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Recently, we characterized a novel endothelial nitric-oxide synthase (eNOS)-interacting protein, NOSTRIN (for eNOS-
trafficking inducer), which decreases eNOS activity upon overexpression and induces translocation of eNOS away from
the plasma membrane. Here, we show that NOSTRIN directly binds to caveolin-1, a well-established inhibitor of eNOS.
Because this interaction occurs between the N terminus of caveolin (positions 1-61) and the central domain of NOSTRIN
(positions 323-434), it allows for independent binding of each of the two proteins to eNOS. Consistently, we were able
to demonstrate the existence of a ternary complex of NOSTRIN, eNOS, and caveolin-1 in Chinese hamster ovary
(CHO)-eNOS cells. In human umbilical vein endothelial cells (HUVECs), the ternary complex assembles at the plasma
membrane upon confluence or thrombin stimulation. In CHO-eNOS cells, NOSTRIN-mediated translocation of eNOS
involves caveolin in a process most likely representing caveolar trafficking. Accordingly, trafficking of NOSTRIN/eNOS/
caveolin is affected by altering the state of actin filaments or cholesterol levels in the plasma membrane. During caveolar
trafficking, NOSTRIN functions as an adaptor to recruit mediators such as dynamin-2 essential for membrane fission. We
propose that a ternary complex between NOSTRIN, caveolin-1, and eNOS mediates translocation of eNOS, with

important implications for the activity and availability of eNOS in the cell.

INTRODUCTION

Endothelial nitric-oxide synthase (eNOS) is the major en-
zyme generating nitric oxide (NO) in endothelial and epi-
thelial cells (Ortiz and Garvin, 2003; Sessa, 2004). Because
NO is an extremely reactive signaling molecule its produc-
tion needs to be tightly regulated. Regulation seems to take
place at three levels: direct interaction of eNOS with acces-
sory proteins such as caveolin and Ca®*/calmodulin, re-
versible phosphorylation, and differential localization of the
enzyme within cells. Subcellular distribution of eNOS is in
part governed by lipid modification, i.e., myristoylation and
dual palmitoylation, which bring about the association of
the enzyme with the Golgi and plasma membrane (PM),
respectively (Govers and Rabelink, 2001). Importantly,
eNOS seems to be regulated by different modes in different
subcellular locations, e.g., Ca?"/calmodulin stimulation is
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mainly effective at the PM, whereas Akt-driven activation is
most pronounced at the Golgi (Fulton et al., 2004).

Differential subcellular localization of eNOS is subject to
dynamic regulation, e.g., after certain stimuli, the enzyme
also occurs at vesicular structures throughout the cytoplasm
(Nuszkowski et al., 2001; Thuringer et al., 2002). At present,
however, it remains largely unknown how the differential
distribution of eNOS to various subcellular locales is
achieved. Emerging determinants of eNOS trafficking are
eNOS-interacting proteins, which may guide eNOS to a
distinct destination within the cell. In support of this model,
we described two novel eNOS-interacting proteins termed
NOSIP (for eNOS-interacting protein) and NOSTRIN (for
eNOS-trafficking inducer), which both influence localization
of eNOS. For NOSIP, targeting of eNOS to the cytoskeleton
seems to be one of the protein’s major functions (Schleicher
et al., 2005). Overexpression of NOSTRIN, in contrast, leads
to translocation of eNOS from the PM to intracellular vesic-
ular structures (Zimmermann ef al., 2002), possibly involv-
ing an endocytic process (Icking et al., 2005).

Within membranes, eNOS associates with raft-like mem-
brane microdomains, specifically with caveolae at the PM
(Shaul et al., 1996). The major constituent of caveolae is
caveolin-1 (Fra et al., 1995), which is expressed in many cell
types, including endothelial and epithelial cells. Caveolae
function in multiple contexts such as signal transduction as
well as endocytosis and transcytosis. Interestingly, a major
phenotype of caveolin-1 knockout mice relates to NO sig-
naling. NO release from caveolin-1-deficient cells is higher
compared with wild-type cells, and secondary effects of NO
are increased, suggesting activation of eNOS through dein-
hibition in the absence of caveolin-1 (Drab et al., 2001).
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Conversely, direct binding of eNOS to the scaffolding do-
main (positions 82-101) of caveolin-1 had previously been
shown to decrease NO production in vitro and in cell culture
(Feron et al., 1996; Ju et al., 1997; Ghosh et al., 1998). On in
vivo delivery of the caveolin scaffolding domain, the peptide
is taken up into endothelial cells where it attenuates NO-
mediated effects (Bucci et al., 2000). In spite of this strong
effect of caveolin-1 on eNOS, association of the two proteins
is only partial in microscopic as well as biochemical analyses
(Sowa et al., 2001; Bernatchez ef al., 2005) and varies between
different types of blood vessels (Andries et al., 1998), sug-
gesting that the eNOS-caveolin interaction might be subject
to further regulation.

In general, caveolae are viewed as rather rigid and immo-
bile structures (Mundy et al., 2002; Thomsen et al., 2002).
However, there is good evidence for caveolar endocytosis of
certain cargoes (Pelkmans and Helenius, 2002; Parton and
Richards, 2003). Mechanistically, caveolar endocytosis has
begun to be understood in the past few years, mainly by
studying internalization of simian virus 40 and cholera toxin
(Le and Nabi, 2003; Smith and Helenius, 2004). Fission of
caveolar vesicles from the PM requires the large GTPase
dynamin-2, which is transiently recruited to the neck of
caveolae (Henley ef al., 1998; Oh et al., 1998). Additionally,
rearrangement of the actin cytoskeleton is required during
the process of pinching off (Pelkmans et al., 2002). Once
released from the PM, caveolar vesicles target their cargo to
tubular membrane organelles termed caveosomes due to
their lack of “conventional” endosomal markers. During the
transport and fusion process, caveolin remains associated
with these vesicles (Pelkmans ef al., 2004). Similarly, caveolar
domains assemble at the Golgi and traffic to the PM as stable
transport platforms (Tagawa et al., 2005).

Recently, we showed that overexpression of NOSTRIN
triggers redistribution of eNOS from the PM to intracellular
vesicular structures (Zimmermann et al., 2002). Further anal-
ysis indicated that this observation, at least partially, reflects
NOSTRIN-facilitated vesicular transport of eNOS from the
PM to intracellular compartments (Icking et al., 2005). In this
process, NOSTRIN functions as an adaptor protein through
homotrimerization and recruitment of eNOS, dynamin-2
and N-WASP to its Src homology 3 (SH3) domain. Concom-
itant with the NOSTRIN-induced translocation of eNOS, we
also observed a pronounced attenuation of the NO-produc-
ing capacity (Zimmermann et al., 2002). At present, the
mechanisms underlying the NOSTRIN-mediated effects are
not fully understood, and it remains unclear whether trans-
location and inhibition are causally linked. Here, we have set
out to study the role of NOSTRIN in the basic mechanisms
underlying eNOS trafficking in the cell.

MATERIALS AND METHODS

Antibodies and Reagents

Antibodies against eNOS (monoclonal and polyclonal) and caveolin-1 (poly-
clonal) were from BD Transduction Laboratories (Heidelberg, Germany);
antibodies against hemagglutinin (HA)-tag and transferrin receptor (TfR)
were from Covance (Berkeley, CA) and Invitrogen (Karlsruhe, Germany),
respectively; monoclonal anti-NOSTRIN directed against glutathione S-trans-
ferase (GST)-NOSTRIN,,; 506 Were from nanoTools (Teningen, Germany);
A23187 was from Calbiochem (Schwalbach, Germany); filipin, methyl-B-
cyclodextrin (MBCD), N-octylglycopyranoside, thrombin, and mouse anti-
GST were from Sigma (Taufkirchen, Germany); [*C]L-arginine (100 uCi/ml)
was from Hartmann Analytics (Braunschweig, Germany); latrunculin A was
from Invitrogen (Carlsbad, CA); Pefabloc was from Roche (Penzberg, Ger-
many); and OptiPrep was from Axis-Shield (Oslo, Norway).

Yeast Mating Assay

Yeast mating assays were performed using the Matchmaker yeast two-hybrid
(Y2H) system, according to the manufacturer’s instructions (Clontech, Palo Alto,
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CA). To narrow down the binding sites between NOSTRIN and caveolin-1, the
following constructs were produced in pEG or pJG vectors: NOSTRIN,;, 506,
NOSTRIN, 555, NOSTRIN 50434, NOSTRIN 355 470, NOSTRIN, 353506, OF caveolin,_
101 and caveolin, g 175. Yeast strains EGY48/pSH18-34 and RFY206 were trans-
formed with pEG and pJG plasmids, respectively. Empty vectors served as
negative controls. Interaction was tested using an X-galactosidase assay on 4X
deficient plates (—His, —Ura, —Trp, —Leu).

Cell Culture and Transfection

Chinese hamster ovary (CHO) cells stably expressing eNOS (CHO-eNOS)
were cultured in DMEM supplemented with 10% fetal calf serum (FCS) and
200 nM methothrexate (Dedio et al., 2001). CHO-eNOS cells were transiently
transfected using PolyFect (QIAGEN, Hilden, Germany) following the man-
ufacturer’s instructions. Production of Semliki forest virus (SFV) encoding
enhanced green fluorescent protein (GFP)-tagged NOSTRIN, and infection of
CHO-eNOS cells was done as described previously (Zimmermann et al.,
2002). Human umbilical vein endothelial cells (HUVECs) were cultured in
gelatin-coated dishes using Endothelial Cell Medium (PAA Laboratories,
Pasching, Austria) plus 10% FCS. Stimulation with thrombin was performed
by adding 10 U/ul into the culture medium for 30 min.

Pull-Down Assays

For GST pull-down assays, full-length NOSTRIN and deletion constructs of
NOSTRIN (as in yeast two-hybrid assay) cloned into pGEX2T vectors (GE
Healthcare, Freiburg, Germany) were expressed in Escherichia coli BL21. The
resultant GST fusion proteins were purified on gluthathione (GSH)-Sepharose
(GE Healthcare). Untransfected NIH-3T3 or CHO-eNOS cells were lysed in
OG buffer (60 mM N-octylglycopyranoside, 50 mM Tris-HCl, pH 7.4, 125 mM
NaCl, 2 mM dithiothreitol, 50 uM EGTA, and 100 uM Pefabloc) and incubated
with GST fusion proteins immobilized on GSH-Sepharose for 2 h at 4°C.
Stimulation with 5 uM A23187 was performed for 15 min before lysis, as
indicated. Precipitated proteins were washed two times with OG buffer and
one time with phosphate-buffered saline (PBS). Subsequently, bound proteins
were eluted with sample buffer (63 mM Tris-HCI, pH 6.8, 2.5% SDS, 5%
glycerol, 5% B-mercaptoethanol, and 0.005% bromphenol blue) followed by
immunoblotting analysis using anti-caveolin-1 and anti-eNOS. Full-length
(His)s-tagged NOSTRIN (pET22b vector; GE Healthcare) was purified from E.
coli BL21 using a Ni-NTA matrix according to manufacturer’s instructions
(QIAGEN). GST-caveolin constructs 1-61, 61-100, and 137-178 cloned into
vector pGEX2T were a kind gift of Dr. W. C. Sessa (Yale University, New
Haven, CT). GST and GST-caveolin constructs were expressed in E. coli BL21
and purified on GSH-Sepharose. (His),-NOSTRIN immobilized on Ni-NTA
matrix was incubated with purified GST and GST-caveolin constructs in OG
buffer for 2 h at 4°C and washed two times with OG buffer and one time with
PBS. Bound proteins were eluted with sample buffer and analyzed by SDS-
PAGE and amido black staining or immunoblotting using anti-GST.

Immunoprecipitation

CHO-eNOS cells on 5-cm plates were infected with SFV-NOSTRIN, 4, 506 for
7 h. Cells were lysed in 0.5 ml of OG buffer on ice for 1 h and precleared using
25 ul of Pansorbin. The lysates were incubated for 30 min at 4°C in presence
of 50 uM caveolin peptides cavg; g; Or cavg, 1; or unrelated peptide RLC24,
followed by overnight incubation with anti-eNOS (polyclonal) or anti-HA. To
precipitate protein complexes, protein A/G-Sepharose (GE Healthcare) was
added for 2 h at 4°C. Sepharose beads were washed three times with OG
buffer. Bound proteins were eluted with sample buffer and analyzed by
SDS-PAGE and immunoblotting using anti-eNOS (monoclonal) or anti-HA.

HUVECs from 3 X 10-cm dishes were lysed on ice for 1 h in 2 ml of OG
buffer including 1 mM EGTA, 50 mM NaF, 1 mM NazVO,, and 10 mM
Na,P,0, and precleared with 100 ul of Pansorbin (Calbiochem, San Diego,
CA). Rabbit anti-NOSTRIN (AS532) bound to protein A-coated Dynal mag-
netic beads (Invitrogen, Carlsbad, CA) was used for immunoprecipitation
from the lysates (4°C, overnight). Beads were washed four times with OG
buffer without N-octylglycopyranoside. Bound proteins were eluted with
sample buffer and analyzed by SDS-PAGE, followed by immunoblotting with
monoclonal anti-eNOS, anti-NOSTRIN, or anti-caveolin-1.

Gradient Centrifugation

Raft fractions were isolated using the original method (Harder et al., 1998) with
modifications (Manes ef al., 1999). Transfected cells were washed on ice with PBS
and extracted with cold 1% Triton X-100 in TNE buffer (25 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 5 mM EDTA) for 30 min on ice. The extract was adjusted to
35% OptiPrep and loaded to the bottom of an OptiPrep step gradient (35, 30, and
5%). After ultracentrifugation (175,000 X g; 4°C; 4 h; Beckman SW50.1 rotor),
fractions of 600 ul were collected from the top. Sample buffer was added to the
fractions which were then analyzed by SDS-PAGE and immunoblotting using
anti-NOSTRIN, anti-caveolin-1, and anti-TfR.

Confocal Immunofluorescence Microscopy

CHO-eNOS cells on coverslips were infected with SFV-NOSTRIN for 8 h or
transfected with pcDNA3.1-NOSTRIN and pEGFP-dynamin-2 for 24 h. pEGFP-
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dynamin-2 (aa isoform) was kindly provided by Mark A. McNiven (Mayo Clinic
College of Medicine, Rochester, NY). Treatment with 1 um LatA was done for the
last 2 h of infection, with 5 pg/ml filipin or 10 mM MBCD for 30 min. CHO-
eNOS cells or HUVECs (P1) were fixed with ice-cold methanol for 7 min, blocked
with BPT (1% BSA and 0.1% Tween 20 in PBS), incubated with primary antibod-
ies (dilution 1:100 in BPT if not stated otherwise), and probed with Cy3-, Cy5-
and/or fluorescein isothiocyanate-coupled secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA). The coverslips were em-
bedded in Gelmount mounting medium (Biomeda, Foster City, CA) and
analyzed with an LSM 510 confocal laser-scanning microscope (Carl Zeiss,
Jena, Germany).

NOS Activity Assay

eNOS activity was quantified in living cells by monitoring the conversion of
[*4C]L-arginine into ["*C]L-citrulline as described previously (Nuszkowski et
al., 2001). Briefly, CHO-eNOS cells cultured in 24-well plates were transfected
with NOSTRIN or control protein and treated with inhibitors, as indicated.
Cells were preincubated at 37°C for 30 min with NOS activation buffer (10
mM HEPES, pH 7.4, 145 mM NaCl, 5 mM KCl, 1 mM MgSO,, 1 mM CaCl,,
1 mM glucose, and 10 uM L-arginine) in the presence or absence of 100 uM
N@-nitro-L-arginine (L-NNA). Reaction was started by the addition of NOS
activation buffer including 16 mM L-valine, 1 mM NADPH, 3 uM tetrahy-
drobiopterine, 1 uM FAD, 1 uM FMN, and 0.2 mCi of ["*C]r-arginine in the
presence or absence of 1 mM A23187 and/or 100 uM L-NNA. After 15 min,
the reaction was stopped with ice-cold PBS containing 5 mM L-arginine and
4 mM EDTA, and cells were fixed with 96% ethanol. After evaporation, the
soluble cellular components were dissolved in 20 mM HEPES buffer, pH 5.5,
and applied to 1 ml of preequilibrated Dowex AG 50WX-8 resin. The radio-
activity corresponding to the [**CJL-citrulline content of the eluate was quan-
tified by liquid scintillation counting.

RESULTS

NOSTRIN Directly Interacts with Caveolin-1

Assuming that NOSTRIN may exert its effect on eNOS in
cooperation with other eNOS-interacting proteins, we ana-
lyzed whether NOSTRIN is capable of binding to caveolin-1.
To this end, we studied the potential of various GST fusion
constructs of NOSTRIN (Figure 1A) to precipitate caveolin-1
from cell lysates of NIH-3T3 cells, which do not express eNOS.
NOSTRIN did indeed bring down caveolin-1 (Figure 1B).
Strongest interaction was observed with full-size NOSTRIN,
but the N-terminally truncated fragment NOSTRIN,,; 5, and
the central fragments NOSTRIN,5, 43, and NOSTRIN;,5 47
also precipitated caveolin-1. This indicated that the region

3872

FES/CIP homology domain.

covering positions 323-434 of NOSTRIN is sufficient for the
interaction with caveolin-1. Of note, the SH3 domain of
NOSTRIN (positions 433-506), which mediates binding to
eNOS (Zimmermann et al., 2002), is not required for associ-
ation with caveolin-1. To demonstrate that the interaction
between NOSTRIN and caveolin-1 is direct and to map the
NOSTRIN binding site within caveolin-1, we used purified
proteins in a (His), pull-down assay. GST-caveolin-1,_4; dis-
played a strong interaction with (His),-NOSTRIN, whereas
constructs containing the scaffolding domain (61-100) or the
C-terminal region of caveolin (137-178) failed to bind to
NOSTRIN (Figure 1C).

In a yeast two-hybrid assay, the N-terminal portion,
caveolin-1,_,y,, was sufficient for binding to NOSTRIN,
whereas the C-terminal segment, caveolin-1,5; ;5 did not
interact (Figure 1D). Similar to the GST pull-down assay,
amino acids 323-434 of NOSTRIN were required for caveo-
lin binding, whereas the N-terminal (1-288) and C-terminal
portions (433-506) lacked binding affinity (Figure 1D). To-
gether, these experiments demonstrate that the direct inter-
action between NOSTRIN and caveolin-1 involves the cen-
tral region and the N terminus, respectively, but spares their
corresponding eNOS binding sites, i.e., the SH3 domain of
NOSTRIN and the scaffolding domain of caveolin-1.

NOSTRIN Colocalizes and Cofractionates with Caveolin

To analyze whether NOSTRIN and caveolin-1 display any
overlap in subcellular localization, we analyzed CHO cells by
means of confocal laser-scanning microscopy. Moderately
overexpressed NOSTRIN and endogenous caveolin-1 exten-
sively colocalized in peripheral vesicular structures and par-
tially in the perinuclear region (Figure 2A; colocalization yel-
low). To confirm that this colocalization represents distribution
to the same membrane microdomains, we used a gradient
centrifugation to purify lipid rafts/caveolae (Harder et al.,
1998). In this assay, CHO-eNOS cells infected with SFV-
NOSTRIN were lysed using 1% of Triton X-100 at 4°C and
applied to an OptiPrep density gradient. After ultracentrif-
ugation, the lipid raft fraction floats at the top of the gradient
(fraction 1), which is where caveolin-1 was almost exclu-
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caveolin-1

Figure 2. NOSTRIN and caveolin-1 colocal-
ize and cofractionate in rafts. (A) CHO cells
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were transfected with cDNA encoding NOS- B OptiPrep 5% 35%

TRIN and labeled specifically anti-NOSTRIN fraction 1 2 3 4 5 6

(green) and anti-caveolin-1 (red). Bar, 10 um. -

(B) Lysates of CHO-eNOS cells infected with - === === <«NOSTRIN

SFV-NOSTRIN were subjected to a gradient anti-NOSTRIN

centrifugation to purify lipid rafts/caveolae )
SR caveolin-1

which float to the top (fraction 1) of the gra-
dients. Immunoblots of the fractions were
probed with anti-NOSTRIN, anti-caveolin-1,
and anti-TfR as a nonraft marker (fractions 5
and 6).

sively present (Figure 2B, middle). For internal control, we
used the TfR known to localize to nonraft parts of mem-
branes (Figure 2B, bottom, fractions 5 and 6). A substantial
amount of NOSTRIN was associated with the caveolae-
containing fraction 1 (Figure 2B, top), whereas a minor
amount was present in fractions 5 and 6. Thus, NOSTRIN
and caveolin-1 display substantial overlap in localization,
which is reflected by their cofractionation.

NOSTRIN, eNOS, and Caveolin-1 Form a Ternary
Complex

Because the direct interaction between NOSTRIN and caveolin
does not involve their respective binding sites for eNOS, it was
tempting to speculate that these proteins may form a ternary
complex. To test this hypothesis, we did GST pull-down assays
using lysates of CHO-eNOS cells and GST-NOSTRIN or GST-
NOSTRIN, 43,4 lacking the eNOS-binding SH3 domain. Stimu-
lation of cells with ionophore A23187 was used to displace

A

Figure 3. NOSTRIN, caveolin-1, and eNOS form a
GST

GST-
ternary complex. The scaffolding domain of caveolin-1 NOSTRIN

anti-TfR

anti-caveolin-1

s < TR

caveolin from eNOS through competitive binding of Ca?*/
calmodulin (Feron et al., 1998). Independent of stimulation
with A23187, caveolin-1 interacted strongly with both GST-
NOSTRIN and GST-NOSTRIN, 45, (Figure 3A). Likewise,
eNOS coprecipitated with full-size NOSTRIN, pointing to the
existence of a ternary complex. Pretreatment of the cells with
A23187 did not promote dissociation of the complex. Using
SH3-deleted NOSTRIN,_,3,, we observed coprecipitation of a
smaller, although significant fraction of eNOS (Figure 3A). This
finding can be explained by an indirect interaction between
NOSTRIN and eNOS via their bridging partner caveolin-1.
However, when binding of eNOS to caveolin was disrupted by
stimulation of intact cells with A23187, NOSTRIN, 45, no
longer precipitated eNOS beyond background level. These
findings strongly suggest that a ternary complex made up of
NOSTRIN, caveolin, and eNOS exists where each protein in-
teracts with two partners. Binding of NOSTRIN to caveolin
and eNOS is specific because GST-NOSTRIN did not bring
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down detectable amounts of other caveolae-associated proteins
such as Src (Figure 3B). In caveolin-deficient endothelial cells,
binding of GST-NOSTRIN to eNOS was unaffected by treat-
ment with A23187, indicating that this interaction is Ca®*-
independent also in the absence of caveolin (our unpublished
data).

To show that eNOS, NOSTRIN, and caveolin-1 interact in
cells endogenously expressing the three proteins, we did
coimmunoprecipitations from lysates of nontransfected
HUVECs. Under these conditions, anti-NOSTRIN but not
preimmune serum coimmunoprecipitated eNOS and caveo-
lin-1 demonstrating that the ternary complex exists in native
HUVECs (Figure 3C).

NOSTRIN and Caveolin Cooperatively Bind to eNOS

To further characterize the ternary complex, we examined how
caveolin-1 may influence the interaction between eNOS and
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Figure 4. Differential distribution of the ter-
nary complex of caveolin, NOSTRIN, and
eNOS in endothelial cells. Subconfluent (A-C,
G-I) or confluent (D-F, J-L) HUVECs were
labeled for NOSTRIN and eNOS (A-F) or
NOSTRIN and caveolin-1 (G-L) using specific
antibodies. Transition of the subconfluent to
the confluent state is associated with an exten-
sive colocalization of the critical components
at cell-cell contacts (F and L). Bars 10 um.

NOSTRIN. A coimmunoprecipitation was done from cell
lysates of CHO-eNOS cells transfected with HA-tagged
NOSTRIN,4,_506- This N-terminally truncated version of
NOSTRIN was used here, because we found it extremely dif-
ficult to solubilize full-size NOSTRIN from cells (Zimmermann
et al., 2002). To analyze the role of caveolin-1, a molar excess of
caveolin peptides cavy,_ ¢, and cavg, 1o, (representing the scaf-
folding domain) or unrelated peptide RLC24 was added to the
lysates. Under these conditions, coprecipitation of eNOS with
NOSTRIN, 4, 50 Was selectively enhanced in the presence of
Cavg, 191 but not by cavy; g or control peptide (Figure 3D). The
same phenomenon was seen when the immunoprecipitation
was done vice versa: Addition of cavg, ;o strongly increased
coprecipitation of NOSTRIN,,, 50, With eNOS (Supplemental
Figure 1). This enhanced interaction may be due to a confor-
mational change within eNOS upon binding of the caveolin-1
scaffolding domain, thereby inducing stronger binding of
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30’ thrombin

Figure 5. Thrombin induces translocation to
and assembly of the ternary complex compo-
nents at the PM of endothelial cells. Subcon-
fluent HUVECs stimulated with 10 U/ml
thrombin for 30 min (D-F, J-L) or left un-
treated (A-C, G-I) were labeled for NOSTRIN,
eNOS, and caveolin-1 using specific antibod-
ies. Bars, 10 um.

30’ thrombin

NOSTRIN. We have also studied the effect of NOSTRIN con-
structs on the eNOS-caveolin interaction, but we were not able
to detect significant enhancement of coimmunoprecipitation
(our unpublished data). This may be due to the harsh assay
conditions in the presence of 60 mM N-octylglycopyranoside,
because our immunofluorescence studies clearly showed en-
hanced colocalization of eNOS and caveolin when NOSTRIN is
present (cf. Figure 6, E-H).

The Ternary Complex Assembles at the PM of Confluent
Endothelial Cells

We have previously observed that the distribution of
NOSTRIN within HUVECs depends on the state of confluence
and that the protein colocalizes strongly with eNOS at the PM
of these cells (Zimmermann et al., 2002). We now set out to
analyze all three components of the newly established ternary
complex in subconfluent versus confluent HUVECs and found
that eNOS and NOSTRIN display little overlap under subcon-
fluent conditions (Figure 4, A—C). The distribution patterns
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are clearly distinct in confluent cells where both eNOS and
NOSTRIN colocalize at the PM of HUVECs (Figure 4, D-F).
NOSTRIN and caveolin-1 colocalize in both confluent and
subconfluent HUVECs, however, within different compart-
ments. Although the two proteins mainly overlap in the
perinuclear region of subconfluent HUVECs (Figure 4, G-I),
they strongly colocalize at the PM of confluent cells (Figure
4, J-L). These findings indicate that NOSTRIN, eNOS and
caveolin-1 undergo a similar change in subcellular localiza-
tion when HUVECs become confluent.

Next, we asked whether translocation of the components of
the ternary complex to the PM can be triggered by physiolog-
ical stimuli. Indeed, application of 10 U/ml thrombin induced
the redistribution and strong colocalization of NOSTRIN,
eNOS (Figure 5, A-F) and caveolin (Figure 5, G-L) at the PM
of subconfluent HUVECs. Coimmunoprecipitation of eNOS
and caveolin-1 with NOSTRIN did not increase after throm-
bin stimulation of HUVECs (our unpublished data); how-
ever, this may again be due to the harsh detergent treatment
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caveolin-1

Filipin

MBCD

Figure 6. Impact of caveolin and cholesterol on ternary complex formation. (A-H) To judge the involvement of caveolin in NOSTRIN-
induced translocation of eNOS, CHO-eNOS were infected with SFV-NOSTRIN-GFP (E-H) or left uninfected (A-D). After fixation, cells were
stained for caveolin-1 (A and E, red) and eNOS (C and G, blue). Fluorescence of NOSTRIN-GFP (F, green). Triple colocalization is in white.
(I-P) To test the impact of the cholesterol membrane distribution on the subcellular localization of the ternary complex, CHO-eNOS cells
expressing NOSTRIN-GFP were treated with filipin (I-L) or MBCD (M-P) for 30 min before fixation and specific immunolabeling for caveolin
(I'and M, red) and eNOS (K and O, blue). Fluorescence of NOSTRIN-GFP (J and N, green). Bars, 10 um.

required to solubilize the three proteins (see above). To-
gether, these results indicate that the effects initially ob-
served in overexpressing CHO-eNOS cells properly reflect
the situation in native cells.

NOSTRIN-induced Translocation of eNOS Involves
Caveolin-1

To gain insight into the mechanisms underlying eNOS trans-
location, and to study the relevance of the ternary complex for
the subcellular trafficking of its components, we used CHO-
eNOS as a well-established cell model (Dedio et al., 2001; Zim-
mermann ef al., 2002). Colocalization of caveolin-1 and eNOS
was only partial in these cells, being mainly restricted to the
PM and the perinuclear region (Figure 6, A-D, colocalization
pink), consistent with previous reports in different cell lines
(Sowa et al., 2001; Bernatchez ef al., 2005). On SFV-driven over-
expression of NOSTRIN-GFP, membrane staining of both
eNOS and caveolin was lost, and the triad of proteins colocal-
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ized almost exclusively at intracellular structures (Figure 6,
E-H, triple colocalization white), indicating that caveolin could
be involved in the NOSTRIN-induced translocation of eNOS.
This is in line with our finding that intracellular structures
containing NOSTRIN and eNOS are devoid of markers for
conventional endosomes (our unpublished finding) and may
thus well represent caveosomes.

Sequestration of Cholesterol Interferes with Ternary
Complex Trafficking

The integrity of caveolae depends on their specific composition
of sphingolipids and cholesterol (Simons and Ikonen, 1997).
Cholesterol binding reagents frequently used to study caveolae
include filipin, which binds to cholesterol leading to structural
disorder of the PM, and MBCD, which extracts cholesterol
from the PM, leaving caveolin levels unaltered but disrupting
caveolae (Simons and Toomre, 2000; Parpal ef al., 2001). In
CHO-eNOS cells, filipin treatment induced a profound change

Molecular Biology of the Cell
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NOSTRIN

Figure 7. NOSTRIN functions to recruit dynamin to caveolin-positive structures, frequently containing eNOS. CHO-eNOS cells transfected
with dynamin-2-GFP alone (E-H) or dynamin-2-GFP plus NOSTRIN (A-D and I-L) were labeled for caveolin-1 (A, E, and I, red), and
NOSTRIN (C, blue) or eNOS (blue in G and K). (B, F, and J) Fluorescence of dynamin-2-GFP is shown in green. (E-L) Please note that
NOSTRIN cannot be shown here due to a limited choice of antibodies and fluorophors. However, cells expressing NOSTRIN are easy to
identify, as judged by the NOSTRIN-induced change in localization of eNOS (cf. Figure 7, G and K). Bars, 10 pum.

in localization of NOSTRIN-GFP, eNOS, and caveolin-1: the
complex preferentially resided at the PM (Figure 6, I-L),
whereas it mainly localized to intracellular structures in un-
treated CHO-eNOS cells (Figure 6, E-H). Thus, it seems that
cholesterol sequestration impairs internalization of the ternary
complex without affecting its integrity.

Treatment of CHO-eNOS cells with MBCD led to a uniform
distribution of caveolin-1 along the PM and to pronounced
perinuclear localization (Figure 6M). Similar observations have
been assigned to flattening of caveolae (Westermann et al.,
2005) and redistribution of caveolin to the trans-Golgi network
(TGN) in other cell types (Nuszkowski ef al., 2001). NOSTRIN-
GFP colocalized extensively with caveolin-1 in both compart-
ments (Figure 6N), whereas eNOS almost completely disap-
peared from the PM and colocalized with NOSTRIN and
caveolin at the TGN (Figure 6, O and P, inset). These findings
indicate that a sizeable fraction of the complex of NOSTRIN,
eNOS, and caveolin-1 remains intact when caveolae are dis-
rupted, whereas its subcellular localization changes toward the
PM (filipin) or the TGN (MBCD).

NOSTRIN Recruits Dynamin to Caveolin-positive Structures
Another binding partner of the SH3 domain of NOSTRIN is
dynamin (Icking et al., 2005), which led us to ask whether
NOSTRIN could serve to recruit the GTPase to the ternary
complex. Using CHO-eNOS cells recombinantly expressing
dynamin-2-GFP and NOSTRIN, we found that the two pro-
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teins colocalized extensively with caveolin-1 (Figure 7, A-D,
inset). To test the significance of this finding with respect to
eNOS, we used the same setup with or without expression
of NOSTRIN. In the absence of NOSTRIN, there was hardly
any overlap of caveolin-1 or eNOS with dynamin-2-GFP
(Figure 7, E-H). However, in the presence of NOSTRIN,
eNOS localization was clearly changed in favor of vesicular
and tubular structures (Figure 7, I-L) previously demon-
strated to be positive for NOSTRIN (Icking et al., 2005). In
these NOSTRIN-expressing cells, eNOS colocalized exten-
sively with dynamin-2-GFP and caveolin-1 (Figure 7L, in-
set). We have demonstrated earlier that NOSTRIN also in-
teracts with the K44A mutant of dynamin in a pull-down
assay (Icking et al., 2005). In CHO-eNOS cells expressing
dynamin-2-K44A-GFP (dyn-K44A) and NOSTRIN, eNOS
and caveolin accumulated in the perinuclear region (Supple-
mental Figure 2), which was not surprising, because the
dyn-K44A isoform has a major impact on the Golgi appara-
tus (Cao et al., 2000). Together, these findings suggest that
NOSTRIN may serve as an adaptor recruiting dynamin to
caveolin-rich membranes, many of which contain eNOS,
implying a role in caveolar trafficking of eNOS.

Depolymerization of Actin Cytoskeleton Stalls Ternary
Complex Trafficking

To study whether rearrangement of actin filaments could play
a role during translocation and internalization of NOSTRIN
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Figure 8. Inhibition of eNOS does not re-
quire internalization by NOSTRIN. (A) CHO-
eNOS cells infected with SFV-NOSTRIN-GFP
were treated with LatA for 2 h before fixation.
Cells were stained for caveolin-1 (red) and
eNOS (blue). Fluorescence of NOSTRIN-GFP
is shown in green. Bar, 10 um. (B) Impact of
actin depolymerization as in A on NOSTRIN-
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and eNOS, we treated CHO-eNOS cells expressing SFV-
NOSTRIN-GFP with LatA, which disrupts microfilament
organization by forming equimolar complexes with mono-
meric G-actin. Compared with untreated control cells (Fig-
ure 6, E-H), cells treated with LatA displayed a significantly
altered distribution of the NOSTRIN/eNOS/caveolin-1
complex, which was apparently trapped at the cell periph-
ery and in the perinuclear region (Figure 8A). This finding
strongly suggests that an intact actin cytoskeleton is cru-
cially important for trafficking of the ternary complex.

Translocation Is Not Required for NOSTRIN-mediated
Inhibition of eNOS

Because overexpressed NOSTRIN has a dual function on
eNQOS, i.e., translocation and inhibition, we asked whether
inhibition is brought about by translocation. As shown
above, preventing rearrangement of the actin cytoskeleton
traps the ternary complex at the cell periphery and in the
perinuclear region, most likely due to impaired trafficking.
This led us to study how interfering with the actin cytoskel-
eton influences NOSTRIN-mediated inhibition of NO pro-
duction. Transfection of CHO-eNOS cells with NOSTRIN
yielded a 29% decrease in A23187-stimulated eNOS activity
(Figure 8B). Application of LatA strongly reduced eNOS
activity (Figure 8B, control versus control + LatA), which is
in accordance with previous observations in porcine aortic
endothelial cells (Zharikov et al., 2001). Coexpression of
NOSTRIN further reduced eNOS activity by 31% (relative to
control + LatA), i.e., to a similar extent of inhibition caused
by NOSTRIN when the actin cytoskeleton is left intact. Be-
cause our immunofluorescence analyses showed that actin
rearrangement is required for eNOS translocation (Figure
8A), this result indicates that subcellular transport is not
necessarily involved in NOSTRIN-mediated attenuation of
eNOS activity. To corroborate this notion, we used the dele-
tion mutant NOSTRIN,,, 50, Which does not induce translo-
cation of eNOS (Zimmermann ef al., 2002), although it harbors
the caveolin and eNOS binding sites and colocalizes with
eNOS at the PM. In spite of the mutant’s disability to induce
eNOS translocation, its inhibitory potential toward eNOS was
unaltered compared with that of full-length NOSTRIN (Figure
8C). Therefore, NOSTRIN can exert its inhibitory effect on
eNOS before translocation of the enzyme, and the continu-
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mediated inhibition of eNOS, measured by an
arginine-citrulline conversion assay in CHO-
eNOS cells. eNOS activity was stimulated by
means of the Ca?* ionophore A23187 and spe-
cifically inhibited by L-NNA. Cells were trans-
fected with NOSTRIN or mock-transfected for
control. (C) Efficiency of full-size NOSTRIN
and translocation-deficient NOSTRIN, 4, 506 in
inhibiting A23187-stimulated eNOS activity,
as detailed in B. Cells were infected with SFV-
NOSTRIN, SFV-NOSTRIN, 4, 506, 0r SFV alone
(control).

*k*
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ous association of NOSTRIN and caveolin with eNOS dur-
ing translocation may help prevent uncontrolled activation
of eNOS in the various subcellular compartments.

DISCUSSION

Interaction of eNOS with caveolin-1 is a well-appreciated
mechanism of down-regulating NO production. We recently
discovered NOSTRIN as another direct interaction partner
of eNOS involved in decreasing eNOS activity. Here, we
report that NOSTRIN and caveolin-1 are capable of directly
binding to each other. Importantly, whereas eNOS interacts
with the SH3 domain of NOSTRIN (positions 434-506),
binding of caveolin to NOSTRIN depends on residues 323-
434 of NOSTRIN, allowing for formation of a ternary com-
plex of NOSTRIN, caveolin, and eNOS. At present, we do
not know the precise stoichiometry of the protein complex
but given that caveolin-1 oligomerizes to large complexes of
up to 600 kDa (Monier et al., 1995) and that eNOS and
NOSTRIN form homodimers and -trimers, respectively
(Icking et al., 2005), the resultant macromolecular complex
may provide a platform for dynamic recruitment of pro-
teins involved in caveolar function.

Previous reports suggested that interaction of eNOS and
caveolin may be regulated (Andries ef al., 1998). NOSTRIN,
being capable of interacting with both caveolin and eNOS,
represents an ideal candidate to mediate this regulation. In
line with this notion, the presence of the scaffolding domain
of caveolin specifically increased the strength of interaction
between NOSTRIN and eNOS. Because specifically the scaf-
folding peptides were shown to inhibit eNOS activity
(Garcia-Cardena et al., 1997; Bucci et al., 2000), our finding
suggests that NOSTRIN preferably interacts with eNOS in its
inactivated state. Because the expression levels of NOSTRIN
vary under (patho)physiological conditions (Choi et al., 2005;
Xiang ef al., 2005), it is well possible that the regulated expres-
sion of NOSTRIN may contribute to control ternary complex
formation and availability.

We have previously observed that the localization of
NOSTRIN changes in endothelial cells dependent on the sta-
tus of confluence (Zimmermann et al., 2002). Other reports
showed that caveolin-1 translocates to cell-cell contacts as
NIH-3T3 cells become confluent (Volonte et al., 1999) and that
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eNOS and caveolin-1 strongly colocalize in cell-cell contacts of
confluent endothelial cells (Govers et al., 2002). In line with
these findings, caveolin, eNOS, and NOSTRIN meet at contact
sites of confluent HUVECs. We also found that thrombin effi-
ciently triggers the translocation to and assembly at the PM of
these components in subconfluent HUVECs, whereas bradyki-
nin or vascular endothelial growth factor failed to induce the
reverse process, i.e., internalization of the preformed complex
away from the PM to the cell’s interior. Clearly, a systematic
approach is needed to identify more biological agonist(s) pro-
moting the trafficking of the complex.

We have shown earlier that translocation of eNOS ob-
served after overexpression of NOSTRIN partially reflects
internalization (Icking et al., 2005). However, we cannot
rule out that NOSTRIN is also involved in trafficking of
eNOS to the cell surface, which was indeed indicated by
accumulation of eNOS in the perinuclear region under cer-
tain experimental conditions. At any rate, our data strongly
suggest that the NOSTRIN-induced translocation of eNOS
involves a caveolae-based mechanism. Here, NOSTRIN
seems to function in recruiting dynamin to caveolin-positive
structures, which is illustrated by the fact that introduction
of NOSTRIN into the CHO-eNOS cell system induced a
significant colocalization of eNOS with caveolin and dy-
namin. NOSTRIN may therefore direct the large GTPase to its
site of action, thereby facilitating membrane fission (Henley ef
al., 1998). This is reminiscent of observations made for inter-
sectin, which associates with caveolae (Predescu ef al., 2003),
most likely acting to recruit dynamin through three of its five
SH3 domains (Okamoto et al., 1999). Because we found that
NOSTRIN mainly occurs as a trimer, it should be able to
assemble a crucial number of dynamin molecules required for
vesicle fission.

A hallmark of caveolar endocytosis is its dependence on
actin rearrangement (Pelkmans et al., 2002). Consistently,
we found that eNOS is unable to leave the cell periphery
upon LatA treatment but still colocalizes with caveolin and
NOSTRIN, suggesting that the whole complex is prevented
from being internalized. The triad of proteins was also en-
riched in the perinuclear region under these conditions, again
indicating that trafficking to the cell surface may be compro-
mised. It is tempting to speculate that NOSTRIN may have an
active role in actin polymerization during caveolar trafficking,
because it is capable of recruiting N-WASP (Icking et al., 2005),
i.e,, a known promoter of actin polymerization. We have not
further addressed this intriguing possibility.

For many signaling proteins, such as tumor necrosis factor
(TNF) receptor-1, caveolar endocytosis has emerged as the
main route of clearance from the PM (Parton and Richards,
2003; D’Alessio et al., 2005). In contrast, epidermal growth
factor (EGF) receptors and transforming growth factor (TGF)-
receptors can each use two different pathways for internaliza-
tion, i.e., via clathrin or caveolae, with opposite outcomes
(Le Roy and Wrana, 2005): TGF-B signaling continues from
endosomes reached by clathrin-mediated endocytosis (Di
Guglielmo et al., 2003), whereas caveolar endocytosis leads to
down-regulation of TGF-f receptors. Each of the two pathways
involves distinct interaction partners of TGF-B receptors, and
overexpression of either of them enhances one pathway in
favor of the other. For eNOS, high levels of NOSTRIN seem to
promote caveolar internalization with continued inhibition of
the enzyme. Under these conditions, we failed to observe co-
localization of eNOS with clathrin (our unpublished data),
however, we cannot exclude that clathrin-mediated endocyto-
sis may occur in the absence of NOSTRIN, possibly with a
different impact on eNOS function. Interestingly, muscarinic
acetylcholine receptors involved in activation of eNOS have
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been shown to be removed from the PM by dynamin-mediated
caveolar internalization (Dessy et al., 2000). Combined with our
findings, this may suggest that muscarinic receptors and eNOS
jointly internalize.

Our data demonstrate that the inhibitory action of
NOSTRIN toward eNOS does not necessarily require translo-
cation of the complex. This was suggested by two experimental
setups that result in partial accumulation of NOSTRIN/
eNOS/caveolin at the PM but nevertheless bring about
inhibition of eNOS. In many cases, endocytosis leads to
degradation of signaling proteins. Because we did not ob-
serve any significant reduction in eNOS protein levels when
NOSTRIN is overexpressed (Zimmermann et al., 2002), deg-
radation of eNOS is an unlikely consequence of translocat-
ing eNOS from the PM. It is possible that eNOS is recycled
back to the Golgi, similar to the mechanism proposed for
Ras, which shuttles between the Golgi and the PM during a
cycle of palmitoylation and depalmitoylation (Rocks et al.,
2005). In this context, it is worth mentioning that two inde-
pendent studies showed that stimulation with bradykinin,
on the one hand, leads to translocation of eNOS to intracel-
lular membranes (Thuringer et al., 2002), and, on the other
hand, enhances depalmitoylation of eNOS (Robinson et al.,
1995), i.e., two processes that may be well be linked.

In summary, we have elucidated some mechanistic details
of the process of eNOS trafficking that we propose to occur
through caveolar transport facilitated by NOSTRIN. Here,
NOSTRIN acts as an adaptor protein for caveolin and dy-
namin, thereby facilitating caveolar transport. Although
NOSTRIN-mediated inhibition does not require transloca-
tion of the complex, continued association of NOSTRIN with
eNOS during translocation may serve to impede uncon-
trolled activation of eNOS in different locales of the cell.
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