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Abstract. 

 

Catalytically active endothelial nitric oxide 
synthase (eNOS) is located on the Golgi complex and 
in the caveolae of endothelial cells (EC). Mislocaliza-
tion of eNOS caused by mutation of the N-myristoyla-
tion or cysteine palmitoylation sites impairs production 
of stimulated nitric oxide (NO), suggesting that intra-
cellular targeting is critical for optimal NO production. 
To investigate the molecular determinants of eNOS 
targeting in EC, we constructed eNOS–green fluores-
cent protein (GFP) chimeras to study its localization in 
living and fixed cells. The full-length eNOS–GFP fusion 
colocalized with a Golgi marker, mannosidase II, and 
retained catalytic activity compared to wild-type (WT) 
eNOS, suggesting that the GFP tag does not interfere 
with eNOS localization or function. Experiments with 
different size amino-terminal fusion partners coupled 
to GFP demonstrated that the first 35 amino acids of 
eNOS are sufficient to target GFP into the Golgi region 

 

of NIH 3T3 cells. Additionally, the unique (Gly-Leu)

 

5

 

 
repeat located between the palmitoylation sites (Cys-15 
and -26) of eNOS is necessary for its palmitoylation and 

thus localization, but not for N-myristoylation, mem-
brane association, and NOS activity. The palmitoyla-
tion-deficient mutants displayed a more diffuse fluores-
cence pattern than did WT eNOS–GFP, but still were 
associated with intracellular membranes. Biochemical 
studies also showed that the palmitoylation-deficient 
mutants are associated with membranes as tightly as 
WT eNOS. Mutation of the N-myristoylation site Gly-2 
(abolishing both N-myristoylation and palmitoylation) 
caused the GFP fusion protein to distribute throughout 
the cell as GFP alone, consistent with its primarily cyto-
solic nature in biochemical studies. Therefore, eNOS 
targets into the Golgi region of NIH 3T3 cells via the 
first 35 amino acids, including N-myristoylation and 
palmitoylation sites, and its overall membrane associa-
tion requires N-myristoylation but not cysteine palmi-
toylation. These results suggest a novel role for fatty 
acylation in the specific compartmentalization of eNOS 
and most likely, for other dually acylated proteins, to 
the Golgi complex.

 

T

 

argeting

 

 of receptors to the plasma membrane is a
necessary event for receptor-dependent signal
transduction. Integral membrane proteins destined

for the plasma membrane are processed via the classical
ER–Golgi pathway and are inserted into the plasma mem-
brane via hydrophobic stretches of amino acids encom-
passing transmembrane domains. Other posttranslational
modifications, such as N-glycosylation and cysteine palmi-
toylation, impart features to the membrane protein that
can determine extracellular versus intracellular domains,
and can influence protein stability and turnover. In con-
trast, the mechanisms by which fatty acylated, peripheral

 

membrane proteins target to and reside in intracellular
membranes are less well understood.

The 

 

a

 

 subunit of heterotrimeric G proteins and endo-
thelial nitric oxide synthase (eNOS)

 

1

 

 are peripheral mem-
brane proteins that target to specific intracellular domains
(including the Golgi complex and plasmalemmal caveolae)
requiring cotranslational N-myristoylation and posttrans-
lational cysteine palmitoylation (Sessa et al., 1995; García-
Cardeña et al., 1996

 

a

 

; Wedegaertner et al., 1995). For dually
acylated G proteins and eNOS, mutation of the myristic acid
acceptor site glycine-2 inhibits both N-myristoylation and
cysteine palmitoylation and converts the membrane-asso-
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1. 

 

Abbreviations used in this paper

 

: EC, endothelial cells; eNOS, endothe-
lial nitric oxide synthase; GFP, green fluorescent protein; IF, immunofluo-
rescence; Man II, mannosidase II; NO, nitric oxide; NOS, nitric oxide syn-
thase; WT, wild type.
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ciated form of the proteins to a cytosolic form (Sessa et al.,
1993; Liu et al., 1995), suggesting that fatty acylation reac-
tions are essential for membrane association and targeting.
Mutation of the palmitoylation sites (cysteines 3 or 5 for G
proteins or cysteines 15 and 26 for eNOS) preserves
N-myristoylation but has variable effects on overall pro-
tein hydrophobicity and membrane targeting (Wedegaert-
ner et al., 1995; Liu et al., 1995; Robinson and Michel, 1995).
For eNOS, inhibition of dual acylation prevents Golgi tar-
geting and mutation of the palmitoylation sites attenuates
caveolae targeting (Sessa et al., 1995; García-Cardeña et
al., 1996

 

a

 

). In both circumstances, the mislocalization of
eNOS has functional consequences; the stimulated pro-
duction of nitric oxide (NO) is markedly reduced even
though the purified mutant enzymes are catalytically iden-
tical to wild-type (WT) eNOS (Sessa et al., 1995; Liu et al.,
1996). In confirmation of these cellular studies, mislocaliza-
tion of eNOS in CA1 region stratum radiatum neurons, via
expression of a dominant-negative eNOS or inhibition of
N-myristoylation, blocks long-term potentiation (Kantor
et al., 1996). These data suggest that fatty acylation and
Golgi targeting are critical for NOS translocation into spe-
cific post-Golgi domains and that localization is required
for efficient NO production.

To elucidate the molecular signals and the role(s) of lipid
modifications in targeting of eNOS, we fused the green
fluorescent protein (GFP) isolated from the jellyfish 

 

Ae-
quorea victoria

 

 to the carboxyl terminus of eNOS, and we
assessed the regions of NOS necessary for trafficking and
overall membrane association. Our results demonstrate
that the first 35 amino acids, including the N-myristoyla-
tion and palmitoylation sites of eNOS, are responsible for
its Golgi localization and membrane association. These re-
sults provide a novel role for fatty acylation in the specific
compartmentalization of eNOS and most likely other du-
ally acylated proteins to the Golgi complex, and suggest
that N-myristoylation and cysteine palmitoylation, in addi-
tion to imparting hydrophobic character to proteins, are
important constituents of a Golgi targeting signal for cer-
tain peripheral membrane proteins.

 

Materials and Methods

 

Generation of eNOS–GFP Fusions

 

Standard molecular cloning techniques were used to manipulate DNA.
The constructs discussed in this paper are summarized in Fig. 2. WT and
C15/26S mutant (in which cysteine 15 and/or 26 have been mutated to
serine) eNOS cDNAs were constructed and subcloned into the mamma-
lian expression vector pcDNA3 (Liu et al., 1995). The cloned GFP cDNAs
(Marshall et al., 1995) originally from TU-65 (Chalfie et al., 1994) and
eNOS (WT, C15/26S, G2A) in pcDNA3 were used as templates for PCR.
To generate eNOS-GFP pcDNA3 plasmids, the first methionine of GFP
was changed into alanine to create an NheI site, and an NheI site was
added to the 3

 

9

 

 end of eNOS coding sequence through PCR amplification.
The L2S eNOS mutant (the five leucine residues between Cys-15 and -26
mutated into serines) and C/L2S eNOS (the five leucine residues and Cys-
15 and -26 mutated into serines) were generated through PCR. The se-
quences of the ligated PCR fragments cloned into pCDNA3 were verified
by DNA sequencing. The fusion proteins were of the predicted molecular
masses, as confirmed by Western blotting using GFP or eNOS antisera.

 

Cell Transfection and Fluorescence Microscopy

 

NIH 3T3 cells were grown in DME containing penicillin (100 IU/ml), strep-
tomycin (100 mg/ml), and 10% (vol/vol) FBS (complete DME), and were

 

transfected for 6 h with indicated plasmids according to the standard cal-
cium phosphate precipitation method.

The localization of eNOS and eNOS-GFP fusions in living and fixed
cells was examined by fluorescence microscopy between 48 and 60 h after
transfection. In some experiments, eNOS was colocalized with the resi-
dent Golgi protein mannosidase II (Man II). Transfected NIH 3T3 cells
were fixed in 2% paraformaldehyde in PBS for 10 min at room tempera-
ture and subsequently permeabilized with 0.1% (vol/vol) Triton X-100 in
PBS/0.1% (wt/vol) BSA for 5 min. Cells were incubated with Man II poly-
clonal antibody for 1 h, followed by washing and incubation for 45 min
with Texas red–labeled second antibodies (Jackson Immunoresearch Lab-
oratories, West Grove, PA). The specificity of the Man II and eNOS anti-
bodies has been demonstrated previously (Moreman and Touster, 1986;
Sessa et al., 1995). After washing, slides were mounted with Slowfade
(Molecular Probes, Eugene, OR) and the cells were observed with a fluo-
rescence microscope.

 

Metabolic Labeling and Immunoprecipitation

 

Transiently transfected NIH 3T3 cells (on T-75 flasks) were preincubated
for 30 min with cerulenin (2 

 

m

 

g/ml), an inhibitor of fatty acid synthetase,
in serum-free DME containing BSA (10 mg/ml, fatty acid free). Cells were
then labeled with 300 

 

m

 

Ci/ml of [

 

3

 

H]myristic acid or [

 

3

 

H]palmitic acid (45–
50 Ci/mmol; New England Nuclear, Boston, MA) for 4 h in the same me-
dium. The 

 

3

 

H-fatty acids were dried under N

 

2

 

 and redissolved in DMSO
so that the final concentration of DMSO in the labeling medium was 0.1%.

For immunoprecipitation, cells were solubilized by incubation in 1 ml
of the modified RIPA buffer for 30 min at 4

 

8

 

C. Lysates were centrifuged
at 10,000 

 

g

 

 for 5 min to remove insoluble material, and 2 

 

m

 

g of GFP poly-
clonal antibody (Clontech Laboratories, Palo Alto, CA) was added and
incubated for 2 h at 4

 

8

 

C. 15 

 

m

 

l of protein A–Sepharose (Pharmacia Fine
Chemicals, Piscataway, NJ) suspension (1:1 in RIPA buffer) was added
and incubated for 1 h at 4

 

8

 

C. The beads were pelleted, washed three times
with 1 ml RIPA buffer, and then boiled in SDS-PAGE sample buffer for 5
min. Proteins were separated by SDS-PAGE visualized by Coomassie
blue staining followed by fluorographic analysis as described previously
(Liu et al., 1995). Immunoprecipitation experiments demonstrated that 2 

 

m

 

g
of GFP polyclonal antibody quantitatively and specifically precipitated
eNOS–GFP fusion proteins from transfected cells (T-75 flask) using the
above conditions (data not shown).

 

Cell Fractionation and NOS Activity Assays

 

For cell fractionation studies, transfected cells were rinsed with ice-cold
PBS, scraped into the same buffer, and centrifuged at 600 

 

g

 

 for 5 min. Cell
pellets were resuspended in 1 ml of homogenization buffer (50 mM Tris-
HCl/0.1 mM EDTA/0.1 mM EGTA/2 

 

m

 

M leupeptin/1 

 

m

 

M pepstatin A/1 

 

m

 

M
aprotinin/1 mM PMSF/10 mM NaF/1 mM Na

 

3

 

VO

 

4

 

, pH 7.5) and sonicated
at 4

 

8

 

C (15 s, three times, at 50 W of power). Lysates were centrifuged at
100,000 

 

g

 

 for 90 min at 4

 

8

 

C to separate the membrane and cytosolic frac-
tions. The relative amount of eNOS–GFP was analyzed by Western blot-
ting with GFP antibodies.

NOS activities of samples were assayed by determining the conversion
of [

 

3

 

H]

 

l

 

-arginine into [

 

3

 

H]

 

l

 

-citrulline, the stoichiometric reaction product
generated by NOS. In brief, lysates (50-

 

m

 

g proteins) were incubated (total
volume 

 

5

 

 0.1 ml) in a 50 mM Tris-HCl/0.1 mM EDTA/0.1 mM EGTA
buffer, pH 7.5, containing 1 mM NADPH, 3 

 

m

 

M tetrahydrobiopterin, 100
nM calmodulin, 2.5 mM CaCl

 

2

 

, 10 

 

m

 

M 

 

l

 

-arginine, and [

 

3

 

H]

 

l

 

-arginine (0.1

 

m

 

Ci, sp act 

 

5

 

 55 Ci/mmol) for 20 min at 37

 

8

 

C. After the incubation period,
the reaction was quenched by the addition of 1 ml of 20 mM Hepes stop
buffer, pH 5.5 (containing 2 mM EDTA and 2 mM EGTA). The reaction
mix was then passed over a 1-ml column containing Dowex AG 50WX-8
(Na

 

1

 

 form) resin (preequilibrated in stop buffer), washed with 1 ml of wa-
ter, and collected directly into a 20-ml liquid scintillation vial containing
scintillation cocktail as previously described (Bredt and Snyder, 1990). The
amount of [

 

3

 

H]

 

l

 

-citrulline generated per milligram of protein was used as
an index of NOS activity.

 

Results

 

Fusion of eNOS with GFP Does Not Interfere with the 
Localization and Catalytic Activity of eNOS

 

We initially asked whether GFP could be used as a re-
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porter protein to study eNOS localization in living cells.
To this end, NIH 3T3 cells were transiently transfected with
expression plasmids for GFP alone or with full-length eNOS
cloned in frame with GFP (eNOS–GFP), and subcellular
localization was determined by fluorescence microscopy.
Cells that were transfected with a construct encoding GFP
alone displayed diffuse fluorescence throughout the cells
(Fig. 1 

 

A

 

, 

 

left

 

), occasionally concentrating in the nucleus,
which is consistent with previous reports demonstrating
that GFP is synthesized as a cytosolic protein and ran-
domly distributes throughout the cytosol (Prasher et al., 1992;
Marshall et al., 1995) and, in COS cells, can also accumu-
late in nuclei (Moriyoshi et al., 1996). When GFP was fused
to the carboxyl terminus of eNOS, an intense, perinuclear
fluorescent pattern was visualized (Fig. 1 

 

A

 

, 

 

right

 

) similar

to that of native eNOS in aortic endothelial cells (EC)
(Sessa et al., 1995). In addition, there was faint fluores-
cence diffusely distributed throughout the cell, most likely
caused by a cytosolic form of eNOS–GFP or eNOS–GFP at-
tached to cytoplasmic ribosomes (see Fig. 8). These data
are in agreement with fractionation studies that show a
majority of eNOS in EC (90–95%) tightly associated with
intracellular membranes, with the remaining being cytoso-
lic (5–10%; Forstermann et al., 1991; Pollock et al., 1991; Liu
et al., 1995). To confirm the identical perinuclear localiza-
tion of the eNOS–GFP construct to that of nontagged eNOS,
NIH 3T3 cells were transfected with eNOS–GFP or WT
eNOS, and the proteins were colocalized with the resident
intraluminal Golgi protein Man II in fixed cells. Previous
data demonstrated that GFP fluorescence was preserved

Figure 1. eNOS–GFP has the same in-
tracellular localization as WT eNOS
and colocalizes with Man II. NIH 3T3
cells transfected with GFP, WT eNOS–
GFP, or WT eNOS were visualized in
live cells by fluorescence microscopy
(A), or colocalized with a Golgi
marker, Man II, in fixed cells (B and
C). IF, immunofluorescence.
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in fixed cells (Chalfie et al., 1994). As seen in Fig. 1 

 

B

 

,
eNOS–GFP colocalized with Man II in exactly the same
pattern as seen in cells transfected with the WT eNOS cDNA
(Fig. 1 

 

C

 

). In some cells, GFP fluorescence also occurred
in discrete regions of the plasma membrane, consistent
with previous reports that a fraction of eNOS resides in plas-
malemmal caveolae and interacts with caveolin-1 (García-
Cardeña et al., 1996

 

a

 

,

 

b

 

). Therefore, tagging of eNOS with
GFP does not alter its intracellular localization.

To examine if the addition of GFP to the carboxyl ter-
minus of eNOS interfered with the catalytic properties of
the enzyme, we performed NOS activity assays in lysates
from transfected cells. NOS-specific activities (quantified
by the conversion of [

 

3

 

H]

 

l

 

-arginine to [

 

3

 

H]

 

l

 

-citrulline)
were 24 

 

6

 

 3 and 26 

 

6

 

 4 pmol citrulline/min per mg protein
for WT eNOS and WT eNOS–GFP, respectively (

 

n

 

 

 

5

 

 2 in
duplicate). All NOS activity was completely abrogated by
incubation of lysates with the NOS inhibitor nitro-

 

l

 

-argi-
nine methyl ester (1 mM, data not shown). Therefore, the
fusion of eNOS with GFP did not interfere with the dimer-
ization of eNOS or NADPH, calcium, and tetrahydrabiop-
terin-dependent activation of NOS.

 

The First 35 Amino Acids of eNOS Are Sufficient to 
Target GFP into the Golgi Region

 

The above observations support the conclusion that the
fusion partner rather than GFP determines the subcellular
localization of the hybrid protein. Therefore, GFP can be
used as a tag to track the targeting signal of eNOS in living
cells. To pinpoint the amino acid sequences of eNOS re-
sponsible for its localization, constructs encoding varying
lengths of the amino terminal regions of eNOS fused to
GFP were designed (illustrated in Fig. 2 

 

A

 

). Fig. 3 

 

A

 

 shows
that fusions of amino acids 1–508, 1–131, or 1–73 of eNOS
to GFP are capable of targeting the eNOS–GFP fusion
protein into the perinuclear region of living, transfected
NIH 3T3 cells; the same pattern exhibited by WT eNOS.
This is in contrast to the diffuse fluorescence pattern seen
with eNOS (1–35) GFP. The diffuse distribution of this
construct suggested that either amino acids 36–73 were im-
portant for targeting or that the relatively large GFP pro-
tein (238 amino acids) may be interfering with the ability
of the first 35 amino acids to act as a targeting signal. Inter-
estingly, in biosynthetic labeling studies, eNOS (1–35) GFP
was N-myristoylated, but not palmitoylated, and was en-
riched in high speed membrane fractions, whereas G2A
eNOS (1–73) GFP (Fig. 3 

 

B

 

) and GFP alone (data not
shown) were cytosolic in lysates prepared from transfected
NIH 3T3 cells. To examine the possibility that the spacing
of amino acids between 1–35 and GFP could account for
lack of targeting of the chimeric protein, we created two
additional constructs, eNOS (1–35/74–131) GFP and eNOS
(1–35) G

 

10

 

-GFP. We reasoned that amino acids 74–131
most likely do not contribute significantly to its perinu-
clear targeting, since eNOS (1–73) GFP and eNOS (1–131)
GFP display identical intracellular localization patterns com-
pared to WT eNOS (see Fig. 3 

 

A

 

). As shown in Fig. 4 

 

A

 

,
eNOS (1–35/74–131) GFP was localized in the perinuclear
region of living cells and colocalized with Man II in fixed
cells. Using a heterologous spacer of 10 glycines to sepa-
rate eNOS from the GFP (eNOS [1–35]G

 

10

 

-GFP) resulted

in identical localization into the Golgi region of NIH 3T3
cells (Fig. 4 

 

B

 

). Therefore, the first 35 amino acids of
eNOS are responsible for Golgi targeting.

 

N-Myristoylation and Cysteine Palmitoylation Are 
Necessary for eNOS Golgi Targeting

 

Next, we examined if eNOS(1–35/74–131) GFP and eNOS
(1–35)G

 

10

 

-GFP were still N-myristoylated and palmitoylated,
since the first 35 amino acid sequence includes the N-myris-
toylation site (Gly-2) and palmitoylation sites (Cys-15 and -26).
When cells transfected with WT eNOS-GFP, eNOS(1–35/
74–131) GFP, eNOS (1–35)G

 

10

 

-GFP, or GFP alone were
metabolically labeled with the appropriate 

 

3

 

H-fatty acid,
the full-length and truncated eNOS–GFP fusion proteins
were N-myristoylated and palmitoylated, but GFP alone
was not (Fig. 4 

 

C

 

). This is in contrast to the eNOS (1–35)
GFP that was N-myristoylated but not palmitoylated (Fig.
3 

 

B

 

), suggesting that the spacing between the eNOS and
GFP was critical for recognition by palmitoyl transferase.

To examine the importance of fatty acylation to target-
ing, G2A eNOS–GFP (neither N-myristoylated nor palmi-
toylated) and C15/26S eNOS–GFP (N-myristoylated but
not palmitoylated) were constructed and transfected into
NIH 3T3 cells. As shown in Fig. 5 

 

A

 

, acylation-defective

Figure 2. Schematic illustration of eNOS–GFP fusions (A) and
mutants (B). M, myristate; P, palmitate.
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G2A eNOS–GFP distributed throughout the cells as did
GFP alone, while palmitoylation-deficient mutant C15/26S
eNOS–GFP (Fig. 5 

 

B

 

) was still retained in the perinuclear
region, but in a more diffuse pattern compared to WT
eNOS–GFP (Fig. 1). The G2A eNOS construct did not
colocalize with Man II (Sessa et al., 1995). For the palmi-
toylation-deficient protein, only a small fraction of the
GFP fusion colocalized with the Golgi marker. Labeling of
C15/26S eNOS–GFP-transfected cells with an antibody to
calnexin, a resident glycoprotein chaperone of the ER, re-
sulted in an immunofluorescent pattern distinct from the
GFP fluorescence (data not shown). Therefore, N-myris-
toylation and cysteine palmitoylation are critical determi-
nants of Golgi targeting and/or retention.

 

The (Gly-Leu)

 

5

 

 Repeat between the eNOS 
Palmitoylation Sites Is Important for Its
Palmitoylation and Localization but Not for Its Overall 
Membrane Association

 

The unique pentameric dipeptide repeat (Gly-Leu)

 

5

 

 lo-
cated between the C15 and C26 palmitoylation sites of
eNOS has been speculated to be important for NOS acyla-
tion and intracellular targeting (Liu et al., 1995; Robinson
and Michel, 1995; García-Cardeña et al., 1996

 

a

 

). To see if
this repeat influences eNOS fatty acylation and localiza-
tion, we mutated the five leucine residues to serine in the
context of WT eNOS–GFP (named L2S eNOS–GFP) or in
the context of the palmitoylation mutant C15/26S eNOS–

Figure 3. Targeting of deletion
mutants of eNOS-GFP. (A)
NIH 3T3 cells were transfected
with WT eNOS–GFP or trun-
cated eNOS–GFP constructs,
and GFP fluorescence was visu-
alized in live cells by fluores-
cence microscopy. (B) Fatty acy-
lation of immunoprecipitated
eNOS (1–35) GFP and WT
eNOS–GFP constructs and rela-
tive partitioning of the 1–35 con-
struct between cytosol (C) and
membrane (M) fractions (com-
pared to a soluble G2A eNOS
[1–73] GFP construct) were de-
termined.
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GFP (named C/L2S eNOS–GFP), respectively (see Fig. 2 

 

B

 

).
Transfection of these constructs followed by metabolic la-
beling with the appropriate 

 

3

 

H-fatty acid showed that mu-
tation of the leucine residues did not influence N-myris-

toylation but abolished palmitoylation (Fig. 6). Similar
amounts of eNOS protein were present in all lanes, as de-
termined by Coomassie blue staining of the gels, before
autoradiography (data not shown). Analysis of the cellular

Figure 4. The first 35 amino
acids of eNOS constitute a
Golgi-targeting signal. (A)
eNOS (1–35/74–131) GFP
was visualized in live cells
(left panel) or colocalized with
Man II in fixed cells (center
and right panels). (B) eNOS
(1–35) G10-GFP was visual-
ized in live cells (left panel) or
colocalized with Man II in
fixed cells (center and right
panels). (C) eNOS (1–35/74–
131) GFP and eNOS (1–35)
G10-GFP are myristoylated
and palmitoylated. NIH 3T3
cells transfected with GFP
or eNOS–GFP constructs
were labeled with [3H]myris-
tic acid or [3H]palmitic acid.
The GFP proteins were im-
munoprecipitated with GFP
antibodies and analyzed by
fluorography. The bands are
appropriate sizes from the
coding regions.
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localization of these constructs demonstrated that L2S and
C/L2S eNOS-GFP were mislocalized (Fig. 7) in a fashion
similar to the palmitoylation mutant C15/26S eNOS–GFP
(see Fig. 5 B), with only a small fraction of the palmitoyla-
tion-deficient proteins colocalizing with Man II and the
rest associated with other intracellular organelles.

We previously showed that mutation of the palmitoyla-
tion sites of eNOS does not affect its overall membrane as-
sociation with respect to removal of the enzyme from mem-
branes by high salt or high pH and its relative distribution
between Triton X-114 detergent and aqueous phases, sug-
gesting that hydrophobic factor(s), besides palmitoylation,
most likely contribute to its membrane association. To ex-
amine the importance of the glycine-leucine repeat in the
overall membrane association, NIH 3T3 cells transfected
with WT, L2S, or C/L2S eNOS–GFP were fractionated
into high speed membranes and cytosolic fractions, and
eNOS–GFP fusion proteins were analyzed by Western blot-
ting. As shown in Fig. 8, the palmitoylation-deficient mu-
tants, L2S eNOS–GFP and C/L2S eNOS–GFP, were still
associated with the high speed cellular membrane as tightly
as WT or C15/26S eNOS–GFP, in agreement with the GFP
fluorescence data. NOS activity in cell lysates demonstrated
that these two mutants were catalytically active (31 and 27
pmol citruline/min per mg protein for L2S eNOS–GFP
and L/C2S eNOS–GFP, respectively). Therefore, the (Gly-
Leu)5 repeat is not important for overall membrane asso-
ciation of eNOS, but most likely contributes to its recogni-
tion by cysteine palmitoyl transferases.

Discussion
The subcellular compartmentalization of eNOS is critical
for optimal production of NO. Mutations that disrupt
N-myristoylation or cysteine palmitoylation interfere with
proper intracellular targeting and attenuate the stimulated
production of NO from intact cells without affecting the
catalytic properties of the enzyme in vitro (Sessa et al.,

Figure 5. Lipid modifications influence the subcellular targeting
of eNOS–GFP constructs. NIH 3T3 cells were transfected with G2A
eNOS–GFP (nonacylated, A) or C15/26S eNOS–GFP (myristoy-
lated but not palmitoylated, B) constructs, and were colocalized
in fixed cells with the resident Golgi protein Man II.

Figure 6. Mutation of the leucines between the palmitoylation
sites abolishes eNOS palmitoylation. NIH 3T3 cells were trans-
fected with eNOS–GFP constructs, and the cells were labeled with
[3H]myristic acid or [3H]palmitic acid. The GFP proteins were
immunoprecipitated with GFP antibodies and analyzed by fluo-
rography.

Figure 7. The glycine-leucine repeat is necessary for eNOS intra-
cellular localization. NIH 3T3 cells were transfected with L2S or
C/L2S eNOS–GFP constructs, and proteins were colocalized with
Man II. Note that the L2S and C/L2S proteins appear to be mislo-
calized in a similar manner, suggesting that palmitoylation is re-
quired for proper Golgi localization.
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1995; Liu et al., 1996). Thus, the present study was under-
taken to better understand the sequences and modifications
required for targeting this peripheral membrane protein to
the Golgi region of EC. We demonstrate that GFP-tagged
eNOS is a useful tool to examine the localization of the
wild-type protein in living and fixed cells. The first 35
amino acids of eNOS, including the N-myristoylation and
cysteine palmitoylation sites, target the fusion partner into
the Golgi region of NIH 3T3 cells. Abolition of fatty acyla-
tion in the context of the G2A mutant prevents the colo-
calization of eNOS with the resident Golgi protein Man II,
whereas mutation of the palmitoylation sites or the leu-
cines embedded in the pentameric glycine-leucine repeat
flanking the palmitoylation sites reveals a more diffuse
perinuclear localization of the enzyme. Thus, our data
demonstrate for the first time that fatty acylation is impor-
tant for Golgi targeting and/or retention, and suggest a
model for the subcellular trafficking of other dually acy-
lated proteins that localize in both the Golgi and plasma
membrane microdomains, including G protein a subunits.

Previously, we and others demonstrated that eNOS re-
sides primarily on the Golgi and in plasmalemmal caveolae
of EC. As seen with the dually acylated Src family mem-
bers Hck, Fyn, and Fgr, mutation of the palmitoylation
sites attenuates protein targeting to caveolae (Shenoy-
Scaria et al., 1994; Robbins et al., 1995). Moreover, using
both silica purification of caveolae from intact lung endo-
thelium and detergent-free purification of caveolae from
cultured cells, the majority of immunoreactive eNOS in
the plasma membrane is in the caveolae (García-Cardeña
et al., 1996a; Shaul et al., 1996). Based on confocal micros-
copy of eNOS in cultured EC and isolation of plasma
membranes and caveolae from intact lung and EC in cul-
ture, z10–50% of eNOS resides in caveolae at a given
point in time (García-Cardeña et al., 1996a). In the present
study, the eNOS–GFP fluorescence pattern in living or
fixed cells confirms eNOS in both Golgi and plasma mem-
brane domains. However, we should point out that all cells
transfected with WT eNOS–GFP show the protein in the
Golgi region, whereas only a small number of cells (z5-

10%) show GFP fluorescence readily detectable in the
plasma membrane at cell borders. This difference may re-
sult from the nature of transient transfections, the timing
of microscopic evaluation of the cells after transfection,
the dynamic nature of protein trafficking, or the inability
to visualize cell surface–associated eNOS. Additionally, reg-
ulation of eNOS trafficking in and out of the plasma mem-
brane is likely different in NIH 3T3 cells and EC, because
a majority (80%) of microvascular EC show eNOS–GFP
in both the Golgi and plasmalemmal domains (Liu, J., T.E.
Hughes, and W.C. Sessa, unpublished observations). A
priori, it seems logical that the partitioning of eNOS into
the caveolae is a more complicated event that likely re-
quires additional modifications such as phosphorylation or
regulated protein–protein interactions for anterograde
trafficking from Golgi to caveolae or vice versa. This is
supported by demonstrations that eNOS is modified by
serine and tyrosine phosphorylation (Michel et al., 1993;
García-Cardeña et al., 1996b), interacts with caveolin-1 and
other proteins (García-Cardeña et al., 1996b; Feron et al.,
1996; Venema et al., 1996), and that cholesterol-binding
drugs, hormones, protein phosphatase inhibitors, microtu-
bule-disrupting agents, and GTP hydrolysis all influence
the dynamic nature of caveolae and/or the distribution of
caveolin-1 (Murata et al., 1995; Smart et al., 1994a,b, 1995;
Schnitzer et al., 1994–1996; Conrad et al., 1995). Thus, the
eNOS–GFP constructs will be useful reagents to elucidate
the molecular signals required for efficient Golgi-to-cave-
olae shuttling in EC.

The use of eNOS–GFP chimeras for the dissection of
the eNOS localization signal reveals that the intracellular
fate of eNOS is inherent in its first 35 amino acids when an
appropriate protein spacer is included between eNOS and
GFP. Both eNOS (1–35/74–131) GFP and eNOS (1–35) G10-
GFP constructs are N-myristoylated, palmitoylated, and
properly targeted to the Golgi region of 3T3 cells. Interest-
ingly, the first 35 amino acids of eNOS fused to GFP or
mutation of leucine residues flanking the palmitoylation
sites in the context of full-length eNOS attenuate cysteine
palmitoylation, but do not influence N-myristoylation or
the relative membrane association of the fusion protein,
clearly demonstrating that intracellular membrane target-
ing and biochemical membrane association are not synon-
ymous terms. These data also suggest that N-myristoyla-
tion of the eNOS fusion in the context of the first 35 amino
acids is sufficient for stable membrane association, but not
for proper targeting. It is questionable whether N-myris-
toylation per se is sufficient for membrane association of a
myristoylated protein. Based on energetic measurements
modeling the interaction of N-myristoyl peptides with phos-
pholipid vesicles, the calculated Gibbs free energy cannot
suffice for stable membrane association to occur (Peitzsch
and McLaughlin, 1993). However, we cannot rule out the
possibility based on the membrane association of the
myristoylated eNOS (1–35) GFP fusion protein, where
ionic, hydrophobic, and other interactions between the
protein and membrane are likely to occur in vivo to en-
hance the interaction of NH2-terminal myristate with bio-
logical membranes. In the full-length construct, mutation
of the N-myristoylation site inhibits palmitoylation and
randomly distributes eNOS into the cytosol, whereas mu-
tation of the palmitoylation sites or replacement of glycine

Figure 8. Inhibition of eNOS palmitoylation does not alter its
overall membrane association. NIH 3T3 cells were transfected with
WT, C15/26S, L2S, C/L2S, or G2A eNOS–GFP constructs, and
lysates were separated into cytosolic (C) and membrane (M) and
fractions. The GFP proteins were immunoprecipitated with a
GFP polyclonal antibody and analyzed by Western blotting with
an eNOS mAb.
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with serine in the pentameric glycine-leucine repeat does
not affect N-myristoylation and membrane association, but
results in the distribution of eNOS to other intracellular
membranes other than Golgi. At the present time, we do
not know the precise intracellular targeting of the palmi-
toylation mutants. Because different mutations, all which
block palmitoylation but not N-myristoylation, result in
similar focal fluorescence patterns, it is possible that non-
palmitoylated eNOS cannot stably interact with proteins
or lipids of Golgi or plasma membranes, and that it mislo-
calizes to another membrane compartment, perhaps the
ER or ERGIC.

Lipid modifications via N-myristoylation and cysteine
palmitoylation are critical features for the intracellular lo-
calization and membrane association of G protein a sub-
units and Src family members (Shenoy-Scaria et al., 1994;
Gauen et al., 1996). G protein a subunits localize in distinct
Golgi compartments (Stow et al., 1991; Denker et al., 1996)
and in plasma membrane caveolae in epithelial cells, trans-
fected COS cells, and EC (Chun et al., 1994; Schnitzer et al.,
1995). However, the Src family of kinases appears to have
cell-specific localization patterns. For example, Lck and
Fyn tyrosine kinases are N-myristoylated and cysteine
palmitoylated, but have distinct intracellular localizations
in human T lymphocytes (Ley et al., 1994). In T lympho-
blasts, Lck was detected at the plasma membrane, while
Fyn localized with centrosomal and microtubule bundles
radiating from the centrosome in interphase cells or with
mitotic spindle and poles in mitotic cells, but was not de-
tected at the plasma membrane. More recently, Fyn was
localized in the plasma membrane of transfected HeLa
cells. Mutation of lysines 7 and 9 of Fyn (K7/9A Fyn) did
not influence N-myristoylation or cysteine palmitoylation,
but changed its typical plasma membrane pattern into a
cytoplasmic and nuclear localization (Gauen et al., 1996).
In 3T3 cells, Fyn is cotranslationally N-myristoylated on
cytoplasmic ribosomes, and is rapidly targeted to the plasma
membrane, where it can be palmitoylated (van’t Hof and
Resh, 1997). In addition, the aquisition of palmitate pre-
cedes its apparent localization to Triton-insoluble mem-
branes. Using immunofluorescence microscopy techniques,
however, Fyn is localized in the perinuclear membranes
and plasmalemma of 3T3 cells and COS cells, similar to
eNOS in 3T3 cells and EC (Sessa et al., 1995; Garcia-
Cardena et al., 1996a; van’t Hof and Resh, 1997). There-
fore, it is possible that myristoyl-eNOS initially targets to
the plasma membrane, where it can be palmitoylated by a
plasma membrane cysteine palmitoyl transferase (Dunphy
et al., 1996) and partition into caveolae. If so, then eNOS
on the Golgi reflects accumulation from the fission and
retrograde transport of caveolae (Schnitzer et al., 1996).
Also, if this is true, then the rate of fission and retrograde
transport of eNOS far exceeds that of plasma membrane
targeting, palmitoylation, and entrance into caveolae. An
alternative but not exclusive model is that eNOS is co-
translationally N-myristoylated on a cytoplasmic ribosome
(Liu and Sessa, 1994) and targets onto the cytoplasmic
face of the Golgi via lipid–lipid or lipid–protein interac-
tions, possibly through an unidentified myristoyl protein
chaperone, where it is kinetically trapped on Golgi mem-
branes by subsequent palmitoylation (Schmidt and Catter-
all, 1987; Gutierrez and Magee, 1991). Palmitoylation, per

se, does not contribute to overall hydrophobicity or stable
membrane association (Liu et al., 1996), but it significantly
contributes to proper subcellular targeting, perhaps by fa-
cilitating protein–protein or lipid–protein interactions with
caveolin-1 (García-Cardeña et al., 1996b). Once in the
Golgi region, eNOS has the capacity to move to detergent-
insoluble domains and caveolae of the plasma membrane
because palmitoylation mutants of eNOS do not target to
plasmalemmal caveolae and reside in a diffuse perinuclear
pattern (García-Cardeña et al., 1996a; Shaul et al., 1996
and this study). In both situations with Fyn and eNOS, it is
clear that fatty acylation orients the amino terminus so
that ionic interactions between the acylated protein and
target lipids and/or proteins can occur.

The pentameric glycine-leucine repeat embedded in the
novel dual acylation motif found in eNOS (M1GXXXS . . .
C15(GL)5C26), unlike those found in G proteins or Src fam-
ily members (Mumby et al., 1994; Resh, 1994), was spec-
ulated to be important for its membrane association and
targeting (Liu et al., 1995). Changing the hydrophobic leu-
cines to serines in the pentameric glycine-leucine repeat
attenuates palmitoylation and results in a more diffuse
perinuclear pattern of fluorescence. Similar data were ob-
served with any palmitoylation mutant in the context of full-
length or truncated GFP constructs (palmitoylation mutants
of eNOS [1–73] GFP and [1–131] GFP, data not shown).
This suggests that the intervening sequences between two
palmitoylation sites (cysteines 15 and 26) will influence
recognition by cysteine palmitoyl transferases without in-
fluencing other modifications such as N-myristoylation or
dimer assembly (assayed indirectly by activity measure-
ments). Palmitoylation appears to be necessary for target-
ing eNOS and certain Src family members to caveolae
(García-Cardeña et al., 1996a; Shaul et al., 1996; Shenoy-
Scaria et al., 1994). The molecular mechanism for this is
not known, but is likely ascribed to its involvement in pro-
tein–protein and/or protein–lipid interactions. Palmitoyla-
tion of Fyn tyrosine kinase has been shown to participate
in its interaction with T cell antigen receptor (Gauen et al.,
1996). The lipid composition of different membrane com-
partments are distinct, with higher cellular cholesterol con-
tent found in the Golgi and plasma membrane micro-
domains, including caveolae. Thus, palmitate may enhance
and stabilize the binding of eNOS to caveolin, a choles-
terol-binding protein (Murata et al., 1995), other Golgi
targets, or specific membrane components. The loss of
palmitate on eNOS incurred by site-directed mutagenesis
of cysteines 15 and 26 or by mutation of the sequences be-
tween the palmitoylation sites may dampen its ability to
interact with specific proteins and lipids on Golgi and/or
caveolae membranes, resulting in a membrane protein
properly targeted but no longer confined to the Golgi. A
similar mechanism of membrane tethering was recently
proposed for dually acylated G proteins a subunits found
in Golgi and plasma membrane (Denker et al., 1996). How-
ever, palmitoylation, per se, is not sufficient for Golgi tar-
geting of another peripheral membrane protein, GAD65.
GAD65 targets into the Golgi of pancreatic b cells or
transfected CHO cells, and mutation of the palmitoylation
sites inhibits palmitoylation but does not influence Golgi
targeting or stable membrane association (Shi et al., 1994;
Solimena et al., 1994). Thus, for the targeting of dually acy-



The Journal of Cell Biology, Volume 137, 1997 1534

lated proteins, myristate in the context of nearby amino
acids confers their ability to target and to be palmitoy-
lated, and in turn, the palmitate helps the proteins to their
final destinations to interact with specific effectors.

Overall, we have shown a potential biosynthetic path-
way for the targeting of a representative, dually acylated,
peripheral membrane protein, eNOS. Identification of the
sequences required for Golgi targeting of eNOS will per-
mit the expression of other transgenes into the Golgi re-
gion of heterologous cell systems. More importantly, visu-
alization of the eNOS–GFP in living cells will allow us to
examine hormone- and shear stress–regulated movement
of eNOS between Golgi and caveolae in real time.
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