of expression of endogenous caveolin in these cells,
decreased from 100% in the absence ofAi@—507 deleted ~ and we used the expression of recombinant caveolin in
isoform to less than 10% in the presence of a 3-fold excessCOS-7 cells to develop a cell system presenting different
of the deleted isoform (Figure 2C), confirming that th&2— pools of caveolin. We thus explored the enzymatic activity
507 isoform, which undergoes myristoylation, is sufficient of eNOS, as well as the ability of eNOS to be immunopre-
to promote caveolar targeting of the mymutant. Figure cipitated by caveolin antibodies, in cotransfection experi-
2D shows that the coexpression of increasing levels of the ments using different levels of transfected caveolin-1
A12-507 truncated protein had no influence on the total cDNA: 5, 10, and 159 of plasmid per 100 mm-plate of
amounts of myr mutant expressed. COS-7 cells; the levels of caveolin expressed (detected by
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immunoblot analyses) were directly proportional to the A WT myr:

cDNA amounts (not shown). <
We showed that even without cotransfecting the caveolin CAV-1 TP

cDNA, WT-eNOS can be nearly completely coimmunopre-

cipitated by its interaction with the endogenous caveolin-1

present in COS-7 cells (Figure 4A). The proportion of eNOS Pt T )

remaining in the supernatant fraction following immunopre- supernatant — - - eNO5

cipitation with the caveolin antibody (Figure 4A, lower panel)

confirmed that WT-eNOS, when coexpressed with the lowest  Cav-1 eldMA (g @ 5§ 10 1% 5 s

quantity of caveolin-1 in these transfections, can be quan-

titatively immunoprecipitated by caveolin antibodies. In g Cav-1 cDNA (pgi: ) 15 0 15

contrast, the myrmutant required higher levels of caveolin-1 e Kyt e e Y

coexpression in COS-7 cells to be coimmunoprecipitated with MCMC MCMC

caveolin (Figure 4A, upper panel). A quantitative coimmu- et — Y

noprecipitation was however observed at the highest levels ’

of recombinant caveolin-1 expression used in our experi-

ments (see Figure 4A, lower panel). We next analyzed the

subcellular distribution of endogenous caveolin in COS-7 cav-1 =i

cells as well as the recombinant caveolin (following caveo- i s

lin-1 cDNA transfection). Differential centrifugation (100@§)0 i

1 h) revealed that caveolin-1, which was almost exclusively Immunoblot: caveolin-1 eNOS

recovered in the particulate fraction from native COS-7 cells, C WT

was expressed in both supernatant and particulate subcellular

—— — o= NS

fractions of transfected COS-7 cells (at the highest levels of E o
recombinant caveolin expression) (Figure 4B). By contrast, g E
most of the myr mutant remained cytosolic at this high level g £ ©
of caveolin-1 coexpression (Figure 4B). £ g
eNOS activity measurements were performed from parallel @ e
transfected COS-7 cell cultures. The coexpression of ca- % 5
veolin-1 and WT-eNOS led to a75% inhibition of the Caveolin-1: 0 5 10 15 15 0 5 1015 15

eNOS enzymatic activity measured in the absence of [cDNA (ug)]

exogenous caveolin (Figure 4C). Th'$ inhibition Was  Ficure4: Influence of the levels of caveolin-1 expression in COS-7
maximal even at the lowest level of caveolin-1 coexpression, cells (A) on the association of recombinant WT-eNOS andmyr
since no additional inhibitory effect was observed when mutant with caveolin, (B) on the subcellular distribution of caveolin

; ; . and myr mutant, and (C) on the enzymatic activity of WT-eNOS
increasing amounts of caveolin-1 cDNA were transfected and myr mutant. (A) Shown are the eNOS immunoblots of

(Figu_r_e 4C). It should be noted that Fh_e experimental immunoprecipitations performed from transfected COS-7 cell
conditions used for the NOS enzyme activity assays differ |ysates with anti-caveolin-1 antibodies (upper panel) and from the
markedly from the conditions used in these coimmunopre- supernatant of the caveolin immunoprecipitation using anti-eNOS
Cipitation protoco|sy which may account for the apparent antibodies (Iower panel). COS-7 cells were transfected with

discordance between the substantial NOS inhibitory effect &XPression vectors (&g per 100-mm plate) encoding WT-eNOS
or the myr mutant, and increasing amounts of caveolin cDNA, as

seen with exogenous caveolin expression in the face of OUrgetailed”in the text. Note that the amount of DNA in each
coimmunoprecipitation data showing a relatively low level transfection was kept constant by the addition gfgalactosidase
of eNOS not associated with exogenous caveolin. Post-hocexpression plasmid; caveolin immunoblots did not reveal any
caveolir~eNOS association (see below) may also lead to Significant differences between WT-eNOS and mymutant

. . . ... cotransfection experiments (not shown). These experiments were
an overestimation of the fraction of eNOS complexed with repeated 3 times with equivalent results. Note that a large part of

caveolin in the resting cells. WT-eNOS can be immunoprecipitated by caveolin-1 antibodies
The enzymatic activity of the mymutant was attenuated  without the need to coexpress recombinant caveolin-1, indicating

by coexpression of caveolin-1 in COS-7 cells only at higher a basal expression of caveolin in COS-7 cells. (B) Shown are the
levels of caveolin expression, but eventually reached the leveleNOS and caveolin immunoblots from the cytosolic (C) and

N . . membrane (M) fractions of COS-7 cells that have been transfected
of enzyme inhibition observed with WT-eNOS (Figure 4C). with the myr mutant alone or with the mymutant and the highest

For both WT-eNOS and the mymutant, the inhibition of evel of caveolin DNA used in this study (& per 100-mm plate);
enzyme activity was completely reversed by addition of the conditions of transfection are the same as described above. This
purified calmodulin to the enzyme assay (Figure 4C, hatched experiment was repeated twice with equivalent results. (C) Shown

columns). We have previously observed that addition of a '€ the results of &]-L-arginine— [*H]-L-citrulline NOS activity
assay performed in cell lysates. These experiments were conductec

very Iarg(-'z 'excessuof ex"ogenous calmodulin can incre_asein duplicate and are the means of four independent measurements
eNOS activity over “basal” levels, presumably by attenuating The hatched columns represent the NOS activity assayed in the
the enzyme inhibition that is due to endogenous caveolin presence of large excess of purified calmodulin (104).
(29).

Coexpression of the palmMutant eNOS with Caeolin- the intrinsic catalytic properties of the palreNOS mutant
1. The results obtained with the mymutant prompted us  and the WT-enzyme have been shown to be ident&3|, (
to analyze the influence of caveolin-1 on the activity of the this mutant, although myristoylated9), is not selectively
palmitoylation-deficient eNOS mutant (patin Although targeted to caveolae, with a substantive fraction of the palm
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A Lysale  Membrane  Cyiossl The enzymatic activity of the palmmutant, measured in
transfected COS-7 cell total lysates, was reduced in a dose-
CAVATP =i oo e — = palm’ dependent fashion by the caveolin-1 coexpression (Figure
5B); as found for the WT and myreNOS (Figure 4C), the
CavlcONADAE: 0 5015 & 5 MI5 & § 018 inhibition of the palnt mutant by caveolin was completely
o reversed by adding purified calmodulin to the enzyme
- o “E-ma activity assay (not shown). Following fractionation of

transfected cells into particulate and soluble fractions by
differential ultracentrifugation (1000@01 h), a striking shift
in the pattern of enzyme inhibition was observed. The eNOS

* enzyme activity in the particulate fraction was reduced by
: more than 75% even at the lowest level of caveolin-1

50 . z cotransfection. By contrast, in the cytosolic fraction of the
* . : palm™ mutant, there was no significant enzyme inhibition
, until higher caveolin-1 coexpression was achieved (Figure

Caveolinl: 0 51015 0 51015 0 5 1015 5B). Th_us, inhibition of the cytosolic fr_a_ction of the patm _

[cDNA (ug)] mutant is not seen except under conditions where caveolin
Ficure 5: Influence of the level of caveolin-1 expression in COS-7 expression led to caveolin being present in the soluble
cells (A) on the association of the recombinant palmutant with  fraction (see Figure 4B). This was confirmed in experiments
caveolin in particulate and cytosolic fractions, and (B) on its i, which the cytosolic fractions of paimmutant and

enzymatic activity. (A) Shown are the eNOS immunoblots of . L .
immunoprecipitations performed from total cell lysates or from the €@veolin-1, individually obtained from separate CDNA trans-

cytosolic and particulate fractions, with anti-caveolin-1 antibodies fections in COS-7 cells, were combingdvitro (not shown).
(upper panel). COS-7 cells were transfected with expression vectorsA significant attenuation of eNOS enzyme activity was

(519 per 100-mm plate) encoding the palmutant, and increasing  jndeed seen when the cytosolic fractions of these two

amounts of caveolin cDNA, as detailed in the text. Note that the ; R ; _
amount of DNA in each transfection was kept constant by the populations of transfected COS 7 cells were mipmbt
hoc and assayed for NOS activity.

addition of af-galactosidase expression plasmid. The anti-eNOS
DISCUSSION

immunoblots, in the lower panel, show the distribution of the palm

mutant between the cytosolic and particulate fractions. This
experiment was repeated 3 times with equivalent results. (B) Shown . ; ; ; ; i

are the results of &fi]-L-arginine— [3H]-L-citrulline NOS activity N Il\/IyI;IStoyIda}]E!OHtf’:lnd thIOpalmétO]}/Iat[[?]n Otf ENOt_S areftvélr?
assay performed in total lysates and after subcellular fractionation; covalent modinications required for the targeting o e
the conditions of transfection are the same as described above. Thes8Nzyme to caveolad). In this report, we have documented
experiments were conducted in duplicate and are the means of thre¢he existence of a specific interaction between the scaffolding

independent measurements. protein caveolin and eNOS, and we have shown that the dual
acylation of eNOS, although favoring caveolar targeting, is
expression still located in the soluble fraction of transfected ot required for its interaction with caveolin. Moreover, our
COS-7 cells §, 9). We first examined the ability of finding that caveolinreNOS association may be disrupted
caveolin-1 antibodies to immunoprecipitate the paimu- in intact, cultured endothelial cells following agonist-induced
tant, in the presence or in the absence of recombinantincrease in [C#];, combined with the observation that both
caveolin-1 expression in COS-7 cells. The result of the proteins may be found associated outside the plasmalemma
immunoprecipitations from the CHAPS-solubilized COS-7 caveolar environment, allows us to propose a model in which
cell total lysates shows that the palrmutant was nearly  caveolin acts as a chaperone for eNOS.
quantitatively associated with the endogenously expressed These findings mostly derived from the exploitation of
caveolin isoform (Figure 5A). A small but reproducible the differential effects of detergents, namely, CHAR®G,
increase in the amount of immunoprecipitation was however for solubilizing the heteromeric caveolin complex. In our
observed with higher levels of caveolin expression. When recent reports23, 24, 32), we used CHAPS in our lysis and
COS-7 cell total lysates were submitted to a 10@P00 immunoprecipitation buffers since this detergent had been
ultracentrifugation, and both particulate and cytosolic frac- shown to preserve the oligomeric structure of eNQS) (
tions were solubilized in the CHAPS buffer, the subsequent and to be particularly efficient to solubilize caveolin oligo-
caveolin immunoprecipitations revealed distinct patterns. meric complexes, possibly because of its structural similarity
While the particulate palm mutant was quantitatively — with cholesterol, one of the major lipid components of
immunoprecipitated by caveolin antibodies under all condi- caveolae 79). However, OG has been shown to more
tions, the cytosolic palmmutant could be immunoprecipi-  efficiently solubilize Triton-insoluble domains than CHAPS
tated by caveolin-1 antibodies only at the highest levels of (27) and, more specifically, to facilitate the solubilization
recombinant caveolin-1 expression (Figure 5A). Importantly, of CHAPS-insoluble complexes such as the post-Golgi
the distribution of the palm between the particulate and  exocytic vesicles rich in GPI-linked proteins and caveolin
cytosolic subcellular fractions was not altered by increasing (28, 29). When applied to the characterization of the nature
caveolin expression (Figure 5A, lower panel). Together, of interaction between caveolin and eNOS, the use of both
these data suggest that a dynamic equilibrium exists betweertdetergents revealed distinct features (Figure 1). Indeed, when
the particulate and cytosolic patmmutants. The overex- transfected COS-7 cells were lysed in presence of CHAPS,
pression of recombinant caveolin in COS-7 cells does not caveolin-1 antibodies could immunoprecipitate an internal
appear to modify this equilibrium, which appears to be deletion eNOS mutant comprised of only the 12 first
determined principally by the nature of eNOS acylation.  N-terminal amino acids attached to the C-terminal half of

Lysate Membrane Cytosol

eNOS enzyme activity @
(% maximum)
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the enzyme: all that is required is that the myristoylation Lisanti and co-workersXl, 22) have recently identified, from
consensus sequence be retained in this deleted cDNAphage display libraries, consensus peptide sequences rich ir
construct (see Figure 1A). Together with the observation aromatic residues responsible for the specific interaction with
that the dually acylated N-terminal half of eNOS could also caveolin. This putative consensus sequence exists within
coimmunoprecipitate with caveolin, it can be postulated that eNOS (bovine isoform: amino acids 35858) and could
myristoylation alone can target eNOS to caveolin complexes therefore be directly involved in a proteifprotein interaction
independently of the rest of the sequence. However, thewith the caveolin scaffolding domair86).
absence of association between caveolin and the C-terminal Another major finding derived from the differential effects
half of eNOS suggested that the caveolin interacts prefer-of CHAPS »s OG in their ability to solubilize the caveolin
entially with the N-terminal half of the enzyme. In the heteromeric complex was the identification in intact endo-
presence of OG, only the association of caveolin with WT- thelial cells of a C&'-dependent process leading to the
eNOS or the N-terminal half of the enzyme was maintained, disruption of the caveolin/eNOS association. Indeed, when
demonstrating that an intact eNOS N-terminal domain is endothelial cells were treated with a calcium ionophore, the
required for stable interactions with caveolin. Taken to- eNOS-caveolin coimmunoprecipitation was rapidly lost if
gether, these data indicate that, although acylation facilitatesthe immunoprecipitation was performed in the presence of
the interaction of eNOS with caveolin by targeting the OG (Figure 3). In parallel coimmunoprecipitation experi-
enzyme to caveolae, a sequence within the eNOS N-terminalments performed instead in the presence of CHAPS, we
half accounts for the specificity and the stability of this failed to document any change in eN©&veolin associa-
interaction. tion. These discrepancies can be explained by the fact that
To confirm the respective roles of acylation and direct CHAPS does not allow the discrimination between direct
caveolin interaction for targeting eNOS to caveolae, we have caveolin association and acylation-driven interaction of eNOS
coexpressed the mymutant with the C-terminal half of  with caveolin complexes, the latter being abrogated by OG
eNOS (A12-507), which is myristoylated but does not (see Figure 1). We have previously showmvitro that
contain the N-terminal region potentially involved in the Ca&"—CaM promotes dissociation of the eN©&aveolin
association with caveolin-1. We have previously reported immune complex Z4) and that the caveolin scaffolding
that these recombinant proteins can form heterooligomersdomain functions as a competitive inhibitor of the allosteric
(25) and that the myr mutant, which is neither myristoylated  activation of eNOS by Ca—CaM (37). The results obtained
nor palmitoylated4), is not targeted to caveola®)( Here, here, in an intact cell system, confirm that the agonist-
we showed that the myrmutant does not associate with induced C&"/CaM-dependent dissociation of eNOS from its
endogenous caveolin in COS-7 cells, but can dose-depen-scaffold caveolin is the physiological trigger responsible for
dently be recovered from the caveolin immunoprecipitation the activation of the enzyme, and that, consequently, the
when coexpressed with tlae12—507 deleted isoform (Figure  reassociation of the two proteins ends NO production.
2). This indicates that, by forming a heteromeric complex, Furthermore, since eNOS undergoes depalmitoylati® (
the myristoylated\12—507 deleted isoform can rescue the and subcellular translocation following agonist stimulation
myr~ mutant by promoting its targeting to caveolae, where (38), we can postulate that caveolin may remain associated
the myr mutant can then interact with caveolin through its (or reassociate) with the enzyme to serve as an inhibitory
intact N-terminal half. The use of OG as detergent in these chaperone of eNOS following its depalmitoylation and
experiments prevented the association of th&2—507 consequent dislocation from plasmalemmal caveolae. This
deleted isoform with caveolin, and we therefore infer that hypothesis is supported by the present studies which establist
this truncated mutant serves primarily as a shuttle to targetthat eNOS does not have to be located in caveolae to interact
the full-length nonmyristoylated eNOS mutant to caveolae. with caveolin. We have indeed shown that the cytosol-
Moreover, coexpression of the myrmutant with the restricted myr mutant and the soluble fraction of the palm
nonacylated truncated isoformd1—511 failed to induce mutant may both interact with caveolin, leading to a marked
detectable caveolin immunoprecipitation of the myrutant (Cat/CaM-reversible) inhibition of their enzyme activity
(not shown). Together, these results illustrate the distinct (Figures 4 and 5). The presence of caveolin in the soluble
but complementary roles played by acylation and caveolin compartments of endothelial cells has been previously
interaction in the posttranslational targeting and compart- reported 89) and may be generalized since it has been shown
mentation of eNOS within caveolae. that caveolae assemble in the cytosol during transport to the
The sequence analysis of the deleted and truncatedplasma membrane4{) and constitutively cycle, via the
isoforms used in these studies indicates that putative bindingcytosol, between plasma membrane and the Gélji Based
sites for caveolin are located between residues 85 and 5280n these data, we therefore propose that the “soluble fraction”
of the bovine eNOS isoform; this is in agreement with the of the cell, possibly subplasmalemmal vesicles or the
restriction of caveolin interaction to the eNOS oxygenase cytoplasmic face of the trans-Golgi network, provides the
domain, recently reported by Ju et &3 using a yeasttwo-  locale wherein depalmitoylated eNOS may reassociate with
hybrid system approach. Our results allow us to exclude caveolin following agonist-induced translocation from ca-
the sequence involved in the dual acylation of the enzyme, veolae.
and delimit a region where the privileged targets for the In conclusion, our data demonstrate the existence of a
regulatory interaction of caveolin are the heme domain, the direct, regulatory -eNOScaveolin interaction that appears
calmodulin binding region, and the potential binding sites to be independent of the state of eNOS acylation, indicating
for L-arginine 34) and tetrahydrobiopterir8g). By blocking that agonist-promoted depalmitoylation of eNOS is unlikely
the access to these essential cofactors, caveolin could indeetb relieve the tonic inhibition of the enzyme activity. We
maintain the enzyme in its inactivated state. Interestingly, therefore postulate the existence of a dynamic equilibrium
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between inactive caveolin-associated eNOS and activated 20.

CaM-bound eNOS, with agonist-induced calcium transients
being responsible for the transition from one to the other
state. In this model, the reversible palmitoylation of eNOS

serves principally as a determinant of the enzyme’s subcel-
lular targeting, and agonist-evoked eNOS depalmitoylation
appears unlikely to modulate the inhibitory association

between eNOS and caveolin: this role is clearly subserved
by the binding of C&—CaM to the enzyme.
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