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Nitric oxide (NO) plays a key role in vascular function, cell proliferation, and apoptosis. Proper subcellular
localization of endothelial NO synthase (eNOS) is crucial for its activity; however, the role of eNOS trafficking
for NO biosynthesis remains to be defined. Overexpression of NOS-interacting protein (NOSIP) induces
translocation of eNOS from the plasma membrane to intracellular compartments, thereby impairing NO
production. Here we report that endogenous NOSIP reduces the enzymatic capacity of eNOS, specifically in the
G, phase of the cell cycle by targeting eNOS to the actin cytoskeleton. This regulation is critically dependent
on the nucleocytoplasmic shuttling of NOSIP and its cytoplasmic accumulation in the G, phase. The predom-
inant nuclear localization of NOSIP depends on a bipartite nuclear localization sequence (NLS) mediating
interaction with importin . Mutational destruction of the NLS abolishes nuclear import and interaction with
importin «. Nuclear export is insensitive to leptomycin B and hence different from the CRM1-dependent
default mechanism. Inhibition of NOSIP expression by RNA interference completely abolishes G,-specific
cytoskeletal association and inhibition of eNOS. These findings describe a novel cell cycle-dependent modu-
lation of endogenous NO levels that are critical to the cell cycle-related actions of NO such as apoptosis or cell

proliferation.

Endothelium-derived nitric oxide (NO) plays a key role in
vascular function including angiogenesis, cell proliferation, and
apoptosis (30). The short-lived character and the variety of
biological targets of NO urge for tight temporal and spatial
control of NO biosynthesis, reflected in the complex machinery
modulating endothelial nitric oxide synthase (eNOS) activity
(14). While the mechanisms of direct eNOS activation are
quite well understood, the subcellular targeting of eNOS and
its implication for NO bioavailability are subject to controver-
sial discussions. Conventional wisdom holds that eNOS be-
comes activated at the plasma membrane, e.g., in response to
vascular endothelial growth factor or shear stress (14, 30). It
has been suggested, but is not generally accepted, that upon
activation eNOS dissociates from the plasma membrane and
translocates to the cytosol (14). Besides the plasma membrane,
the Golgi complex represents a major target site for eNOS;
however, it is unclear whether it also contains active eNOS,
either as a consequence of activation in situ or due to the
translocation of activated eNOS from plasma membrane to the
Golgi (15). Circumstantial experimental evidence indicates
that eNOS may also be targeted to the cytoskeleton and to
intercellular junctions; however, the implications of these lo-
calizations for eNOS activity are also unclear. The detergent-
insoluble pool, commonly considered to represent the cy-
toskeleton, has been claimed to be an “inactive” compartment
for eNOS (18, 30). In contrast, eNOS has been reported to
translocate to intercellular junctions and to associate with the
actin cytoskeleton in response to cell-cell contact formation,
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concomitant with an increase in eNOS activity (13). Moreover,
direct interaction of eNOS with actin has been demonstrated
by coimmunoprecipitation studies, and the polymerization
state of actin has been implicated in contributing to eNOS
activity control (33).

We have hypothesized that intracellular trafficking of eNOS
is a regulated process in which interacting proteins play crucial
roles. Based on this hypothesis, we have recently identified two
novel proteins that interact with eNOS, i.e., NOS-interacting
protein (NOSIP) (6) and eNOS traffic inducer (NOSTRIN)
(40), both of which interfere with eNOS plasma membrane
association and NO production. Overexpression of NOSIP re-
sults in a displacement of eNOS from the plasma membrane to
intracellular, Triton-insoluble compartments, accompanied by
a significant reduction of NO release (6). Studies on the in vivo
distribution of NOSIP and eNOS revealed a widespread cooc-
currence of the two proteins in a variety of cell types (20). In
the same study, we observed that NOSIP exhibits two distinct
subcellular localization patterns showing either predominantly
cytoplasmic or nuclear immunoreactivity (8, 20). The distribu-
tion pattern seems not to be determined by the cell type, since
cytoplasmic and nuclear localization coexist, e.g., in hepato-
cytes (20). In this present study we aimed to characterize the
molecular mechanisms underlying subcellular trafficking of
NOSIP and the consequences for eNOS distribution and func-
tion.

MATERIALS AND METHODS

Constructs. Human NOSIP ¢cDNA and mutants were cloned into pcDNA3.1
(Invitrogen), coding for an N-terminal myc tag. Enhanced green fluorescent
protein (EGFP) fusion proteins were expressed from pEGFP-N1. cDNAs for
human importin a (pGEX-4T-3; Amersham) and importin B (pGEX-6P-1; Am-
ersham), coding for an N-terminal glutathione transferase (GST) fusion, were
obtained from G. Blobel (HHMI, The Rockefeller University, New York, NY).
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For NOSIP RNA interference (RNAi) CHO-NOS cells were transfected with a
pTER™ vector (37) containing the target sequence for knockdown of murine
NOSIP (base pairs 758 to 777). As a control, target sequences specific for EGFP
were used and referred to as unrelated RNAI.

Antibodies. Rabbit antisera AS600 and AS531 (6) raised against human
NOSIP were used for NOSIP detection in CHO-NOS and HeLa cells, respec-
tively. Antibodies directed against myc tag (9E10; Santa Cruz) eNOS, Nup62
(BD Transduction), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Ab-
cam), and actin (Sigma Biochemicals) were used as indicated.

Cell culture and cell cycle blockage. HeLa cells and NIH 3T3 fibroblasts were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal calf serum and 1% penicillin-streptomycin. EA.hy926 cell medium was
supplemented with hypoxanthine-aminopterin-thymidine. CHO cells stably ex-
pressing eNOS (CHO-NOS) were maintained as previously described (6). HeLa
and CHO-NOS cells were transfected using Polyfect or Effectene (QIAGEN).
HeLa and EA.hy926 cells were synchronized into G, phase by double thymidine
block as previously described (28). CHO-NOS cells were blocked into G, by
incubation with 1.5 mM hydroxyurea for 14 h and entered G, phase 6 h after
block release. Dividing cells were removed by mitotic shake-off. For fluores-
cence-activated cell sorting (FACS) analysis, cells were washed with phosphate-
buffered saline (PBS) and fixed in 70% ethanol overnight at 4°C. Cells were
stained at 37°C for 30 min in 1 ml of PBS containing 10 wg/ml propidium iodide
and 10 pg/ml RNase A. Cells were analyzed on a FACSCalibur cell analyzer
using CellQuest software (Beckton Dickinson), and the cell cycle stages were
determined using Cylchred software.

Indirect immunofluorescence. Cells seeded on coverslips were fixed and per-
meabilized with ice-cold methanol and blocked with PBS containing 0.1% Tween
20 (PBST) and 5% bovine serum albumin. Afterwards cells were incubated with
primary antibodies (1:100), followed by incubation with Cy2- or Cy3-coupled
secondary antibodies (1:500) and 4',6’-diamidino-2-phenylindole (DAPI; 1 pg/
ml). Images were acquired using a Zeiss Axiovert 200 in combination with
Improvision Openlab software.

Western blotting. Protein samples were dissolved in sample buffer (200 mM
Tris-HCI, pH 6.8, 6% sodium dodecyl sulfate [SDS], 20% glycerol, 10% dithio-
threitol, 0.1 mg/ml bromophenol blue), separated by SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride membranes. The
membranes were blocked in PBST containing 5% nonfat dry milk. Detection was
carried out with primary antibody as indicated, in combination with horseradish
peroxidase-conjugated antibody to rabbit or mouse immunoglobulin G, respec-
tively, and the ECL detection system (Amersham).

Subcellular fractionation and detergent extraction. To obtain nuclear and
cytoplasmic fractions, cells were washed and sampled in 500 wl of cold PBS.
Pelleted cells (500 X g) were resuspended in hypotonic buffer (10 mM Tris-HCI,
pH 7.4, 10 mM sodium iodide, 5 mM MgCl,, 1 mM Pefabloc) and homogenized
with 20 strokes in a tissue grinder. The supernatant (600 X g) was designated the
cytoplasmic fraction. The pellet, representing the nuclear fraction, was washed
with hypotonic buffer containing 0.1% NP-40 (Calbiochem). To obtain Triton-
insoluble fractions, after optional pretreatment with cytochalasin D (1 uM), cells
were washed and lysed in Triton buffer (1% Triton X-100, 20 mM Tris-HCI, pH
8.0, 137 mM NaCl, 2 mM EDTA, 1 mM Pefabloc) for 15 min on ice or at room
temperature as indicated and centrifuged for 30 min at 15.000 X g at 4°C or at
room temperature. To solubilize the actin cytoskeleton, Triton-insoluble frac-
tions were resuspended in Triton buffer with 1 M KI (1, 32) and kept for 15 min
on ice. Protein was precipitated from the supernatant with acetone.

Expression of GST fusion proteins and GST pull-down analysis. GST fusion
proteins of human importin « and importin 8 or GST alone were expressed in
Escherichia coli and purified using glutathione-Sepharose (Amersham). HeLa
cells were lysed with Triton buffer on ice, and the lysates were incubated for 2 h
at 4°C with GST or GST fusion proteins coupled to glutathione-Sepharose.
Bound proteins were pelleted by centrifugation, washed three times in Triton
buffer, and processed for SDS-polyacrylamide gel electrophoresis and Western
blotting.

Heterokaryon assay. HeLa cells were transfected with vectors coding for
EGFP-fusion proteins, excess transfection reagent was removed, and cells were
cocultured with NIH 3T3 fibroblasts. Cycloheximide (75 pg/ml; 30 min) was
added to halt protein expression, and cell bodies were fused with 50% polyethy-
lenglycole 8000 in DMEM for 2 min. Cells were maintained for 2 h in DMEM
containing 50 pg/ml cycloheximide in the absence or presence of 20 nM lepto-
mycin B (LMB) and fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton in PBS. After incubation in blocking solution (5% bovine serum
albumin in PBST), cells were stained with DAPI (1 pg/ml) and rhodamine-
phalloidine (0.4 U/ml each).
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FIG. 1. NOSIP resides preferentially in the nuclei of cultured cells.
Subcellular distribution of endogenous NOSIP analyzed by indirect
immunofluorescence microscopy in EA.hy296 (A) and HeLa (B) cells
and subcellular fractionation of HeLa cells, followed by Western blot-
ting of equalized sample volumes with anti-NOSIP (C). DNA is coun-
terstained with DAPI (B, right). Nuclear (nuc) and cytoplasmic (cyt)
fractions are identified by marker proteins Nup62 and GAPDH (C).
WB, Western blotting; lys, lysate.

Arginine-citrulline conversion assay. CHO-NOS or EA hy926 cells were in-
cubated at 37°C for 30 min in HEPES buffer (20 mM HEPES-Na, pH 7.4,
containing 150 mM NaCl, 5 mM KCI, 1 mM MgSO,, 1 mM CaCl,, 10 pM
L-arginine, 0.2 mg/ml glucose). Cells were stimulated with the calcium ionophore
A23187 (3 uM) for 15 min in the presence of 3.3 wCi/ml L-[!*CJarginine. To
follow the conversion to L-[**C]citrulline (27), cells were denatured with cold
ethanol, and soluble cellular components were dissolved in 20 mM HEPES-Na,
pH 5.5, and applied to 2-ml columns of Dowex AG50WX-8 (Na* form). The
radioactivity in the eluate containing L-['*C]citrulline was quantified by liquid
scintillation counting. Unless otherwise indicated, NOS-specific L-[**C]citrulline
production was calculated as the difference of the respective radioactivity count
to the value of cells pretreated with 100 M of NOS inhibitor L-N-nitro-L-
arginine.

RESULTS

NOSIP is localized preferentially in the nuclei of cultured
cells. Initially we analyzed the subcellular distribution of en-
dogenous NOSIP in the endothelium-derived cell line
EA.hy926. In accordance with the previously observed local-
ization in situ (20), we observed a differential distribution pat-
tern for NOSIP in cultured cells, where the vast majority of
cells showed preferential nuclear NOSIP localization (Fig. 1A,
left); in rare subpopulations, however, we observed a depletion
of the nucleus and enrichment of NOSIP in the cytoplasm (Fig.
1A, right). This dual distribution pattern, which we demon-
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strated here for EA.hy926 cells, was also observed in C2C12,
CHO, COS, HeLa, human umbilical vein endothelial, and NIH
3T3 cells (data not shown). To employ an appropriate cell line
to study protein shuttling, we analyzed the relative levels of
endogenous nuclear versus cytoplasmic NOSIP in HeLa cells,
revealing that NOSIP was primarily targeted to the nucleus
and that only a small fraction was present in the cytoplasm
(Fig. 1B and C).

NOSIP nuclear localization is mediated by a bipartite NLS
binding to importin . Sequence analysis of human NOSIP did
not reveal a canonical mono- or bipartite NLS, corresponding
to the consensus sequences which mediate interaction with
transport proteins of the import family (5, 16). Rather NOSIP
displays a sequence segment rich in basic amino acid residues
between positions 78 and 101 (Fig. 2A), which could serve as
the NLS. To test this hypothesis, we analyzed the subcellular
distribution of wild-type (wt) NOSIP and various NOSIP mu-
tants by subcellular fractionation and indirect immunofluores-
cence microscopy (Fig. 2B and C). Both methods revealed that
wt NOSIP accumulates in the nucleus of transfected cells. In
contrast, mutant NOSIP, where the complete putative NLS
had been deleted, was conspicuously absent from the nuclear
fraction (Fig. 2B, ANLS) and showed predominant cytoplasmic
staining in indirect immunofluorescence microscopy (Fig. 2C).
Deletion of the major C-terminal basic cluster (AC2) and mu-
tation of the minor N-terminal cluster (m2A) (Fig. 2B and C)
attenuated nuclear accumulation of NOSIP, indicating that
they are both necessary for efficient nuclear import. Thus,
NOSIP appears to have a bipartite NLS consisting of two basic
clusters separated by a spacer of 10 residues. Furthermore, we
were able to demonstrate that the NLS of NOSIP is sufficient
to mediate nuclear import of heterologous proteins up to 80
kDa, confirming that the NLS per se is functional (data not
shown). Hereafter, we refer to the sequence between positions
78 and 101 as NOSIP-NLS.

The default mechanism for nuclear import comprises recog-
nition of the cargo NLS by importin «, which then in turn binds
importin B, targeting the trimeric complex to the nuclear pore
(3). Therefore, we studied the binding of NOSIP and NLS
mutants thereof to importin a by GST pull-down assays. Re-
combinantly expressed and purified GST-importin « precipi-
tated endogenous NOSIP (data not shown) and wt NOSIP
from lysates of transiently transfected HeLa cells, whereas the
construct pulled down only a minor fraction of m2A and failed
to pull-down ANLS and AC2 (Fig. 2D). These data demon-
strate that NOSIP nuclear import is mediated by binding of
NOSIP to the importin complex via its NLS.

NOSIP shuttles between nucleus and cytoplasm. To address
the question of whether cytoplasmic localization of NOSIP is a
consequence of export from the nucleus, we analyzed the nu-
cleocytoplasmic shuttling of NOSIP in a heterokaryon assay.
This was carried out in the absence and presence of LMB, an
inhibitor of CRM1-dependent export. To this end HeLa cells
were transfected with EGFP fusion proteins and fused with
NIH 3T3 fibroblasts, and shuttling between nuclei within the
fused cell body was analyzed. Nucleocytoplasmic shuttling of
the NOSIP-EGFP fusion protein was detected both in the
absence (data not shown) and in the presence of LMB (Fig. 3A
and B). In contrast, the control cargo p53-EGFP underwent
nucleocytoplasmic shuttling only in the absence of LMB (data
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FIG. 2. Nuclear import of NOSIP is mediated by a bipartite NLS
binding to importin o. Between positions 78 and 101, human NOSIP
exhibits two basic clusters (gray boxes) separated by a spacer of 10
residues (A). HeLa cells were transiently transfected with N-terminally
myc-tagged wt-NOSIP (wt), with deletion mutants of NOSIP, where
the complete sequence (ANLS, positions 78 to 101) or the C-terminal
basic cluster (AC2, positions 90 to 101) have been deleted, and with a
point mutant, where basic residues in the N-terminal cluster have been
mutated to alanine (m2A). Subcellular distribution was analyzed by
subcellular fractionation, followed by Western blotting (B) or indirect
immunofluorescence microscopy (C). Lysates of transiently trans-
fected HeLa cells were utilized for GST pull-down analysis with GST-
importin a (GST-Impa) or GST. Recombinant proteins were detected
using anti-myc (B, C, and D).

not shown) and was retained by HeLa nuclei in the presence of
LMB (Fig. 3C and D). These results indicate that NOSIP is
exported from the nucleus and shuttles constantly between
nucleus and cytoplasm in an LMB-dependent manner.
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NOSIP-eGFP

FIG. 3. NOSIP is a nucleocytoplasmic shuttling protein. The shut-
tling ability of NOSIP-EGFP was tested by the heterokaryon assay (A).
Cell borders are visualized by rhodamine-phalloidin staining. DAPI
staining allows discrimination between murine NIH 3T3 (open arrow-
heads) and HeLa nuclei (filled arrowheads) (B and D). Inhibition of
nucleocytoplasmic shuttling of p53-eGFP in the presence of leptomy-
cin B served as negative control (C).

Cytoplasmic NOSIP translocates eNOS to the cytoskeleton
and inhibits eNOS activity. We have previously reported that
pronounced overexpression of NOSIP results in its cytoplasmic
accumulation and drives translocation of eNOS from the
plasma membrane to Triton-insoluble intracellular compart-
ments (6), suggesting that extranuclear localization of NOSIP
may be essential for eNOS trafficking. Therefore, we tested the
capacity of NLS-deficient NOSIP mutants to induce eNOS
translocation in CHO-NOS cells from the Triton-soluble to the
Triton-insoluble cell fraction, with the presence of the latter
being commonly attributed to association with the cytoskele-
ton. All NOSIP mutants showed an unimpaired capacity to
interact with eNOS as demonstrated by coimmunoprecipita-
tion (data not shown). Overexpression of NLS-deficient
NOSIP mutants caused a significant shift of eNOS from the
Triton-soluble to the Triton-insoluble cell fraction (designated
fraction 1) compared to wt NOSIP- or mock-transfected cells
(Fig. 4A). Addition of the F-actin depolymerizing agent, po-
tassium iodide (1, 32), to the Triton-insoluble fraction (yielding
fraction 2) led to a complete solubilization of eNOS (Fig. 4B),
strongly arguing for an association of eNOS with the actin
cytoskeleton. To demonstrate that eNOS was not associated
with lipid rafts in the Triton-insoluble fraction 1, we did the
preparation at room temperature throughout, i.e., under con-
ditions where lipid-rich domains are known to be solubilized
(1), and found that this treatment did not promote solubiliza-
tion of eNOS (Fig. 4C). Likewise, application of cytochalasin
D, blocking actin polymerization in intact cells, completely
blunted NOSIP-induced translocation of eNOS to the Triton-
insoluble fraction 1 (Fig. 4D). These results demonstrate that
NOSIP has the capacity to translocate eNOS to the Triton-
insoluble fraction, the putative actin cytoskeleton, and that
cytoplasmic localization of NOSIP is mandatory to induce re-
distribution of eNOS. We have previously reported that eNOS
translocation was accompanied by reduction of NO production
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FIG. 4. Cytoplasmic NOSIP translocates eNOS to the actin cy-
toskeleton and inhibits its activity. CHO-NOS cells transiently trans-
fected with myc-tagged wt NOSIP, m2A, ANLS, or AC2 were used to
prepare Triton-insoluble cytoskeletal fractions (fraction 1) at 4°C
(A) or at room temperature (rt; C), and presence of eNOS and actin
was probed by anti-eNOS and anti-actin, respectively. Actin was sol-
ubilized from fraction 1 by adding 1 M KI in Triton buffer, and the
presence of eNOS and actin was assayed in the resultant soluble
fraction (fraction 2) (B). Alternatively, actin polymerization was inhib-
ited by preincubation with 1 wM cytochalasin D (cyt D) prior to
fractionation (D). Total eNOS levels were identical throughout
and equivalent amounts of the various NOSIP mutants were expressed
(D). A23187-stimulated eNOS activity in CHO-NOS cells transfected
with wt or ANLS was measured by the arginine-citrulline conversion
assay in the absence and presence of NOS inhibitor L-N%-nitro-L-
arginine (E). WB, Western blotting.
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FIG. 5. NOSIP translocates to the cytoplasm in the G, phase of the
cell cycle. Distribution of endogenous NOSIP in synchronized HeLa
cells during different phases of the cell cycle was analyzed by subcel-
lular fractionation (A) and indirect immunofluorescence (B) using
anti-NOSIP. Cytoplasmic (cyt) and nuclear (nuc) fractions were
stained for marker proteins as detailed in the legend of Fig. 1. Syn-
chronization was monitored by FACS analysis (C). WB, Western blot-
ting.

(6). Therefore, we tested whether overexpression of the con-
stitutively cytoplasmic NOSIP ANLS mutant had an effect on
eNOS activity. Indeed, the cytoskeletal association of eNOS
induced by overexpression of ANLS was paralleled by a 40%
reduction of A23187-induced activity (Fig. 4E), indicating that
the cytoplasmic localization of NOSIP is necessary and suffi-
cient to mediate eNOS trafficking and inhibition.

NOSIP translocates to the cytoplasm in the G, phase of the
cell cycle. Since many nucleocytoplasmic shuttling proteins be-
long to the group of cell cycle-associated proteins (11), we
investigated the subcellular distribution pattern of NOSIP in
HeLa cells in relation to cell cycle progression. Synchroniza-
tion into G, yielded 4.84% of cells in G,, 23.58% in S, and
71.58% in G, phase (Fig. 5C). In the G, and S phases of the
cell cycle, NOSIP was predominantly nuclear. In marked con-
trast, cells in G, accumulated NOSIP in their cytoplasm, while
nuclear NOSIP levels were reduced (Fig. 5). This translocation
occurred clearly before disassembly of the nuclear membrane
prior to mitosis. Analysis of the cell cycle-specific distribution
of NOSIP in CHO-NOS and EA hy926 cells gave similar re-
sults (data not shown). We conclude that the subcellular local-
ization of NOSIP is subject to dynamic regulation and that
nuclear NOSIP is translocated to the cytoplasm in the G,
phase of the cell cycle.

NOSIP induces cytoskeletal targeting of eNOS in G, and
reduces eNOS activity. Given the effects of cytoplasmic NOSIP
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FIG. 6. eNOS is targeted to the cytoskeleton and eNOS activity is
inhibited in G,. Presence of eNOS in the Triton-insoluble fraction 1 of
synchronized CHO-NOS cells was tested during different phases of the
cell cycle using anti-eNOS (A). Triton-insoluble fraction 1 was incu-
bated with KI in Triton buffer to depolymerize actin, and the presence
of eNOS was assayed in the resultant soluble fraction 2 (B). Triton-
insoluble fraction 1 prepared from synchronized EA.hy926 cells at
room temperature (rt) was tested for the presence of eNOS (C).
A23187-stimulated eNOS activity in EA.hy926 cells in G, and G, was
measured by the arginine-citrulline conversion assay (D). Synchroni-
zation was monitored by FACS analysis (not shown). WB, Western
blotting; ns, nonsynchronized.

on eNOS translocation and activity, one may ask whether cy-
toplasmic accumulation of endogenous NOSIP in G, is paral-
leled by a shift of eNOS to the cytoskeletal fraction and enzy-
matic inhibition. In asynchronous CHO-NOS cells, a minute
fraction (2.3%) of the total cellular eNOS pool is associated
with the cytoskeleton, while the vast majority of eNOS (>97%)
is associated with the Triton-soluble fraction (data not shown).
In CHO-NOS cells synchronized into G,, the fraction of Tri-
ton-insoluble eNOS increased sharply (Fig. 6A) by a factor of
10.3, accounting for approximately 24% of the total eNOS
amount (not shown). This effect was reversed by the addition
of KI (Fig. 6B) and persisted upon preparation at room tem-
perature (data not shown), strongly arguing for a cell cycle-
specific association of eNOS with the actin cytoskeleton in G,.
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FIG. 7. NOSIP knockdown abolishes cytoskeletal association and inhibition of eNOS in G,. Following transient transfection of CHO-NOS cells
with unrelated or NOSIP-specific RNAI vectors and subsequent synchronization, NOSIP and eNOS levels in cell lysates were analyzed by Western
blotting with anti-NOSIP and anti-eNOS (A). Association of eNOS with the cytoskeletal fraction was determined as detailed in the legend of Fig.
6 (B), and synchronization was monitored by FACS (not shown). A23187-stimulated eNOS activity was measured by the arginine-citrulline

conversion assay (C). WB, Western blotting; ns, nonsynchronized.

Furthermore, we employed the endothelium-derived cell line
EA.hy926 endogenously expressing eNOS and NOSIP and ob-
served a similar G,-specific association of eNOS with the cy-
toskeleton (Fig. 6C), demonstrating the functionality of this
regulatory mechanism in a physiologically relevant cell system.
Analysis of the enzymatic capacity of eNOS during cell cycle
progression of EA.hy926 cells revealed that the A23187-in-
duced eNOS activity dropped significantly by 35% in G, (Fig.
6D). Thus, it appears that eNOS is targeted to the cytoskeleton
in G, and that eNOS residing in the cytoskeletal compartment
may not be activated in response to [Ca®"]; transients.

NOSIP knockdown impairs redistribution of eNOS and re-
stores full enzymatic capacity in G,. To test whether reduction
of eNOS activity in G, is indeed mediated by NOSIP, we
probed for the consequences of RNAi-mediated silencing of
NOSIP on eNOS solubility and activity in G, and G,. Com-
pared to CHO-NOS cells transiently transfected with a vector
expressing unrelated RNAI, a vector targeting NOSIP mRNA
significantly reduced NOSIP protein levels, while expression of
eNOS remained unchanged (Fig. 7A). Under these conditions,
cells transfected with unrelated RNAi showed cytoskeletal as-
sociation of eNOS (Fig. 7B) and reduction of eNOS activity in
G, by 24% (Fig. 7C), whereas the knockdown of NOSIP fol-
lowing transfection with NOSIP-RNAIi prevented G,-specific
translocation and inhibition of eNOS (Fig. 7B and C). Appar-
ently, the degree of inhibition reflects the amount of eNOS
associated with the cytoskeleton under these conditions. To-
gether our results indicate that eNOS is specifically inhibited in
the G, phase of the cell cycle due to targeting to the actin
cytoskeleton, and this regulatory mechanism critically depends
on the presence of NOSIP.

DISCUSSION

The biological importance of extensive eNOS regulation is
stressed by the fact that temporal control of activity is comple-
mented by spatial control of local availability through vectorial
targeting of eNOS to distinct subcellular compartments (15).
As yet, the molecular underpinnings of the intracellular traf-

ficking processes are largely unknown. In the present study we
describe a novel aspect of regulation of eNOS localization and
activity in respect to the cell cycle and assign a precise function
to its interacting protein, NOSIP, in targeting eNOS to the
cytoskeleton and modulating its activity in a cell cycle-depen-
dent manner.

NOSIP undergoes constitutive nuclear import and export,
albeit at different rates, and the relative efficiency dictates
NOSIP localization. We envisage that in most cell cycle phases
import outbalances export, resulting in predominant nuclear
localization of NOSIP, while in G, the balance is shifted to-
ward export. However, the exact mechanism remains to be
determined. Nuclear import is facilitated through the binding
of NOSIP to importin o, which is dependent on the integrity of
its NLS. The NLS of NOSIP does not exactly fit the consensus
sequence KRX,, ,KRXK (5) in that basic amino acids are
more widely spread over the C-terminal cluster; however, the
identification of a functional nonconsensus NLS (9, 29) indi-
cates that some degree of sequence variability is well tolerated
by the nuclear import machinery. Nuclear export of NOSIP is
not inhibited by the CRM1-specific export inhibitor LMB, a
property NOSIP shares, e.g., with RelA (19) and hepatitis
delta virus surface protein HDAg-L (22), and this observation
is well reflected by the fact that NOSIP lacks a typical leucine-
rich export signal. Whether NOSIP is exported in a truly
CRMI1-independent process or whether it utilizes an LMB-
insensitive binding site of CRM1, as recently shown for p27"?
(4), remains to be determined. As shown for the tyrosine ki-
nase c-Abl (35), regulated nucleocytoplasmic shuttling might
provide a mechanism for rapid alteration of subcellular distri-
bution to “switch” between distinct nuclear and cytosolic func-
tions (35). Alternatively, nucleocytoplasmic shuttling could
function to transmit signals from the nucleus into the cyto-
plasm or vice versa, as in the case of Smadl, where nuclear
export allows for ligand-induced coupling with cell surface
receptors (38).

Though we can clearly assign a function to cytoplasmic
NOSIP in the regulation of eNOS localization and activity, we
can only speculate about the distinct nuclear function(s) of
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NOSIP. Controversial reports describe nuclear localization of
eNOS, e.g., under pathological conditions (14), but firm exper-
imental evidence under physiological conditions is still lacking.
Though NOSIP could clearly represent a prime candidate for
a nuclear shuttle protein for eNOS, we have no experimental
data to date in support of this notion. Given the moderate
frequency of extranuclear NOSIP localization in situ (7, 8, 20,
21), it is very possible that stimuli other than cell cycle pro-
gression might also drive the nuclear export of NOSIP. For
example, we have been able to induce nuclear export of NOSIP
in primary hippocampal neurons by application of N-methyl-
p-aspartate/glycine (8). In the same study we demonstrated the
interaction of NOSIP with neuronal NOS and characterized
their functional relationship in the nervous system, pointing to
a common role of NOSIP in the control of localization and
activity of both eNOS and neuronal NOS.

Based on the data presented here, we propose that NOSIP
exerts its inhibitory effect on eNOS by interfering with its
association with “active” compartments such as the plasma
membrane and targeting it to the cytoskeleton. This is congru-
ent with our previous finding that binding of NOSIP to eNOS
per se does not adversely affect the activity of the enzyme, but
NOSIP and the caveolin scaffolding domain compete for in-
teraction with eNOS, strongly suggesting that NOSIP inter-
feres with caveolar association of eNOS (6). Moreover, this
notion is well reflected by the independent findings that co-
chaperone CHIP interacts with the eNOS/hsp90 complex,
causing eNOS to redistribute to an inactive detergent-insoluble
compartment, presumably cytoskeleton, and that CHIP ™/~
cells exhibit elevated eNOS activity. Of note, the trafficking
process mediated by CHIP is independent of its ubiquitin li-
gase activity (18). Ubiquitin ligase activity has also been dem-
onstrated for NOSIP (10); however, the potential involvement
of this activity in cell cycle-dependent partitioning of eNOS
remains to be defined.

It was recently suggested that the cytoskeleton plays a more
decisive role in the regulation of eNOS activity than previously
thought (34, 39). Indeed, eNOS has been shown to interact
directly with actin, and stabilization of actin filaments with
phalloidin enhances the association of eNOS with F-actin and
at the same time impairs eNOS activity (33). On the other
hand, some reports describe the association of active eNOS
with Triton-insoluble compartments, the putative actin cy-
toskeleton (2). Also, eNOS was found to translocate to inter-
cellular junctions in response to cell-cell contact formation, an
event associated with increased activity and enrichment of
eNOS in the Triton-insoluble fraction (13). To what extent the
direct interaction between eNOS and actin contribute to eNOS
activity control remains to be established. With the findings
described herein, however, we provide conclusive evidence
that eNOS association with the cytoskeleton in G, leads to
inhibition, since loss of eNOS activity in the G, phase appears
to be directly correlated with the amount of eNOS bound to
the cytoskeleton. In view of the distinct distribution of eNOS
among various cellular compartments, translocation of 35% of
the eNOS pool to the cytoskeleton as observed in EA.hy926
cells may well reflect complete depletion of the enzyme from,
e.g., the active plasmalemmal compartment. It should be noted
that we observed elevated specific basal eNOS activity in
EA.hy926 cells synchronized by a double thymidine block in
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comparison to unsynchronized cells, which we currently cannot
account for. We have also made efforts to extend our studies to
primary endothelial cells, where 10% of the eNOS pool is
associated with the Triton-insoluble fraction even in the asyn-
chronous state (12); however, the lack of desired reproducibil-
ity in the synchronization of primary endothelial cells pre-
vented their use for cell cycle studies.

In the vascular system NO is believed to maintain an anti-
proliferative environment in the vessel wall (30). The antipro-
liferative effect of NO is thought to be mediated mainly by
up-regulation of p53 gene expression (25), induction of expres-
sion and inhibition of degradation of cell cycle inhibitor p21P*¥=f
(23, 25), and/or negative regulation of the levels of cyclin A and
its associated kinase (23). Moreover, the addition of exogenous
NO has been reported to cause cell cycle arrest in G, (17, 26,
31, 36). Thus, delicate regulation of endogenous NO biosyn-
thesis through the cell cycle appears to be critical for tight
control of the cell proliferation and apoptosis machinery, e.g.,
during embryonic development, vascular remodeling and an-
giogenesis in wound healing, tumor vascularization, and post-
ischemia. Moreover, one might speculate that attenuation of
the enzymatic capacity of eNOS prior to disassembly of the
nuclear envelope might help protect the DNA from the toxic
effects of NO (24). In conclusion, we find eNOS activity altered
within the cell cycle through targeted compartmentation,
which is critically dependent on the nucleocytoplasmic shut-
tling of NOSIP. These findings define a molecular basis for cell
cycle-dependent alterations of endogenous NO production
that is critical for the well-documented downstream effects of
NO, e.g., in apoptosis and cell proliferation.
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