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Endothelial nitric oxide synthase is myristylated
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The enzyme responsible for the synthesis of endothelium-derived celaxing fuclor and/or nitrie oxide in the endothetium has been deseribed as u

particulute enzyme, whereas other isaforms of nitric oxide synthase are soluble enzymes. Here we are reporting that endothelial cells metubolically

incorporte mnyristite (C14), but not palmitate (C16). into nitric oxids synthase. We are postulating thut Che endethelial-detived nitric oxida synthase

is a particulare enzyme bevause af the fatty acid acylation of the protein which *anchors’ the anzyme into the membrane either directly ar vis dnother
membrune-bound protgin.

Myristic ucld: Paimitic asid: EDRF; v-Arginine: Bovine nortic endothelial cell

l. INTRODUCTION

Nitric oxide synthase enzymatically converts L-Argin-
ine and oxygen to i-citrulline and nitric oxide (NO)
f1-4]. NO may be involved in signal transduetion in the
brain [5.6], is a cytostatic and tumoricidal agent of cy-
tokine or endsotoxin-inducsd macrophages [7] (reviewed
in [8]}. is responsible for endothelium-dependent vaso-
dilatation of vascular smooth muscle [9-11] and inhibi-
tion of platelet aggregation [12]. Different isoforms of
MO synthase have been purified and characterized from
the brain [13-16). cytokine/endotoxin-induced RAW
macrophages [17.18], and endothelial cells [19] (re-
viewed in [20]). Type [ MO synthase isolated from rat,
porcine. and human brain and Type 111 NO synthase
isolated from bovine aortic endothelial cells are regu-
lated by Ca*/calmodulin [13-16,19,21]. The Typs 1 NO
synthase is located in the soluble fraction of brain he-
mogenates and the purified enzyme migrates at a molec-
ular mass of 150-160 kD under denaturing sonditions
[13-16). Type I1 NO synthase is a soluble, eytokine-
inducible enzyme that does not seem to be regulated by
Ca*/calmodulin, Its denatured molecular mass was de-
termined to be about 130 kDa [17,18]. In bovine aortic
endothelial cells, Type 11 NO synthase is located pre-
dominantly (cultured cells (22] or exclusively (nutive
cells [23]) in the particulate fraction with the purified
enzyme from both sources migrating at a molecular
mass of 135 kDa under denaturing conditions, [19]

Therefore, we sought to investigate the possible
mechanisms involved in membrane association of the
endothelial NO synthase. Some eukaryotic proteins are
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co- or post-transiationally medified by the addition of
a saturated farty acid, such as myristate (Cl14) or palmi-
tate (C16), or a poly-isoprene group, such as farnesol
{C135) or geranylgeranal (C20). These modifications can
have profound effects on the subesliular localization
and function of the modified protein (reviewed in [24)).
Incubation of bevine aortic endothelial cells with
PHjmyristate or *H]palmitate demonstrated that only
the myristate was incarporated into Type I1I NO syn-
thase.

2. MATERIALS AND METHODS

Bovine aoriic endothelial cells (BAE cells, passage 93 (25) were
grown to approximately 80% confluency in 178 em® plates in Dul-
beeco's Modified Essential Medium containing 10% fetal bovine
serum (Gibeo). The medium was then removed and replaced with 10
mi of serum-free medium. Approsimately 350 4Ci of [*Hlmyrclstic acid
(NEN, 10.7 Cimmol) ar ['H]pa‘mitic acid (NEN, 0.7 Ci/mime!) was
added per tissue culture plate. In some plates, additional pon-radicla-
beled myristic ueid or palmitic acid was added at s 100x malar ralia.
The cells were then incubated a1 17°C for 4, 16, or 24 A, The cells did
not reach confluency after 24 i, [*H]Myristic acid incorposation wus
found to be significantly 1es in confluens sells. The medium was then
removed and the colls washed with phosphate-bufTered saline (PBS)
twice, The cells were ssraped from the plates in 5 ml of PBS and cach
plate washed with 5 ml of PBS to insure complete semoval of ull the
cells. The ecils were spun down at 4°C for 12 min at 2,200 rpm, They
were resuspended in 1 ml of eold buffer 1 (50 mM Tris-HCI pH. 7.4,
0.1 mM EDTA, 0.1 mM EGTA, and 12 mM 2-mercuptacthanal) and
hemagenized in o glassieflon homogenizerin the presence of proteuse
inhibiters (| mM phenyimethylsulfonyl fluoride, | M pepstatin A,
2 uM leupeptin, and | M aprolinin). The crude hemogsnates were
centrifuged at 100,000 x g for 60 min. The eytosalic Maclions were
removed and frozen at ~70°C. The particulete fractions were resus-
pended in 0.5 mi of bulfer 2 (buffer | cantuining 10% glyeerol), reho-
mogenized in the presenee of protease inhibitors, solubilized with the
deiergent  A-iAcholamidopropyiidimethylammonio)-1-prepancsul-
fonate (CHAPS, Sigmu: 20 mM) for 20 min at 4*C with gentie rotation
ol the sumple, and then resenirifuged at 100,000 = g for 30 min. The
CHAPS eatrasts were removed and frozen al =70*C. The ¢ytosolic
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und CHAPS extract fructions from each variable candition were then
loaded onto 200 x) columns of preswolien 2°,5°-ADP-Sephaross (Phar-
macia) and cach frastion was recirculated twice. Each column was
washed with 1 ml of bufler 2 cantuining 0.5 M NaCl snd thep with
I mi of bufTer 2. The nilrie oxide synthuse fraction was ¢luied with 450
Ml of bulfer 2 containing 10 mM NADPH (Bochringer Mannheim)
into microgoncentratar units {10,000 mweo: Millipore). The buffers
for the CHAPS extruct fractions all coniained 10 mM CHAPS,
whereas ths bufTers far the seluble frastions conluined no detergsnt.
The NADPH cluales were then cencentruted 1o approximately 30 ul
volumes, These samples were run on 7.5% denaturing SDS-PAGE [26)
und slained with Coomassie biue 30 that the amount af nilric oxide
synihuse in cach fane could be sisessed. No difference in protein
canlent of each varinble eondition was ever noled (dats not shown).
The gels were then destuined, exposed 10 the fluorographic reagent,
EN'HANCE (DuPant-NEN}, drisd. and exposcd to Hyperfiim-MP
(Amersham) at =70°C (or 2 weeks, The films were prosessed wilth a
Rodnk-XQmut proscusor. Densitomelry was perlormed with a Leisa
Quantimet Q570 imuge unalyzer, Optisal density readings were taken
using the auantitative auloradiographie saftware of the image dna-
lyzer,

3. RESULTS AND DISCUSSION

The detergent (CHAPS) extract from BAE celis ho-
mogenates purified on 2',5-ADP-Sepharose produced
approximately 5 bands on a Coomassie blue-stained
SDS-PAGE including the 135 kDa band that rapresents
Type IIl NO synthase {i9]. This bund was pesitively
identified as endothelial NO synthase using o monoglo-
nal amibody generated against the purified particulate
enzyme from BAE cells[27). The corresponding autora«
diography of a SDS-PAGE of 2’,5'-ADP-Sepharese pu-
rified NO synthase prepared from BAE cells exposed to
[H]myristate alone during log growth demanstrated in-
corporation only in the 135 kDa band (Fig. 1). In order
to verify the specificity of this reaction, additional BAE
cells were incubated in the presence of 100x molar ratio
of uniabeled myristic acid, This markedly reduced the
incorporation of [*H]myristate in the 135 kDa band
(Fig. 1). The ADP-purified soluble fraction from BAE
cells showed no measurable incorporation of radiola-
belled miyristic acid, however the total amount of solu-
ble nitric oxide synthase is very low [22] and none could
be detested by Coomassie blue staining (data not
shown}. When the same sxperiments were repsated with
[*H]palmitate, none of the particulate (Fig. 1} or seluble
(data not shown) proteins eluted fram 2°,5-ADP-
Scpharose were labeled,

Fatty acids may be oxidized and the resulting acetyl-
CoA fragments may be metabolically incorporated into
amino acids for cellular protein synthesis. To ensure
that the incorporation of radioactive myristic acid into
NO synthuse was specific, we incubated BAE cells with
[*H]myristic acid for 4, 16 and 24 h. The same specific
incorporation into Type 1II NO synthase was seen at
each incubation time with an increase in intensity of the
radiolubeled NO synthase with increasing incubation
time {Table 1). This suggests a specific modification of
the endothelial NO synthase to be myristylated. Three
known iscforms of NO synthase have now been cloned
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Fig. 1. Auteradiegraphic results of incorporation of PHimyristis asid
and ["Hlpalmitic acid into endothelial NO synthase. All preteins
shewn were 2,5 ADP-Sepharose purified [rom BAE cells and ran an
a 7.5% denaturing SDS-PAGE as autlined in siclion 2, Lunes: ()
Coomassie blue stained for 1atal proiein {arrow denoles the position
af Type 111 NO synthass, 135 kDa): (2) ingubation of BAE cells with
{*MImyristate in the presence of 100 x unlabeled myristate for 16 &
€3) incubation of BAE cells with [*H]myristate {or 16 h; (4} incubation
of BAE cells with ['H]palmitate in the pressnse of 100x unlabeted
palnitate far 16 h; (5) incubution of BAE calls with {*H]palmitate for
16 h.

[28-32]. None of the enzymes appear to have a hydro-
phobic signal sequence that would identify it as o mem-
brane-bound protein. However, the endothelial NO
synthase [31,32] does possess a consensus sequence at
the amino terminus for N-myristyl trunsferase [33].
Amino-terminal myristylation involves an amide link-
age to an amino-terminil glycyl residue catalyzed by the
enzyme N-myristyl transferase following the rémoval of
the initiation methionine residue by the enzyme
methionine aminapeptidase. The amino-terminal glyeyl
residue is critical to myristylation and at the fifth and
eighth residues from the aming-terminal end certain
amino acids are also preferred. [t has been shown that
myristylation is a very early co-translational event that
occurs before the first 100 amino acids of a nascent
polypeptide chain are polymerized [33-35], Myristyla-
tion of a protein may cenfer membrane association
within a cell, although some proteins have been shown
to be myristylated, but remain soluble proteins [24]. We
postulate for Type I1f NO synthase that myristylation
determines its predominant localization in the particu-
late fraction of BAE ¢ells. The second form of fatty acid

Table |

Abzolute optical density of autoradiogruphs from SDS-PAGE of the
Type 111 NO synthase protein hand

Time Optical density

Optical deasity
[*M]myrisiate only

[*Mimyristate
pius 100 = unlabeled

myristate
4h 0.00315 0.0002
16h 0.6183 0.0018
24 h 0.0171 0.0003
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acylation known involves the esterification of palmitate
with serine ar threonine, or with cysteine to form the
corresponding thicester. Palmitation appears to be ex-
clusively a poststranslational event and no conzensus
sequence has been elucidated yet [24.33-35]. We found
no evidence for palmitation of endothelial NO synthase
(Fig. 1), Also, no consensus sequence for prenylation at
the carboxy-terminus of the enzyme was found in the
predicted amino acid sequence of Type [1I NO synthase
[31,32], which is consistent with our finding of no
change in the subcellular localization of endothetial NO
synthase activity after inhibition of HMG-CoA-reduc-
tase with lovastatin (unpublished results).

The Type 1 NO synthase from rat brain and Type (I
isoform from induced macrophages are both soluble
proteins [13=18] and the cloned amino acid sequences
do not contain an N-myristyl transferase consensus se-
quence [28-30]. In addition to the mainly seluble activ.
ity, smaller quantities of particulate NO synthase active
ity has been found in cytokine-induced macrophages
[36-38) and a recent réport suggests the presence of a
150 kDa insoluble NO synthase in the rat cerebellum
[39]. The nature of these particulate NO synthases is
unclear at this time.

In conclusion, we postulate that endothelinl Type I1I
NO synthase incorporates a saturated fatty acid, myris-
tate, but not palmitate, which determines its membrane
assosiation. In vitro mutagenesis studies that substitute
the N-terminal glycine of endothelial NO synthase will
have to be performed to corroborate this finding.
Myristylation may facilitate Type III NO synthase
binding to a cellular membrane directly or via a myristyl
protein receptor similar to the myristylated pp60¥*
protein [40].
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