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SUMMARY

Nitric oxide synthesized by the endothelial isoform of nitric
oxide synthase (ecNOS) is importantly involved in the homeo-
static control of blood pressure and platelet aggregation. The
different members of the nitric oxide synthase protein family
have several biochemical features in common but serve distinct
physiological functions and are the products of distinct genes.
The ecNOS is further distinguished by its subcellular distribu-
tion in the endothelial cell membrane, and the enzyme under-
goes several post-transiational modifications, including myris-
toylation, palmitoylation, and . Overall,
however, the ecNOS has remained less well characterized be-
cause of the challenges involved in isolating sufficient quanti-
ties of this membrane-associated protein from native or cul-
tured endothelial cells. In this report, we describe the

purification and characterization of ecNOS expressed in a het-
erologous system in recombinant baculovirus-infected insect
Sf9 cells. Recombinant ecNOS is targeted to the Sf9 cell mem-
brane and comprises ~10% of the total cellular protein, allow-
ing purification to homogeneity in a single-step procedure to
yield a stable protein that retains the essential features of the
native enzyme. Using biosynthetic labeling and immunoprecipi-
tation, we show that recombinant ecNOS is myristoylated,
palmitoylated, and phosphorylated when expressed in insect
Sf9 cells. The interpretation of structural and enzymological
studies of recombinant ecNOS will be facilitated by the appar-
ent fidelity of its biosynthesis and post-translational modifica-
tion in insect Sf9 cells.

Nitric oxide is the active metabolite of organic nitrate
vasodilator drugs and is synthesized in the body by a family
of NOS enzymes (for reviews, see Refs. 1-3). These NOS
enzymes catalyze the oxidation of L-arginine to form nitric
oxide plus L-citrulline, in a complex reaction scheme involv-
ing numerous redox cofactors. The three mammalian NOS
isoforms characterized to date all appear to share similar
overall mechanisms for the oxidation of L-arginine to form
nitric oxide, although important regulatory differences have
been noted (4, 5). Despite their common enzymological and
structural features, the different NOS isoforms are involved
in biological processes as diverse as neurotransmission (neu-
ral or type I NOS), cytotoxicity (inducible or type II NOS),
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and blood pressure homeostasis (ecNOS or type III NOS).
These three NOS isoforms are the products of distinct genes
located on different human chromosomes and show distinct
tissue-specific patterns of expression (6).

The ecNOS is targeted to the particulate subcellular frac-
tion in endothelial cells (7, 8), in contrast to the other NOS
isoforms, which are principally found in cell cytosol (3). Tar-
geting of ecNOS to endothelial membranes is dependent
upon two distinct covalent modifications, i.e., the co-transla-
tional addition of the 14-carbon fatty acid myristic acid to an
amino-terminal glycine residue (9) and the post-translational
addition of the 16-carbon fatty acid palmitic acid to a cysteine
residue (10). However, the subcellular localization of ecNOS
is dynamically regulated, in that agonist treatment of endo-
thelial cells results in the translocation of the enzyme from
membrane to cytosol (11), which is apparently caused by
agonist-induced depalmitoylation of ecNOS; phosphorylation
of the enzyme then occurs in the endothelial cell cytosol (10).

ABBREVIATIONS: NOS, nitric oxide synthase; ecNOS, endothelial cell nitric oxide synthase; EGTA, ethylene glycol bis(B-aminoethyl ether)-
N.N,N',N'-tetraacetic acid; SDS, sodium dodecy! sulfate; PAGE, polyacrylamide gel electrophoresis; CHAPS, 3-[(3-cholamidopropyi)dimethyi-

ammonio]propanesulfonate.
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The post-translational modifications of ecNOS thus impor-
tantly affect its subcellular localization and may be impor-
tant points of regulation in situ.

A more detailed understanding of the enzymological and
structural features of ecNOS has lagged behind studies of the
other NOS isoforms, due in no small part to the challenges of
purifying the membrane-associated ecNOS from native or
cultured endothelial cells. However, any heterologous system
for the expression of ecNOS must take into account its com-
plex post-translational modifications, to validate the features
of the native enzyme. In this report, we describe the expres-
sion, purification, and characterization of ecNOS in insect
S9 cells infected with a recombinant baculovirus encoding
ecNOS cDNA. Recombinant ecNOS can be purified in a single
step from infected Sf9 cells, and the enzyme appears to retain
the essential biosynthetic and biochemical features of the
native enzyme.

Materials and Methods

Construction of recombinant transfer vector and recombi-
nant virus. The ecNOS plasmid (12) was digested with Xbal and
EcoRV, and the cDNA insert was subcloned into the baculovirus
transfer vector pVL1393 (Pharmingen), which had been previously
digested with Smal and Xbal. Recombinant virus containing the
ecNOS cDNA was generated by homologous recombination between
the transfer vector and linearized BaculoGold (Pharmingen) virus
DNA, according to the manufacturer’s instructions. Plaque-purified
recombinant virus expressing ecNOS was termed BV-ecNOS.

Cell culture and viral infection. Insect Sf9 cells were grown in
Grace’s supplemented insect medium (GIBCO) containing 10% fetal
bovine serum (Hyclone). Cells were maintained in suspension cul-
ture and infected in monolayer culture as described (13). For a
typical infection with recombinant virus, one 150-cm? tissue culture
flask was seeded with 1.8 X 107 exponentially growing Sf9 cells in 20
ml of medium and then infected with the BV-ecNOS virus at a
multiplicity of infection of 5-10. At varying times after infection
(generally 72 hr), the cells were harvested and then pelleted by
centrifugation at 1000 X g for 5 min.

NADPH diaphorase assay. Insect Sf9 cells were stained for
NOS activity using the NADPH diaphorase assay (14, 15).

Purification of ecNOS. The purification of recombinant ecNOS
was modified from a protocol for the purification of the native en-
zyme (8). The BV-ecNOS-infected Sf9 cell pellet from one 150-cm?
tissue culture flask was resuspended in 6 ml of buffer 1 [60 mM
Tris-HCI, pH 7.4, 0.1 mM EGTA, 0.1 mM EDTA, 2 mM 2-mercapto-
ethanol, 150 mM NaCl, plus protease inhibitors (9)] and sonicated.
CHAPS and CaCl, were added to final concentrations of 1.25% and
1.2 mM, respectively, the suspension was rotated for 30 min at 4° to
solubilize cell membranes, and the remaining particulate material
was pelleted by centrifugation at 12,000 X g for 15 min. Glycerol was
added (to a final concentration of 10%) to the supernatant fraction,
which was then incubated with preswollen calmodulin-agarose [pre-
pared from a 1:2, v/v, mixture of calmodulin-agarose (Sigma) and
Sepharose 4B]. The suspension was gently mixed for 45 min at 4°,
transferred to a fritted chromatography column, and washed with 10
volumes of buffer 2 (buffer 1 plus 10% glycerol, 1.25% CHAPS, and
1.2 mM CaCl,). ecNOS was then eluted with buffer 3 (buffer 1 plus
10% glycerol, 1.25% CHAPS, and 5 mm EDTA).

Protein determination. Protein concentration was determined
using a modified Bradford protein assay, according to the manufac-
turer’s instructions (Bio-Rad), using bovine serum albumin as a
standard.

Assay of NOS activity. NOS activity was assayed by the conver-
sion of L-[*H]arginine (DuPont-NEN) to L-[*Hlcitrulline, using con-
ditions essentially identical to those described previously (9), with

the exception that FAD and FMN (1 uM final concentrations) were
added to the assay mixture.

Biosynthetic labeling, subcellular fractionation, and im-
munoprecipitation. Biosynthetic labeling of insect Sf9 cells was
modified only slightly from our previously described protocols (9—11).
Grace’s insect medium was used for labeling cells with [**S}methi-
onine (NEN-DuPont) (50 »Ci/ml, for 4 hr) or with [*H]palmitic acid
(500 pCi/ml, for 2 hr); Ex-Cell 401 modified phosphate-free medium
(JRH Biosciences) was used for labeling with [32PJorthophosphate
(NEN-DuPont) (100 uCi/ml, for 4 hr). When [*Hlpalmitate-labeled
samples were eluted for SDS-PAGE, the sample buffer contained 5
mM dithiothreitol (rather than 5% 2-mercaptoethanol), to avoid
cleavage of palmitoyl thioesters.

Results and Discussion

Expression and purification of recombinant ecNOS.
Infection of insect Sf9 cells with the BV-ecNOS recombinant
baculovirus yields a robust pattern of enzyme expression.
Analysis of BV-ecNOS-infected Sf9 cells using the NADPH
diaphorase assay shows strong staining, relative to unin-
fected cells (Fig. 1A). This staining is specifically due to
expression of ecNOS, as confirmed by the results (Fig. 1B) of
biosynthetic [3°S]methionine labeling and immunoprecipita-
tion of the enzyme from infected but not uninfected cells,
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Fig. 1. Pattemns of ecNOS expression in insect Sf9 cells infected with
recombinant baculovirus BV-ecNOS. A, Representative photomicro-
graphs of insect Sf9 cells that were uninfected (feft) or infected (right)
with BV-ecNOS and analyzed 72 hr after infection, using the NADPH
diaphorase assay, as described in the text. B, Fluorogram of SDS-
PAGE analysis of [**S]methionine-labeled proteins from insect Sf9 cell
that were uninfected (u) or infected (i) with BV-ecNOS; proteins were
immunoprecipitated with ecNOS-specific antiserum from lysate or from
cell cytosol or membrane fractions resolved by ultracentrifugation. This
experiment was replicated four times, with equivalent results.
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using a highly eeNOS-specific antipeptide antiserum we have
extensively characterized (9). The recombinant protein ex-
pressed in BV-ecNOS-infected cells is found primarily in the
particulate subcellular fraction (Fig. 1B), as has been previ-
ously observed for the native enzyme in endothelial cells. In
infected cells, ecNOS expression accounts for ~10% of total
cellular protein, with maximum levels of expression being
reached 48-72 hr after infection, to the point that ecNOS
protein is easily visualized in Coomassie blue-stained gels
(Fig. 2A). The membrane-associated ecNOS was solubilized
in the detergent CHAPS and purified ~6-fold, to homogene-
ity, in a one-step protocol using affinity chromatography on a
calmodulin-agarose column, with a 20% yield (Fig. 2B; Table
1). The purified enzyme is stable for several weeks when
stored in buffer at —20° in 50% glycerol; under similar con-
ditions but with 10% glycerol, enzyme activity is not main-
tained. The purified recombinant enzyme shows the same
overall cofactor requirements as does native ecNOS, and its
specific activity of 7.3 nmol/min/mg of protein is similar to
that reported previously for the native enzyme (8).

These results document that high levels of ecNOS protein

Days after
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Fig. 2. Expression and purification of ecNOS from BV-ecNOS-infected
insect Sf9 cells. A, Pattem of cellular protein expression in insect Sf9
cells harvested at the indicated times after infection with BV-ecNOS
and analyzed by SDS-PAGE and staining with Coomassie blue. The
control cells uninfected (U) with BV-ecNOS were harvested 3 days after
sham infection. Leftmost /ane, molecular weight markers. The gel
shown represents 25% of the total cellular extract obtained from infec-
tion of 1.8 X 107 cells (grown in 20 ml of culture medium in a 150-cm?
culture flask) with recombinant BV-ecNOS baculovirus, at a multiplicity
of infection of 5. B, Representative single-step purification of ecNOS
from BV-ecNOS-infected insect Sf9 cells, analyzed by SDS-PAGE and
staining with Coomassie blue. Three days after infection, the cells were
harvested and solubilized in CHAPS (Homog), chromatographed on
calmodulin-agarose, and eluted with EGTA-containing buffer (Eluate)
as described in the text. MW, molecular weight markers.
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TABLE 1
Purification of ecNOS from BV-ecNOS-infected insect Sf9 cells

Insect Sf9 cells (~107 in one 150-cm? culture flask) were infected with BV-ecNOS
and were harvested 3 days later. The infected insect cells were sonicated and
solubilized with CHAPS-containing buffer, and the soluble extract was chromato-
graphed over calmodulin-agarose and eluted with EGTA-containing buffer as
described in the text. NOS activity was evaluated by measuring the
conversion of L-PH]arginine to [*Hjcitrulline. This purification protocol was re-
peated three times, with similar results.

Fraction Volume  Protein  Specific Activity  Yield

ml mg nmol/mg/min %
Solubilized homogenate 6 6 1.2 100
Calmodulin-agarose eluate 10 0.23 7.3 23

expression are achieved in BV-ecNOS-infected insect Sf9
cells and the recombinant ecNOS can be purified to homoge-
neity in a single chromatographic step. The purified recom-
binant enzyme is stable and has enzymological features like
those established for native ecNOS. As has been previously
documented for ecNOS expressed in vascular endothelial
cells, we found that the recombinant ecNOS is present pri-
marily in the particulate subcellular fraction in infected in-
sect Sf9 cells.

Post-translational modifications of recombinant ec-
NOS. Detailed structural or enzymological analyses of re-
combinant ecNOS must proceed with some assurance that
the enzyme has undergone appropriate post-translational
modifications in any heterologous expression system used. In
endothelial cells, e¢cNOS undergoes several post-transla-
tional modifications, including myristoylation (9, 16), phos-
phorylation (11), and palmitoylation (10). To explore whether
recombinant ecNOS undergoes similar modifications, we per-
formed biosynthetic labeling experiments in BV-ecNOS-in-
fected Sf9 cells and immunoprecipitated the enzyme with
ecNOS-specific antiserum (9). Fig. 3 shows the result of bio-
synthetic labeling with [*H]myristic acid and clearly docu-
ments that recombinant ecNOS is myristoylated and most of
the myristoylated protein is localized to the particulate sub-
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Fig. 3. Biosynthetic labeling of BV-ecNOS-infected Sf9 cells with
PH]myristic acid. Two days after infection with BV-ecNOS, insect Sf9
cells were labeled for 16 hr with [*H]myristic acid and harvested; the
cellular homogenate (H) was separated into cytosolic (C) and mem-
brane (M) fractions by ultracentrifugation and then immunoprecipitated
as described in the text. After SDS-PAGE of duplicate samples, the
fixed gel was treated either with 1 M Tris-HCI, pH 7, or with 1 m
hydroxylamine, pH 7 (+ NH,OH), for 1 hr and then processed for
fluorography. The gels shown were exposed for 1 week. This experi-
ment was replicated twice, with equivalent results. Ammows on right
show position of the 135 kDa ecNOS protein.
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cellular fraction. The labeling of ecNOS with [*Hlmyristic
acid is not sensitive to hydroxylamine, consistent with for-
mation of a myristoyl fatty acyl amide linkage, as previously
established for the native ecNOS. Biosynthetic labeling of
BV-ecNOS-infected cells with [3H]palmitic acid shows that
the recombinant enzyme is also palmitoylated (Fig. 4A); as
we have previously shown, essentially all of the palmitoy-
lated protein is in the particulate fraction. In contrast to the
results for [*Hlmyristic acid labeling (Fig. 3), hydroxylamine
treatment of [*H]palmitic acid-labeled recombinant ecNOS
results in loss of label (Fig. 4B), consistent with formation of
a palmitoyl fatty acyl thioester with ecNOS (10). Biosynthetic
labeling of BV-ecNOS-infected cells with 32P; (Fig. 5) shows
that the recombinant ecNOS is phosphorylated; there was no
substantial change in phosphorylation seen with the calcium
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Fig. 4. Biosynthetic labeling of BV-ecNOS-infected Sf9 cells with
[PH]palmitic acid. A, Three days after infection with BV-ecNOS, insect
Sf9 cells were labeled for 2 hr with [°H]palmitic acid and then harvested;
the cellular homogenate (H) was separated into cytosolic (C) and mem-
brane (M) fractions by ultracentrifugation, immunoprecipitated, and
analyzed by SDS-PAGE and fluorography as described in the text. The
gel shown in this experiment was exposed for 1 month; these results
were replicated in a separate experiment with equivalent resuits. B,
After immunoprecipitation and SDS-PAGE of ecNOS from cell homo-
genates after biosynthetic labeling of infected Sf9 cells with [PH]palmitic
acid, duplicate samples were analyzed by treatment of the fixed gels
either with 1 m Tris-HCI, pH 7 (CONTROL), or with 1 m hydroxylamine,
pH 7 (NH,O0H), for 1 hr and were then processed for fluorography. The
gel shown was exposed for 1 month. This experiment was replicated
once, with equivalent results.
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Fig. 5. Biosynthetic labeling of BV-ecNOS-infected Sf9 cells with 32P,.
BV-ecNOS-infected insect cells were biosynthetically labeled with 32P,
as described in the text, treated (+) or not (—) with calcium ionophore
A23187 (10 um) for 5 min, harvested, lysed, and ultracentrifuged to yield
cytosol (C) and membrane (M) fractions, which were immunoprecipi-
tated with ecNOS-specific antiserum. Leftmost lane, ecNOS immuno-
precipitated from biosynthetically 32P,-labeled bovine aortic endothelial
cells (ec) (11).

+ - +

ionophore A23187. Importantly, most of the phosphorylated
ecNOS is located in the cell cytosol, in inverse relationship to
the subcellular distribution of total protein.

In vascular endothelial cells, with agonist stimulation ec-
NOS is translocated from the membrane to the cytosol, a
process that is associated with an increase in enzyme phos-
phorylation (11). We have recently reported that phosphory-
lation of ecNOS takes place in the cell cytosol and is unlikely
to be a cause of enzyme translocation. Instead, it appears
that agonist-promoted depalmitoylation of ecNOS is the
proximate cause of enzyme translocation from membrane to
cytosol, and phosphorylation is thus consequent to rather
than causal for subcellular translocation (10). Although it is
clear that e¢cNOS phosphorylation takes place on a specific
serine residue in cultured bovine aortic endothelial cells, the
site of phosphorylation has yet to be definitively identified
and the biological role of ecNOS phosphorylation remains
obscure. As seen for the native ecNOS expressed in endothe-
lial cells, recombinant ecNOS is phosphorylated in insect Sf9
cells and, moreover, the phosphorylated enzyme is predomi-
nantly in the cell cytosol. These similarities suggest that the
baculovirus expression system might be appropriately used
to study ecNOS phosphorylation, although this can be defin-
itively approached only after the phosphorylation site is more
fully characterized in endothelial cells.

These biosynthetic labeling experiments with the recombi-
nant ecNOS also show that the enzyme is both myristoylated
and palmitoylated in insect Sf9 cells, as we have previously
observed for the native enzyme. The myristoylation site for
native ecNOS has been identified (12) and is consistent with
the myristoylation consensus sequences established for sev-
eral other acylated proteins (17). Indeed, protein myristoyl
transferases have been characterized, and a general consen-
sus sequence for protein myristoylation has been described
that appears to function appropriately in insect Sf9 cells (18).
In contrast, the determinants of protein palmitoylation are
less clearly understood. No general consensus sequence for
palmitoylation has been identified (19-22), although some
dually acylated proteins (e.g., G protein a subunits) (23-25)
are palmitoylated at a cysteine residue within a conserved
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amino-terminal sequence (MGCXXS). However, this cys-
teine-containing consensus sequence is not found in ecNOS,
and the precise cysteine residue(s) that undergo palmitoyla-
tion in ecNOS remain obscure. Our finding that the recom-
binant ecNOS is palmitoylated in Sf9 cells argues strongly
against the possibility of an ecNOS-specific palmitoyl trans-
ferase in endothelial cells. Indeed, enzymatic pathways in
insect Sf9 cells appear to support palmitoylation of other
recombinant proteins that undergo palmitoylation in their
cells of origin (26, 27). Characterization of the palmitoylated
recombinant ecNOS expressed in insect Sf9 cells may lead to
additional insights into the role of reversible palmitoylation
in the regulation of ecNOS function. The apparent fidelity of
native post-translational modifications of ecNOS expressed
in insect Sf9 cells indicates that enzymological and structural
studies of recombinant ecNOS may proceed with reasonable
confidence that the intrinsic biosynthetic and biochemical
features of the native enzyme have been maintained in this
heterologous expression system.
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